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Abstract

The total oxidation of methane (CHa), a highly stable alkane volatile organic compound (VOC),
using low-cost Cu-based catalysts, has garnered considerable attention. Nonetheless,
challenges such as Cu particle agglomeration and the lack of consensus on mechanism of CHa
total oxidation over Cu-based catalysts remain. In this work, B-cyclodextrin (BCD) was
introduced during Cu/hydroxyapatite catalyst (BCD-Cu/HAP) preparation, and its catalytic
performance in CH4 total oxidation was compared with the Cu/HAP catalyst. Both materials
were prepared using the wet impregnation method and thoroughly characterized. It was
found that utilization of BCD, which decomposed during calcination, led to smaller Cu particle
size (from 61 to 34 nm) and better Cu dispersion (from 1.9 to 3.5%), resulting in an
enhancement of the catalyst reduction properties. Additionally, the BCD-Cu/HAP catalyst
possessed a higher oxygen storage capacity, demonstrating its superior ability to replenish the
oxygen vacancies. The BCD-Cu/HAP catalyst activity was double that of the original Cu/HAP
catalyst witha 20 kJ mol ™! lower activation energy, as determined by fitting the initial reaction
rate to a power-law model. Further, Langmuir—Hinshelwood (LH), Eley—Rideal (ER), and Mars—
van Krevelen (MVK) type rate expressions were regressed to the experimental data. After
statistical and physico-chemical assessments, the MVK mechanism involving two oxidized sites
and one reduced site with H,O adsorption on oxidized sites was identified as the most
appropriate model for describing the experimental data. These findings offer an enhanced
understanding of CH4 total oxidation, guiding the development of efficient, low-cost catalysts

for this reaction.
Environmental Implication

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

their toxicity and widespread sources. Among VOCs, alkane contribute to a large proportion
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of the VOCs emitted, with light alkanes being particularly challenging to mitigate due to their
high stability. Methane, the most stable light alkanes, is the focus of this study. Catalytic
oxidation technology offers a promising solution for VOC mitigation. In our work, we
conducted a mechanistic investigation of methane total oxidation, aiming at deepening our
understanding of catalytic oxidation of light alkanes, thereby contributing to substantial
environmental benefits.

Keywords

catalytic oxidation; volatile organic compounds; B-cyclodextrin; copper; Mars—van Krevelen
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Nomenclature

Roman symbols

kO,app

bi

ploop

SBET

TOF,

Wcat
Xen,

Ycu

Mean pore diameter (nm)

Mean crystallite size (nm)

Mean Cu particle size (nm)

Copper dispersion (%)

Activation energy (k) mol™?%)

Reduction rate coefficient (molcy, kg ;s *kPa™")
Reoxidation rate coefficient (mol, kg ;s *kPa™")
Reaction rate coefficient (moICHAkgc_ais‘l)

Pre-exponential factor (moICHAkgc_ais‘l)

-1

factor at

Apparent  pre-exponential
S—l (kpa)—1+(m+n))

(mol kg

Apparent CH, reaction order, (-)
Apparent O, reaction order, (-)
Partial pressure of component i (kPa)

Loop pressure (kPa)

Universal gas constant (kJ mol™*K™%)

-1

BET surface area (m?g_}

Initial turnover frequency (moICHAmolals‘l)

-1

Specific pore volume (cm3gcat

Catalyst weight (kg_,,)

CH4 conversion (m0|CH4m0|E&4,o)

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

Greek symbols

AS éds

ASads

Replacement of adsorption entropy (J mol k™)

Adsorption entropy (J mol™1Kk™%)

Abbreviations and acronyms

BET
BIC

ER
HAP
H,-TPR

ICP-OES

LH

MVK
0osc
PL
RDS
TCD
voC
XPS
XRD
BCD

Brunauer—-Emmett-Teller

Bayesian Information Criterion

Eley-Rideal

Hydroxyapatite

Hydrogen Temperature-Programmed Reduction
Emission

Inductively Coupled Plasma-Optical

Spectrometry

Langmuir-Hinshelwood

Mars-van Krevelen

Oxygen Storage Capacity
Power-Law

Rate-Determining Step

Thermal Conductivity Detector
Volatile Organic Compound

X-ray Photoelectron Spectroscopy
X-Ray Diffraction

B-Cyclodextrin
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1. Introduction

The ever-growing industrialization and urbanization are raising emissions of volatile organic
compounds (VOCs), i.e., carbon-based chemicals with boiling points below 250 °C. VOCs lead
to a decrease in air quality, being the source of severe hazards, such as the formation of
photochemical smog and a diversity of adverse health issues [1]. VOC emissions can be
controlled by a variety of methods. Among these, catalytic oxidation stands out as an
economically viable technology for the abatement of VOC pollutants [2—4].

Among VOCs, methane (CH4), mainly emitted from industry and agriculture sectors, is one of
the most abundant in the atmosphere [5,6]. As a prototypical light alkane, CHa is notably stable
due to its symmetric tetrahedral structure, featuring four equivalent C-H bonds [7]. This high
stability poses significant challenges for its complete elimination. Consequently, the CHa total
oxidation has been widely used as a method to effectively mitigate its presence in the
atmosphere [8-10].

