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A B S T R A C T

Metal-organic framework (MOF)-derived catalysts have emerged as promising materials for the catalytic 
oxidation of BTEX (benzene, toluene, ethylbenzene, and xylene) pollutants due to their high surface area, cus-
tomizable pore structures, and uniform metal dispersion. This review critically examines recent advancements in 
MOF-based and MOF-derived catalysts for BTEX oxidation, emphasizing their structural and compositional in-
novations. The analysis categorizes catalysts into noble metal-supported, single transition metal oxide, and 
bimetallic oxide catalysts, quantitatively comparing their catalytic performance, including conversion efficiency, 
selectivity, and stability under varying conditions. Notably, noble metal-supported catalysts achieve BTEX 
conversions exceeding 90 % at temperatures as low as 180 ◦C, while bimetallic oxides reveal enhanced durability 
and resistance to deactivation. This review also provides a mechanistic perspective on catalytic degradation 
pathways, including Mars-Van Krevelen, Langmuir-Hinshelwood, and Eley-Rideal models, highlighting the role 
of MOF-derived nanostructures in facilitating oxygen vacancy formation and active site exposure. Addressing key 
challenges such as catalyst deactivation due to SO2 poisoning and water vapor, we propose innovative strategies 
for catalyst regeneration and enhanced longevity. This work fills a crucial gap in MOF-based catalytic research by 
systematically correlating structural properties with catalytic efficiency, offering a roadmap for future ad-
vancements in sustainable air pollution control.

1. Introduction

Benzene, toluene, ethylbenzene, and xylenes (para, meta, and ortho- 
xylene) commonly known as BTEX (Fig. 1) are volatile organic com-
pounds (VOCs) originating from petroleum oil and its derivatives, such 
as coal, wood tars, and gasoline [1–4]. Despite their widespread in-
dustrial use, their volatility and toxicity pose significant health risks 

including impact on the blood, immune, and central nervous systems [5, 
6], and severe conditions like liver and kidney damage or coma [7]. 
Regulatory bodies like the Environmental Protection Agency (EPA) and 
the Occupational Safety and Health Agency have set limits on BTEX 
levels in air and water to mitigate health risks [4,8,9]. Moreover, BTEX 
are primary pollutants categorized by the USEPA and potential human 
carcinogens designated by the International Agency for Research on 
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Cancer [1,2,7,10]. Beyond health concerns, BTEX contribute to envi-
ronmental harm by contributing to photochemical smog, climate 
change, and ozone depletion [9,11–14]. Due to their significant impact 
on both human health and the environment [9,15], there is an urgent 
need for efficient technologies to control BTEX emissions from polluted 
gas streams to improve air quality and safeguard human health.

Current techniques face limitations in efficiency, stability, and cost- 
effectiveness under various conditions. MOF-based catalysts offer 
promising solutions due to their tunable porosity, large surface area, and 
catalytic potential. Key challenges for MOF-based catalyst development 
include improving stability and resistance to contaminants like SO2 and 
H2O vapors, optimizing performance across diverse operating environ-
ments, and addressing deactivation issues. Advances in these areas could 
enable more robust and sustainable BTEX control, contributing to both 
regulatory compliance and enhanced public health.

Various technologies are available for reducing BTEX emissions, 
encompassing non-destructive methods such as absorption [16], 
adsorption [17], condensation [18], and membrane separation [19]; 
and destructive methods including thermal incineration [20], non-
–thermal plasma [21], catalytic oxidation [22], and photocatalysis [23]. 
Economically viable, non-destructive techniques are recognized for their 
ability to recover BTEX. However, adsorption and condensation face 
limitations due to their elevated processing and maintenance expenses, 
and membrane separation is not widely endorsed in the industry owing 
to its lower membrane flux [24–26].

Within the destructive methodologies summarized in Fig. 2, the non- 
thermal plasma approach stands out as it can transform BTEX into 
harmless end products at room temperatures, requiring lower con-
sumption of energy and presenting fewer demands on the operating 
environment. Nonetheless, it is worth noting that this technique is often 
characterized by CO2 selectivity [27]. Photocatalytic technology shows 
promise in effectively eliminating BTEX contaminants at lower con-
centrations due to its advantageous characteristics, including minimal 
energy consumption, efficacy against a range of contaminants, and 
environmentally friendly end-products [28]. However, the production 
of harmful by-products is unavoidable in many instances, and factors 
like the concentration of pollutants and the control of irradiation of light 
also impact the application of photocatalytic technology [29]. Tradi-
tional thermal incineration can transform BTEX into benign CO2 and 
H2O, but this process entails substantial energy consumption [30]. On 
the contrary, catalytic oxidation appears more promising because of its 
high efficiency, selectivity of eco-friendly products, and lower opera-
tional temperatures [31]. The main focus of this technique revolves 
around creating catalysts that are both effective and economical. Two 
primary categories of catalysts, namely non-noble metal and noble metal 
catalysts, have been extensively researched [32–34]. Moreover, the 
catalysts’ performance is primarily influenced by their physicochemical 

attributes, including metal valence, specific surface area, oxygen va-
cancies, and reactive oxygen species. The catalyst morphology further 
impacts the active site distribution, consequently influencing catalytic 
activity [35]. Hence, designing an appropriate structure can signifi-
cantly improve the catalytic characteristics [36].

Metal-organic frameworks (MOFs) represent an innovative class of 
porous materials, existing in 1D (one-dimensional), 2D (two-dimen-
sional), or 3D (three-dimensional) structures. They are created through 
the self-assembly of clusters or metal ions as connecting elements and 
organic linkers as support, gaining considerable interest for diverse 
applications in multiphase catalysis [37,38]. MOFs own a clear superi-
ority over conventional mesoporous materials like zeolites and activated 
carbon because of their repetitive, well-organized crystal structure, and 
substantial specific surface area [38,39]. The final application of MOFs 
is influenced by the morphology of the structure and physicochemical 
properties (including surface functionality, pore size, and surface area), 
which can be adjusted by selecting various experimental methods. In 
this scenario, MOFs can serve as a sacrificial template for producing 
porous nanomaterials [39].

Elevated pyrolysis temperature can eliminate the non-stable linker 
and transform the MOF into a durable metal oxide. The clusters and 
metal ions, arranged in a periodic manner within MOFs, can undergo 
conversion into nanoparticle metals and exhibit uniform distribution in 
the resultant composite [40]. Derivatives of MOFs can attain supple-
mentary characteristics beyond the inherent higher specific surface area, 
porous structure, and original fundamental MOF morphology, including 
enhanced properties such as resistance to water [41,42]. Pyrolysis 
conditions substantially impact the physicochemical properties and 
hence the performance of MOF-derived catalysts. For instance, under 
high temperatures, the Zn in ZIF-8 undergoes evaporation and generate 
more pores which facilitated in the improvement of material perfor-
mance [43,44]. Nanostructured materials produced through the treat-
ment of suitable MOFs have found recent applications in various 
domains, including catalysis, adsorption, storage of gaseous fuels, 
supercapacitors, and chemical hydrogen storage [45–47] The signifi-
cance of catalysts’ structural properties for BTEX oxidation entails the 
need to carefully choose precursors and apply suitable treatment con-
ditions when preparing MOF-derived catalysts to ensure high efficiency.

Recently, there has been a growing research interest on MOF- 
derivatives catalysts for BTEX emission control as shown in Fig. 3. 
These derivatives could retain the elevated specific surface area char-
acteristic of the original MOF, facilitating the exposure of additional 
active sites. The uniform structure also aids in effective pollutant 
diffusion. Additionally, the presence of numerous electron-deficient 
open metal sites enhances the interaction with BTEX as active sites 
[38]. These attributes significantly enhance its efficacy in combating 
BTEX. According to findings in the literature, the existing techniques for 

Fig. 1. Chemical structures of BTEX compounds.
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producing MOF derivatives involve pre-assembly methods such as 
aliovalent substitution and post-modification approaches like creating 
core-shell structures, introducing other metals, liquid phase reduction, 
grinding, and more. The distinct preparation and combination methods 
applied in the production of MOF derivatives have resulted in a diverse 
array of experimental outcomes in BTEX catalytic oxidation [37,39].

In recent times, numerous reviews have explored nanomaterials 
derived or supported by MOFs and their diverse applications in various 
fields [37–40]. On the other side, various reviews on BTEX elimination 
have been presented and the recent one was reported by Vellingiri et al. 
where they focused on sorptive removal of BTEX from water and 
wastewaters [48]. Nonetheless, there is a noticeable absence of a 
comprehensive review on MOFs-derived catalysts specifically focused 
on the oxidation of BTEX compounds. This review aims to fill the gap by 
compiling and analyzing recent advancements in this area. The existing 
literature provides a wide range of experimental outcomes due to the 
diverse preparation methods and precursor types used in the production 
of MOF-derived materials. However, there is a need for a detailed 
comparison and analysis of these methods to determine their effective-
ness under various operational conditions and contaminant concentra-
tions. Therefore, this review delves into research outcomes concerning 
BTEX catalysis involving various preparation methods and precursor 
types considering diverse operational conditions and contaminant con-
centrations (Tables 1 and 2). Besides, the impact of SO2 and water vapor 
on the deactivation of MOF-based/derived catalysts is an area that re-
quires further exploration. Thus, this review intends to address this by 
examining the mechanisms involved in the degradation of BTEX over 
various MOF-derived catalysts in the presence of these deactivating 

agents. Furthermore, there is a need for a deeper understanding of the 
mechanisms through which BTEX compounds are degraded over 
MOF-based/derived catalysts. This review presents and discusses these 
mechanisms, providing insights that could lead to the development of 
more effective catalysts. The conclusion provides insights into future 
development trends and highlights challenges in the current application 
of this technology. Although current studies have made significant 
progress, there are still challenges and limitations in the application of 
MOF-based/derived catalysts for BTEX degradation. This review high-
lights these challenges and provide insights into potential future 
development trends to overcome these obstacles and improve the 
technology.

2. Characterization methods of MOF-based catalysts

To assess the structural, chemical, thermal and catalytic properties of 
MOF-based catalysts, characterization techniques are essential. Com-
mon methods which are mostly used include X-ray diffraction (XRD) 
used to determine the crystalline structure, crystallinity and phase pu-
rity of MOFs and MOF-derived catalysts; Scanning Electron Microscope 
(SEM) used to offer detailed images of the surface morphology and 
particle size; Transition Electron Microscope (TEM) used to provide 
high-resolution images to observe internal structure and dispersion of 
metals on the MOF; Energy-Disperse X-ray Spectroscopy (EDX or EDS) 
used to confirm the presence of specific elements within the MOF; X-ray 
Photoelectron Spectroscopy (XPS) used for the analysis of surface 
composition and oxidation states of elements which facilitate to eval-
uate surface chemistry, oxidation states changes, and interaction 

Fig. 2. Schematic picture of MOF and MOF-derivatives in BTEX catalytic oxidation.
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between MOF ligands and metal ions; Fourier Transform Infrared 
Spectroscopy (FTIR) for identifying functional groups and chemical 
bonds within the MOF framework to confirm organic linkers in MOF, 
check for structural integrity, and detect changes in bonding post- 

catalysis; Brunauer-Emmet-Teller (BET) surface area analysis for 
measuring surface area, pore volume, and pore size distribution; Ther-
mogravimetric Analysis (TGA) for measuring thermal stability and 
decomposition patterns; Inductively Coupled Plasma (ICP) analysis used 

Fig. 3. Various types of analyzed MOF-based catalysts for BTEX oxidation.

Table 1 
Properties and working conditions summary of MOF-derived noble metal catalysts for BTEX oxidation.

Catalyst Parent MOF Preparation technique BTEX 
compound

Catalyst amount 
(g)

Concentration 
(ppm)

WHSV (mL/(g. 
h))

T90 

(◦C)
Ref

Pt/UiO− 66 UiO− 66 Incipient wetness impregnation Toluene 0.1 1000 40,000 249 [78]
Ag-U UiO− 66 Liquid phase reduction Toluene 0.1 1000 30,000 300 [75]
Pd-U-EG UiO− 66 Ethylene glycol reduction Toluene 0.1 1000 30,000 198 [59]
Pd/UiO− 66 UiO− 66 Conventional wetness impregnation Toluene 0.075 1000 120,000 260 [76]
Ag-Ce-BTC Ce-BTC One pot synthesis Toluene 0.1 1000 30,000 226 [63]
Pt/CoOx ZIF− 67 Pyrolysis and glycol reduction Toluene 0.2 1000 30,000 177 [79]
Pd@ZrO2 UiO− 66 Calcination BTX 0.1 1000 30,000 218 [80]
Pd/Mn3Ce2 Mn/Ce-BTC Pyrolysis BTX 0.1 1000 40,000 185 [57]
Pd/Mn3Ce2 Mn/Ce-MOF Pyrolysis Toluene 0.1 1000 30,000 190 [66]
Pt/MOF-BTC Ce-MOF Hydrothermal and solvothermal with 

NaBH4 reduction
Toluene 0.1 1000 30,000 149 [64]

Pt/MOF− 800 MOF− 800 Hydrothermal and solvothermal with 
NaBH4 reduction

Toluene 0.1 1000 30,000 178 [64]

Pt/UiO− 66 UiO− 66 Hydrothermal and solvothermal with 
NaBH4 reduction

Toluene 0.1 1000 30,000 193 [64]

Pt/MnCoOx MnCo-MOF Self-assembly Toluene 0.1 1000 48,000 275 [81]
Pt@M-Cr2O3) MIL− 101-Cr Impregnation and pyrolysis Toluene 0.2 1000 20,000 144 [82]
Pd–UiO− 66-M UiO− 66 Ethylene glycol reduction Toluene 0.1 1000 30,000 200 [83]
Pt@Co3O4 ZIF− 67 In situ growth and calcination Toluene 0.2 1000 60,000 179 [72]
Pd/ Co3O4 ZIF− 67 Pyrolysis Benzene 0.1 100 60,000 221 [71]
Pt/UiO− 66 UiO− 66 Impregnation-reduction Toluene 0.02 500 60,000 180 [60]
Ru/Co3O4- 

MOF
ZIF− 67 Pyrolysis Toluene 0.1 1000 60,000 238 [70]

Pd@ZrO2 Pd@UiO− 66 Pyrolysis Toluene 0.1 1000 30,000 218 [58]
Pd/UiO− 66 

(Ce)
UiO− 66(Ce) Reduction o-xylene 

Toluene 
Benzene

0.1 1000 30,000 192 
209 
228

[84]
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to quantify metal content within the MOF; UV-Visible Diffuse Refrac-
tance Spectroscopy (UV-Vis DRS) for investigating the electronic prop-
erties and band gaps particularly in photocatalytic applications; 
Temperature-Programmed Reduction, Oxidation, and Desorption 
(TPR, TPO, TPD) for evaluating reducibility, oxygen storage, and 
adsorption characteristics [49]. These methods often used in combina-
tion, providing comprehensive information on the physical, chemical, 
and structural characteristics necessary to optimize MOF-based catalysts 
in different applications including BTEX degradation.

