
HAL Id: hal-04618696
https://hal.science/hal-04618696

Submitted on 20 Jun 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Mechanistic Insights into Methane Total Oxidation over
Cu/Hydroxyapatite Catalyst Synthesized with

β-Cyclodextrin Assistance
Reza Monjezi, Alexandra Bouriakova, Ana Bjelić, Philippe Heynderickx,

Geraldine Heynderickx, Dirk Poelman, Jean-Marc Giraudon, Jean-François
Lamonier, Rino Morent, Joris Thybaut

To cite this version:
Reza Monjezi, Alexandra Bouriakova, Ana Bjelić, Philippe Heynderickx, Geraldine Heynderickx,
et al.. Mechanistic Insights into Methane Total Oxidation over Cu/Hydroxyapatite Catalyst Syn-
thesized with β-Cyclodextrin Assistance. Chemical Engineering Journal, 2024, 489, pp.151324.
�10.1016/j.cej.2024.151324�. �hal-04618696�

https://hal.science/hal-04618696
https://hal.archives-ouvertes.fr


1 
 

Mechanistic Insights into Methane Total Oxidation over  1 

Cu/Hydroxyapatite Catalyst Synthesized with β-Cyclodextrin 2 

Assistance 3 

Reza Monjezi1, Alexandra Bouriakova1, Ana Bjelić1, Philippe M. Heynderickx2,3, Geraldine J. 4 

Heynderickx1, Dirk Poelman4, Jean-Marc Giraudon5, Jean-François Lamonier5, Rino Morent6, 5 

Joris W. Thybaut1* 6 

1Laboratory for Chemical Technology, Ghent University, Technologiepark 125, B-9052 Ghent, 7 

Belgium  8 

2Ghent University Global Campus, 119-5 Songdomunhwa-Ro, Yeonsu-Gu Songdo Incheon 9 

406-840, South Korea 10 

3Department Green Chemistry and Technology, Ghent University, Coupure Links 653, 9000 11 

Ghent, Belgium 12 

4LumiLab, Department of Solid State Sciences, Ghent University, Krijgslaan 281-S1, Ghent, B-13 

9000, Belgium 14 

5Univ. Lille, CNRS, Centrale Lille, Univ. Artois, UMR 8181, UCCS, Unité de Catalyse et Chimie 15 

du Solide, Lille F-59000, France 16 

6Research Unit Plasma Technology, Ghent University, St-Pietersnieuwstraat 41, 9000 Ghent, 17 

Belgium 18 

* Joris.Thybaut@UGent.be  19 

  20 

mailto:Joris.Thybaut@UGent.be


2 
 

Abstract 21 

The total oxidation of methane (CH4), a highly stable alkane volatile organic compound (VOC), 22 

using low-cost Cu-based catalysts, has garnered considerable attention. Nonetheless, 23 

challenges such as Cu particle agglomeration and the lack of consensus on mechanism of CH4 24 

total oxidation over Cu-based catalysts remain. In this work, β-cyclodextrin (βCD) was 25 

introduced during Cu/hydroxyapatite catalyst (βCD-Cu/HAP) preparation, and its catalytic 26 

performance in CH4 total oxidation was compared with the Cu/HAP catalyst. Both materials 27 

were prepared using the wet impregnation method and thoroughly characterized. It was 28 

found that utilization of βCD, which decomposed during calcination, led to smaller Cu particle 29 

size (from 61 to 34 nm) and better Cu dispersion (from 1.9 to 3.5%), resulting in an 30 

enhancement of the catalyst reduction properties. Additionally, the βCD-Cu/HAP catalyst 31 

possessed a higher oxygen storage capacity, demonstrating its superior ability to replenish the 32 

oxygen vacancies. The βCD-Cu/HAP catalyst activity was double that of the original Cu/HAP 33 

catalyst with a 20 kJ mol−1 lower activation energy, as determined by fitting the initial reaction 34 

rate to a power-law model. Further, Langmuir–Hinshelwood (LH), Eley–Rideal (ER), and Mars–35 

van Krevelen (MVK) type rate expressions were regressed to the experimental data. After 36 

statistical and physico-chemical assessments, the MVK mechanism involving two oxidized sites 37 

and one reduced site with H2O adsorption on oxidized sites was identified as the most 38 

appropriate model for describing the experimental data. These findings offer an enhanced 39 

understanding of CH4 total oxidation, guiding the development of efficient, low-cost catalysts 40 

for this reaction. 41 

Environmental Implication  42 

Volatile organic compounds (VOCs) pose significant environmental and health issues due to 43 

their toxicity and widespread sources. Among VOCs, alkane contribute to a large proportion 44 
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of the VOCs emitted, with light alkanes being particularly challenging to mitigate due to their 45 

high stability. Methane, the most stable light alkanes, is the focus of this study. Catalytic 46 

oxidation technology offers a promising solution for VOC mitigation. In our work, we 47 

conducted a mechanistic investigation of methane total oxidation, aiming at deepening our 48 

understanding of catalytic oxidation of light alkanes, thereby contributing to substantial 49 

environmental benefits. 50 

Keywords 51 

catalytic oxidation; volatile organic compounds; β-cyclodextrin; copper; Mars–van Krevelen  52 
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Nomenclature 53 

Roman symbols Greek symbols 

𝑑𝑝 Mean pore diameter (nm) ∆𝑆𝑎𝑑𝑠
′  Replacement of adsorption entropy (J mol−1K−1) 

𝑑𝑐𝑟𝑦𝑠 Mean crystallite size (nm) ∆𝑆𝑎𝑑𝑠 Adsorption entropy (J mol−1K−1) 

𝑑𝐶𝑢  Mean Cu particle size (nm) Abbreviations and acronyms 

𝐷𝐶𝑢  Copper dispersion (%) BET Brunauer–Emmett–Teller 

𝐸𝑎 Activation energy (kJ mol−1) BIC Bayesian Information Criterion 

𝑘𝐶𝐻4
 Reduction rate coefficient (molCH4

kgcat
−1s−1kPa−1) ER Eley-Rideal 

𝑘𝑂2
 Reoxidation rate coefficient (molO2

kgcat
−1s−1kPa−1) HAP Hydroxyapatite 

𝑘𝑟 Reaction rate coefficient (molCH4
kgcat

−1s−1) H2-TPR Hydrogen Temperature-Programmed Reduction 

𝑘0 Pre-exponential factor (molCH4
kgcat

−1s−1) ICP-OES Inductively Coupled Plasma-Optical Emission 
Spectrometry 

𝑘0,𝑎𝑝𝑝 Apparent pre-exponential factor (mol kgcat
−1 

s−1(kPa)−1+(m+n)) 

LH Langmuir-Hinshelwood 

𝑚 Apparent CH4 reaction order, (-) MVK Mars-van Krevelen 

𝑛 Apparent O2 reaction order, (-) OSC Oxygen Storage Capacity 

𝑝𝑖 Partial pressure of component 𝑖 (kPa) PL Power-Law 

𝑝𝑙𝑜𝑜𝑝 Loop pressure (kPa) RDS Rate-Determining Step 

𝑅 Universal gas constant (kJ mol−1K−1) TCD Thermal Conductivity Detector 

𝑆𝐵𝐸𝑇  BET surface area (m2gcat
−1) VOC Volatile Organic Compound  

𝑇𝑂𝐹0 Initial turnover frequency (molCH4
molO

−1s−1) XPS X-ray Photoelectron Spectroscopy 

𝑉𝑝 Specific pore volume (cm3gcat
−1) XRD X-Ray Diffraction 

𝑊𝑐𝑎𝑡 Catalyst weight (kgcat) βCD β-Cyclodextrin 

𝑋𝐶𝐻4
 CH4 conversion (molCH4

molCH4,0
−1 )   

𝑦𝐶𝑢  Cu content of the catalyst determined from ICP-OES 
data (wt %) 

  

    

    