Cu-based catalysts have demonstrated high activity in VOC total oxidation, including CHa total
oxidation [11-13]. However, these catalysts suffer from agglomeration of CuO particles,
resulting in the formation of bulk CuO particles at high Cu content [11,14,15]. Recently,
cyclodextrins have emerged as promising agents in catalyst preparation, particularly for their
role in enhancing metal dispersion [16—21]. Bai et al. [18] demonstrated that B-cyclodextrin
(BCD) addition during synthesis of Co304/ZrO; catalysts for formaldehyde oxidation
significantly improved dispersion, resulting in smaller and more reducible Co304 particles,
thereby boosting catalytic performance. Other works focusing on Cu-based catalysts have also
reported a similar effect of BCD on the dispersion of Cu atoms [20,21].

Among the various support materials investigated [22], hydroxyapatite (Caio(POa4)s(OH)2,

HAP), has recently received increasing interest [20,23—-26] due to its low cost, non-toxicity,
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thermal and chemical stability, and its ability to undergo ion exchanges. Moreover, the HAP
structure features accessible surface Ca?* sites that facilitate the cation exchange process [24],
enabling metal ions, such as Cu, to be located on the surface. These intrinsic features position
HAP as a promising support material for total oxidation reactions, including oxidation of CH4
[27,28].

Kinetic models play a vital role in elucidating reaction mechanisms, offering valuable insights
into catalyst development, and serving as effective tools for predicting and optimizing
chemical processes. Langmuir-Hinshelwood (LH), Eley-Rideal (ER), and Mars-van Krevelen
(MVK) mechanisms have been proposed as possible mechanisms for CH4 total oxidation [29].
Despite the extensive research conducted on the CH4 total oxidation over Cu-based catalysts
[11,12,30-32], only a limited number of studies have focused on elucidating the reaction
mechanism. In addition, the current literature lacks unanimity regarding the mechanism for
CHa total oxidation over Cu-based catalysts. To the best of our knowledge, only two research
studies have specifically investigated the CHs total oxidation mechanism over Cu-based
catalysts, revealing that CH4 oxidation follows MVK and ER mechanisms over CuO nanowires
[31] and Cu/y-Al,03 [32], respectively. Considering the limited research and lack of consensus,
a systematic kinetic study is required to comprehensively elucidate the reaction mechanism
of CHa total oxidation reaction over Cu-based catalysts.

This work is driven by two primary objectives. First, it investigates the influence of BCD
addition during the synthesis of Cu/HAP catalyst on its ultimate properties and catalytic
performance in CHs total oxidation. Second, it aims to develop and validate a comprehensive
kinetic model along with its corresponding elementary steps that accurately describes the CH4
total oxidation experimental data over Cu-based catalysts. To achieve these objectives, two

Cu/HAP catalysts were prepared, one without (the original catalyst) and the other with BCD
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addition during synthesis (the modified catalyst). Subsequently, a detailed catalyst
characterization and an extensive experimental investigation were conducted on both
catalysts. The characterization and catalytic results of both catalysts were compared to
unravel the impact of BCD addition during synthesis on the properties and performance of the
modified catalyst. Subsequently, kinetic models according to the LH, ER, and MVK reaction
mechanisms were regressed to the experimental observations. Finally, a kinetic analysis in
conjunction with a thorough interpretation of catalyst characterization results was performed
to unveil the underlying mechanism governing CH, total oxidation over the modified catalyst.
This elucidation not only contributes to bridging the existing knowledge gap but also facilitates
the development of more efficient catalyst designs for CHa total oxidation, addressing both

environmental concerns and industrial needs.

2. Procedures

2.1. Catalyst Synthesis

HAP support with a theoretical molar Ca/P ratio of 1.67 was prepared by the co-precipitation
method. Then, two Cu-containing catalysts, with and without BCD addition during synthesis,
were prepared by wet impregnation method targeting a theoretical Cu content of 10 wt%. The
catalysts were labeled as Cu/HAP and BCD-Cu/HAP, with the latter indicating the
incorporation of BCD during synthesis. It is important to clarify that the BCD mentioned in the
catalyst name does not imply its presence in the calcined catalysts, as it decomposes during
the calcination treatment. The related procedures are described in detail in the Supporting
Information (SlI), S2.1.

2.2. Catalyst Characterization

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

Plasma-Optical Emission Spectrometry (ICP-OES) was employed to quantify the elemental

7
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composition (v, ), verifying metal content in accordance with intended (experimental) values.
N;-adsorption experiments were conducted to determine the BET surface area (Szzr ), specific
pore volume (¥, ) and mean pore diameter (d, ), offering insights into the textural properties
of the materials. X-Ray Diffraction (XRD) was used to identify the crystalline phases and
determine the crystallite size (d.ys), essential for understanding the structural aspects that
impact on catalytic activity. NoO chemisorption allowed for quantifying the Cu dispersion (Dc,)
and mean Cu particle size (d., ), providing quantitative data on the active surface area available
for reactions. The nature, reducibility, and quantity of Cu species were assessed by hydrogen
Temperature-Programmed Reduction (H2-TPR), thereby enriching our comprehension of the
diverse Cu species present in the catalyst. The oxygen storage capacity (OSC), indicative of
active site concentration, was measured using the oxygen pulse chemisorption technique.
Lastly, X-ray Photoelectron Spectroscopy (XPS) was performed to obtain the surface
composition and oxidation state of components, which is pivotal for understanding surface
chemistry and its role in the performance of catalysts. Detailed descriptions of these methods
are available in the SI (S2.2.).