3. MOF-based noble metal-supported catalysts

Noble metals such as Pt, Pd, Ag, Au, and Ru supported on 

conventional supports, such as zeolites, activated carbon and metal 
oxides like alumina and ceria, have been extensively investigated for 
BTEX decomposition and details can be found in previous review [50]. 
Recent research has shifted focus towards utilizing MOFs and 
MOF-derived materials as supports for noble metal catalysts for BTEX 
decomposition due to the exceptional properties of MOF-based/derived 
materials and the catalytic activity of such catalyst matrices [38]. 
Despite the cost limitation of noble metal-based catalysts, their 
remarkable low-temperature catalytic efficacy and resilience against 
deactivation for BTEX oxidation are indisputable [51]. The effectiveness 
of noble metals-supported catalysts is contingent not solely on the 
inherent activity of the noble metals but also on the synergy between the 
supporting materials and noble metal nanoparticles [52]. Hence, 

Table 2 
Properties and working conditions summary of MOF-derived transition metal oxide catalysts for BTEX oxidation.

Catalyst Parent MOF Preparation technique BTEX compound Catalyst 
amount (g)

Concentration 
(ppm)

WHSV (mL/ 
(g.h))

T90 

(◦C)
Ref

Co3O4 Co-MOF Precipitation Toluene 0.2 1000 20,000 239 [106]
Co3O4 Co-MOF− 74 Precipitation Toluene 0.2 1000 20,000 239 [107]
Mn-MIL− 100 Mn-MIL− 100 Precipitation Toluene 0.1 1000 30,000 183 [112]
CeO2 Ce-UiO− 66 Precipitation Benzene 0.6 1000 22,500 225 [98]
CeO2 Ce-UiO− 66 Precipitation Toluene 0.6 1000 22,500 206 [98]
CeO2 Ce-UiO− 66 Precipitation Xylene 0.6 1000 22,500 250 [98]
Co3O4 Co-ZIF− 67 Precipitation Toluene 0.6 12,000 21,000 259 [150]
Mn3O4 Mn-MOF− 74 Precipitation Toluene 0.05 1000 20,000 218 [103]
CeO2 Ce-MOF Precipitation o-xylene 0.1 200 120,000 195 [151]
CeO2 Ce-MOF Hydrothermal o-xylene 0.16 500 48,000 198 [152]
Mn2O3 Mn-MIL− 100 Precipitation Toluene 0.1 1000 30,000 262 [153]
CeO2 Ce-MOF− 808 Precipitation Toluene 0.1 1000 60,000 278 [154]
CeO2 Ce-BTC Precipitation o-xylene 0.16 500 48,000 193 [155]
CeO2 Ce-BDC Precipitation Toluene 0.1 1000 20,000 223 [156]
FeOx Fe-MOF Precipitation Toluene 0.3 500 20,000 249 [157]
Co2Cu1Ox CoCu-MOF− 74 Grinding Toluene 0.1 1000 30,000 220 [99]
Co1Mn1Ox Mn/Co-MOF Impregnation Toluene 0.1 1000 20,000 227 [115]
UiO− 66-CeCu UiO− 66-Ce Coprecipitation Toluene 0.1 1000 30,000 223 [144]
MnOx@ZrO2 Mn@MOF− 808- 

Zr
Impregnation Toluene 0.1 1000 60,000 260 [117]

Cu-CoOx/C Co/Cu-BTC Impregnation Toluene 0.3 1000 40,000 243 [158]
CeO2-MnOx Ce/Mn-BTC Impregnation Toluene 0.2 1000 48,000 277 [159]
CoCeOx CoCe-BDC Solvothermal Toluene 0.1 500 34,500 227 [160]
MnOx-CeO2 Ce-Mn-MOF− 74 Coprecipitation Toluene 0.05 1000 60,000 220 [161]
Sm/CeO2 Sm/Ce-MOF Coprecipitation Toluene 0.05 1000 60,000 211 [142]
CeCuOx CeCu-BDC Coprecipitation Toluene 0.15 500 23,000 186 [162]
CuMnOx CuMn-MOF Escape-by-craft Toluene 0.1 1000 60,000 208 [163]
MnCeOx MnCe-BTC Hydrothermal Toluene 01 1000 30,000 244 [146]
MnOx/Co3O4 Mn/ZIF− 67-Co Impregnation Toluene 0.025 1000 120,000 242 [116]
MnOx/Cr2O3 Mn/MIL− 101-Cr Impregnation Toluene 0.1 1000 20,000 269 [100]
CoMnxOx Mn/ZIF− 67-Co Oxidation-etching Toluene 0.05 1000 60,000 219 [118]
CoCu1Ox Cu/Co-MOF Impregnation Toluene 0.1 1000 20,000 208 [125]
Co− Fe-δ-MnO2 Co-Fe-PBA Coprecipitation Toluene 0.1 1000 30,000 225 [164]
Cu-CeOx Cu/CeOx- 

MOF− 808
EDTA grafting Toluene 0.1 1000 60,000 226 [124]

MnCeOδ/Co3O4 MnCeOδ /Co3O4- 
NC

Impregnation Toluene 0.5 1000 40,000 227 [165]

CeCoOx Ce[Co(CN)6] Hydrothermal Toluene 0.4 3000 30,000 168 [122]
CeCoOx CeCo-MOFs-MNS Precipitation and 

Impregnation
Benzene 
Toluene 
δ-xylene

0.4 3000 30,000 204 
249 
288

[166]

CoCeOx Ce-BTC Impregnation Toluene 0.15 1000 120,000 262 [167]
CuCoOx CuCo-ZIF Pyrolysis Toluene benzene 

ethylbenzene o-xylene
0.15 1000 40,000 209 

201 
223 
248

[168]

MnFeOx MnFe-MOF− 74 Pyrolysis Toluene 0.15 1000 40,000 262 [169]
CeaMn3-aO4 MnCe-MOF− 74 Pyrolysis Toluene 0.3 1000 20,000 214 [170]
La/CoOx Co-MOFs Impregnation and 

calcination
Toluene 0.1 1000 60,000 227 [171]

LaMO3 LMO-MOF Solvo-thermal Toluene 0.1 1000 60,000 278 [172]
CeCoaOx Ce-MOF Pyrolysis Toluene 0.15 1000 40,000 226 [173]
CuCoOx CuCo-ZIF Pyrolysis Toluene 0.15 1000 40,000 209 [174]
CuCoOx Co-MOF− 74 Pyrolysis Toluene 0.2 1000 36,000 212 [175]
2Mn1Co Co-MOF Pyrolysis Toluene 0.1 1000 30.000 245 [176]
MnCeOx/ 

cordierite
MnCe-BDC Hydrothermal and 

pyrolysis
o-xylene 0.05 1000 10,000 283 [177]
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materials exhibiting specific activity can serve as supportive materials in 
the catalytic process, including but not limited to MnOx, CeOx, CoOx, 
and others [53]. Inert supports, such as molecular sieves and ceramics, 
can indirectly enhance catalytic performance by offering a large specific 
surface area or superior pore structure [54]. Metal oxides obtained from 
MOFs possess the mentioned advantages and are viewed as promising 
candidates for support. Furthermore, the steady porous or cage shape of 
MOFs could serve as a template to control the preparation of nano-
particles, ensuring uniform shape and adjustable size, thereby address-
ing the nanoparticle aggregation challenge often encountered during 
annealing process in conventional catalyst synthesis techniques. This is 
thought to enhance the catalytic efficiency of BTEX oxidation process 
[55]. This section focuses on the discussion of various noble 
metal-supported MOF derivatives and metal-based MOFs for BTEX 
oxidation, especially Ce, Co, and Zr MOF derivative catalysts. Table 1
outlines the preparation techniques and catalytic oxidation capabilities 
of selected noble metal catalysts supported on MOF or MOF-derived 
metal oxide, specifically designed for various BTX compounds as no 
report is available for ethylbenzene degradation over these catalysts.

Noble metals can increase the performance of such kind of catalysts 
through several ways including electronic effects, synergistic effects, 
and morphological control. For electronic effects, Noble metals can 
change the support material’s electronic properties, increasing the 
activation and adsorption of reactants. For instance, Pt can donate 
electrons to the support, increasing the electron density and thereby 
improving the degradation of BTEX compounds [56,57]. The catalytic 
performance of noble metal catalysts supported on MOFs or 
MOF-derived material can also be enhanced through the synergistic 
effects between the metal and support. In this case, the combination of 
noble metals with metal oxides derived from MOFs or MOF itself can 
create active sites that are more efficient than either component alone. 
For example, Pd on ZrO2 derived from MOF can form Pd-ZrO2 interfaces 
that facilitate oxygen storage and release, enhancing catalytic perfor-
mance [58]. Through morphological control, noble metals can control 
the shape and size of nanoparticles, which are crucial for catalytic effi-
ciency. The porous structure of MOFs can serve as a template for the 
formation of uniformly shaped nanoparticles, preventing aggregation 
and maintaining high surface area [59,60].

Despite significant progress, several research gaps remain unsolved. 
While many studies have demonstrated high catalytic activity in labo-
ratory settings, the long-term stability of these catalysts under industrial 
conditions remains uncertain. Future research should focus on evalu-
ating the durability and deactivation mechanisms of these catalysts in 
real-world applications. The preparation of MOF-based/derived noble 
metal catalysts often involves complex and costly procedures. Devel-
oping scalable and cost-effective techniques for the large-scale produc-
tion of these catalysts is essential [61]. More detailed mechanistic 
studies are needed to fully understand the role of noble metals and the 
interaction with MOF supports. Advanced characterization techniques, 
such as in situ spectroscopy and microscopy, can provide deeper insights 
into these mechanisms. The environmental impact of using noble metal 
catalysts, including the potential leaching of metals and the lifecycle 
analysis of catalyst production and disposal, should be thoroughly 
investigated.

3.1. Noble metals supported on Ce-MOF and MOF-derived CeO2 for 
BTEX oxidation

Cerium (Ce) is a rare earth metal that proves to be highly efficient in 
catalyzing the removal of BTEX due to the advantageous contribution of 
the 4 f orbitals in facilitating oxygen vacancy formation [62]. Wang and 
coworkers [63] explored the impact of different synthesis methods by 
preparing a range of Ag supported on MOF-derived CeO2 catalysts, using 
various approaches. The one-pot synthesis technique involved mixing 
cerium nitrate and trimesic acid with silver nitrate under solvothermal 
conditions at 150 ◦C for 24 h. In post-synthesis, the materials were 

calcined at 400 ◦C for 4 h to derive CeO2 while ensuring the retention of 
the MOF’s structural integrity and enhancing oxygen vacancy genera-
tion. The Ag-Ce-BTC-C from one-pot synthesis, demonstrated superior 
catalytic activity in toluene oxidation, with a T90 value of 226 ◦C. The 
increased catalytic performance was linked to improved reducibility, 
increased O2 vacancies and active O2 species, an elevated molar ratio of 
adsorbed and lattice oxygen (Oads/Olat), as well as elevated ratios of 
Ce3+/Ce4+ and Ag0/Ag+. The above study offers valuable insights into 
the development of catalysts derived from MOFs loaded with noble 
metals.

To gain deeper insight into the impact of MOF structure on the cat-
alytic performance of MOF for BTEX oxidation, three distinct Pt sup-
ported on Ce-based MOFs: UiO-66, MOF-BTC, and MOF-808 were 
prepared using a solvothermal method at 120 ◦C for 48 h, followed by 
the impregnation of Pt using a solution-phase reduction technique at 
180 ◦C for 12 h. The Pt/MOF-BTC was calcined at 300 ◦C for 2 h, leading 
to its stick-like morphology which significantly influenced its catalytic 
activity. The ligand utilized in the MOF synthesis process influenced the 
growth mode of the crystal, leading to diverse coordination of Ce en-
vironments and, consequently, distinct catalyst morphologies. Experi-
mental findings revealed that the Pt/MOF-BTC with a stick shape 
displayed superior catalytic performance compared to the Pt/UiO-66 
and Pt/MOF-808 with granular shapes. Moreover, Pt/MOF-BTC 
showed remarkable resistance to high weight hourly space velocity 
(WHSV) [64]. The stability of the Pt/MOF-BTC catalytic activity during 
cycling experiments was attributed to its amorphous structure. How-
ever, a more in-depth exploration of the influence of amorphous com-
ponents on the characteristics of catalysts is needed. The MOF derivative 
structure is also influenced by the calcination temperature. Thus, 
adjusting the temperature allows for the effective increase of the specific 
surface area, providing more sites for precious metals loading [65]. A 
Mn-Ce oxide composite derived from MOF-supported Pd nanoparticles 
was prepared by impregnating Mn3Ce2 with Pd via an aqueous 
impregnation technique, followed by calcination at 300◦C for 3 h. The 
impact of a Mn-Ce oxide composite, derived from MOF-supported Pd 
nanoparticles, was studied for its efficiency in the oxidation of toluene. 
Through a comparative analysis of experimental outcomes, 
Pd/Mn3Ce2–300 demonstrated remarkable catalytic performance, cyclic 
performance, stability, and impressive H2O tolerance (10 wt%). The 
outstanding performance can be attributed to the substantial presence of 
Ce3+, Mn4+, Oads, Pd0, oxygen vacancies, Pd0, and Pd species abundant 
on the surface [66].

The formation mechanism of mesoporous CeO2, synthesized through 
thermal degradation of Ce-MOF, and its activity for catalytic oxidation 
of benzene was investigated [65]. Results indicated that Ce-MOF to 
undergo complete decomposition into pure mesoporous CeO2 when the 
degradation temperature exceeds 400◦C. At that critical temperature, 
CeO2 (400) exhibits the highest specific surface area and largest pore 
volume. CeO2 (400) demonstrated exceptional catalytic activity in 
benzene combustion, achieving complete degradation at 260◦C. 
Furthermore, Pt nanocrystalline catalysts supported on mesoporous 
CeO2 (400) were prepared through a high-temperature solution-phase 
reduction technique and Pt/CeO2 (400) was capable of entirely 
degrading benzene at around 200◦C, displaying higher durability and 
water tolerance over a continuous reaction period of 100 h [65].