  54 
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1. Introduction 55 

The ever-growing industrialization and urbanization are raising emissions of volatile organic 56 

compounds (VOCs), i.e., carbon-based chemicals with boiling points below 250 °C. VOCs lead 57 

to a decrease in air quality, being the source of severe hazards, such as the formation of 58 

photochemical smog and a diversity of adverse health issues [1]. VOC emissions can be 59 

controlled by a variety of methods. Among these, catalytic oxidation stands out as an 60 

economically viable technology for the abatement of VOC pollutants [2–4].  61 

Among VOCs, methane (CH4), mainly emitted from industry and agriculture sectors, is one of 62 

the most abundant in the atmosphere [5,6]. As a prototypical light alkane, CH4 is notably stable 63 

due to its symmetric tetrahedral structure, featuring four equivalent C-H bonds [7]. This high 64 

stability poses significant challenges for its complete elimination. Consequently, the CH4 total 65 

oxidation has been widely used as a method to effectively mitigate its presence in the 66 

atmosphere [8–10].   67 

Cu-based catalysts have demonstrated high activity in VOC total oxidation, including CH4 total 68 

oxidation [11–13]. However, these catalysts suffer from agglomeration of CuO particles, 69 

resulting in the formation of bulk CuO particles at high Cu content [11,14,15]. Recently, 70 

cyclodextrins have emerged as promising agents in catalyst preparation, particularly for their 71 

role in enhancing metal dispersion [16–21]. Bai et al. [18] demonstrated that β-cyclodextrin 72 

(βCD) addition during synthesis of Co3O4/ZrO2 catalysts for formaldehyde oxidation 73 

significantly improved dispersion, resulting in smaller and more reducible Co3O4 particles, 74 

thereby boosting catalytic performance. Other works focusing on Cu-based catalysts have also 75 

reported a similar effect of βCD on the dispersion of Cu atoms [20,21].  76 

Among the various support materials investigated [22], hydroxyapatite (Ca10(PO4)6(OH)2, 77 

HAP), has recently received increasing interest [20,23–26] due to its low cost, non-toxicity, 78 
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thermal and chemical stability, and its ability to undergo ion exchanges. Moreover, the HAP 79 

structure features accessible surface Ca2+ sites that facilitate the cation exchange process [24], 80 

enabling metal ions, such as Cu, to be located on the surface. These intrinsic features position 81 

HAP as a promising support material for total oxidation reactions, including oxidation of CH4 82 

[27,28]. 83 

Kinetic models play a vital role in elucidating reaction mechanisms, offering valuable insights 84 

into catalyst development, and serving as effective tools for predicting and optimizing 85 

chemical processes. Langmuir-Hinshelwood (LH), Eley-Rideal (ER), and Mars-van Krevelen 86 

(MVK) mechanisms have been proposed as possible mechanisms for CH4 total oxidation [29]. 87 

Despite the extensive research conducted on the CH4 total oxidation over Cu-based catalysts 88 

[11,12,30–32], only a limited number of studies have focused on elucidating the reaction 89 

mechanism. In addition, the current literature lacks unanimity regarding the mechanism for 90 

CH4 total oxidation over Cu-based catalysts. To the best of our knowledge, only two research 91 

studies have specifically investigated the CH4 total oxidation mechanism over Cu-based 92 

catalysts, revealing that CH4 oxidation follows MVK and ER mechanisms over CuO nanowires 93 

[31] and Cu/γ-Al2O3 [32], respectively. Considering the limited research and lack of consensus, 94 

a systematic kinetic study is required to comprehensively elucidate the reaction mechanism 95 

of CH4 total oxidation reaction over Cu-based catalysts. 96 

This work is driven by two primary objectives. First, it investigates the influence of βCD 97 

addition during the synthesis of Cu/HAP catalyst on its ultimate properties and catalytic 98 

performance in CH4 total oxidation. Second, it aims to develop and validate a comprehensive 99 

kinetic model along with its corresponding elementary steps that accurately describes the CH4 100 

total oxidation experimental data over Cu-based catalysts. To achieve these objectives, two 101 

Cu/HAP catalysts were prepared, one without (the original catalyst) and the other with βCD 102 
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addition during synthesis (the modified catalyst). Subsequently, a detailed catalyst 103 

characterization and an extensive experimental investigation were conducted on both 104 

catalysts. The characterization and catalytic results of both catalysts were compared to 105 

unravel the impact of βCD addition during synthesis on the properties and performance of the 106 

modified catalyst. Subsequently, kinetic models according to the LH, ER, and MVK reaction 107 

mechanisms were regressed to the experimental observations. Finally, a kinetic analysis in 108 

conjunction with a thorough interpretation of catalyst characterization results was performed 109 

to unveil the underlying mechanism governing CH4 total oxidation over the modified catalyst. 110 

This elucidation not only contributes to bridging the existing knowledge gap but also facilitates 111 

the development of more efficient catalyst designs for CH4 total oxidation, addressing both 112 

environmental concerns and industrial needs. 113 

2. Procedures 114 

2.1. Catalyst Synthesis 115 

HAP support with a theoretical molar Ca/P ratio of 1.67 was prepared by the co-precipitation 116 

method. Then, two Cu-containing catalysts, with and without βCD addition during synthesis, 117 

were prepared by wet impregnation method targeting a theoretical Cu content of 10 wt%. The 118 

catalysts were labeled as Cu/HAP and βCD-Cu/HAP, with the latter indicating the 119 

incorporation of βCD during synthesis. It is important to clarify that the βCD mentioned in the 120 

catalyst name does not imply its presence in the calcined catalysts, as it decomposes during 121 

the calcination treatment. The related procedures are described in detail in the Supporting 122 

Information (SI), S2.1.  123 

2.2. Catalyst Characterization 124 

HAP support and Cu-containing catalysts were thoroughly characterized. Inductively Coupled 125 

Plasma-Optical Emission Spectrometry (ICP-OES) was employed to quantify the elemental 126 
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composition (𝑦𝐶𝑢), verifying metal content in accordance with intended (experimental) values. 127 

N2-adsorption experiments were conducted to determine the BET surface area (𝑆𝐵𝐸𝑇 ), specific 128 

pore volume (𝑉𝑝 ) and mean pore diameter (𝑑𝑝 ), offering insights into the textural properties 129 

of the materials. X-Ray Diffraction (XRD) was used to identify the crystalline phases and 130 

determine the crystallite size (𝑑𝑐𝑟𝑦𝑠), essential for understanding the structural aspects that 131 

impact on catalytic activity. N2O chemisorption allowed for quantifying the Cu dispersion (𝐷𝐶𝑢) 132 

and mean Cu particle size (𝑑𝐶𝑢 ), providing quantitative data on the active surface area available 133 

for reactions. The nature, reducibility, and quantity of Cu species were assessed by hydrogen 134 

Temperature-Programmed Reduction (H2-TPR), thereby enriching our comprehension of the 135 

diverse Cu species present in the catalyst. The oxygen storage capacity (OSC), indicative of 136 

active site concentration, was measured using the oxygen pulse chemisorption technique. 137 

Lastly, X-ray Photoelectron Spectroscopy (XPS) was performed to obtain the surface 138 

composition and oxidation state of components, which is pivotal for understanding surface 139 

chemistry and its role in the performance of catalysts. Detailed descriptions of these methods 140 

are available in the SI (S2.2.).  141 

2.3. Catalytic Activity 142 

Catalytic testing was performed in a high-throughput setup [33] consisting of 4 parallel 143 

stainless steel fixed-bed reactors. The selected operating conditions, see  144 

Table 1, catalyst pellet diameter and reactor dimensions, led to the acquisition of intrinsic 145 

kinetics data [34] (see Table S6). Molar carbon balances were closed within 5% for all 146 

experiments, underscoring the reliability of the experimental data. The related experimental 147 

details, as well as a schematic diagram of the setup, are provided in SI (S2.3., Figure S1).  148 