2.3. Catalytic Activity

Catalytic testing was performed in a high-throughput setup [33] consisting of 4 parallel
stainless steel fixed-bed reactors. The selected operating conditions, see

Table 1, catalyst pellet diameter and reactor dimensions, led to the acquisition of intrinsic
kinetics data [34] (see Table S6). Molar carbon balances were closed within 5% for all
experiments, underscoring the reliability of the experimental data. The related experimental
details, as well as a schematic diagram of the setup, are provided in SI (52.3., Figure S1).

The activity of the Cu/HAP and BCD-Cu/HAP catalysts was compared using initial turnover
frequency (TOF,) metric, which is defined as the ratio of the initial reaction rate to the

8
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concentration of active sites (Cp). It is assumed that the concentration of active sites is at least
directly proportional, if not equal, to Cy [35]. The equation and derivation of TOF, are

presented in SI (52.5.1., see Eq. (524)).

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

parameter unit value

Fiot / mol s™1 6.4 x10°°
Piot / kPa 500

Wcat -1
Feteo / kg s mol 150 -550
T /°C 350 -450
PcH,0 / kPa 29-8
Po,,0 / kPa 16.6 —48.8

2.4. Elementary-Step Based Kinetic Model Construction

After acquiring kinetic experimental data at systematically varied operating conditions, the
next step is to identify the underlying reaction mechanism and the corresponding, most
appropriate kinetic model describing experimental observations. In this regard, three
potential formalisms, i.e., LH, ER, and MVK, are considered as plausible for CH4 total oxidation
over Cu-based catalysts. The resulting mechanisms are founded on elementary steps, which
provide insights into the molecular-level events occurring during reaction. An overview and
description of possible elementary steps for all mechanisms are documented in Sl (refer to
S2.4., and Table S1).

2.5. Model Selection

The process of selecting the most suitable kinetic model for CH, total oxidation involves three
main steps: preliminary model discrimination, non-isothermal regression, and assessment of

models and parameters. The preliminary model discrimination process (detailed in SI; S2.5.1.)
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is based on the initial reaction rate analysis, encompassing positive/negative reaction orders
along with their corresponding values. Following the exclusion of kinetic models incompatible
with experimental data in this initial step, non-isothermal regression (detailed in SI; S2.5.2.)
was carried out to determine the kinetic parameters associated with the remaining candidate
models. Finally, a thorough statistical and physico-chemical evaluation of the kinetic
parameters (detailed in SI; S2.5.3.) was performed. In this step, the global significance of the
models and that of the individual parameters were assessed using an F test and a t test,
respectively. Additionally, correlation among individual estimated parameters in non-
isothermal regression were evaluated using binary correlation coefficients. The activation
energy and adsorption parameters (enthalpies and entropies) were compared to reported
values and assessed for thermodynamic consistency, respectively, to validate the physico-
chemical meaning of these parameters. Furthermore, the Bayesian Information Criterion
(BIC) of each model was evaluated, facilitating a quantitative comparison of model adequacy
while penalizing unnecessary complexity. Moreover, the partial reaction orders were also
compared with those obtained from initial reaction rate analysis. This meticulous selection
process enables the confident selection of the most appropriate kinetic model. The final
model unveils the underlying mechanism and elementary steps of the reaction, hence,
providing a robust and in-depth understanding of the reaction kinetics under the investigated

operating conditions.

3. Results and Discussion

This section begins with a comprehensive presentation of the characterization results
obtained for the HAP support and the Cu/HAP and BCD-Cu/HAP catalysts. Subsequently, the
impact of operating conditions on the catalytic activity of Cu/HAP and BCD-Cu/HAP is

investigated. Then, the activity of both catalysts is compared by calculating the TOF,. Finally,

10
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the results of model discrimination are presented, revealing the identification of the most
suitable (best combination of physicochemical meaning and statistical performance) model
for accurately representing the kinetic performance of CHa total oxidation over the
BCD-Cu/HAP catalyst.

3.1. Characterization Results

The results of elemental analysis and N;-adsorption measurement for the bare HAP support
and the Cu/HAP and BCD-Cu/HAP catalysts are presented in Table 2. The Cu content was close
to the theoretical one for both Cu-containing catalysts, indicating a successful synthesis
procedure. Additionally, there is no significant difference in the textural properties among the
Cu/HAP and BCD-Cu/HAP catalysts, indicating that the addition of BCD did not affect these
properties, consistent with a previous study [36]. Further details regarding ICP-OES and N»-
adsoption results are provided in Table S3 and S3.1. in SI, respectively.

Table 2: Material properties: Cu content as determined by ICP-OES (y,); BET surface area (Sggr ), specific pore volume (V)

and mean pore diameter (d,) as determined via Nj-adsorption; mean CuO crystallite size (d.,,s) obtained via Eq.

(S1); Cu surface area (S¢,, ), mean CuO particle size (d¢, ), and dispersion (D, ) obtained via N,O chemisorption using Egs.