Based on the existing research, catalysts derived from noble metal- 
supported Ce-MOF have demonstrated outstanding catalytic efficacy 
in the oxidation of BTEX compounds at lower temperatures. Neverthe-
less, limited studies have been conducted, and only two BTEX com-
pounds (toluene and benzene) have been explored. Future investigations 
could center on studying the oxidation of ethylbenzene and xylenes to 
broaden the understanding of the catalysts’ performance.
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3.2. Noble metals supported on Co-MOF and MOF-derived Co3O4 for 
BTEX oxidation

Tricobalt tetraoxide (Co3O4) is among the most frequently employed 
metal oxides for the oxidation of BTEX. The catalytic efficiency of 
3D–Co3O4 catalysts has been shown as remarkable due to the presence of 
diffusion-friendly 3D porous channel structures [67]. Hence, multiple 
approaches have been developed to produce nanostructured Co3O4, 
including the synthesis of nanorods [68], nanotubes [67], and nano-
flowers [69]. The catalytic properties of 3D metal oxides produced via 
the pyrolysis of Co–MOF are notable, and their efficacy can be further 
improved by incorporating noble metals. Liu et al. [70] fabricated 
Ru/Co3O4-MOF and Co3O4-MOF porous materials using MOF-templated 
approach and evaluated their performance for toluene oxidation. 
Notably, Ru/Co3O4-MOF exhibited superior catalytic activity and CO2 
selectivity compared to Co3O4-MOF where toluene complete oxidation 
was achieved at 240 ◦C. Li and coworkers [71] reported comparable 
findings where they synthesized Pd/Co3O4 catalysts by incorporating Pd 
onto a Co3O4 porous polyhedron derived from the calcination of ZIF-67. 
In contrast to Co3O4 nanoparticles produced through traditional hy-
drothermal processes, the resulting catalysts demonstrated a lower T90 
for benzene (221 ◦C). The abundant surface-adsorbed oxygen, porous 
structure, and reducibility were identified as factors contributing to the 
catalysts’ outstanding catalytic activity. The effect of strong electronic 
interaction between the support and the metal could reorganize internal 
electrons through the adjustment of chemical bonds and charge transfer 
within the supported catalyst. This, in turn, leads to alterations in the 
catalytic performance [56]. To elucidate the electronic metal-support 
interaction within catalysts derived from Co-MOF, Pt/Co3O4 catalysts 
were prepared for toluene degradation using metal-organic templates. 
The use of MOFs as templates facilitates electron transfer, resulting in an 
increased presence of Pt0 metal species and Co3+ species. This robust 
metal-support electronic interaction enhanced the performance of sur-
face oxygen, the migration capacity of Olatt, and the capability to stim-
ulate molecular oxygen, consequently increasing overall catalytic 
performance [72]. To provide a deeper understanding of these elec-
tronic interactions, computational studies like Density Functional The-
ory (DFT) calculations and spectroscopic methods such as X-ray 
Photoelectron Spectroscopy (XPS) and Extended X-ray Absorption Fine 
Structure (EXAFS) can be employed. These techniques can elucidate the 
charge distribution and electronic states of the noble metal and the 
support, revealing the nature and extent of electron transfer. The robust 
interaction of metal and support could be strengthened by incorporating 
Ce into the Co-MOF template. Simultaneously, the interfacial interaction 
facilitates the creation of oxygen vacancies, leading to improved Pt 
dispersion, ultimately enhancing the catalyst’s performance [57]. In 
conclusion, the catalytic efficiency of noble metal supported on 
MOF-derived Co3O4 is interconnected with factors such as the valence 
state of the precious metal, atomic configuration, support-metal inter-
action effect, as well as the composition and structure of the support 
material. The use of computational and spectroscopic studies provides a 
comprehensive understanding of these interactions, paving the way for 
the design of more efficient catalysts.

3.3. Noble metals supported on Zr-MOF and MOF-derived zirconia for 
BTEX oxidation

UiO-66, distinguished by its adaptable pore dimensions and sus-
tained resilience to both thermal and chemical factors, is extensively 
employed as catalyst support within the diverse array of MOFs [73,74]. 
Zhang et al. [75] conducted a facile synthesis of silver NPs supported on 
UiO-66 derivatives for toluene oxidation. Their study involved the 
preparation of dispersed silver NPs on the UiO-66, and investigating the 
impact of silver loading on both structure and catalytic activity for the 
oxidation of toluene oxidation. Interestingly, the structure of 2 wt% 
Ag/UiO-66 catalyst remained intact, but as the Ag loading increased to 

10 wt%, the framework of UiO-66 collapsed, leading to the uniform Ag 
nanoparticles dispersion on the surface of the support. With a further 
increase to 14 wt% Ag, larger silver NPs were formed, and silver species 
migrated to the support’s bulk phase, resulting in reduced surface silver 
content. The 10 wt% silver catalyst exhibited outstanding catalytic ac-
tivity, which was attributed to its highest surface silver content and 
lattice oxygen. Additionally, in situ DRIFTS study was employed to 
investigate toluene-catalyzed intermediates, revealing the conversion of 
toluene to benzaldehyde and benzoic acid, ultimately forming H2O and 
CO2.

Once again, catalysts comprising single-atom and sub-nanometer 
clusters of Pd on UiO-66 were synthesized using DMF as a solvent to 
explore the impact of noble metal atomic scale on the catalytic degra-
dation performance for toluene. The catalysts underwent a preparation 
process involving calcination in H2 followed by exposure to an O2/Ar 
atmosphere as shown in Fig. 4(a). This continuous pretreatment had the 
potential to induce linker fracture in UiO-66, leading to the enhance-
ment in specific surface area, thereby favorably influencing catalytic 
activity.

The cyclic experiment results indicated a substantial improvement in 
the activity of the catalyst with an elevated number of cycles. The study 
revealed that benzene ring addition in the reaction gas interacted with 
nitrogen in the solvent, resulting in Pd single atoms formation in the 
catalyst, consequently enhancing the catalytic performance. The 
reconstructed morphology demonstrated stability after three cycles, and 
the recovered catalyst exhibited high water resistance [76]. The effec-
tive design of catalysts with high activity hinges on achieving a signif-
icant noble metal nanoparticle dispersion on MOF surfaces [77]. The 
successful synthesis of Pd NPs supported on UiO-66 with high dispersion 
was achieved through the ethylene glycol reduction technique 
(Pd-U-EG) as depicted in Fig. 4(b).

The catalytic activity of these catalysts was assessed through toluene 
degradation. Notably, even under conditions of higher WHSV, reus-
ability assessments, and stability tests, Pd-U-EG catalytic performance 
demonstrated no significant changes, affirming its consistent and 
effective catalytic performance [59]. Developing a universal approach 
for synthesizing catalysts involving noble metal and MOFs is imperative. 
In this context, Li et al. introduced a flexible and universal approach for 
the synthesis of highly dispersed Pd, Pt, and Ru nanoparticles supported 
on MOFs via the impregnation-reduction technique as shown in Fig. 4
(c).

The developed catalysts were applied for toluene. Metal/MOFs 
combine MOFs, known for their extensive high porosity and surface 
area, providing toluene adsorption sites, with highly dispersed metal 
species that serve as catalytically active sites. Pt/UiO-66 nanoparticles 
showed excellent CO2 yield and conversion efficiency of nearly 100 % 
for the catalytic degradation of toluene at 180 ◦C. Importantly, there 
were no noticeable differences in size, morphology, distribution, 
composition, and crystallinity between used and fresh Pt/UiO-66 
nanoparticles, even after a 150-h stability test [60]. These findings 
offer insights into the development of loaded noble metal catalysts and 
elucidate the synergistic catalytic mechanism between inert supports 
and noble metals.

When comparing Zr-MOF catalysts, particularly UiO-66-based sys-
tems, to other noble metal-supported MOF catalysts for BTEX degrada-
tion, several unique advantages and challenges emerge. Zr-MOF 
catalysts, especially UiO-66, stand out due to their exceptional thermal 
and chemical stability, which is crucial for maintaining catalyst integrity 
during high-temperature oxidation reactions [58,76]. This stability al-
lows for sustained activity even under harsh reaction conditions, a 
feature not always present in other MOF-based catalysts.

One of the key advantages of Zr-MOF catalysts is their adaptable pore 
dimensions, which can be tailored to accommodate various BTEX mol-
ecules and facilitate their adsorption and subsequent degradation. This 
flexibility in pore engineering is not as readily achievable with many 
other MOF systems. Additionally, the strong metal-ligand bonds in Zr- 
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MOFs contribute to their robustness, allowing for higher noble metal 
loadings without framework collapse, as demonstrated in the case of Ag/ 
UiO-66 catalysts [75].

Zr-MOFs also show excellent potential for developing single-atom 
and sub-nanometer cluster catalysts, as seen with Pd on UiO-66 [76]. 
This ability to stabilize highly dispersed noble metal species is a sig-
nificant advantage, potentially leading to enhanced catalytic activity 
and reduced noble metal usage compared to other MOF-based systems. 
However, Zr-MOF catalysts face some challenges. The synthesis of 
highly dispersed noble metal nanoparticles on Zr-MOF surfaces can be 
more complex compared to other MOF systems, often requiring 
specialized techniques like the ethylene glycol reduction method. This 
complexity in synthesis could be a limitation in large-scale applications.

Another challenge is the potential for framework collapse at higher 
noble metal loadings, as observed with Ag/UiO-66 at loadings above 
10 wt% [74]. This limitation might not be as pronounced in some other 
MOF systems, potentially allowing for higher metal loadings in those 
cases. When compared to other noble metal-supported MOF catalysts, 
Zr-MOF systems generally exhibit high water resistance and stability 
under reaction conditions. This is particularly evident in the case of 

Pd/UiO-66 catalysts, which maintained high activity even after multiple 
cycles and showed excellent water resistance [59].

In terms of catalytic activity, Zr-MOF supported noble metal cata-
lysts, such as Pt/UiO-66, have shown exceptional performance for 
toluene degradation, achieving nearly 100 % conversion at relatively 
low temperatures (180◦C) [78]. This performance is competitive with, 
and in some cases superior to, other noble metal-MOF systems reported 
in the literature. Despite these advantages, more research is needed to 
fully understand and optimize the synergistic effects between Zr-MOFs 
and noble metals for BTEX oxidation. Future studies should focus on 
comparative analyses of different MOF supports, including Zr-MOFs, to 
elucidate structure-activity relationships and further improve catalyst 
design for BTEX oxidation applications.

In conclusion, the catalytic efficiency of noble metal catalysts sup-
ported on MOF or MOF-derived metal oxide, is interconnected with 
factors such as the valence state of the precious metal, atomic configu-
ration, support-metal interaction effect, as well as the composition and 
structure of the support material. Furthermore, the production of single- 
atom catalysts has the potential to minimize the use of noble metals, 
leading to cost reduction. There is a lack of research specifically 

Fig. 4. (a) Scheme of the proposed formation mechanisms for 0.05 Pd–U–H–O–reused (Reproduced with permission from [76]). (b) Schematic of synthesis processes 
of (i) UiO-66, (ii) Pd-U-H, and (iii) Pd-U-NH and Pd-U-EG. (Reproduced with permission from [59]). (c) Metal/MOFs catalysts exhibited excellent catalytic per-
formance with nearly 100 % conversion efficiency and CO2 yield as well as good water resistance for the catalytic oxidation of various VOCs including ethyl acetate, 
n-hexane, and toluene. Besides, VOC molecules were firstly adsorbed on the surface of Pt/UiO-66 NPs as an example and oxidized into CO2 and H2O by the lattice 
oxygen of the PtO. Then, Pt0 with oxygen vacancies was activated by the molecular oxygen and re-oxidized into the PtO to eliminate the oxygen vacancies, forming a 
Pt0/PtO redox cycle. (Reproduced with permission from [60]).
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addressing the use of single atom/MOF derivatives in BTEX catalytic 
degradation. Therefore, exploring this avenue appears to be a promising 
direction for future studies.

The widespread application of noble metals supported on MOFs/ 
MOF-derived materials has both economic and environmental implica-
tions. Although these materials offer promising catalytic properties in 
applications, challenges emerge owing to their high cost, scarcity, and 
environmental footprint. Noble metals like Pt, Pd, Rh, and Au are finite 
resources, and their extraction is often invasive, involving detrimental 
practices such as open-pit mining. These operations disturb ecosystems, 
generate large amounts of waste, and need significant energy and water 
inputs [85]. The energy-intensive nature of mining for noble metals also 
produces significant greenhouse gas emission, contributing to climate 
change [86]. Noble metal catalysts often lose their effectiveness over 
time owing to sintering or poisoning, leading to the production of spent 
catalysts. If improper disposal occurs, can release toxic metals in the 
environment. Industrial uses of them also produce waste by-products, 
some of which are dangerous and pose disposal challenges [87]. Be-
sides, noble metals are costly owing to their scarcity, and large-scale 
application further strains economic feasibility. Pt and Pd, in partic-
ular, have seen significant price variations driven by limited supply and 
high demand from sectors such as electronics and automotive. Costs 
related to noble metals enhance production expenses for catalysts, 
which can be preventive for widespread industrial uses. Again, the 
availability of noble metals is impacted by geopolitical factors, as they 
are concentrated in few countries. Supply disturbances can lead to price 
volatility, affecting industries reliant on these metals for catalytic uses 
[88,89]. However, various techniques are being explored to decrease 
reliance on noble metals while maintaining catalytic performance. 
These strategies includes transition metal based catalysts due to the 
affordable and availability of transition metals, and exhibit versatile 
catalytic properties when incorporated in MOFs. These metals can be 
easily incorporated into MOF frameworks and can be tuned via ligand 
selection and post-synthetic modifications to optimize performance, 
potentially offering comparable performance to noble metals [90,91]. 
Single atom catalysts disperse noble metals at atomic scales on the MOF 
supports, which significantly decreases the amount of noble metals 
required while maintaining high catalytic activity. This technique 
maximizes the use of noble metals by ensuring each atom actively par-
ticipates in catalytic reactions, improving economic efficiency. Again, 
combining noble metals with abundant transition metals can reduce the 
amount of noble metals needed. For instance, Pt-Ni or Pd-Co alloys 
exhibit synergistic effects, potentially improving stability and perfor-
mance for specific reactions, while decreasing costs and minimizing 
resources use [57,81].