The activity of the Cu/HAP and βCD-Cu/HAP catalysts was compared using initial turnover 149 

frequency (𝑇𝑂𝐹0) metric, which is defined as the ratio of the initial reaction rate to the 150 
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concentration of active sites (𝐶𝑂). It is assumed that the concentration of active sites is at least 151 

directly proportional, if not equal, to 𝐶𝑂  [35]. The equation and derivation of 𝑇𝑂𝐹0 are 152 

presented in SI (S2.5.1., see Eq. (S24)).  153 

Table 1: Experimental conditions used for total oxidation of CH4 over Cu-containing catalysts. N2 was used as the balance gas. 154 

parameter unit value 

𝐹𝑡𝑜𝑡 / mol s−1 6.4 × 10–5  

𝑃𝑡𝑜𝑡  / kPa 500 

𝑊𝑐𝑎𝑡

𝐹𝐶𝐻4,0
  / kg s mol−1 150 – 550  

𝑇 / °C 350 – 450  

𝑝𝐶𝐻4 ,0 / kPa 2.9 – 8  

𝑝𝑂2 ,0 / kPa 16.6 – 48.8 

 155 

2.4. Elementary-Step Based Kinetic Model Construction 156 

After acquiring kinetic experimental data at systematically varied operating conditions, the 157 

next step is to identify the underlying reaction mechanism and the corresponding, most 158 

appropriate kinetic model describing experimental observations. In this regard, three 159 

potential formalisms, i.e., LH, ER, and MVK, are considered as plausible for CH4 total oxidation 160 

over Cu-based catalysts. The resulting mechanisms are founded on elementary steps, which 161 

provide insights into the molecular-level events occurring during reaction. An overview and 162 

description of possible elementary steps for all mechanisms are documented in SI (refer to 163 

S2.4., and Table S1).  164 

2.5. Model Selection 165 

The process of selecting the most suitable kinetic model for CH4 total oxidation involves three 166 

main steps: preliminary model discrimination, non-isothermal regression, and assessment of 167 

models and parameters. The preliminary model discrimination process (detailed in SI; S2.5.1.) 168 



10 
 

is based on the initial reaction rate analysis, encompassing positive/negative reaction orders 169 

along with their corresponding values. Following the exclusion of kinetic models incompatible 170 

with experimental data in this initial step, non-isothermal regression (detailed in SI; S2.5.2.) 171 

was carried out to determine the kinetic parameters associated with the remaining candidate 172 

models. Finally, a thorough statistical and physico-chemical evaluation of the kinetic 173 

parameters (detailed in SI; S2.5.3.) was performed. In this step, the global significance of the 174 

models and that of the individual parameters were assessed using an F test and a t test, 175 

respectively. Additionally, correlation among individual estimated parameters in non-176 

isothermal regression were evaluated using binary correlation coefficients. The activation 177 

energy and adsorption parameters (enthalpies and entropies) were compared to reported 178 

values and assessed for thermodynamic consistency, respectively, to validate the physico-179 

chemical meaning of these parameters. Furthermore, the Bayesian Information Criterion 180 

(𝐵𝐼𝐶) of each model was evaluated, facilitating a quantitative comparison of model adequacy 181 

while penalizing unnecessary complexity. Moreover, the partial reaction orders were also 182 

compared with those obtained from initial reaction rate analysis. This meticulous selection 183 

process enables the confident selection of the most appropriate kinetic model. The final 184 

model unveils the underlying mechanism and elementary steps of the reaction, hence, 185 

providing a robust and in-depth understanding of the reaction kinetics under the investigated 186 

operating conditions. 187 

3. Results and Discussion 188 

This section begins with a comprehensive presentation of the characterization results 189 

obtained for the HAP support and the Cu/HAP and βCD-Cu/HAP catalysts. Subsequently, the 190 

impact of operating conditions on the catalytic activity of Cu/HAP and βCD-Cu/HAP is 191 

investigated. Then, the activity of both catalysts is compared by calculating the 𝑇𝑂𝐹0. Finally, 192 
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the results of model discrimination are presented, revealing the identification of the most 193 

suitable (best combination of physicochemical meaning and statistical performance) model 194 

for accurately representing the kinetic performance of CH4 total oxidation over the 195 

βCD-Cu/HAP catalyst.  196 

3.1. Characterization Results 197 

The results of elemental analysis and N2-adsorption measurement for the bare HAP support 198 

and the Cu/HAP and βCD-Cu/HAP catalysts are presented in Table 2. The Cu content was close 199 

to the theoretical one for both Cu-containing catalysts, indicating a successful synthesis 200 

procedure. Additionally, there is no significant difference in the textural properties among the 201 

Cu/HAP and βCD-Cu/HAP catalysts, indicating that the addition of βCD did not affect these 202 

properties, consistent with a previous study [36]. Further details regarding ICP-OES and N2-203 

adsoption results are provided in Table S3 and S3.1. in SI, respectively.     204 

Table 2: Material properties: Cu content as determined by ICP-OES (𝑦𝐶𝑢); BET surface area (𝑆𝐵𝐸𝑇 ), specific pore volume (𝑉𝑝 ) 205 

and mean pore diameter (𝑑𝑝 ) as determined via N2-adsorption; mean CuO crystallite size (𝑑𝑐𝑟𝑦𝑠) obtained via Eq.  206 

(S1); Cu surface area (𝑆𝐶𝑢 ), mean Cu0 particle size (𝑑𝐶𝑢 ), and dispersion (𝐷𝐶𝑢 ) obtained via N2O chemisorption using Eqs. 207 

(S6), (S7), and (S5), respectively. 208 

Material 𝑦𝐶𝑢(wt%) 𝑆𝐵𝐸𝑇 (m2g−1) 𝑉𝑝 (cm3g−1) 𝑑𝑝 (nm) 𝑑𝑐𝑟𝑦𝑠(nm) 𝑆𝐶𝑢(m2gCu
−1) 𝑑𝐶𝑢 (nm) 𝐷𝐶𝑢(%) 

HAP - 97.0 ± 0.1 0.51 20.8 - - - - 

Cu/HAP 11.1 79.7 ± 0.1 0.39 20.5 32 10.9 61.4 1.9 

βCD-Cu/HAP 11.5 77.3 ± 0.1 0.38 20.5 13 19.6 34.1 3.5 

 209 

XRD was employed to determine the crystalline phases present in the calcined catalysts. The 210 

diffraction patterns depicted in Figure 1 provide evidence of characteristic diffraction lines 211 

corresponding to Ca5(PO4)3(OH) (JCPDS 09-0432), confirming the successful formation of the 212 

desired HAP structure in all materials. 213 

The CuO monoclinic phase (JCPDS 00-045-0937) was detected in impregnated samples. The 214 

intensity of the prominent CuO reflections at 35.5° (CuO(002)) and 38.5° (CuO(111)) was 215 
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significantly lower in the case of βCD-Cu/HAP compared to Cu/HAP catalyst, suggesting a 216 

lower degree of crystallinity or smaller crystallites of the former. Remarkably, the distinct CuO 217 

reflection at 48.5° (CuO(-202)) was absent in the XRD pattern of βCD-Cu/HAP. This observation 218 

implies either a different CuO phase distribution or the presence of crystallite sizes below the 219 

XRD detection limit owing to the addition of βCD as part of the synthesis procedure. 220 

Furthermore, the CuO mean crystallite size, calculated using the Scherrer equation (vide Eq. 221 

(S1)), confirmed that the βCD-Cu/HAP catalyst possessed smaller CuO crystallites compared 222 

to Cu/HAP, i.e., 13 nm versus 32 nm.  223 

 224 

Figure 1: XRD patterns of the HAP (             ), Cu/HAP (              ) and βCD-Cu/HAP (             ).  225 