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

Material YeuWt%)  Sggr (m?g™!) W, (em’g™?)  dp (nm)  derys(m)  Sgy(mPgg))  de, (nm) Dy (%)
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
BCD-Cu/HAP 11.5 77.3+0.1 0.38 20.5 13 19.6 34.1 3.5

XRD was employed to determine the crystalline phases present in the calcined catalysts. The
diffraction patterns depicted in Figure 1 provide evidence of characteristic diffraction lines
corresponding to Cas(PO4)3(OH) (JCPDS 09-0432), confirming the successful formation of the
desired HAP structure in all materials.

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

intensity of the prominent CuO reflections at 35.5° (CuO(oo2) and 38.5° (CuO@11)) was

11



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

significantly lower in the case of BCD-Cu/HAP compared to Cu/HAP catalyst, suggesting a
lower degree of crystallinity or smaller crystallites of the former. Remarkably, the distinct CuO
reflection at 48.5° (CuO(-202)) was absent in the XRD pattern of BCD-Cu/HAP. This observation
implies either a different CuO phase distribution or the presence of crystallite sizes below the
XRD detection limit owing to the addition of BCD as part of the synthesis procedure.
Furthermore, the CuO mean crystallite size, calculated using the Scherrer equation (vide Eq.
(51)), confirmed that the BCD-Cu/HAP catalyst possessed smaller CuO crystallites compared

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

* tHAP #:CuO

Signal / a.u.

20 30 40 50
20 / degree
Figure 1: XRD patterns of the HAP (e ), Cu/HAP ( ) and BCD-Cu/HAP ( ).

The N,O chemisorption findings revealed that the BCD-Cu/HAP catalyst exhibited a higher Cu
dispersion and Cu surface area (1.8 times), as well as a smaller mean Cu particle size (34.1
versus 61.4 nm). The enhancement of Cu dispersion and significant reduction in Cu particle
size due to the incorporation of BCD during synthesis, have also been observed in previous
studies [16,20,21,36]. The N2O chemisorption results are consistent with XRD results, thereby
suggesting that incorporation of BCD hinders Cu agglomeration, leading to the formation of
smaller, well-dispersed Cu particles. Notably, despite the similar textural properties of Cu/HAP
and BCD-Cu/HAP (see Table 2), BCD addition during synthesis exerted a noticeable impact on

the crystalline structure and Cu dispersion. These findings indicate that BCD addition plays a
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crucial role in modifying the structural aspects of the catalyst, which was also observed in
previous studies [18-21].

Figure 2 illustrates the results of the H,-TPR, which was employed to assess the Cu reducibility
in the Cu-containing catalysts. The bare HAP support, consistent with previous studies [24,26],
exhibited no noticeable H, consumption, indicating that all the H, consumption observed
during catalyst characterization originated from the reduction of Cu species. The H,-TPR
profiles of the Cu-containing catalysts exhibit diverging characteristics in terms of the onset
temperature of H, consumption (see Table S4). Specifically, the BCD-Cu/HAP catalyst lowered
the onset temperature to ca. 80°C, as the Cu/HAP catalyst displayed an onset temperature of
ca. 100°C. Furthermore, both Cu-containing catalysts exhibited four reduction peaks within

the temperature range of 80 to 500 °C, denoted as peaks (1), (Il), (111), and (1V).

peall< (1)
1
pea!< (”)i peak (IV)
5 peak (l) A ! !
© 1 1 1 1
>~ i P |
© 1 1 1 1
S peall< ()
< peak (1) !
peak (1) E i peak (IV)
i i i
1 1 1 1
T L II L T L T
100 200 300 400 500
T/°C
Figure 2: H,-TPR profile of Cu/HAP ( ) and BCD-Cu/HAP ( ) catalysts.

Peak (I) could be correlated to the existence of the residual nitrate (NOs~) ions after calcination
(detailed in SI; S3.2.). Peaks (ll), (111}, and (IV), which are associated with the reduction of CuO
to Cu, can be categorized as surface Cu species (peaks (ll) and (Ill)) and Cu doped into the
lattice (peak (1V)) [24]. Peak (l1) at temperatures of about 200 °C, is attributed to the reduction
of surface highly dispersed Cu species. Peak (lll), observed at temperatures ca. 250°C, is

associated with the reduction of bulk CuO located on the catalyst surface [24,37,38]. In
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comparison to the Cu/HAP catalyst, the reduction temperature of surface Cu species for BCD-
Cu/HAP catalyst decreased by approximately 20 °C, implying the formation of smaller
particles, consistent with N,O chemisorption and XRD results (see Table 2). Finally, peak (IV),
detected at temperatures above 370 °C, is indicative of Cu?*ions incorporation into the lattice,
resulting in the formation of hardly reducible Cu species [24,39].

Table 3 represents the TPR-H, profile peak deconvolution analysis (see Figure S5), which
provides insights into the composition of Cu species in the catalysts. The analysis revealed that
the contribution of surface highly dispersed Cu species amounted to 51.5% for BCD-Cu/HAP,
whereas for Cu/HAP it was determined to be only 33.7%. Moreover, the contribution of bulk
CuO and hardly reducible Cu species were observed to be noticeably lower for BCD-Cu/HAP
compared to the Cu/HAP catalyst. Particularly, the contribution of hardly reducible Cu species
was significantly reduced from 15.8 to 5.5%. These findings suggest that the BCD addition
during synthesis impeded Cu particle agglomeration and doping of Cu?* into the HAP lattice,

ultimately promoting the formation of surface highly dispersed Cu species.