To further mitigate the economic and environmental effects of noble 
metal application, recycling and regeneration techniques for noble 
metal-based catalysts are critical. Regeneration restores the catalytic 
performance without the need for complete replacement, converving 
resources and decreasing waste. Apart from catalyst regeneration, 
chemical leaching, solvent extraction, thermal and electrochemical re-
covery, closed -loop recycling systems and use of green solvents for 
metal recovery are the best strategies for recycling and reusing noble 
metal based catalysts [86,88].

Although noble metals supported on MOF and MOF derived mate-
rials provide significant interests, their environmental and economic 
cost drive a need for sustainable alternatives and recycling techniques. 
Single atom catalysts, transition metal based catalysts and biomimetic 
methods are promising substitutes. For the cases where noble metals 
remain necessary, recycling, regeneration, and closed-loop processes are 
critical to minimizing the environmental effects and economic burden. 
By balancing these techniques, industries can leverage the catalytic 
advantages of noble metals while promoting sustainability and re-
sources efficiency.

4. Transition metal oxide catalysts derived from MOFs

Transition metal oxides like MnOx, CoOx, and CeOx having abundant 
active oxygen species, oxygen vacancies, and favorable redox proper-
ties, find widespread application in catalyzing the oxidation process of 
BTEX [92–94]. Furthermore, utilizing MOFs as templates in the syn-
thesizing of these metal oxides provides the added advantage of 
achieving a higher active centers dispersion [95]. In this regard, metal 
oxides obtained through the pyrolysis of transition metals-based MOFs 
exhibit excellent catalytic efficiency in degrading BTEX [96,97]. In this 
section, we emphasize on examining the impact of catalysts composition 
on both their physical-chemical characteristics and functionalities. This 
encompasses a thorough investigation of both monometallic and bime-
tallic oxides derived from MOF catalysts. Monometallic oxides here are 
these catalysts derived from MOFs containing a single type of metal ion. 
They offer simplicity in synthesis and often exhibit high catalytic per-
formance due to the uniform distribution of active sites [90,98]. While 
bimetallic oxides are those oxides derived from MOFs containing two 
different metal ions, these catalysts frequently show increased activity 
through synergistic effects between the two metals [99,100]. Our 
investigation encompasses a thorough analysis of both categories, 
exploring how their composition affects their properties and catalytic 
behavior. Additionally, we have categorized the various methods 
employed in preparing these catalysts and evaluated their catalytic 
oxidation capabilities as summarized in Table 2.

4.1. Transition metal oxide catalysts derived from monometallic MOFs

Transition metal oxide catalysts derived from monometallic metal 
organic frameworks have gained significant concern in recent years due 
to their potential in variable catalytic applications. Metal-organic 
frameworks, known for their highest porosity, tunable structures, and 
well-defined metal sites serves as excellent precursors for transitions 
metal oxide catalysts. When these metal organic frameworks undergo 
pyrolysis, the organic linkers are degraded, releasing behind highly 
dispersed metal oxide nanoparticles within a porous carbon matrix 
[101]. This process often increases the stability, surface area, and cat-
alytic performance of the resulting transition metal oxides, making them 
efficient for applications like pollutant degradation, oxidation reactions, 
and energy storage. With pyrolysis of monometallic MOF, single metal 
or polymetallic oxides can be produced [102]. The unique properties of 
MOF-derived transition metal oxides catalysts make the as promising 
candidates for addressing challenges in sustainable chemical processes 
and environmental remediation.

4.1.1. Single transition metal oxides derived from monometallic MOFs
Metal oxides derived from a single metal typically lack favorable 

catalytic properties owing to their physicochemical characteristics. 
Nevertheless, addressing this limitation to some extent, metal oxides 
synthesized through MOF pyrolysis offer a solution. The merits of MOF- 
based catalysts become apparent when their activity is compared with 
those achieved through alternative methods. Li and coworkers [98]
successfully prepared CeO2 with a MOF structure by pyrolysing 
Ce-containing UiO-66. In comparison to commercially available CeO2 
and the one prepared through coprecipitation and calcination, 
MOF-derived CeO2 exhibits superior activity for catalyzing toluene 
combustion, achieving a rapid conversion of 100 % within a narrow 
temperature range. At GHSV of 22500 h–1, the T90 values for 
MOF-derived CeO2 and conventional CeO2 were 206 and 322 ◦C 
respectively. The outstanding activity of the MOF-derived CeO2 was 
owing to its higher concentration of oxygen vacancies, increased 
surface-active oxygen, enhanced oxidizability, and greater surface acid 
sites when compared to other CeO2 forms. X-ray diffraction analysis 
showed that the MOF-derived CeO2 maintained the fluorite structure of 
CeO2 but with broader peaks, showing smaller crystallite sizes and 
higher surface area. Transmission electron microscopy (TEM) images 
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demonstrated that the MOF-derived CeO2 consisted of nanoparticles 
with sizes around 5–10 nm, significantly smaller than the conventional 
CeO2 particles (>50 nm). This nanostructure, inherited from the MOF 
precursor, contributes to the increased catalytic performance by 
providing more accessible active sites. Furthermore, MOF-derived CeO2 
demonstrates better stability and exhibits a comparatively higher level 
of of water vapor tolerance (5 vol% water). Similar results were found in 
the work of Chen et al. [90] where CeO2 was synthesized under atmo-
spheric conditions through the in situ pyrolysis of a Ce-MOF precursor. 
In comparison to CeO2 catalysts prepared through precipitation and 
commercially available ones, catalysts derived from MOFs exhibit 
outstanding performance in toluene catalytic degradation. Specifically, 
T90 for precipitation-synthesized CeO2 was 280 ◦C, whereas the 
MOF-derived CeO2 achieved a lower T90 of 223 ◦C. This 57 ◦C reduction 
in T90 further emphasizes the highest activity of MOF-derived catalysts. 
The enhanced physicochemical properties contribute to their excep-
tional catalytic performance and render them highly tolerant to elevated 
humidity levels (10–20 vol% water).

MOFs represent a class of coordination polymers created through the 
linkage of metal and organic ligands. Various organic ligands are 
employed to create distinct structures while maintaining consistent 
metal connection points. Consequently, the choice of precursors signif-
icantly affects the catalytic performance of the resulting catalyst for 
BTEX oxidation. It is essential to investigate how different ligands in-
fluence the structural properties and catalytic performances of MOFs 
[39]. The synthesis of Mn3O4 and Mn2O3 catalysts by pyrolyzing two 
different Mn-based MOF precursors, Mn-BDC and Mn-MOF-74, at 
various temperatures was reported. The Mn3O4 catalyst derived from 
Mn-MOF-74 calcinated at 300◦C showed the best catalytic activity for 
the oxidation of toluene, achieving T90 at 218 ◦C. XRD patterns revealed 
that the Mn-MOF-74 derived catalyst maintained a more ordered crystal 
structure compared to the Mn-BDC derived catalyst, which correlated 
with its higher catalytic activity. TEM images showed that the 
Mn-MOF-74 derived catalyst had a more porous structure with smaller 
particle sizes (20–30 nm) compared to the Mn-BDC derived catalyst 
(50–70 nm). The hydroxyl groups in Mn-MOFs-74 ligand and optimal 
pyrolysis temperature played key roles in forming highly active Mn3O4 
with abundant Mn3+, high Oads/Olatt ratio, and good reducibility. It also 
showed excellent stability and good moisture resistance during a 64-h 
catalytic test [103]. When compared to conventionally synthesized 
Mn3O4 catalysts, which typically show T90 values around 280–300 ◦C for 
toluene degradation, the MOF-derived Mn3O4 catalyst’s activity (T90 at 
218 ◦C) represents a significant improvement of 62–82 ◦C in the T90 
value. This substantial enhancement in catalytic performance un-
derscores the advantages of using MOF-derived catalysts for BTEX 
degradation. Similarly, Sun and coworkers investigated how the pyrol-
ysis processes of three different cerium-based MOFs: Ce-MOF-808, 
Ce-BTC, and Ce-UiO-66 affect the properties and catalytic activity of 
the resulting cerium oxide catalysts for toluene degradation. It was 
observed that the destruction of the MOFs during heating to form carbon 
skeletons that then burn off at higher temperatures significantly impacts 
the crystallinity, surface area, oxygen storage capacity, reducibility, and 
number of defects in the final CeO2 catalysts. XRD analysis showed that 
CeO2 derived from Ce-MOF-808 had the broadest peaks, demonstrating 
the smallest crystallite size among the three catalysts. This was 
confirmed by TEM images showing Ce-MOF-808 derived CeO2 had an 
average particle size of 5–7 nm, compared to 10–12 nm for Ce-BTC and 
15–18 nm for Ce-UiO-66 derived catalysts. The smaller particle size 
correlated with higher catalytic performance. In particular, CeO2 
derived from Ce-MOF-808, which maintained a carbon skeleton over a 
wider temperature range during pyrolysis, had the smallest particle size, 
highest surface area, most abundant surface oxygen species, and the 
greatest number of defects. Consequently, it exhibited excellent catalytic 
performance for toluene combustion, achieving T90 at 205 ◦C. In com-
parison, CeO2 derived from Ce-BTC and Ce-UiO-66 demonstrated T90 
values of 225 ◦C and 240 ◦C, respectively. When benchmarked against 

conventional CeO2 catalysts synthesized by precipitation techniques 
(typical T90 around 280–300 ◦C), the Ce-MOF-808 derived catalyst 
demonstrated a remarkable improvement of 75–95 ◦C in T90. This 
demonstrates the importance of the MOF precursor structure and py-
rolysis conditions in designing highly active CeO2 catalysts [104]. 
Again, Zhang et al. [105] explored how different MOF precursors and 
pretreatment methods impact the catalytic activity of resulting manga-
nese oxide catalysts for toluene oxidation. It was found that Mn2O3 
derived from Mn-MIL-100 and pretreated first in argon and then oxygen 
(Mn-100-Ar-O) exhibited the highest catalytic performance 
(T100=270 ◦C) compared to the one found from Mn-BTC and 
Mn-MOF-74. XRD patterns demonstrated that the Mn-100-Ar-O catalyst 
had the most disordered structure, indicating a higher concentration of 
defects. TEM images revealed that this catalyst had a unique hierarchical 
porous structure with both meso- and macropores, which was not 
observed in the other catalysts. This structure provided more accessible 
active sites and facilitated mass transfer during the catalytic reaction. 
The highest performance was ascribed to its enhanced low-temperature 
reducibility, increased surface Mn3+/Mn4+ ratio, and higher concen-
tration of surface-adsorbed oxygen species. When compared to 
conventionally prepared Mn2O3 catalysts, which typically achieve T100 
around 320–350 ◦C for toluene degradation, the Mn-100-Ar-O catalyst 
demonstrated a significant improvement of 50–80 ◦C in T100. Thus, their 
work demonstrated that the MOF precursor and pretreatment atmo-
sphere significantly affect the catalyst structure and activity.

Current material fabrication methods allow for the preparation of 
micro-structured materials with controlled shapes, dimensions, and 
compositions. One area of research is studying how the size of MOF 
precursors affects the activity of catalysts made by calcining the MOFs. It 
is also possible to investigate how calcining the same MOF precursor at 
different temperatures impacts the resulting catalyst’s performance 
[106,107]. Although there have been extensive studies focused on this, 
the combined effects of using different MOF precursors and calcination 
temperatures on the catalytic activity have rarely been explored. Addi-
tionally, the influence of MOF precursor particle size on the eventual 
catalyst activity could be examined by pyrolyzing MOF precursors with 
varied dimensions. While significant research has focused on individual 
effects, there is an opportunity for new insights by systematically 
investigating the interconnected impacts of precursor type, calcination 
temperature, and precursor size on catalytic performance. The synthesis 
of hollow Co3O4 polyhedrons of varying sizes by pyrolyzing MOF pre-
cursors was investigated. Co3O4 catalysts with different particle sizes 
were tested for toluene catalytic degradation. It was revealed that the 
400 nm Co3O4 particles (Co3O4-400) demonstrated the highest catalytic 
performance, with 90 % toluene conversion at 259 ◦C, compared to 268 
◦C and 285◦C for the 800 nm and 1700 nm particles respectively. XRD 
analysis demonstrated that all catalysts had the same spinel structure of 
Co3O4, but the Co3O4-400 catalyst had slightly broader peaks, showing 
smaller crystallite sizes. TEM images confirmed the hollow polyhedral 
structure of the catalysts and revealed that the Co3O4-400 catalyst had 
thinner walls (about 30 nm) compared to the larger particles (50–80 nm 
wall thickness), providing more accessible active sites. The superior 
performance of Co3O4-400 was ascribed to its high atomic ratio of 
Co3+/Co2+ and more surface-adsorbed oxygen. The Co3O4-400 catalyst 
also showed excellent stability over 30 h of testing [108]. When 
compared to conventionally synthesized Co3O4 catalysts, which typi-
cally show T90 values around 300–320 ◦C for toluene degradation, the 
Co3O4-400 catalyst (T90 = 259 ◦C) showed an improvement of 41–61 ◦C 
in T90. This demonstrates that controlling the particle size of 
MOF-derived Co3O4 can optimize its catalytic activity for toluene and 
other BTEX compounds oxidation. Catalysts with abundant oxygen va-
cancies can adsorb and activate oxygen from the gas phase, enabling the 
activated oxygen species to partake in catalytic oxidation reactions. As a 
result, catalysts rich in oxygen vacancies are generally considered more 
likely to contain reactive oxygen species that can readily facilitate 
oxidation reactions. It has been demonstrated that appropriate acid 
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etching can enhance the presence of oxygen vacancies created on the 
catalyst surface [109]. The addition of tartaric acid during the pyrolysis 
of Mn-MOF was shown to enhance the development of oxygen vacancies 
in the resulting MnOx with rich oxygen vacancies [91]. The catalyst with 
the optimal ratio of tartaric acid to Mn-MOF (Mn-5TA) showed superior 
activity compared to MnOx prepared by traditional methods, with T90 of 
208 ◦C for the degradation of toluene. XRD patterns of the Mn-5TA 
catalyst demonstrated broader and less intense peaks compared to 
conventionally prepared MnOₓ, indicating a more disordered structure 
with more defects. High-resolution TEM images revealed the presence of 
numerous edge dislocations and stacking faults in the Mn-5TA catalyst, 
which were associated with oxygen vacancies. In situ DRIFTS studies 
demonstrated that oxygen vacancies play a vital role in toluene 
adsorption and activation during the oxidation process. The Mn-5TA 
catalyst also had excellent stability for over 30 h. Compared to 
conventionally prepared MnOx catalysts, which typically show T90 
values around 250–270 ◦C for toluene degradation, the Mn-5TA catalyst 
(T90 = 208 ◦C) showed a significant improvement of 42–62 ◦C in T90. 
Thus, this work provides insights into tuning MOF-derived metal oxides 
by engineering oxygen vacancies to achieve highly efficient catalytic 
oxidation of BTEX compounds.