The N2O chemisorption findings revealed that the βCD-Cu/HAP catalyst exhibited a higher Cu 226 

dispersion and Cu surface area (1.8 times), as well as a smaller mean Cu particle size (34.1 227 

versus 61.4 nm). The enhancement of Cu dispersion and significant reduction in Cu particle 228 

size due to the incorporation of βCD during synthesis, have also been observed in previous 229 

studies [16,20,21,36]. The N2O chemisorption results are consistent with XRD results, thereby 230 

suggesting that incorporation of βCD hinders Cu agglomeration, leading to the formation of 231 

smaller, well-dispersed Cu particles. Notably, despite the similar textural properties of Cu/HAP 232 

and βCD-Cu/HAP (see Table 2), βCD addition during synthesis exerted a noticeable impact on 233 

the crystalline structure and Cu dispersion. These findings indicate that βCD addition plays a 234 
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crucial role in modifying the structural aspects of the catalyst, which was also observed in 235 

previous studies [18–21]. 236 

Figure 2 illustrates the results of the H2-TPR, which was employed to assess the Cu reducibility 237 

in the Cu-containing catalysts. The bare HAP support, consistent with previous studies [24,26], 238 

exhibited no noticeable H2 consumption, indicating that all the H2 consumption observed 239 

during catalyst characterization originated from the reduction of Cu species. The H2-TPR 240 

profiles of the Cu-containing catalysts exhibit diverging characteristics in terms of the onset 241 

temperature of H2 consumption (see Table S4). Specifically, the βCD-Cu/HAP catalyst lowered 242 

the onset temperature to ca. 80°C, as the Cu/HAP catalyst displayed an onset temperature of 243 

ca. 100°C. Furthermore, both Cu-containing catalysts exhibited four reduction peaks within 244 

the temperature range of 80 to 500 °C, denoted as peaks (I), (II), (III), and (IV).  245 

 246 

Figure 2: H2-TPR profile of Cu/HAP (             ) and βCD-Cu/HAP (            ) catalysts. 247 

Peak (I) could be correlated to the existence of the residual nitrate (NO3
–) ions after calcination 248 

(detailed in SI; S3.2.). Peaks (II), (III), and (IV), which are associated with the reduction of CuO 249 

to Cu, can be categorized as surface Cu species (peaks (II) and (III)) and Cu doped into the 250 

lattice (peak (IV)) [24]. Peak (II) at temperatures of about 200 °C, is attributed to the reduction 251 

of surface highly dispersed Cu species. Peak (III), observed at temperatures ca. 250°C, is 252 

associated with the reduction of bulk CuO located on the catalyst surface [24,37,38]. In 253 
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comparison to the Cu/HAP catalyst, the reduction temperature of surface Cu species for βCD-254 

Cu/HAP catalyst decreased by approximately 20 °C, implying the formation of smaller 255 

particles, consistent with N2O chemisorption and XRD results (see Table 2). Finally, peak (IV), 256 

detected at temperatures above 370 °C, is indicative of Cu2+ ions incorporation into the lattice, 257 

resulting in the formation of hardly reducible Cu species [24,39]. 258 

Table 3 represents the TPR-H2 profile peak deconvolution analysis (see Figure S5), which 259 

provides insights into the composition of Cu species in the catalysts. The analysis revealed that 260 

the contribution of surface highly dispersed Cu species amounted to 51.5% for βCD-Cu/HAP, 261 

whereas for Cu/HAP it was determined to be only 33.7%. Moreover, the contribution of bulk 262 

CuO and hardly reducible Cu species were observed to be noticeably lower for βCD-Cu/HAP 263 

compared to the Cu/HAP catalyst. Particularly, the contribution of hardly reducible Cu species 264 

was significantly reduced from 15.8 to 5.5%. These findings suggest that the βCD addition 265 

during synthesis impeded Cu particle agglomeration and doping of Cu2+ into the HAP lattice, 266 

ultimately promoting the formation of surface highly dispersed Cu species. 267 

Table 3: Temperature (𝑇𝑟𝑒𝑑,𝑝𝑒𝑎𝑘#) and contribution (cont.) of H2-TPR peaks corresponding to the reduction of CuO. Peak (II): 268 

surface highly dispersed Cu species, peak (II): bulk CuO (surface), and Peak (IV): hardly reducible Cu species (lattice). 269 

Catalyst 

Peak (II) Peak (III) Peak (IV) 

𝑇𝑟𝑒𝑑,𝐼𝐼  

(°𝐶) 

𝐶𝑜𝑛𝑡. 

(%) 

𝑇𝑟𝑒𝑑,𝐼𝐼𝐼  

(°𝐶) 

𝐶𝑜𝑛𝑡. 

(%) 

𝑇𝑟𝑒𝑑,𝐼𝑉  

(°𝐶) 

𝐶𝑜𝑛𝑡. 

(%) 

Cu/HAP 202 33.7 244 50.5 368 15.8 

βCD-Cu/HAP 186 51.5 226 43 374 5.5 

 270 

Oxygen Storage Capacity (OSC) measurements provide valuable insights into the reoxidation 271 

capacity of a reduced catalyst. It has been previously reported [35] that OSC is directly 272 

proportional to the oxygen participating in the reaction, making it a reliable measure of the 273 

active sites concentration. No oxygen uptake was observed for the bare HAP support, within 274 
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the temperature range of 350 to 450 °C. The OSC for the Cu/HAP and βCD-Cu/HAP catalysts 275 

are presented in Figure 3a and exhibit a consistent linear increase within the temperature 276 

range. Moreover, the βCD-Cu/HAP catalyst showed an enhancement of at least 10% in OSC 277 

compared to Cu/HAP. However, it is worth mentioning that the OSC values for both catalysts 278 

have not reached the theoretical value determined by the ICP-OES method, as shown in Figure 279 

3b. Specifically, the reoxidized Cu% at 450 °C amounted to ca. 72% and 80% for Cu/HAP and 280 

βCD-Cu/HAP catalysts, respectively.  281 

 282 

Figure 3: Evolution of the (a) OSC and (b) fraction of reoxidized Cu as a function of temperature for the Cu/HAP (    ,    ) and 283 

βCD-Cu/HAP (    ,    ) catalysts.  284 

The observed increasing trend of OSC with temperature and remaining fraction of 285 

non-reoxidized Cu suggest the existence of two distinct types of active sites: easy-to-access 286 

and hard-to-access sites. This classification is further supported by the findings obtained from 287 

H2-TPR as reported above. The easy-to-access sites correspond to the highly dispersed Cu 288 

species on the surface, which are near-surface oxygen sites and can be reoxidized at lower 289 

temperatures. Conversely, the hard-to-access sites correspond to the bulk CuO and Cu 290 

incorporated into the lattice, requiring higher temperatures for reoxidation. According to H2-291 

TPR results, both catalysts possessed large CuO particles and Cu incorporation into the HAP 292 

lattice, hindering the oxygen accessibility for reoxidation. This phenomenon provides an 293 

explanation for the existence of non-reoxidized Cu in both materials, even at the highest 294 
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temperature. Thus, the βCD-Cu/HAP catalyst exhibited a higher abundance of highly dispersed 295 

Cu species (easy-to-access sites), consequently leading to a higher OSC and fraction of 296 

reoxidized Cu.  297 

XPS was carried out to gain insights into the oxidation states and relative composition at the 298 

surface of the catalysts. Figure 4 depicts the Cu 2p spectra of the Cu-containing catalysts. The 299 

binding energy of Cu 2p3/2 and 2p1/2 at 932.7 eV and 952.6 eV were observed for the Cu-300 

containing catalysts, respectively. The pronounced satellite peaks at 942 eV and 962 eV, a 301 

distinctive characteristic of Cu2+, along with the symmetry of the Cu 2p3/2 peaks, indicate the 302 

presence of CuO in the Cu-containing catalysts [21,24]. The detailed deconvolution of the 303 

Cu 2p3/2 peaks, coupled with an analysis of the Cu LMM Auger spectra, revealed no evidence 304 

of additional Cu species, further confirming our findings of the Cu oxidation state. 305 

 306 

Figure 4: XPS spectra of Cu 2p and for the Cu/HAP (            ) and βCD-Cu/HAP (            ) catalysts. 307 

The quantitative XPS analysis of surface chemical composition for the HAP, Cu/HAP and βCD-308 

Cu/HAP is presented in Table 4 (detailed in SI; S3.3. and Table S5). It is important to note the 309 

considerable difference in the surface distribution of Cu and O atoms. The Cu/(Ca+P) ratio for 310 