Table 3: Temperature (Tr¢q peak#) and contribution (cont.) of Ho-TPR peaks corresponding to the reduction of CuO. Peak (Il):

surface highly dispersed Cu species, peak (l1): bulk CuO (surface), and Peak (1V): hardly reducible Cu species (lattice).

Peak (I1) Peak (I11) Peak (1V)
Catalyst
Y Treanr Cont. Trean Cont. Treav Cont.
9] (%) (°0) (%) ) (%)
Cu/HAP 202 33.7 244 50.5 368 15.8
BCD-Cu/HAP 186 51.5 226 43 374 5.5

Oxygen Storage Capacity (OSC) measurements provide valuable insights into the reoxidation
capacity of a reduced catalyst. It has been previously reported [35] that OSC is directly
proportional to the oxygen participating in the reaction, making it a reliable measure of the

active sites concentration. No oxygen uptake was observed for the bare HAP support, within
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the temperature range of 350 to 450 °C. The OSC for the Cu/HAP and BCD-Cu/HAP catalysts
are presented in Figure 3a and exhibit a consistent linear increase within the temperature
range. Moreover, the BCD-Cu/HAP catalyst showed an enhancement of at least 10% in OSC
compared to Cu/HAP. However, it is worth mentioning that the OSC values for both catalysts
have not reached the theoretical value determined by the ICP-OES method, as shown in Figure
3b. Specifically, the reoxidized Cu% at 450 °C amounted to ca. 72% and 80% for Cu/HAP and

BCD-Cu/HAP catalysts, respectively.

15
100 —  rm M m T

(b)

———————————————— 804 | _

-1
cat
I
>
1

=
w
1
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Cureox / %

=
N
1

40

0SC / molg kg

[y
-
1

201

1.0 T T T T T
325 350 375 400 425 450 475 325 350 375 400 425 450 475

T/°C T/°C

Figure 3: Evolution of the (a) OSC and (b) fraction of reoxidized Cu as a function of temperature for the Cu/HAP (11, ) and

BCD-Cu/HAP (4, ) catalysts.

The observed increasing trend of OSC with temperature and remaining fraction of
non-reoxidized Cu suggest the existence of two distinct types of active sites: easy-to-access
and hard-to-access sites. This classification is further supported by the findings obtained from
H,-TPR as reported above. The easy-to-access sites correspond to the highly dispersed Cu
species on the surface, which are near-surface oxygen sites and can be reoxidized at lower
temperatures. Conversely, the hard-to-access sites correspond to the bulk CuO and Cu
incorporated into the lattice, requiring higher temperatures for reoxidation. According to H»-
TPR results, both catalysts possessed large CuO particles and Cu incorporation into the HAP
lattice, hindering the oxygen accessibility for reoxidation. This phenomenon provides an

explanation for the existence of non-reoxidized Cu in both materials, even at the highest
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temperature. Thus, the BCD-Cu/HAP catalyst exhibited a higher abundance of highly dispersed
Cu species (easy-to-access sites), consequently leading to a higher OSC and fraction of
reoxidized Cu.

XPS was carried out to gain insights into the oxidation states and relative composition at the
surface of the catalysts. Figure 4 depicts the Cu 2p spectra of the Cu-containing catalysts. The
binding energy of Cu 2ps3/2 and 2p1/2 at 932.7 eV and 952.6 eV were observed for the Cu-
containing catalysts, respectively. The pronounced satellite peaks at 942 eV and 962 eV, a
distinctive characteristic of Cu?*, along with the symmetry of the Cu 2ps/, peaks, indicate the
presence of CuO in the Cu-containing catalysts [21,24]. The detailed deconvolution of the
Cu 2ps3/2 peaks, coupled with an analysis of the Cu LMM Auger spectra, revealed no evidence

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

Cu 2p3/2
. Cu 2p1y,
3
I satellite satellite
©
c
oo
(%]
T T T T
960 950 940 930
BE/eV
Figure 4: XPS spectra of Cu 2p and for the Cu/HAP ( ) and BCD-Cu/HAP ( ) catalysts.

The quantitative XPS analysis of surface chemical composition for the HAP, Cu/HAP and BCD-
Cu/HAP is presented in Table 4 (detailed in SI; S3.3. and Table S5). It is important to note the
considerable difference in the surface distribution of Cu and O atoms. The Cu/(Ca+P) ratio for
BCD-Cu/HAP was determined to be 0.12, whereas it was only 0.05 for Cu/HAP. This remarkable
increase in Cu presence at the surface is attributed to the BCD addition during synthesis, which

effectively improved the Cu dispersion on the catalyst surface. Furthermore, the O/Cu value
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for the Cu/HAP sample was double that of BCD-Cu/HAP, possibly indicating surface
segregation of a CuO phase. It has been previously reported [39,40] that larger particle sizes
and higher Cu loading can increase the risk of surface segregation of Cu-containing phases.
This phenomenon, in the case of Cu/HAP, leads to CuO segregating and forming larger
particles, thereby concentrating the CuO in much smaller areas on the catalyst surface. As XPS
only probes the surface, this segregation results in a significantly lower measured Cu
concentration. Consistent with the XRD and N.O chemisorption results presented in Table 2,
the mean CuO crystallite size and Cu particle size for Cu/HAP were found to be significantly
higher than that of BCD-Cu/HAP catalyst. Hence, Cu/HAP could be more prone to CuO
segregation, which may render some CuO particles undetectable in XPS spectra. Our findings
are consistent with previous studies [24,41], where it was observed that some CuO particles