Past investigations have indicated that increasing the redox activity 
of catalysts can improve their ability to eliminate BTEX compounds. 
Small amounts of additives like promoters can effectively enhance the 
redox properties [110,111]. Alkali metals in particular have been re-
ported as good catalyst promoters that can act as electron donors for 
active site generation. The catalytic activity of alkali metal-doped 
Mn-MOF for toluene degradation was examined. It was revealed that 
sodium-doped Mn-MOF derivatives demonstrated excellent catalytic 
performance due to their large surface area, better oxygen mobility, and 
lower manganese valence. XRD analysis demonstrated that the sodium 
doping led to a slight shift in peak positions, showing lattice expansion 
and the incorporation of Na+ ions into the MnOx structure. TEM-EDX 
mapping confirmed the uniform distribution of Na throughout the 
catalyst particles. Both adding alkali metals like sodium and introducing 
H2O vapor during the reaction promoted the complete toluene miner-
alization to carbon dioxide and water. The sodium-doped Mn-MOF de-
rivative achieved a T90 of 195 ◦C for toluene degradation, compared to 
230 ◦C for the undoped Mn-MOF derivative. When benchmarked against 
conventional MnOx catalysts (typical T90 around 250–270 ◦C), the 
sodium-doped MOF-derived catalyst showed a remarkable improvement 
of 55–75 ◦C in T90. It was concluded that alkali metal doping and water 
vapor synergistically improve the adsorption and activation of toluene 
and its intermediates, making these materials promising for BTEX con-
trol [112].

4.1.2. Polymetallic oxides derived from monometallic MOFs
Some metal oxides and those obtained from MOFs exhibit insuffi-

cient catalytic capabilities for the removal of BTEX. Enhancing these 
capabilities can be achieved by incorporating guest metals that interact 
with the MOF’s metal sites, thereby improving catalytic performance. 
Additionally, the method of incorporating these metals plays a crucial 
role in the catalyst’s effectiveness. However, due to the intrinsic char-
acteristics of MOFs, many conventional synthesis techniques are not 
suitable for creating MOF-derived materials because the MOFs’ unique 
characteristics demand specialized synthesis methods that can precisely 
control structure, porosity, and other properties while maintaining pu-
rity and scalability, which may not be adequately addressed by con-
ventional methods [113]. Impregnation involves submerging a support 
material with a durable framework into a solution containing secondary 
metal ions. After a specified duration of interaction, the excess is 
removed, allowing the active substances to adhere to the support as ions 
or compounds. This technique is equally applicable to MOFs charac-
terized by their porous architecture [114]. Luo and coworkers synthe-
sized Mn-Co mixed metal oxides derived from MOF precursors for 
efficient toluene degradation. Catalysts with different Mn/Co molar 

ratios (1:1, 1:2, and 2:1) were synthesized, and MOF-Mn1Co1 (MnCo =
1:1) exhibited the best catalytic performance for total oxidation of 
toluene. Characterization results revealed that the superior performance 
of MOF-Mn1Co1 was attributed to its uniform nanocubic morphology, 
higher concentration of surface Mn4+ and Co3+ species, better 
low-temperature reducibility, high surface adsorbed oxygen species, and 
the presence of benzoate route during toluene oxidation [35]. Lei et al. 
[115] reported the synthesis and characterization of a series of 
Mn-doped Co3O4 catalysts (M-CoaMnbOx) derived from Mn-doped 
Co-MOF (ZSA-1) for toluene catalytic oxidation. The M-Co1Mn1Ox 
catalyst with Co:Mn molar ratio of 1:1 demonstrated superior catalytic 
performance, achieving 90 % toluene conversion at 227 ◦C, owing to the 
increased Co3+ formation, surface adsorbed oxygen species (Oads), and 
the synergistic impact between Mn and Co. Characterization techniques 
revealed that M-Co1Mn1Ox possessed small particle size, high specific 
surface area, more lattice defects, and higher reducibility compared to 
undoped Co3O4. This demonstrates that Mn doping of Co-MOF is an 
effective technique to increase the catalytic performance of Co3O4 for 
toluene oxidation. Similarly, Han and coworkers also showed that 
introducing Mn effectively restricts the development of Co3O4 nano-
particles and disrupts the catalyst’s structure which led to defects cre-
ation in the structure. The catalysts were developed by depositing Mn 
onto the surface of the Co3O4 spinel structure, with the incorporation of 
Mn causing lattice distortions. This process leads to the formation and 
exposure of active sites that enhance catalytic performance [116]. 
Encasing metal atoms within the cavities of a stable MOF host can 
successfully prevent the clustering of active metals that typically occur 
during the pyrolysis process [115]. For instance, Chen and coworkers 
reported the fabrication of MnOx/Cr2O3 composites through a series of 
techniques involving impregnation, in situ redox precipitation, and 
subsequent pyrolysis. The incorporation of an additional metal improves 
the catalyst’s oxygen storage capability, oxygen mobility, and reduc-
ibility, thereby benefiting its catalytic performance. The prepared cat-
alysts exhibited T90 at approximately 268 ◦C at 20,000 h–1 space 
velocity (SV) and a concentration of 1000 ppm toluene [100]. Similarly, 
Li et al. [117] reported a dual confinement technique based on MOFs to 
prepare MnOx@ZrO2 catalysts for catalytic degradation of toluene. The 
MnOx nanoparticles were well-dispersed on the c-ZrO2 support through 
spatial confinement in MOF-808 cavities and carbon confinement from 
pyrolysis. The MnOx@ZrO2-NA catalyst exhibits excellent toluene 
oxidation performance with T50 of 248 ◦C and T90 of 288 ◦C, out-
performing the conventionally prepared catalysts. High activity was 
attributed to the reduced aggregation of MnOx, enhanced Mn (III/total) 
ratio, adequate Oads species, and better oxygen mobility from the sup-
port (c-ZrO2). The dual confinement strategy is demonstrated to be 
effective and versatile for preparing highly dispersed metal oxide cata-
lysts for BTEX removal. Utilizing KMnO4 in the impregnation method 
proves beneficial as it facilitates the etching and oxidation of MOFs 
during the process of assembly. Specifically, CoMn6 catalysts were 
examined, showcasing enough mesoporous structure and even distri-
bution of cobalt atoms formed through oxidation–etching. The robust 
interaction between the two components in the preparation phase 
generates numerous oxygen vacancies and defects, contributing signif-
icantly to the catalyst’s superior activity for toluene oxidation [118].

The inherent structure of the parent MOF significantly influences the 
characteristics of its resulting metal oxides. Catalysts with distinct 
dimensional structures exhibit varied activities towards BTEX com-
pounds, prompting extensive research on the structure-activity rela-
tionship [119,120]. In one study, Han et al. examined three catalyst 
morphologies produced through electron spinning and CoMn-MOF py-
rolysis. 1D In–CoMnOx/MnOy bead chain-like, grown on Poly-
acrylonitrile (PAN) from the precursor of CoMn, displayed optimal 
catalytic activity (T90 = 200 ◦C) compared to 2D and 3D structured 
materials. Characterization by XRD and TEM revealed the bead 
chain-like structure had a robust bimetal synergy impact, increased 
oxygen vacancies, and a higher concentration of weak acid sites, which 
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contributed to its highest performance [121]. Similarly, Han et al. syn-
thesized CeCoOx catalysts with one-dimensional NPs, two-dimensional 
hexagonal nanosheets, and three-dimensional rosette-like structures 
via one-step hydrothermal technique. The three-dimensional meso-
porous rosettes-like catalysts demonstrated the highest toluene catalytic 
performance (T90 = 168 ◦C) owing to its larger pore size, more oxygen 
vacancies, and increased Oads on the surface as confirmed by N2 
adsorption-desorption, XPS, and O2-TPD analyses [122].

Hydrothermal technique is frequently employed for MOF synthesis 
due to its capability to regulate crystallinity and particle size [123]. 
However, it requires high temperatures and extended reaction times can 
result in energy waste and inconvenience. The mechanical grinding 
method circumvents these drawbacks, allowing large-scale production 
[99]. Additionally, using EDTA as a grafting ligand instead of formic 
acid in the synthesis of MOF-808 facilitates the production process. Sun 
et al. demonstrated that mixing and homogenous grinding of CuAc2, 
EDTA, and Ce–MOF–800 led to the formation of atomically dispersed 
copper atoms on Ce–MOF–808, which promotes the catalytic elimina-
tion of toluene [124]. Overall, both monometallic and polymetallic 
catalysts derived from monometallic MOFs exhibit excellent oxidation 
performance towards BTEX compared to those synthesized through 
traditional techniques. The significant specific surface area and unique 
morphologies of MOF derivatives, provides numerous active sites which 
benefits the active metals dispersion of active metals and tailored mass 
transport properties, leading to superior catalytic performance 
compared to traditional catalysts for BTEX removal. Moreover, the 
choice of organic ligands influences the product’s morphology and, 
consequently, pollutant diffusion, impacting the overall catalytic 
activity.

4.2. Transition metal oxide catalysts derived from bimetallic MOFs

These types of catalysts represent an advanced class of materials with 
improved catalytic properties and structural stability. Bimetallic metal- 
organic frameworks, which incorporate two different metal ions within 
a single framework, provide unique synergies between metals that can 
optimize catalytic activity [35]. Through pyrolysis, these metal organic 
frameworks transform into bimetallic oxide catalysts, often featuring a 
homogenous distribution of metal oxides or mixed-metal oxides 
embedded in a porous carbon matrix. This dual-metal system offers 
enhanced redox properties, high active site diversity, and improved 
resistance to sintering compared to their monometallic counterparts 
[125]. These attributes make bimetallic MOF-derived transition metal 
oxides particularly effective in challenging applications like selective 
catalytic reduction and different environmental remediation processes. 
As a result, these catalysts exhibit great promise in developing sustain-
able catalytic technologies.

4.2.1. Core-shell structured catalysts
Catalysts with core-shell structures have emerged as a promising 

method to enhance catalyst activity and reduce costs. Specifically, core- 
shell structured catalysts utilizing two metals offer a means to optimize 
the utilization of one metal in the shell. Additionally, this approach aids 
in improving catalytic activity by inducing electronic alterations and 
minimizing metal segregation within bimetallic structures [26,126, 
127]. The extensive functional range of pristine MOFs can be broadened 
by incorporating a framework guest into the second framework, allow-
ing for the modification of electronic structure and activation properties 
through core-shell interactions [128]. Various metal oxides exhibit 
varying tolerance and selective catalytic properties towards BTEX 
compounds. Consequently, a more resistant metal may serve as a shell, 
while a more reactive metal may function as a core for creating bime-
tallic MOFs. Core-shell material based on two metals not only retains the 
advantages of each metal but also generates synergistic impacts [129]. 
In this approach, a MOF core is typically prepared first, followed by the 
formation of a shell MOF around it, akin to "encasing a ship in a bottle" 

[130]. The resulting three-dimensional core-shell structure offers a high 
surface area. For instance, Gu and coworkers produced novel 
Co-MOF–74@Mn–MOF-74 core-shell samples with varying thicknesses 
of the shell by controlling precursor mass ratios. The core-shell structure 
of the catalysts was confirmed through extensive characterization. 
Scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM) analysis revealed the presence of a distinct core-shell 
morphology, with the shell material uniformly coating the core. 
Elemental mapping using energy-dispersive X-ray (EDX) spectroscopy 
further confirmed the spatial distribution of the two metal components, 
showing the core-shell architecture. The core-shell structured catalysts 
exhibited higher catalytic activity compared to their single-component 
counterparts. For toluene oxidation, the Co-MOF-74@Mn-MOF-74 
core-shell catalyst demonstrated significantly higher toluene conver-
sion rates, reaching over 90 % at temperatures below 300◦C. This 
enhancement was attributed to the synergistic effects between the core 
and shell materials, which facilitated improved oxygen activation and 
adsorption of the reactants. The catalysts also showed excellent selec-
tivity, with benzaldehyde being the primary oxidation product. More-
over, the core-shell structure provided improved stability, with the 
catalyst maintaining its activity over extended periods of operation 
[131]. At lower temperature, oxygen activation rate on Co3O4 may be 
insufficient, leading to the intermediates deposition on the active sites 
and deactivation of the catalyst. The addition of Mn effectively promotes 
the oxygen activation ability of Co3O4. Additionally, the inherent 
characteristics of Co3O4 spinel oxides can be enhanced by replacing the 
non-active Co2+ ions with other active transition metal cations. The 
Co3O4@CoMn2O4 hierarchical hollow structured catalyst was reported. 
It was found to exhibit an excellent toluene oxidation performance 
attributed to its higher specific surface area and improved diffusion and 
adsorption of pollutants with the hierarchical hollow structure [132].

The synergistic effects between poly-metals in core-shell structures 
effectively suppress the formation of by-products and catalyst poisoning. 
For example, three catalysts with core-shells were prepared. CoCuOx 
dodecahedron acted as the core and CeO2, TiO2 and Nb2O5 functioned as 
shells, enriching surface lattice oxygen and acidic sites, conducive to 
catalytic degradation for benzene. The shell protects the core from 
active site poisoning, facilitating the conversion of benzene to the end 
product. Furthermore, investigations have demonstrated that the core- 
shell structure enhances toluene oxidation by adjusting oxygen activa-
tion and adsorption strength [133]. This insight provides a way for 
understanding the relationship between various metals and the catalytic 
combustion of typical BTEX through various metal structures, offering 
an effective approach for designing catalysts with superior oxidative 
activity against target pollutants. Nevertheless, limited studies have 
been conducted, and only some types of BTEX compounds (toluene and 
benzene) has been explored. Future investigations could center on 
studying the oxidation of other BTEX compounds over bimetallic 
core-shell structured catalysts.