βCD-Cu/HAP was determined to be 0.12, whereas it was only 0.05 for Cu/HAP. This remarkable 311 

increase in Cu presence at the surface is attributed to the βCD addition during synthesis, which 312 

effectively improved the Cu dispersion on the catalyst surface. Furthermore, the O/Cu value 313 
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for the Cu/HAP sample was double that of βCD-Cu/HAP, possibly indicating surface 314 

segregation of a CuO phase. It has been previously reported [39,40] that larger particle sizes 315 

and higher Cu loading can increase the risk of surface segregation of Cu-containing phases. 316 

This phenomenon, in the case of Cu/HAP, leads to CuO segregating and forming larger 317 

particles, thereby concentrating the CuO in much smaller areas on the catalyst surface. As XPS 318 

only probes the surface, this segregation results in a significantly lower measured Cu 319 

concentration. Consistent with the XRD and N2O chemisorption results presented in Table 2, 320 

the mean CuO crystallite size and Cu particle size for Cu/HAP were found to be significantly 321 

higher than that of βCD-Cu/HAP catalyst. Hence, Cu/HAP could be more prone to CuO 322 

segregation, which may render some CuO particles undetectable in XPS spectra. Our findings 323 

are consistent with previous studies [24,41], where it was observed that some CuO particles 324 

could not be detected as their size exceeded the penetration depth of the XPS (< 10 nm).  325 

Table 4: Surface compositions calculated from the results obtained by XPS.  326 

Material Ca/P Cu/(Ca+P) O/Cu 

HAP 1.51 - - 

Cu/HAP 1.62 0.05 30.8 

βCD-Cu/HAP 1.42 0.12 14.7 

 327 

3.2. Catalytic Activity 328 

The catalytic tests include a thorough investigation of the impact of the reaction temperature 329 

and the CH4 and O2 inlet partial pressure on the performance of Cu/HAP and βCD-Cu/HAP 330 

catalysts, as a function of the space time. Additionally, a comparative analysis was carried out 331 

by analyzing the apparent activation energy and reaction orders determined via the initial 332 

reaction rate analysis for both catalysts. Finally, the 𝑇𝑂𝐹0 value was employed as a 333 

comparative metric to assess the activity levels of the two considered catalysts.  334 
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It is worth outlining that the bare support (HAP) exhibited negligible conversion (<3%) even at 335 

the highest tested temperature of 450 °C. This could be attributed to the absence of any OSC 336 

(see Section 3.1), which serves as a reliable measure for the concentration of active sites for 337 

VOC total oxidation, hence, resulting in a lack of active sites on the catalyst surface to initiate 338 

the reaction. The low activity of HAP in CH4 total oxidation has also been reported in a previous 339 

study [27], where HAP could not reach 4% conversion at 500 °C. Consequently, the bare 340 

support did not substantially contribute to the CH4 conversion observed in the Cu-containing 341 

catalysts.   342 

The impact of temperature and space time on the performance of Cu-containing catalysts was 343 

explored, as presented in Figure 5a and Figure 5b, respectively. Both catalysts exhibited an 344 

increasing trend in CH4 conversion with rising temperature and space time. The βCD-Cu/HAP 345 

catalyst outperformed the Cu/HAP catalyst, exhibiting at least 1.2 to 2 times higher conversion 346 

as temperature and space time increased, respectively.  347 

 348 

Figure 5: Effect of (a) temperature (space time = 535 kgcat s molCH4

−1  ) and (b) space time (T = 400 °C) on the performance of 349 

Cu/HAP (     ) and βCD-Cu/HAP (    ) catalysts at initial CH4 and O2 partial pressure of 2.9 and 16.6 kPa, respectively.  350 

The effect of the CH4 and O2 inlet partial pressure on the performance of Cu-containing 351 

catalysts was investigated, as presented in Figure 6a and Figure 6b, respectively. Figure 6 352 

shows that an increasing inlet partial pressure of CH4 and O2 resulted in an increase in CH4 353 
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conversion. The βCD-Cu/HAP catalyst exhibited at least 2 times higher CH4 conversion 354 

compared to Cu/HAP catalyst for the same inlet partial pressure of the reactants.   355 

 356 

Figure 6: (a) Effect of CH4 inlet partial pressure at pO2,0 = 16.6 kPa, T = 400 °C, space time = 196 kgcat s molCH4

−1 ; (b) Effect of O2 357 

inlet partial pressure at pCH4,0 = 2.91 kPa, T = 400 °C, space time = 535  kgcat s molCH4

−1 on the performance of Cu/HAP (     ) and 358 

βCD-Cu/HAP (     ) catalysts.  359 

A detailed initial rate analysis was carried out to compare the performance of Cu-containing 360 

catalysts. The initial reaction rates obtained via Eq. (S23) were employed to estimate reaction 361 

orders, apparent pre-exponential factors and activation energies, determined via Eq. (S26). 362 

The results are provided in Table 5. It should be noted that the CH4 and O2 reaction orders for 363 

both catalysts showed no significant temperature dependency. As expected, the estimated 364 

CH4 and O2 reaction orders were positive, signifying the positive role of the inlet partial 365 

pressures of both reactants, as observed in Figure 6. Interestingly, the catalysts exhibited a 366 

nearly constant CH4 reaction order (ca. 0.62), whereas the O2 reaction order amounted to 0.26 367 

and 0.09 for Cu/HAP and βCD-Cu/HAP catalysts, respectively. This suggests that the CH4 368 

reaction order remained unaffected by variations in CuO particle size and Cu dispersion, while 369 

the O2 reaction has been influenced by these factors. Moreover, the apparent activation 370 

energy of the βCD-Cu/HAP catalyst was 20 kJ mol−1 lower than that of Cu/HAP, which 371 

facilitated the CH4 total oxidation when βCD was employed during synthesis. It is worth 372 
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outlining that the estimated apparent activation energies (78 and 96 kJ mol−1, respectively) in 373 

this work are within the range (50 – 150 kJ mol−1) of previously reported ones [11,42].  374 

Table 5: Apparent CH4 (𝑚) and O2 (𝑛) reaction orders, pre-exponential factor 𝑘0,𝑎𝑝𝑝(mol kgcat
−1 s−1(kPa)−1+(m+n)), and 375 

activation energy 𝐸𝑎,𝑎𝑝𝑝 (kJ mol−1) obtained by Eq. (S26). 376 

Catalyst 𝑚 𝑛 𝑘0,𝑎𝑝𝑝  𝐸𝑎,𝑎𝑝𝑝 

Cu/HAP 0.63 ± 0.06 0.26 ± 0.05 (3.32 ± 1.1) × 103 96 ± 2.6 

βCD-Cu/HAP 0.62 ± 0.04 0.09 ± 0.03 (5.78 + 2.1) × 102 78 ± 1.6 

 377 

The initial reaction rates obtained using Eq. (S23) were utilized to determine the 𝑇𝑂𝐹0, see 378 

Eq. (S24). The obtained 𝑇𝑂𝐹0 were used to conduct a thorough comparison of the catalytic 379 

performance of Cu/HAP and βCD-Cu/HAP (Figure 7). It was observed that the 𝑇𝑂𝐹0 values for 380 

both catalysts exhibited an increasing trend as temperature was raised. In addition, the βCD-381 

Cu/HAP catalyst exhibited substantially higher catalytic activity, approximately twofold, 382 

compared to the Cu/HAP catalyst across all examined temperatures. These findings are 383 

consistent with CH4 conversion results evidenced in Figure 5 and Figure 6, where it was found 384 

that the CH4 conversion for the βCD-Cu/HAP catalyst is significantly higher than that of Cu/HAP 385 

catalyst. Consequently, these results unequivocally demonstrate the enhanced catalytic 386 

performance of the βCD-Cu/HAP catalyst, attributed to the βCD addition during the synthesis 387 

procedure of Cu/HAP. 388 
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 389 

Figure 7: Evolution of 𝑇𝑂𝐹0 as a function of temperature for Cu/HAP (      ) and βCD-Cu/HAP (      ) catalysts at initial CH4 and 390 