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

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

Material Ca/P Cu/(Ca+P) O/Cu
HAP 1.51 - -

Cu/HAP 1.62 0.05 30.8
BCD-Cu/HAP 1.42 0.12 14.7

3.2. Catalytic Activity

The catalytic tests include a thorough investigation of the impact of the reaction temperature
and the CH4 and O; inlet partial pressure on the performance of Cu/HAP and BCD-Cu/HAP
catalysts, as a function of the space time. Additionally, a comparative analysis was carried out
by analyzing the apparent activation energy and reaction orders determined via the initial
reaction rate analysis for both catalysts. Finally, the TOF, value was employed as a

comparative metric to assess the activity levels of the two considered catalysts.
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It is worth outlining that the bare support (HAP) exhibited negligible conversion (<3%) even at
the highest tested temperature of 450 °C. This could be attributed to the absence of any OSC
(see Section 3.1), which serves as a reliable measure for the concentration of active sites for
VOC total oxidation, hence, resulting in a lack of active sites on the catalyst surface to initiate
the reaction. The low activity of HAP in CH4 total oxidation has also been reported in a previous
study [27], where HAP could not reach 4% conversion at 500 °C. Consequently, the bare
support did not substantially contribute to the CHs conversion observed in the Cu-containing
catalysts.

The impact of temperature and space time on the performance of Cu-containing catalysts was
explored, as presented in Figure 5a and Figure 5b, respectively. Both catalysts exhibited an
increasing trend in CH4 conversion with rising temperature and space time. The BCD-Cu/HAP
catalyst outperformed the Cu/HAP catalyst, exhibiting at least 1.2 to 2 times higher conversion

as temperature and space time increased, respectively.

04 (a) 3071 (b)
© 504 © 254
g 401 g 207
S 204 < 15-
g 30 £
S~ S~
& 204 10
> >
10 5
T T T T T 0 T T T T
325 350 375 400 425 450 475 100 200 300 400 500 600
T/°C Weat FE%L,,O/ kgcat S mOIE%L,,O

Figure 5: Effect of (a) temperature (space time = 535 kg, s mola}4 ) and (b) space time (T = 400 °C) on the performance of

Cu/HAP () and BCD-Cu/HAP ( ¢ ) catalysts at initial CH4 and O, partial pressure of 2.9 and 16.6 kPa, respectively.
The effect of the CHs and O; inlet partial pressure on the performance of Cu-containing
catalysts was investigated, as presented in Figure 6a and Figure 6b, respectively. Figure 6

shows that an increasing inlet partial pressure of CHs and O; resulted in an increase in CHa
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conversion. The BCD-Cu/HAP catalyst exhibited at least 2 times higher CHs conversion

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

(a) (b)

o
o

0 2 4 6 8 10 0 10 20 30 40 50 60
PcH, 0 / kPa Po, 0/ kPa

Figure 6: (a) Effect of CH,4 inlet partial pressure at Po,0 = 16.6 kPa, T =400 °C, space time =196 kg __, s molE,.t; (b) Effect of O,

cat

inlet partial pressure at Pcu,0 = 2.91 kPa, T = 400 °C, space time =535 kg__. s mola_hon the performance of Cu/HAP (" ) and

cat

BCD-Cu/HAP ( ¢ ) catalysts.

A detailed initial rate analysis was carried out to compare the performance of Cu-containing
catalysts. The initial reaction rates obtained via Eq. (S23) were employed to estimate reaction
orders, apparent pre-exponential factors and activation energies, determined via Eq. (S26).
The results are provided in Table 5. It should be noted that the CH4 and O2 reaction orders for
both catalysts showed no significant temperature dependency. As expected, the estimated
CH4 and O; reaction orders were positive, signifying the positive role of the inlet partial
pressures of both reactants, as observed in Figure 6. Interestingly, the catalysts exhibited a
nearly constant CH, reaction order (ca. 0.62), whereas the O reaction order amounted to 0.26
and 0.09 for Cu/HAP and BCD-Cu/HAP catalysts, respectively. This suggests that the CH4
reaction order remained unaffected by variations in CuO particle size and Cu dispersion, while
the O reaction has been influenced by these factors. Moreover, the apparent activation
energy of the BCD-Cu/HAP catalyst was 20 kJ mol™* lower than that of Cu/HAP, which

facilitated the CH4 total oxidation when BCD was employed during synthesis. It is worth
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outlining that the estimated apparent activation energies (78 and 96 kJ mol 4, respectively) in

this work are within the range (50 — 150 kJ mol_l) of previously reported ones [11,42].

Table 5: Apparent CHs (m) and O (n) reaction orders, pre-exponential factor kg q,p,(mol kgc_ai s71(kPa)~*(M*)  and

activation energy E g, (kJ mol™?) obtained by Eq. (526).