4.2.2. Aliovalent substitution
Aliovalent substitution, commonly known as heterovalent substitu-

tion, refers to the process wherein ions of one element within a crystal 
lattice are replaced by ions of another element with a different valence 
or oxidation state. The essence of aliovalent substitution lies in the ex-
change of ions with disparate charges, inducing alterations in the crystal 
structure and impacting the material’s electrical and structural attri-
butes [134]. Aliovalent substitution becomes feasible by introducing a 
metal with a dissimilar valence during the fabrication of a specific MOF 
because various metals can react with identical organic linkers. In the 
MOF formation process, the addition of the desired second metal facil-
itates molecular-level mixing of MOF precursors, enhancing the mate-
rial’s oxygen storage capacity and redox activity without inducing phase 
separation in the resulting metal oxides [135]. Bimetallic oxides, pro-
duced through aliovalent substitution, typically exhibit superior cata-
lytic activity compared to their monometallic MOF counterparts. The 
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substitution of metal ions in the lattice creates structural defects, such as 
oxygen vacancies, which are critical for catalytic performance. For 
instance, cerium oxide, considered a promising heterogeneous catalyst, 
is chosen for its high redox capacity, widespread availability, and 
non-toxicity. Introducing Ce into Co-based catalysts, through 
aliovalent-substitution of Co into the CeO2 lattice, results in the for-
mation of a stable half-filled orbital leading to an increased number of 
oxygen vacancies. These vacancies act as active sites for the adsorption 
and activation of reactant molecules, significantly enhancing catalytic 
activity [136]. Spectroscopic analysis, such as X-ray photoelectron 
spectroscopy (XPS) and in-situ Fourier transform infrared (FTIR) spec-
troscopy, reveals that aliovalent substitution induces shifts in the 
valence states of the metal ions, facilitating electron transfer processes 
that are crucial for redox reactions. Additionally, computational studies, 
including density functional theory (DFT) calculations, can predict the 
energy barriers for these reactions, providing insights into how aliova-
lent substitution decreases activation energies and increases reaction 
kinetics. Achieving stable CoCe-MOF crystals involves mixing Co and Ce 
atoms at the atomic level during the preparation process. For instance, 
the development of a CoCeOx catalyst derived from a bimetallic 
CoCeBDC (benzenedicarboxylic acid) MOF precursor was reported. The 
spectroscopic analysis confirmed the successful aliovalent substitution 
of Co into the ceria lattice, creating defects and oxygen vacancies. For 
toluene oxidation, the CoCeOx catalyst achieved 50 % conversion at 
212◦C and 90 % conversion at 227◦C, outperforming a reference 
Co3O4/CeO2 nanocube catalyst (T50 = 261 ◦C, T90 = 308 ◦C). The 
CoCeOx catalyst also showed high activity for the oxidation of other 
BTEX like o-xylene. The enhanced catalytic performance was ascribed to 
the uniform incorporation of Co into the ceria lattice enabled by the 
MOF synthesis approach [134].

The pyrolysis-derived metal oxides from bimetallic MOFs offer 
distinct benefits compared to traditional preparation approaches. CeMn 
bimetallic oxides, resulting from this process, exhibit outstanding cata-
lytic activity towards BTEX compounds owing to their elevated oxygen 
storage capacity and enhanced dispersion of transition metal oxides 
[137]. The fabrication of MnOx and MnOx-CeO2 catalysts derived from 
MOF precursors for catalytic toluene degradation was reported. The 
MnOx-CeO2-MOF catalyst synthesized by pyrolyzing a Ce/Mn-MOF-74 
precursor showed higher catalytic activity compared to MnOx-MOF, 
MnOx-CeO2-CP (co-precipitation method) and MnOx-D (from MnOOH) 
catalysts. The MnOx-CeO2-MOF catalyst had higher surface area, abun-
dant oxygen vacancies, highest oxygen mobility, and excellent surface 
Mn4+ content which contributed to its superior performance [138]. The 
MOF-derived catalysts outperformed those from conventional prepara-
tion methods, demonstrating the advantage of using MOF as precursors. 
Chen et al. [139] developed MOF-derived MnCeOx catalysts for 
low-temperature catalytic degradation of benzene. The Mn1Ce1-MOF 
catalyst synthesized by a solvothermal approach showed the best per-
formance, achieving 90 % conversion at 242 ◦C due to its microporous 
structure, high lattice oxygen content, and good reducibility.

Studies have indicated that diverse metal substitutions during MOF 
synthesis can demonstrate varying catalytic activities against BTEX 
pollutants, surpassing those observed in mixed metal oxides produced 
through traditional co-precipitation techniques [140]. The substantial 
catalytic effectiveness can be linked to alterations in the valence state of 
the species induced by electron transfer. During the catalytic conversion 
of BTEX, acidic sites demonstrate a robust capacity to activate C–H 
bonds. Lewis acids are more preferred as they are able to accept electron 
pairs due to the presence of vacant orbitals. When a Lewis acidic site 
interacts with a C-H bond, it typically involves coordination of the Lewis 
acid with the C-H bond, leading to polarization of the C-H bond. This 
polarization makes the hydrogen atom more electrophilic, making it 
more susceptible to nucleophilic attack or other reactions. Therefore, 
incorporating a specific quantity of acidic sites into the catalyst proves 
advantageous for promoting the catalytic reaction. Among various 
preparation approaches, metal ion doping emerges as an efficient 

method for introducing acidic sites. Guo et al. [141] reported the cata-
lytic degradation of BTEX compounds including toluene and benzene 
using metal oxide catalysts derived from bimetallic zeolitic imidazolate 
frameworks (ZIFs). In their work, ZnCo-ZIFs with different Zn/Co ratios 
were synthesized and then pyrolyzed at 350◦C to obtain ZnCoOx cata-
lysts. Among them, Zn0.05CoOx with 5 % Zn doping exhibited the best 
performance for eliminating the two BTEX compounds under simulated 
exhaust conditions containing 5 % water vapor. This was attributed to 
its high concentration of acid sites, good reducibility, and strong Co-Zn 
interaction. The Zn0.05CoOx catalyst also showed excellent stability over 
30 h. Those results provide new insights into designing highly efficient 
catalysts from MOFs and understanding the impact of BTEX chemical 
structures on catalytic oxidation processes. Similarly, Wang et al. [142]
reported the synthesis of Sm-doped CeO2 catalysts by pyrolyzing MOF 
precursors containing Sm and Ce. It was found that doping small 
amounts of Sm into CeO2 led to more oxygen vacancies and improved 
reducibility compared to undoped CeO2. Among the Sm-doped CeO2 
catalysts, 1 % Sm/CeO2 showed the highest catalytic activity for toluene 
degradation, with T50 = 194◦C and complete conversion at 222 ◦C under 
certain conditions. The excellent catalytic performance was attributed to 
a higher concentration of defects, oxygen vacancies, and Ce3+ species 
caused by optimal Sm doping, which enhanced the redox properties and 
oxygen mobility. The 1 % Sm/CeO2 catalyst also showed good long-term 
stability and moisture tolerance.

The thermal fragility of organic linkers often leads to the structural 
breakdown of MOF-based catalysts under high-temperature conditions. 
Conversely, UiO-66 exhibits notable hydrothermal and chemical 
robustness at elevated temperatures, attributed to its high coordination 
number and unique pore configuration [143]. Past research has rarely 
explored how varying metal dopants influence the efficacy of 
Ce-MOF-based catalysts that have been synthesized. Currently, 
UiO-66-Ce has been altered with the addition of Cu, Co, Mn, Fe, and Zr 
using a single-step synthesis technique. In this process, Cu substitutes Ce 
in its octahedral arrangement, facilitating an electron transfer reaction. 
As a result, the CeCu-MOF exhibits enhanced redox capabilities. More-
over, the synergy between Ce and Cu significantly increases oxygen 
vacancies, improving both the activity and selectivity of the products 
[144]. Additionally, the physicochemical characteristics of these MOF 
derivatives can be tailored by varying the synthesis conditions. By 
manipulating the alteration temperature, it’s possible to regulate the 
size and volume of the internal voids, which in turn allows for the 
control of particle size and surface area [145]. Zhang and coworkers 
investigated the impact of varying calcination temperatures on the 
catalytic efficiency of MnCeOx catalysts for the degradation of toluene. 
They found a performance sequence with 1Mn1Ce–300 (T90, 244 ◦C) 
being more effective than 1Mn1Ce–400 (T90, 264 ◦C) and 1Mn1Ce–200 
(T90, 283 ◦C), and the lowest efficiency was observed with 1Mn1Ce–500 
(T90, 298 ◦C). The study revealed that the calcination temperature 
significantly influences the catalysts’ specific surface area, pore volume, 
and particle size. These physical changes subsequently affect the cata-
lysts’ metal valence states, the concentration of oxygen vacancies, and 
their capacity for reduction. Specifically, the 1Mn1Ce–300 variant 
showed an enhanced ability to facilitate toluene oxidation by effectively 
utilizing lattice oxygen in conjunction with gaseous oxygen [146]. 2D 
materials are distinguished by their exceptional anisotropic and elec-
tronic characteristics, making them highly suitable for catalytic appli-
cations. These materials can be engineered through in situ topological 
methods or by utilizing layered hydroxides as starting materials [147, 
148]. Wang and coworkers [149] developed 2D structured MOFs 
through a solvothermal approach, leading to the synthesis of bimetallic 
oxides CeCuOx upon calcination. The strategic insertion of copper into 
the ceria framework introduces a higher density of oxygen vacancies, 
facilitating the efficient conversion of toluene to CO2. This trans-
formation is believed to be driven by the dynamic exchange among Cu+, 
Ov, and Ce3+, attributing to the material’s pronounced catalytic per-
formance, especially in processing BTEX compounds. The exposure of 
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the (100) crystal planes further enhances the material’s stability and 
resistance to water by minimizing surface reactivity, providing a more 
inert surface, and potentially imparting hydrophobic characteristics. 
Ultimately, molecular-level integration during synthesis fosters the 
creation of catalysts characterized by structural defects and robust redox 
capabilities, significantly enhancing their catalytic efficiency.

Optimizing these catalysts involves carefully balancing the metal 
ratios and processing conditions to maximize the number of active sites 
while maintaining structural stability. One of the primary challenges is 
controlling the distribution of aliovalent metal ions within the lattice to 
avoid agglomeration, which can lead to reduced catalytic efficiency. 
This challenge is compounded by the fact that various metals have 
varying affinities for the MOF precursors, leading to inhomogeneous 
distributions. Potential solutions include the utilization of advanced 
synthesis methods such as atomic layer deposition (ALD) or template- 
assisted methods that can provide better control over metal distribu-
tion at the atomic level. Furthermore, maintaining the stability of the 
catalysts under reaction conditions, especially at high temperatures, is 
another significant challenge. The thermal fragility of organic linkers in 
metal-organic frameworks can lead to structural breakdown, reducing 
catalyst activity over time. Strategies to increase stability include the 
development of more robust MOF structures with higher coordination 
numbers or the incorporation of stabilizing agents that can preserve the 
framework integrity under harsh conditions.

For instance, the development of CoCeOx catalysts derived from a 
bimetallic CoCeBDC (benzenedicarboxylic acid) MOF precursor 
demonstrated increased catalytic activity for toluene degradation. The 
spectroscopic analysis confirmed successful aliovalent substitution, with 
the Co incorporated uniformly into the ceria lattice, creating defects and 
oxygen vacancies that contribute to higher catalytic performance. The 
CoCeOx catalyst achieved 50 % conversion at 212 ◦C and 90 % con-
version at 227 ◦C, outperforming a reference Co3O4/CeO2 nanocube 
catalyst. The enhanced activity is attributed to the MOF preparation 
approach, which ensures uniform metal distribution and maximizes the 
number of active sites [134].

Additionally, MnOx-CeO2 catalysts derived from MOF precursors 
exhibited higher catalytic activity due to their large surface area, 
abundant oxygen vacancies, and high oxygen mobility. The Mn1Ce1- 
MOF catalyst, for example, demonstrated the best activity with 90 % 
benzene conversion at 242 ◦C. The high lattice oxygen content and good 
reducibility of these MOF-derived catalysts highlight the role of opti-
mizing preparation conditions, such as calcination temperature, to tailor 
the physicochemical properties of the catalyst for enhanced activity 
[138].

In conclusion, while aliovalent substitution offers significant poten-
tial for enhancing catalytic activity, optimizing these materials requires 
a comprehensive understanding of the underlying mechanisms and 
addressing challenges related to metal distribution, structural stability, 
and process scalability.

Weight hourly space velocity (WHSV), defined as the volumetric 
flow rate of reactants per unit weight of catalyst (mL/(g⋅h)), is an 
important factor influencing the efficiency of MOF-based and derived 
catalysts for BTEX oxidation [26]. WHSV directly affects the contact 
time between reactants and catalysts, thereby impacting conversion 
efficiency, selectivity, and reaction kinetics. Lower WHSV means longer 
contact time. A lower WHSV provides a longer residence time for BTEX 
molecules on the surface of the catalyst, allowing more effective 
adsorption and oxidation. A lower WHSV increases intermediate 
oxidation processes, leading to higher CO2 selectivity and fewer 
by-products. Higher WHSV means shorter contact time. At higher 
WHSV, the reduced contact time results in lower oxidation efficiency, as 
reactants may not fully interact with active catalytic sites. For instance, 
when WHSV increased from 30,000 to 60,000 mL/(g.h), the T90 of 
Pd@ZrO2 catalysts shifted up to 50 ◦C higher [58]. In some cases, cat-
alysts with hierarchical or mesoporous structures such as CoMnOx 
compensated for the reduced residence time by increasing reactant 

diffusion and oxygen mobility [118].
Apart from WHSV, the amount of catalyst used plays a crucial role in 

determining its efficiency in BTEX oxidation. This is particularly rele-
vant for MOF-derived catalysts, where the dispersion of active sites and 
accessibility to reactants depend on catalyst morphology and loading. A 
sufficient catalyst amount ensures adequate surface-active sites for the 
adsorption and oxidation of BTEX [169]. Increasing the catalyst loading 
beyond the optimal amount does not necessarily enhance the perfor-
mance owing to mass transfer limitations and reactant diffusion con-
straints. High catalyst loading could lead to the blockage of pores, 
reducing the effective surface area and catalyst utilization. Excess 
catalyst amounts may result in the accumulation of heat, promoting 
undesirable side reactions or structural degradation. For instance, 
Pt/MOF-800 showed that exceeding 0.2 g catalyst loading did not yield 
significant enhancements in BTEX oxidation efficiency [64]. At insuffi-
cient catalyst loading, active sites may be saturated with reactants, 
leading to incomplete oxidation. This effect is more pronounced at high 
WHSV, where rapid reactant flow overwhelms the limited catalytic 
surface. For instance, Pd@Co3O4 exhibited 20–30 % lower BTEX con-
version when the catalyst loading was reduced from 0.1 to 0.05 g [71].