O2 partial pressure of 2.9 and 16.6 kPa, respectively.  391 

The addition of βCD during synthesis did not alter the fundamental reaction mechanism, as 392 

indicated by the constant CH4 reaction order observed for both catalysts [43]. As previously 393 

discussed, the βCD addition during the synthesis of the βCD-Cu/HAP catalyst inhibited the 394 

interaction between Cu particles during the preparation, which effectively hindered Cu 395 

particle growth, resulting in the formation of smaller, well-dispersed CuO particles on its 396 

surface. These CuO particles exhibited enhanced reducibility and facilitated the redox 397 

processes. The latter was reflected in the increased OSC, indicating a greater capacity of the 398 

catalyst to store and release oxygen—crucial for efficiently refilling oxygen vacancies during 399 

the reaction. The enhanced OSC of the βCD-Cu/HAP catalyst underscored its superior ability 400 

to replenish oxygen vacancies more efficiently than its counterpart without βCD, ensuring an 401 

uninterrupted availability of active oxygen species for the CH4 total oxidation. This continuous 402 

O2 replenishment is fundamental to the catalyst's high level of activity, as it provides a 403 

continuous supply of O2, critical for the CH4 total oxidation reaction to proceed efficiently. The 404 

enhanced redox processes enabled a facile reaction of CH4 with the available oxygen 405 

resources, i.e., CuO particles, making the reaction less dependent on gaseous O2 for βCD-406 

Cu/HAP. In addition, the low O2 reaction order values for both catalysts (below 0.3) implies 407 

that the contribution of gaseous O2 to the reaction is modest, as the zero reaction order for 408 
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O2 may stem from the involvement of lattice oxygen in the reaction (MVK mechanism), 409 

whereas the unity reaction order for O2 is typical for participation of adsorbed O2 at low 410 

coverage (LH or ER mechanisms) [44]. However, a more detailed investigation of the reaction 411 

mechanism is conducted in Section 3.3, utilizing kinetic modeling that considers all potential 412 

mechanisms.  413 

3.3. Model Selection 414 

The well-dispersed βCD-Cu/HAP catalyst was chosen to investigate the reaction mechanism 415 

for CH4 oxidation, due to its superior performance in comparison to the Cu/HAP catalyst. A 416 

comprehensive investigation was carried out across the experimental range outlined in  417 

Table 1. In this section, a detailed examination of the preliminary model discrimination 418 

process is presented. Subsequently, the findings from non-isothermal regression and 419 

statistical and physico-chemical assessments are discussed, leading to the identification of the 420 

most appropriate (preferred) kinetic model that accurately describes the experimental data 421 

for CH4 total oxidation over the βCD-Cu/HAP catalyst.  422 

3.3.1. Preliminary Model Discrimination 423 

A detailed initial rate analysis was carried out for Cu-containing catalysts, see section 3.2. The 424 

reaction orders of CH4 and O2 obtained for the βCD-Cu/HAP catalyst, presented in Table 5, and 425 

the effect of reaction products can be used to eliminate some kinetic models (detailed in SI; 426 

S3.4.). As a result, from the initial set of models (see Table S2), the LH models with the surface 427 

reaction as RDS and MVK, considering H2O adsorption (on oxidized sites), stand out as the 428 

remaining relevant kinetic models for the total oxidation of CH4 over the βCD-Cu/HAP catalyst. 429 

These models are detailed in Table 6 and will be further examined in the regression in Section 430 

3.3.2.  431 
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Table 6: Remaining relevant kinetic models. For LH models, the surface reaction is RDS. For MVK models, 𝛾 = 1 + 𝐾𝐻2𝑂𝑝𝐻2𝑂. 432 

Model Description Rate equation 

LH14 RDS: surface reaction 
molecular O2 adsorption;  
1 O2; 
including H2O 

𝑟 = 𝑘𝑟

𝐾𝐶𝐻4
𝑝𝐶𝐻4

𝐾𝑂2
𝑝𝑂2

(1 + 𝐾𝐶𝐻4
𝑝𝐶𝐻4

+ 𝐾𝑂2
𝑝𝑂2

+ 𝐾𝐻2𝑂𝑝𝐻2𝑂)
2 

LH17 RDS: surface reaction 
molecular O2 adsorption;  
2 O2; 
including H2O   

𝑟 = 𝑘𝑟

𝐾𝐶𝐻4
𝑝𝐶𝐻4

(𝐾𝑂2
𝑝𝑂2

)
2

(1 + 𝐾𝐶𝐻4
𝑝𝐶𝐻4

+ 𝐾𝑂2
𝑝𝑂2

+ 𝐾𝐻2𝑂𝑝𝐻2𝑂)
3 

LH20 RDS: surface reaction 
dissociative O2 adsorption;  
1 O2; 
including H2O 

𝑟 = 𝑘𝑟

𝐾𝐶𝐻4
𝑝𝐶𝐻4 √𝐾𝑂2

𝑝𝑂2

(1 + 𝐾𝐶𝐻4
𝑝𝐶𝐻4

+ √𝐾𝑂2
𝑝𝑂2

+ 𝐾𝐻2𝑂𝑝𝐻2𝑂)
2 

LH23 RDS: surface reaction 
dissociative O2 adsorption;  
2 O2; 
including H2O   

𝑟 = 𝑘𝑟

𝐾𝐶𝐻4
𝑝𝐶𝐻4

𝐾𝑂2
𝑝𝑂2

(1 + 𝐾𝐶𝐻4
𝑝𝐶𝐻4

+ √𝐾𝑂2
𝑝𝑂2

+ 𝐾𝐻2𝑂𝑝𝐻2𝑂)
3 

MVK4 1 oxidized site; 
1 reduced site;  
H2O adsorption on oxidized sites 

𝑟 =
𝑘𝐶𝐻4

𝑝𝐶𝐻4
𝑘𝑂2

𝑝𝑂2

2𝑘𝐶𝐻4
𝑝𝐶𝐻4

+ 𝑘𝑂2
𝑝𝑂2

𝛾
 

MVK9 1 oxidized site; 
2 reduced sites; 
H2O adsorption on oxidized sites 

𝑟 =
𝑘𝐶𝐻4

𝑝𝐶𝐻4

𝛾2
(𝛾 +

𝑘𝐶𝐻4
𝑝𝐶𝐻4

𝑘𝑂2
𝑝𝑂2

− √2
𝑘𝐶𝐻4

𝑝𝐶𝐻4

𝑘𝑂2
𝑝𝑂2

𝛾 + (
𝑘𝐶𝐻4

𝑝𝐶𝐻4

𝑘𝑂2
𝑝𝑂2

)

2

) 

MVK14 2 oxidized sites; 
1 reduced site; 
H2O adsorption on oxidized sites 

𝑟 =
𝑘𝑂2

𝑝𝑂2

2
(1 +

𝑘𝐶𝐻4
𝑝𝐶𝐻4

4𝑘𝑂2
𝑝𝑂2

𝛾2 − 𝛾√
𝑘𝐶𝐻4

𝑝𝐶𝐻4

2𝑘𝑂2
𝑝𝑂2

+ (
𝑘𝐶𝐻4

𝑝𝐶𝐻4
𝛾

4𝑘𝑂2
𝑝𝑂2

)

2

) 

MVK19 2 oxidized sites; 
2 reduced sites; 
H2O adsorption on oxidized sites 

𝑟 =
𝑘𝑂2

𝑝𝑂2

2

1

(1 + 𝛾√
𝑘𝑂2

𝑝𝑂2

2𝑘𝐶𝐻4
𝑝𝐶𝐻4

)

2 

3.3.2. Parameter Estimation and Assessment of Model and Parameters 433 

Following the preliminary model discrimination, a non-isothermal weighted regression 434 

analysis was carried out to identify the most adequate model among the remaining kinetic 435 

models listed in Table 6. The activation energies and adsorption enthalpies were directly 436 

estimated through regression analysis, while the corresponding pre-exponential factors and 437 

adsorption entropies were calculated based on the estimated parameters 𝐴′ and ∆𝑆𝑎𝑑𝑠
′ , using 438 