Catalyst m n kO,app Eqapp
Cu/HAP 0.63+0.06 0.26 £ 0.05 (3.32+1.1)x 10° 96+ 2.6
BCD-Cu/HAP 0.62+0.04 0.09+0.03 (5.78 + 2.1) x 10? 78+ 1.6

The initial reaction rates obtained using Eq. (S23) were utilized to determine the TOF,, see
Eq. (524). The obtained TOF, were used to conduct a thorough comparison of the catalytic
performance of Cu/HAP and BCD-Cu/HAP (Figure 7). It was observed that the TOF,, values for
both catalysts exhibited an increasing trend as temperature was raised. In addition, the BCD-
Cu/HAP catalyst exhibited substantially higher catalytic activity, approximately twofold,
compared to the Cu/HAP catalyst across all examined temperatures. These findings are
consistent with CH4 conversion results evidenced in Figure 5 and Figure 6, where it was found
that the CH4 conversion for the BCD-Cu/HAP catalyst is significantly higher than that of Cu/HAP
catalyst. Consequently, these results unequivocally demonstrate the enhanced catalytic
performance of the BCD-Cu/HAP catalyst, attributed to the BCD addition during the synthesis

procedure of Cu/HAP.
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Figure 7: Evolution of TOF, as a function of temperature for Cu/HAP ( = ) and BCD-Cu/HAP ( ¢ ) catalysts at initial CH4 and

0, partial pressure of 2.9 and 16.6 kPa, respectively.

The addition of BCD during synthesis did not alter the fundamental reaction mechanism, as
indicated by the constant CH4 reaction order observed for both catalysts [43]. As previously
discussed, the BCD addition during the synthesis of the BCD-Cu/HAP catalyst inhibited the
interaction between Cu particles during the preparation, which effectively hindered Cu
particle growth, resulting in the formation of smaller, well-dispersed CuO particles on its
surface. These CuO particles exhibited enhanced reducibility and facilitated the redox
processes. The latter was reflected in the increased OSC, indicating a greater capacity of the
catalyst to store and release oxygen—crucial for efficiently refilling oxygen vacancies during
the reaction. The enhanced OSC of the BCD-Cu/HAP catalyst underscored its superior ability
to replenish oxygen vacancies more efficiently than its counterpart without BCD, ensuring an
uninterrupted availability of active oxygen species for the CH, total oxidation. This continuous
0, replenishment is fundamental to the catalyst's high level of activity, as it provides a
continuous supply of Oy, critical for the CH, total oxidation reaction to proceed efficiently. The
enhanced redox processes enabled a facile reaction of CHs with the available oxygen
resources, i.e., CuO particles, making the reaction less dependent on gaseous O, for BCD-
Cu/HAP. In addition, the low O; reaction order values for both catalysts (below 0.3) implies

that the contribution of gaseous O; to the reaction is modest, as the zero reaction order for

21



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

0O, may stem from the involvement of lattice oxygen in the reaction (MVK mechanism),
whereas the unity reaction order for O, is typical for participation of adsorbed O, at low
coverage (LH or ER mechanisms) [44]. However, a more detailed investigation of the reaction
mechanism is conducted in Section 3.3, utilizing kinetic modeling that considers all potential
mechanisms.

3.3. Model Selection

The well-dispersed BCD-Cu/HAP catalyst was chosen to investigate the reaction mechanism
for CH4 oxidation, due to its superior performance in comparison to the Cu/HAP catalyst. A
comprehensive investigation was carried out across the experimental range outlined in

Table 1. In this section, a detailed examination of the preliminary model discrimination
process is presented. Subsequently, the findings from non-isothermal regression and
statistical and physico-chemical assessments are discussed, leading to the identification of the
most appropriate (preferred) kinetic model that accurately describes the experimental data

for CHa total oxidation over the BCD-Cu/HAP catalyst.

3.3.1. Preliminary Model Discrimination

A detailed initial rate analysis was carried out for Cu-containing catalysts, see section 3.2. The
reaction orders of CHs and O; obtained for the BCD-Cu/HAP catalyst, presented in Table 5, and
the effect of reaction products can be used to eliminate some kinetic models (detailed in SI;
S3.4.). As a result, from the initial set of models (see Table S2), the LH models with the surface
reaction as RDS and MVK, considering H,0 adsorption (on oxidized sites), stand out as the
remaining relevant kinetic models for the total oxidation of CH4 over the BCD-Cu/HAP catalyst.
These models are detailed in Table 6 and will be further examined in the regression in Section

3.3.2.
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432 Table 6: Remaining relevant kinetic models. For LH models, the surface reaction is RDS. For MVK models, y = 1 + Ky, oD, 0-

Model Description Rate equation
LH14 RDS: surface reaction
molecular O adsorption; =k Ken,Pen, Ko,Po,
10y oo 2
inclijding H,0 (1 + KCH4pCH4 + Kozpoz + KHZOPHZO)
LH17 RDS: surface reaction 5
molecular O, adsorption; B Keu,pen,(Ko,Po,)
2 Oy; T 3
including H,0 (1 + KCH4pCH4 + Kozpoz + KHZOPHZO)
LH20 RDS: surface reaction
dissociative O, adsorption; B Ken,Pen,/ Ko, Po,
10y o 2
including H,0 (1 + KCH4pCH4 +./ Kozpoz + KHZOpHZO)
LH23 RDS: surface reaction
dissociative O, adsorption; —k Ken,Pen,Ko,Po,
2 0y; oo 3
incI:ding H,0 (1 + Kcn, Pcn, ++/Ko,Po, + KHZOpHZO)
MVK4 1 oxidized site; K K
1 reduced site; _ __emPcn,o,Po,
H,0 adsorption on oxidized sites 2kcn,Pen, + Ko,Po,Y
MVK9 1 oxidized site; K k X k 2
2 reduced sites; r= CH“ZZ)CH“ y + cHyPer, _ 2 cH, PcH, y+ < CH"pCH">
H,0 adsorption on oxidized sites 14 ko,po, ko,Po, ko,po,
MVK14 2 oxidized sites; K K K k 2
1 reduced site; = 0,Po, 1 cH,PcH, o cH,PcH, n < CH4PCH4V>
H,0 adsorption on oxidized sites 2 4k02p02 2k02p02 4]‘021702
MVK19 2 oxidized sites; e ko,Po, 1