The interplay between WHSV and catalyst loading determines the 
optimal operating window for MOF-based and derived catalysts. Lower 
WHSV with higher catalyst loading facilitates maximum conversion but 
may cause mass transfer limitations. Higher WHSV with lower catalyst 
loading facilitates reduced efficiency owing to insufficient residence 
time and active site saturation. However, moderate WHSV and opti-
mized catalyst loading lead to the best balance between reactant flow 
and catalyst utilization.

Optimizing WHSV and catalyst loading is crucial for enhancing the 
oxidation of BTEX over MOF-based catalysts. For practical applications, 
catalysts should be evaluated under a range of WHSV conditions to 
ensure robust performance under real-world operational constraints. 
Future research should explore hierarchical MOF structures and single- 
atom catalysts, which can maintain high activity even under high WHSV 
conditions.

5. Impact of H2O and SO2 on the performance of catalysts 
derived from MOFs

The presence of water and SO2 in industrial emissions is a critical 
concern because these compounds can lead to catalyst deactivation, 
reducing the efficiency of BTEX degradation. They are prevalent con-
stituents found in industrial gas emissions, and are unavoidable in 
practical exhaust gases. These substances influence the catalytic efficacy 
of catalysts derived from MOFs [39,83]. A thorough comprehension of 
the impacts of H2O and SO2 function on the oxidation process will 
facilitate the design of more poisoning-resistant catalysts for practical 
abatement of BTEX. In general, the impact of a low water vapor content 
(less than 3 vol%) on the catalytic activity is typically insignificant and 
may even lead to performance enhancement [59,60]. The introduction 
of water can effectively remove intermediates adsorbed on the surface of 
the catalyst, exposing previously enveloped active sites [178]. Water 
vapor can also generate OH– groups, serving as surface Oads species 
believed to promote the oxidation of BTEX compounds [112]. Toluene 
degradation was investigated under wet conditions through an in situ 
DRIFTS examination. The presence of water increased the peak of ma-
leate species, demonstrating that wet conditions facilitated the opening 
of the ring of toluene [179]. Previous research showed that catalysts 
with sufficient oxygen vacancies facilitate the conversion of adsorbed 
oxygen to lattice oxygen, a key reactive species promoting ring-opening 
[180,181]. The introduction of water vapor was found to accelerate 
oxygen species conversion, thereby increasing the catalytic performance 
by promoting the opening of the ring. Additionally, H2O vapor in-
fluences CO2 selectivity. Some studies revealed that H2O vapor intro-
duction led to contaminants mineralization, resulting in higher CO2 
production compared to dry air conditions. In this case, the introduction 
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of H2O vapor promotes the mineralization of organic contaminants into 
CO2 through oxidation reactions facilitated by the presence of reactive 
oxygen species and hydrolysis processes. This can result in higher CO2 
production compared to dry air conditions, where the oxidation of 
contaminants may proceed at a slower rate or through different path-
ways. That is why H2O vapor reduced by-product formation and 
enhanced CO2 selectivity [109,112]. The intermediates reduction and 
the increment in surface OH– groups promoted the process of mineral-
ization, this could be attributed to the creation of particular sites for 
water adsorption, leading to a reduction in the effectiveness of water 
adsorption without dissociation. Water molecules act as active sites for 
HOH on vacancies in oxygen, transforming adsorbed oxygen into a lat-
tice. The CO2 yield is reversible after removing water vapor, indicating 
the reversibility of its influence [112]. However, as the water content 
further elevated (typically > 5 % vol), catalytic activity might decline. 
This decline was attributed to the competitive water adsorption, occu-
pying oxygen vacancies and reducing reactive O species. The interme-
diate product accumulation hindered additional deep contaminants 
oxidation [152]. Nevertheless, that deactivation proved reversible upon 
cessation of H2O vapors introduction, highlighting the potential for re-
covery [96]. It’s worth noting that both moisture content and operating 
temperature play a role in benzene catalytic activity. Stability tests at 
140◦C demonstrated that the catalytic performance was less negatively 
affected at elevated temperatures as shown in Fig. 5. The catalyst’s 
ability to adsorb much benzene with oxygen species in wet conditions at 
elevated temperatures contributed to this observation [182].

Bi and coworkers [83] investigated how H2O and SO2 affect the 
performance of ultra-low palladium catalysts supported on UiO-66 and 
related materials for toluene oxidation. The presence of H2O impeded 
the breakdown of toluene and the production of CO2 over the supported 
Pd catalysts. When examining the time-dependent conversion of toluene 
and CO2 yield during toluene oxidation over different catalysts such as 
Pd-U, Pd-U-NH2, Pd-U-NO2 (Fig. 6), the addition of 5 % vol H2O 
significantly decreased the catalytic activity of the Pd-supported cata-
lysts, highlighting the substantial impact of water vapor. However, after 
discontinuing the H2O vapor, toluene conversion and CO2 yield gradu-
ally recovered, indicating the reversible nature of its adverse effects. 
Increasing the H2O vapor to 10 % volume did not exacerbate its negative 
impact, likely due to the lower and unstable catalytic activity of the 
catalysts initially. The rapid restoration of catalytic performance after 
ceasing water vapor confirmed that the competition for adsorption be-
tween H2O vapor and toluene on the catalyst was the main factor 
causing the decline in catalytic performance.

The impact of SO2 on the same catalysts was also examined. 
Increasing concentrations of SO2 led to a gradual decline in toluene 
conversion and CO2 yield over Pd-supported catalysts, particularly 
notable at lower temperatures. This adverse effect was consistent across 
varying SO2 concentrations (Fig. 7). Notably, differences were observed 
among the three Pd-supported catalysts, with Pd-U-NO2 showing 
distinct behavior. While Pd-U and Pd-U-NH2 exhibited recoverable 

catalytic activity after SO2 exposure, Pd-U-NO2 experienced irreversible 
deactivation, suggesting SO2 poisoning as the primary cause. Adsorption 
of SO2 on the catalyst surface was speculated to be the main contributing 
factor to this deactivation.

Brandt and coworkers [183] observed that incorporating the NH2 
group linker in comparison to MIL-53(Al) and MIL-101(Al) enhanced 
the affinity of the material for SO2. Li et al. [184] conducted a simulation 
study to calculate the adsorption isosteric heat of UiO-66, UiO-66–NH2, 
and UiO-66–NO2 for sulfur dioxide. The high adsorption isosteric heat 
value shows higher interactions between absorbed gas and materials. 
The isosteric heat of the adsorption sequence for SO2 on three catalytic 
materials is UiO-66–NO2 > UiO-66–NH2 > UiO-66, indicating the 
highest interaction between SO2 and –NO2. Furthermore, Zhang and 
coworkers [185] employed molecular simulations to calculate the SO2 
adsorption for functional aromatic frameworks and revealed that the 
group of NO2 exhibited superior uptake of SO2 gas compared to the 
group of NH2. Therefore, designing a MOF-derived catalyst with fewer 
or no NO2 groups could be advantageous in preventing catalytic deac-
tivation induced by SO2.

These reports present innovative approaches to develop water and 
SO2-resistant catalysts derived from MOFs, with the goal of developing 
stable catalysts for BTEX oxidation. However, there is limited research 
on how H2O and SO2 impact the catalytic efficiency of MOF-derived 
catalysts. Further studies are necessary, particularly regarding the SO2 
influence on the catalytic activity of MOFs-based and derived catalysts 
for BTEX oxidation. Existing research primarily emphasizes the effects of 
water, and additional investigations are warranted to address the scar-
city of information on SO2 effects.

To mitigate the negative effects of water and SO2 on catalyst activity, 
various strategies can be considered including surface modification, 
hydrophobic coatings, dual functional catalysts, and operational 
adjustment. Modifying the surface of MOF-derived catalysts to reduce 
the affinity for SO2 adsorption can help minimize deactivation. For 
example, designing catalysts with fewer or no NO2 groups could prevent 
SO2-induced poisoning, as these groups have shown higher interaction 
with SO2. Applying hydrophobic coatings to the catalyst surface could 
limit water adsorption, reducing competitive adsorption at high con-
centrations of water. This approach would maintain active oxygen sites 
available for BTEX degradation, thereby sustaining catalytic perfor-
mance even in humid conditions. Developing catalysts with dual func-
tionality, where specific sites are tailored for SO2 and water resistance, 
can enhance overall performance. For instance, incorporating both hy-
drophobic and SO2-tolerant components in the catalyst design could 
ensure better resistance to these pollutants while maintaining high 
catalytic efficiency. Adjusting operational conditions, such as increasing 
the operating temperature, can also mitigate the adverse impacts of 
water and SO2. Higher temperatures may enhance the SO2 desorption 
and reduce the negative effects of water by maintaining the catalyst’s 
performance through improved oxygen vacancy availability.

Future research should focus on these mitigation strategies, 

Fig. 5. Impact of water vapor on benzene oxidation at 125 ◦C and 140 ◦C (a) and the stability test at 140 ◦C (b) of 1 % Pt/Mn2O3 catalyst (Reprinted with permission 
from [182]).
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particularly the synergistic effects of combining surface modification 
with operational adjustments, to develop catalysts that remain stable 
and efficient under the harsh conditions of industrial gas emissions.

6. Kinetics and mechanism of BTEX catalytic oxidation reactions

Kinetic model serves as a crucial tool in simulating the combustion/ 
oxidation of BTEX and assessing the efficiency of BTEX degradation 
under diverse operational conditions. Three kinetic model categories are 
commonly used for BTEX catalytic abatement: the power law (PL) 

model, the Langmuir model, and Mars-van Krevelen (MvK) model. PL 
model seems inadequate for describing the chemistry of reactions, 
lacking a direct connection to the mechanisms involved. In contrast, the 
Langmuir model is constructed based on both Langmuir-Hinshelwood 
(L-H) mechanisms and Eley-Rideal (E-R). The Eley-rideal mechanism 
assumes the reaction to take place between gaseous BTEX and Oads, 
rather than involving adsorbed BTEX compound [186]. The 
Langmuir-Hinshelwood mechanism assumes that oxygen adsorbed on 
the catalyst reacts with BTEX that is adsorbed, followed by a redox 
process [127]. The crucial step in this model is the surface reaction of the 

Fig. 6. Water-resistance of the supported Pd catalysts for toluene oxidation: temperature-dependent toluene conversion (A) and CO2 yield (B) of the supported Pd 
catalysts in the absence and presence of water vapor; and the time-dependent water resistance of (C) Pd–U, (D) Pd–U–NH2, and (E) Pd–U–NO2 (Reprinted with 
permission from [83]).
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Fig. 7. Influence of SO2 on the catalytic performance of the supported Pd catalysts for toluene oxidation; temperature-dependent toluene conversion (A1–C1), CO2 
yield (A2–C2), and temperature-dependent toluene conversion and CO2 yield (A3–C3) in the presence of various concentrations of SO2 over the supported Pd 
catalysts: (A) Pd–U, (B) Pd–U–NH2, and (C) Pd–U–NO2 (Reprinted with permission from [83]).
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two adsorbed molecules on the active site, controlling the overall pro-
cess [187]. On the other hand, the MvK model outlines a sequence where 
adsorbed BTEX initially reacts with oxygen within the catalyst, followed 
by metal oxide reduction. Subsequently, reoxidation of the reduced 
oxide takes place through the gas phase oxygen. Thus, this kind of 
mechanism is commonly referred to as the oxidation-reduction mecha-
nism [188]. According to existing literature, Mars-Van Krevelen is more 
extensively employed in the study of BTEX degradation using various 
metal-based catalysts [34,37,39].

Comprehending the mechanism of reaction involved in BTEX cata-
lytic degradation by diverse MOF-based/derived catalysts is crucial for 
developing high-performance, stable, and cost-effective MOF-based and 
MOF-derived catalysts. As previously noted, there exist diverse MOF- 
derivative catalysts for BTEX oxidation, and they may exhibit distinct 
mechanisms of reactions owing to variations in their compositions and 
structures. Such differences can influence the formation of various in-
termediate species during the oxidation process. MOF derivatives 

essentially refer to metal oxides, where the catalytic mechanism closely 
resembles the conventional catalytic process. The proposed mecha-
nisms, as per existing literature, include the MVK, L–H, and E–R models 
[37,51].

Several mechanistic pathways have been proposed for BTEX degra-
dation over different catalysts. Zhang and coworkers explored the 
mechanism of toluene oxidation using manganese cerium complex ox-
ides derived from MOFs. Initially, toluene underwent adsorption and 
reacted with the catalyst’s lattice oxygen and oxygen vacancies, leading 
to the conversion into CO2 and H2O. Eventually, oxygen vacancies were 
recharged through the activation of gaseous oxygen into lattice oxygen. 
Furthermore, their findings indicated that the H2O present in the reac-
tion system resulted in associative adsorption on oxygen vacancies. This 
process generated additional groups that are active or provided more 
active sites with surface oxygen, promoting the adsorbed oxygen con-
version to lattice oxygen and accelerating toluene mineralization. This 
study affirmed that toluene degradation by metal oxide catalysts derived 

Fig. 8. Catalytic mechanism of toluene oxidation over the supported Pd catalysts (Reproduced with permission from [83]).
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from MOFs adheres to the MvK model [109].
Bi et al. [83] presented the mechanism of reaction for the oxidation 

of toluene, using UiO-66 and its functional materials as supports for Pd. 
Their research involved calculating the degradation rate of toluene 
through toluene temperature-programmed surface reaction (TPSR) and 
temperature-programmed desorption (TPD), which affirmed the reac-
tion between adsorbed oxygen and toluene. It was concluded that 
toluene degradation by loaded Pd catalysts followed the 
Langmuir-Hinshelwood mechanism as depicted in Fig. 8. In a separate 
investigation, it was demonstrated using DFT calculation that toluene 
oxidation on Pd-based catalysts follows the L-H reaction mechanism. 
The adsorbed oxygen activated by isolated Pd atom (Pd1) reacted with 
adsorbed toluene on sub-nanometre Pd clusters (Pdc) and Pd nano-
particles (Pdn), leading to the mineralization of toluene into CO2 and 
H2O. This demonstrates the individual and synergistic role of various Pd 
species for toluene oxidation [76].