Eqs. (S29) and (S30). Furthermore, for each model, various regression performance metrics 439 

are provided, including the 𝑊𝑆𝑆𝑄𝑟𝑒𝑠 , absolute value of maximum binary correlation 440 

coefficient, 𝐹𝑠,𝑐𝑎𝑙  and 𝐵𝐼𝐶. 441 
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3.3.2.1. LH models 442 

The results of the weighted regression showed that all LH models were statistically significant. 443 

For all LH models, significant estimates were obtained for all parameters except for the 444 

activation energy (𝐸𝑎) and CH4 adsorption enthalpy (∆𝐻𝐶𝐻4
). To alleviate strong correlation, 445 

the activation energy and pre-exponential factor were set to the values obtained from initial 446 

rate analysis (see Table 5). Subsequent regression with these adjustments revealed significant 447 

estimates for all models, but none satisfied the thermodynamic criteria completely. 448 

Consequently, all 4 LH models failed to provide meaningful thermodynamic properties and 449 

were thus excluded from further consideration in the discrimination of the kinetic model for 450 

the total oxidation of CH4 over the βCD-Cu/HAP catalyst. More details are available in SI (S3.4.; 451 

Tables S13, S14, and S15). 452 

3.3.2.2. MVK models 453 

After the LH models could be eliminated, the MVK models (MVK4, 9, 14, and 19, see Table 6) 454 

were considered for evaluation. The results of non-isothermal parameter estimation for the 455 

MVK models are summarized in Table S16. All the MVK kinetic models were globally 456 

significant, with the corresponding parameters being statistically significant, as evidenced by 457 

the calculated t value exceeding the tabulated one. Furthermore, the thermodynamic 458 

constraints outlined in Eqs. (S42), (S43), and (S44) were satisfied for the considered MVK 459 

models. Notably, strong correlation (𝜌𝑖,𝑗  > 0.95) was observed between 𝐴𝐶𝐻4

′  and ∆𝑆𝐻2𝑂
′  in 460 

MVK4 and similarly, between ∆𝑆𝐻2𝑂
′  and ∆𝐻𝐻2𝑂 in MVK9. Conversely, parameters were not 461 

highly correlated (𝜌𝑖,𝑗 < 0.95) in MVK14 and MVK19. In addition, the estimated activation 462 

energy for the reduction reaction (𝐸𝐶𝐻4
) in MVK4 and MVK9 was approximately 30 kJ mol–1. 463 

However, this value falls below the range of 50 – 150 kJ mol−1 [7,9,11,32,42,45], subsequently 464 

leading to the elimination of the MVK4 and MVk9 kinetic models from further consideration.  465 



25 
 

In contrast, MVK14 and MVK19 successfully estimated 𝐸𝐶𝐻4
 within the abovementioned 466 

range. The joint feature in these models is that they both involve two oxidized sites, with H2O 467 

adsorption taking place on these oxidized sites. However, MVK14 and MVK19 are different in 468 

terms of the number of reduced sites, with MVK14 involving one, while MVK19 involving two 469 

reduced sites. Following a comprehensive statistical assessment, careful evaluation of 470 

activation energy and thermodynamic constraints, the MVK14 and MVK19 emerged both as 471 

reliable candidates. Consequently, the final model discrimination process was conducted 472 

between these two models. Despite both models yielding almost identical 𝐵𝐼𝐶 values of 473 

ca. -6.2 (see Table S16), a key distinction was identified in the parameters related to the 474 

reoxidation reaction (𝑘𝑂2,0 and 𝐸𝑂2
). Given the difference in the reoxidation step, these 475 

models could exhibit different levels of dependency on gaseous O2, leading to different partial 476 

reaction orders of O2. Thus, a comparison of the partial reaction order of O2 with the value 477 

obtained by initial rate analysis was employed to select the most appropriate kinetic model 478 

among MVK14 and MVK19. The O2 partial reaction order was determined using Eq. (S41), 479 

resulting in a value of 0.07 for MVK14 and 0.22 for MVK19. The O2 reaction order obtained 480 

through initial rate analysis of the experimental data (see Table 5) was 0.09, demonstrating 481 

that MVK14 predicts the O2 partial reaction order more accurately. Therefore, the MVK14 482 

kinetic model was deemed the “preferred” kinetic model among all the proposed models, 483 

demonstrating its suitability for accurately explaining the experimental data for CH4 total 484 

oxidation over βCD-Cu/HAP catalyst.  485 

The final results of the non-isothermal regression for MVK14 are presented in Table 7 (see 486 

Figure S7 in SI for isothermal regression results). For comparative analysis, this model was 487 

applied to the experimental data of Cu/HAP catalyst, with these results also presented in Table 488 

7. The results revealed a substantial decrease (0.5 X) in the 𝐸𝐶𝐻4
 for the βCD-Cu/HAP catalyst, 489 
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likely due to its enhanced reducibility. Additionally, the ∆𝐻𝐻2𝑂 was found to be significantly 490 

higher (4 X), indicating stronger interactions between H2O molecules and oxidized sites. This 491 

strong interaction can be attributed to the abundant oxidized sites on the surface of the βCD-492 

Cu/HAP catalyst, providing sufficient adsorption sites for H2O. Conversely, the Cu/HAP catalyst 493 

exhibited weaker interactions between H2O and oxidized sites, likely stemming from the 494 

limited availability of oxidized sites. This limitation is attributed to the catalyst’s lower Cu 495 

dispersion and the high competition between CH4 and H2O for the available oxidized sites. 496 

Furthermore, the regression results for βCD-Cu/HAP catalyst revealed that the reoxidation 497 

pre-exponential factor value was considerably higher than that of the reduction step. 498 

Additionally, the activation energies associated with reduction (𝐸𝐶𝐻4
) and reoxidation (𝐸𝑂2

) 499 

were ca. 60 and 93 kJ mol−1, respectively. These values are consistent with previously 500 

reported findings for CH4 total oxidation using the MVK mechanism (detailed in SI; S3.6.). 501 

Table 7: Kinetic parameter results for the MVK14 model for Cu/HAP and βCD-Cu/HAP catalysts.  502 

parameter unit MVK14 (Cu/HAP) MVK14 (βCD-Cu/HAP) 

𝑘𝐶𝐻4 ,0 / mol kgcat
−1s−1kPa−1 3.9 × 105 35.9 

𝐸𝐶𝐻4
 / kJ mol−1 118.72 ± 25.1 59.9 ± 8.7 

𝑘𝑂2,0 / mol kgcat
−1s−1kPa−1 1129.2 15325.2 

𝐸𝑂2
 / kJ mol−1 84.39 ± 67.9 93.4 ± 22.0 

∆𝑆𝐻2𝑂 / J mol−1K−1 -42.9 -168.3 

−∆𝐻𝐻2𝑂  / kJ mol−1 26.3 ± 20.22 110.7 ± 9.3 

 503 

Figure 8a depicts the parity diagram for model MVK14, revealing an outstanding agreement 504 

with the corresponding experimental values, wherein both training and validation datasets 505 

were reproduced within a 10% deviation. Furthermore, Figure 8b-d presents the capability of 506 
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MVK14 for describing the experimental data as a function of operating conditions, including 507 

temperature, space time, and inlet partial pressure of CH4 and O2. The model exhibited an 508 

excellent agreement with experimental data, effectively capturing the effect of variations in 509 

operating conditions on CH4 conversion.  510 

 511 

Figure 8: (a) Parity plot including both training (green) and validation datasets (blue). CH4 conversion (b) as a function of 512 

𝑊𝑐𝑎𝑡 𝐹𝐶𝐻4,0
−1  at 𝑝𝐶𝐻4,0= 2.9 kPa and 𝑝𝑂2,0= 16.9 kPa, (c) as a function of 𝑝𝐶𝐻4,0 at 𝑝𝑂2,0= 32.6 kPa, 513 

𝑊𝑐𝑎𝑡 𝐹𝐶𝐻4,0
−1 = 196 kgcat s molCH4,0

−1 , and (d) as a function of 𝑝𝑂2,0 at 𝑝𝐶𝐻4 ,0= 4.52 kPa, 𝑊𝑐𝑎𝑡 𝐹𝐶𝐻4,0
−1 = 344 kgcat s molCH4,0

−1 . 514 

Experimental data were obtained at T= 350 °C (     ), 375 °C (     ), 400 °C (     ), 425 °C (     ), and 450 °C (    ) using βCD-Cu/HAP 515 

catalyst. Validation datasets were obtained at 𝑝𝐶𝐻4 ,0= 3.1 kPa, 𝑝𝑂2,0= 45.7 kPa, 𝑊𝑐𝑎𝑡 𝐹𝐶𝐻4,0
−1 = 96 – 535 kgcat s molCH4,0

−1 , 516 

T= 350 °C (     ), 375 °C (     ), 400 °C (     ), 425 °C (     ), and 450 °C (    ).  The dashed lines in the parity plot display the 10% 517 

deviation. Full lines were obtained with the MVK14 model (preferred model). The dashed lines in the parity plot display the 518 

10% deviation. Full lines were obtained with the MVK14 model (preferred model).  519 
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The normal probability plot presented in Figure S8 highlights the normal distribution of 520 

weighted residuals, given their close adherence to a linear trend with an R2 value exceeding 521 

0.99. Additionally, the weighted residuals are plotted (Figure S8) against the experimental 522 

values and operating conditions which consistently reveal the absence of any systematic 523 

correlation between weighted residuals and the operating conditions. The weighted residuals 524 

are uniformly distributed across horizontal axis, indicating that mean value of weighted 525 

residual is zero.  526 

The same set of diagrams – parity, performance, normal probability, and residual – were also 527 

plotted using data from the Cu/HAP catalyst, as seen in Figures S9 and S10. These figures 528 

reveal no significant discrepancies when compared to the plots for the βCD-Cu/HAP catalyst, 529 

indicating a consistent modeling performance across both catalysts. 530 

The MVK14 successfully met all the criteria upon thorough statistical and physico-chemical 531 

assessments. This preferred model proposes that CH4 total oxidation over βCD-Cu/HAP 532 

catalyst follows the MVK mechanism. This is in accordance with the experimentally obtained 533 

low value (0.09) for the reaction order of O2, suggesting the participation of surface lattice 534 

oxygen in the reaction, as explained in Section 3.2. Furthermore, the MVK 14 rate equation 535 

(see Eq. S14) demonstrates a critical dependence on the square of oxidized sites' surface 536 

coverage (𝜃𝑜𝑥
2 ) and a direct proportionality to the coverage of reduced sites (𝜃), signifying the 537 

essential role of oxidized sites in CH4 total oxidation. Additionally, the model incorporated 538 

surface coverage of H2O (see Eqs. S17 and S18), elucidating the adverse impact of H2O on the 539 

availability of oxidized sites and, consequently, on the reaction kinetics. The MVK mechanism 540 

has also been proposed for CH4 total oxidation over various catalysts including Pd-based 541 

[10,46], Cu-based [31], and perovskite [9]. Given that the reaction temperature was above 350 542 

°C in this work, the adsorption of CH4 at such temperatures is negligible [47]. This implies that 543 
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CH4 is involved in a chemisorption with the catalyst surface (surface lattice oxygen), further 544 

supporting the applicability of the MVK mechanism.  545 

The initial step in the MVK mechanism is reduction, where CH4 reduces oxidized sites and 546 

generates an oxygen vacancy. It should be noted that CH4 is the most stable hydrocarbon due 547 

to its symmetric tetrahedral structure, consisting of four equivalent C-H bonds [7]. This high 548 

stability likely necessitated the involvement of two surface lattice oxygen in the reduction step 549 

(two oxidized sites [𝑂]∗, see steps 17 and 18 in Table S1). Subsequently, CH4 dissociated into 550 

intermediate species which are much more active than CH4 [48]. These intermediates oxidized 551 

into CO2 and H2O, both of which desorb readily. Then, the produced H2O adsorbed on the 552 

oxidized sites, thereby initiating a competition with CH4. This competition between CH4 and 553 

H2O for adsorption on oxidized sites reduces the availability of active sites, consequently 554 

diminishing the reaction rate, which explains the strong inhibition effect of H2O, as discussed 555 

in Section 3.3.1. 556 

The oxygen vacancy generated during the reduction step was replenished by gaseous O2 as 557 

well as the migration of the bulk lattice oxygen via diffusion [49]. As discussed in Section 3.2, 558 

the reaction rate exhibited limited dependence on gaseous O2. Consequently, it may mainly 559 

be the diffusion of bulk lattice oxygen with little contribution of gaseous O2 that served to 560 

replenish the oxygen vacancies. This diffusion process was likely rapid enough [47,49,50] to 561 

facilitate the swift reoxidation of the catalyst. As a result, the catalyst dependency on gaseous 562 

O2 decreased, allowing for facile reduction and reoxidation via mainly bulk lattice diffusion, 563 

with gaseous O2 playing a minor role.  564 

The visual representation of the CH4 total oxidation mechanism over the βCD-Cu/HAP catalyst 565 

is represented in Figure 9. This reaction mechanism proceeded via the following steps. Initially, 566 

in the absence of H2O in the gas phase, CH4 reduced the catalyst surface utilizing two oxidized 567 
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sites and produced H2O and CO2, which desorbed rapidly (Figure 9a). Subsequently, the 568 

produced H2O adsorbed on the oxidized sites, thereby initiating a competition with CH4, which 569 

explains the strong inhibition effect of H2O. Then, rapid diffusion of bulk lattice oxygen to the 570 

surface with the assistance of the gaseous O2 via involving one reduced site, replenished the 571 

oxygen vacancies (Figure 9b). This enabled the reaction to proceed through a repetitive cycle 572 

of reduction in the presence of H2O (Figure 9c) followed by reoxidation (Figure 9b).  573 

 574 

Figure 9: The proposed mechanism of CH4 total oxidation over βCD-Cu/HAP catalyst; (a) reduction step at the start of the 575 

reaction; (b) reoxidation step; and (c) reduction step in the presence of H2O. 576 

Although the MVK14 model accurately predicted the experimental data for CH4 total oxidation 577 

over the βCD-Cu/HAP catalyst, a slight discrepancy was observed at higher space times, 578 

hinting at a potential inhibitory effect of H2O as it competes with CH4 for oxidized sites. This 579 

discrepancy may stem from the mean-field nature of the model, which simplifies complex 580 

interactions by averaging behavior over the entire experimental domain. To address these 581 

nuances and better understand H2O impact, integrating molecular modeling into future work 582 

is recommended. Additionally, to counteract the inhibitory effect of H₂O, future research 583 

could explore enhancing the hydrophobicity of support materials and optimizing operational 584 

conditions to balance CH4 adsorption and H2O desorption effectively. Such initiatives broaden 585 
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our understanding of the H2O impact, offering avenues for improving catalyst design and 586 

performance. 587 

4. Conclusion 588 

The βCD addition during the synthesis procedure led to smaller Cu particles on the βCD-589 

Cu/HAP catalyst and, hence, enhanced Cu dispersion, compared to the Cu/HAP catalyst. This 590 

enhancement in dispersion led to a significantly improvement of redox properties, allowing 591 

reduction at lower temperatures and facile reoxidation, which in turn increased OSC. These 592 

improvements enabled more facile reactions of CH4 with CuO particles on the βCD-Cu/HAP 593 

catalyst, making the reaction less dependent on gaseous O2. These distinctive characteristics 594 

of the βCD-Cu/HAP catalyst contributed to its superior catalytic activity (twofold) compared 595 

to Cu/HAP for CH4 total oxidation.  596 

According to the kinetic model selection procedure, the CH4 total oxidation follows an MVK 597 

mechanism involving two oxidized sites, one reduced site, and H2O adsorption on oxidized 598 

sites. The predominant mechanism for replenishing oxygen vacancies in the catalyst appears 599 

to be the fast diffusion of bulk lattice oxygen, with a limited contribution from gaseous O2. 600 

Additionally, the H2O adsorption on oxidized sites creates competition with CH4, explaining 601 

the pronounced inhibition effect of H2O observed in experimental data. 602 

  603 
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