Xiao et al. [72] employed an in situ growth method within a MOF to 
synthesize Pt@Co3O4 catalysts, aiming to enhance toluene degradation, 
followed by an exploration of the mechanism of reaction. The in situ 
DRIFTS spectra of Pt@Co3O4 catalysts under oxygen-deficient 

conditions are presented in Fig. 9(i)-(a). Evidently, intermediate spe-
cies such as benzaldehyde, benzyl alcohol, maleic anhydride, and ben-
zoate accumulated onto the Pt@Co3O4 catalyst surface over time. This 
implies significant involvement of both lattice oxygen and surface 
adsorbed oxygen in toluene degradation, even in the gaseous oxygen 
absence. In oxygen-rich conditions, similar spectra were observed in 
Pt@Co3O4 catalysts, indicating key intermediate species, analogous to 
Pt NPs@Co3O4 catalysts in oxygen-deficient conditions [Fig. 9(i)-(b)]. 
The rate-determining step, involving the opening of the ring or further 
benzoate oxidation to maleic anhydride, was apparent among the 
toluene degradation processes.

Despite the deficient active oxygen to facilitate the benzoate ring 
opening to maleic anhydride, the benzoate accumulation increased 
continuously over time, demonstrating a high capacity of lattice oxygen 
to move in toluene oxidation. EXAFS results affirmed that the active Olatt 
originated from the weak bond of Co–O. In contrast to oxygen-deficient 
conditions, maleic anhydride and benzoate continue to accumulate in 
oxygen-rich environment, illustrating the involvement of oxygen gas in 
the succeeding degradation process of toluene. Under oxygen-deficient 
environments, in situ DRIFTS revealed lattice oxygen consumption, 

Fig. 9. (i) (a) In situ DRIFTS spectra of toluene adsorption as a function of time at 150 ◦C over the Pt NPs@Co3O4 catalyst (reaction condition: 1000 ppm toluene +
N2 balanced). (b) In situ DRIFTS spectra of toluene oxidation as a function of time at 170 ◦C over the Pt NPs@Co3O4 catalyst (reaction condition: 1000 ppm toluene +
20 % O2 +N2 balanced). (c) Plots of the formation amount of benzoate (left) and maleic anhydride (right) under oxygen-deficient conditions. (d) Plots of the for-
mation amount of benzoate (left) and maleic anhydride (right) over Pt@ Co3O4 catalysts after the catalysts absorbed toluene for 30 min under oxygen-rich conditions 
(Reproduced with permission from [72]). (ii) (Top) Toluene degradation mechanism on Pt NPs@Co3O4 (left) and Pt ion@Co3O4 catalysts (right). (Bottom) The 
participation pathway of oxygen species in the process of the toluene reaction (Reproduced with permission from [72]). (iii) Possible oxidation pathway of toluene 
over CuCoOx in the existence of water vapors (Reproduced with permission from [168]. (iv) Mechanism for catalytic combustion of toluene over CeMOF (Reproduced 
with permission from [98]).
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suggesting the activation of gaseous oxygen to recharge consumed Olatt 
in an oxygen-rich environment. The adequate introduction of active 
oxygen ensured succeeding toluene breakdown, leading to the inter-
mediate species accumulation. Based on these observations, the pro-
posed toluene degradation mechanism over Pt@Co3O4 catalysts is 
outlined in Fig. 9(ii).

Li et al. [98] suggested a reaction mechanism for toluene catalytic 
breakdown on CeMOF. Initially, toluene was adsorbed onto the surface 
of the catalyst, followed by oxidation to phenyl alcohol, benzaldehyde, 
and benzoic acid through the involvement of surface-active oxygen. 
Subsequently, ring opening of benzene took place, leading to further 
oxidation into other carboxylates. Then, intermediates are ultimately 
completely degraded to carbon dioxide and water (H2O), after which 
they desorb from the catalyst surface (refer to Fig. 9(iv)). Similar reac-
tion mechanism type was reported by Wu et al. [168] studying toluene 
degradation in the presence of water over CuCoOx catalysts derived from 
MOF. However, all intermediates are not the same as the one reported by 
Li et al. [98]. The first two intermediates (benzyl alcohol and benzal-
dehyde) are the same but the next intermediates are different. For Li 
et al. [98], the next one is benzoate but for Wu et al. [168], the following 
intermediates are benzoic acid and maleic acid (Fig. 9).

Noble metals supported on MOF-derived materials and transition 
metals supported on MOFs or derived from MOFs play a crucial role in 
impacting the mechanisms and efficiency of BTEX degradation re-
actions. By understanding the specific effects of these catalysts, we gain 
insights into their unique contribution to performance, selectivity, sta-
bility, and resistance to poisoning, all of which are critical for improving 
catalytic activity in practical applications.

Transition metal oxides like CeO2, MnO2, Fe2O3, and Co3O4 are 
frequently utilized owing to their variable oxidation states, which 
facilitate redox cycles and oxygen mobility essential for catalytic 
degradation reactions. When derived from or supported on metal- 
organic framework materials, they exhibit higher dispersion, unique 
porous structures, and greater surface area, which enhance their cata-
lytic activity in BTEX degradation. MOF-derived transition metal oxides, 
especially those containing ceria, promote rapid oxygen storage and 
release, improving the degradation of BTEX compounds. For instance, 
Ce transitions between Ce3+ and Ce4+ states, facilitating oxygen transfer 
in redox cycle and enabling reactive oxygen species generation. This 
oxygen mobility is vital in the degradation of stable aromatic rings in 
BTEX, as it enables continuous catalytic performance by supplying 
active oxygen at the reaction sites [90]. Besides, transition metal oxides 
supported on MOF-derived materials often create reactive oxygen spe-
cies such as superoxide and hydroxyl radicals, which are potent oxidants 
for degrading BTEX molecules. For instance, MnO2, when supported on 
MOF-derived materials, is known to increase reactive oxygen species 
generation through multiple oxidation states (Mn2+/Mn3+/Mn4+), 
facilitating BTEX decomposition by attacking the aromatic rings more 
effectively [105]. Furthermore, MOF-derived transition metal oxides 
often exhibit improved electronic properties owing to their structural 
modification during the pyrolysis of metal-organic frameworks. For 
example, Co3O4 derived from MOF can have enhanced electron density 
around the active sites, which facilitates electron transfer during the 
degradation process. This enhanced electron transfer boosts the activa-
tion of molecular oxygen and improves the BTEX degradation rate 
[106].

Noble metals such as Pt, Pd, Au, and Ru are known for their high 
catalytic efficiency in oxidation reactions, especially for VOCs like 
BTEX. When supported on MOF-derived materials, noble metals exhibit 
improved dispersion, reduced agglomeration, and stabilized active sites 
owing to the high surface area and porosity of MOF-derived materials. 
For example, Pt and Pd nanoparticles supported on MOF-derived ma-
terials can dissociate molecular oxygen into atomic oxygen, which 
readily participates in degradation reactions with BTEX. This activation 
of molecular oxygen is critical in initiating degradation pathways at 
lower temperatures, making these catalysts effective for low- 

temperature BTEX degradation [57,58]. Moreover, noble metals pro-
mote the “spillover effect”, where the activated oxygen species migrate 
from noble metal sites to adjacent metal oxide support sites, increasing 
the degradation activity over the entire surface of the catalyst. In 
Pt-supported MOF-derived materials, for example, atomic oxygen 
created at Pt sites can spill over to nearby transition metal oxide sites, 
generating additional active centers for BTEX oxidation. This effect 
enhances the overall efficiency and use of oxygen on the surface of the 
catalyst, leading to more complete degradation of BTEX [81]. Further-
more, when noble metals are supported on MOF-derived oxides, syn-
ergistic interactions increase catalytic activity. For instance, Pt@CeO2 
derived from MOF exhibit improved catalytic performance owing to the 
electronic interaction between CeO2 and Pt, which facilitates electron 
transfer and stabilizes active oxygen species. These synergistic in-
teractions also enhance the redox cycles of Ce, which in turn, reformates 
the catalytic sites and sustains the oxidation performance [56].

The presence of transition metal oxides and noble metals in MOF- 
derived materials influences various oxidation mechanisms such as 
MvK, L-H, and E-R mechanisms. Many MOF-derived transition metal 
oxides, like CeO2 and MnO2, operate through the MvK mechanism, 
where lattice oxygen directly participates in BTEX degradation. In this 
process, lattice oxygen from transition metal oxide is consumed during 
the degradation reaction and subsequently replenished by molecular 
oxygen from the gas phase. Noble metals, such as Pt or Pd, enhance this 
mechanism by accelerating the reformation of lattice oxygen, which 
improves the overall turnover rate for BTEX degradation. Few MOF- 
derived transition metal oxides and noble metals operate through the 
L-H and E-R mechanisms.

Currently, investigations into catalytic mechanisms have predomi-
nantly centered around noble metal MOF derivative catalysts and 
transition metal oxides derived from MOF, with limited attention given 
to the exploration of the influence of MOFs and their derived structures 
on the BTEX oxidation reaction mechanism. BTEX compounds investi-
gated were single, and there was a scarcity of research on multiple 
combined components and diverse influencing factors. Addressing these 
gaps is an urgent concern for future studies aimed at developing cata-
lysts with greater potential.

Recent studies have used kinetic modeling and simulation data to 
predict and optimize catalytic performance in BTEX oxidation reactions. 
For instance, the Mars-van Krevelen model has been extensively 
employed to simulate the dynamic behavior of catalytic systems, 
providing insights into reaction rates and the effect of operational pa-
rameters. Simulations have shown that the efficiency of BTEX oxidation 
is significantly influenced by the oxygen vacancy concentration and the 
reducibility of the metal oxide lattice. Incorporating these kinetic 
models into catalyst design enables the fine-tuning of catalytic proper-
ties to enhance performance under real-world conditions.

Deploying transition metal oxides derived from MOFs or supported 
on MOFs and noble metals supported on MOF-derived materials in large- 
scale operations for BTEX degradation involves various key challenges. 
Although these catalysts are promising in laboratory settings owing to 
their high efficiency, stability, and selectivity, scaling up presents 
technical, economic, and operational difficulties that must be addressed 
for commercial applications [61]. The main challenges include the cost 
and availability of raw materials especially for noble metals and pre-
cursors for MOF synthesis; complex and energy-intensive synthesis 
processes for transition metal oxide, noble metal doping, and MOF 
synthesis; structural stability and longevity under real-world conditions 
due to thermal stability and inhibitors; optimization of catalyst perfor-
mance for practical reactor conditions especially mass transfer limita-
tions and manipulating the catalyst activation mechanisms; Operational 
and maintenance challenges for mechanical stability and catalyst 
regeneration; environmental and safety concerns related to waste 
management and safety in high-temperature operations; scalability and 
reproducibility of catalyst properties such as uniformity of active sites 
and reproducibility in large-scale production then limited 
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understanding of long-term catalyst behavior [61].
Addressing these challenges will require advances in catalyst prep-

aration, structural stabilization, cost reduction, and optimization for 
practical reactor conditions. Innovations in scalable green synthesis 
techniques, developing cost-effective alternatives to noble metals, and 
an improved understanding of long-term catalyst behavior are critical 
steps toward successfully deploying MOF-derived materials for large- 
scale BTEX degradation. These advancements will help bridge the gap 
between promising lab results and real-world industrial applications.

7. Conclusions

The advancements in MOF-based and MOF-derived catalysts have 
significantly contributed to the efficient oxidation of BTEX pollutants. 
Through a systematic analysis of catalyst structures, compositional 
modifications, and catalytic mechanisms, this review highlights the 
pivotal role of MOF-derived materials in achieving high conversion ef-
ficiencies, improved selectivity, and enhanced stability under varied 
operational conditions. Notably, noble metal-supported MOF catalysts 
exhibit superior low-temperature catalytic efficiency, often achieving 
over 90 % BTEX conversion at temperatures as low as 180 ◦C, while 
transition metal oxides and bimetallic catalysts demonstrate remarkable 
stability and resistance to deactivation.

Mechanistic insights into BTEX degradation pathways, including the 
Mars-Van Krevelen, Langmuir-Hinshelwood, and Eley-Rideal models, 
underscore the importance of oxygen vacancy formation and active site 
exposure in enhancing catalytic performance. The presence of highly 
dispersed noble metals, strong metal-support interactions, and tailored 
electronic effects has been instrumental in optimizing catalyst perfor-
mance. Additionally, the review identifies the critical challenges facing 
MOF-based catalysts, such as deactivation due to SO2 poisoning, water 
vapor interference, and structural instability under high-temperature 
conditions.

Future research should prioritize the development of highly durable, 
cost-effective, and scalable MOF-derived catalysts by exploring single- 
atom catalysts, multi-metallic frameworks, and innovative regenera-
tion strategies. Furthermore, computational modeling and in-situ char-
acterization techniques should be employed to gain deeper insights into 
catalyst structure-activity relationships. Addressing these challenges 
will not only enhance the practical application of MOF-derived catalysts 
in industrial-scale BTEX oxidation but also contribute to the advance-
ment of sustainable air pollution control technologies.

By bridging fundamental research with industrial applicability, 
MOF-based catalysts hold immense promise in revolutionizing VOC 
abatement strategies, making significant contributions toward cleaner 
air and environmental sustainability.

8. Challenges and future perspectives

Understanding MOF-derived catalysts’ role in BTEX oxidation is a 
nascent field facing significant challenges. Moving forward, key areas of 
focus include mitigating catalyst deactivation and poisoning caused by 
adsorption of SOx, NOx, CO, and H2O in industrial exhausts. A deeper 
grasp of these mechanisms is vital to design robust, poison-resistant 
catalysts. Additionally, while MOF-based catalysts improve gaseous 
pollutant adsorption and diffusion, their behavior in complex BTEX 
exhausts is poorly understood. The diverse interactions between BTEX 
compounds and different MOF structures remain largely unexplored, 
hindering effective multi-component gas treatment. Understanding 
these interactions is critical for assessing MOF catalysts’ viability under 
real operational conditions. Regenerating catalysts is crucial for cost- 
effectiveness, but existing methods like high-temperature decoking 
may compromise MOF catalyst integrity and activity. Thus, there is a 
need for tailored regeneration processes. Given MOFs’ pivotal role in 
BTEX oxidation, understanding how regeneration affects catalyst 
structure and activity is paramount. In summary, advancing MOF- 

derived catalyst research necessitates addressing catalyst poisoning, 
multi-component gas interactions, and tailored regeneration methods. 
This holistic approach is vital for realizing efficient and sustainable 
BTEX treatment in industrial settings.
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