2

2 reduced sites; 2
H,0 adsorption on oxidized sites 14y kozpoz
2kcy, e,

433  3.3.2. Parameter Estimation and Assessment of Model and Parameters

434  Following the preliminary model discrimination, a non-isothermal weighted regression
435  analysis was carried out to identify the most adequate model among the remaining kinetic
436  models listed in Table 6. The activation energies and adsorption enthalpies were directly
437  estimated through regression analysis, while the corresponding pre-exponential factors and
438  adsorption entropies were calculated based on the estimated parameters A’ and AS,, using
439  Eqs. (S29) and (S30). Furthermore, for each model, various regression performance metrics
440 are provided, including the WS$S0Q,.;, absolute value of maximum binary correlation

441  coefficient, F .4, and BIC.
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3.3.2.1. LH models

The results of the weighted regression showed that all LH models were statistically significant.
For all LH models, significant estimates were obtained for all parameters except for the
activation energy (E,) and CHa adsorption enthalpy (AHy, ). To alleviate strong correlation,
the activation energy and pre-exponential factor were set to the values obtained from initial
rate analysis (see Table 5). Subsequent regression with these adjustments revealed significant
estimates for all models, but none satisfied the thermodynamic criteria completely.
Consequently, all 4 LH models failed to provide meaningful thermodynamic properties and
were thus excluded from further consideration in the discrimination of the kinetic model for
the total oxidation of CH4 over the BCD-Cu/HAP catalyst. More details are available in SI (53.4.;
Tables S13, S14, and S15).

3.3.2.2. MVK models

After the LH models could be eliminated, the MVK models (MVK4, 9, 14, and 19, see Table 6)
were considered for evaluation. The results of non-isothermal parameter estimation for the
MVK models are summarized in Table S16. All the MVK kinetic models were globally
significant, with the corresponding parameters being statistically significant, as evidenced by
the calculated t value exceeding the tabulated one. Furthermore, the thermodynamic
constraints outlined in Egs. (S42), (S43), and (S44) were satisfied for the considered MVK
models. Notably, strong correlation (p; ; >0.95) was observed between Agy, and ASy 4 in
MVK4 and similarly, between A51'120 and AHy, in MVK9. Conversely, parameters were not
highly correlated (p; ; <0.95) in MVK14 and MVK19. In addition, the estimated activation

energy for the reduction reaction (E¢y, ) in MVK4 and MVK9 was approximately 30 kI mol™.

However, this value falls below the range of 50 — 150 kJ mol™? [7,9,11,32,42,45], subsequently

leading to the elimination of the MVK4 and MVk9 kinetic models from further consideration.
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In contrast, MVK14 and MVK19 successfully estimated Ey, within the abovementioned
range. The joint feature in these models is that they both involve two oxidized sites, with H,0
adsorption taking place on these oxidized sites. However, MVK14 and MVK19 are different in
terms of the number of reduced sites, with MVK14 involving one, while MVK19 involving two
reduced sites. Following a comprehensive statistical assessment, careful evaluation of
activation energy and thermodynamic constraints, the MVK14 and MVK19 emerged both as
reliable candidates. Consequently, the final model discrimination process was conducted
between these two models. Despite both models yielding almost identical BIC values of
ca. -6.2 (see Table S16), a key distinction was identified in the parameters related to the
reoxidation reaction (kq,, and Ey,). Given the difference in the reoxidation step, these
models could exhibit different levels of dependency on gaseous O, leading to different partial
reaction orders of O,. Thus, a comparison of the partial reaction order of O, with the value
obtained by initial rate analysis was employed to select the most appropriate kinetic model
among MVK14 and MVK19. The O, partial reaction order was determined using Eq. (S41),
resulting in a value of 0.07 for MVK14 and 0.22 for MVK19. The O; reaction order obtained
through initial rate analysis of the experimental data (see Table 5) was 0.09, demonstrating
that MVK14 predicts the O, partial reaction order more accurately. Therefore, the MVK14
kinetic model was deemed the “preferred” kinetic model among all the proposed models,
demonstrating its suitability for accurately explaining the experimental data for CH4 total
oxidation over BCD-Cu/HAP catalyst.

The final results of the non-isothermal regression for MVK14 are presented in Table 7 (see
Figure S7 in Sl for isothermal regression results). For comparative analysis, this model was
applied to the experimental data of Cu/HAP catalyst, with these results also presented in Table
7. The results revealed a substantial decrease (0.5 X) in the E¢y, for the BCD-Cu/HAP catalyst,
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likely due to its enhanced reducibility. Additionally, the AHy,, was found to be significantly
higher (4 X), indicating stronger interactions between H,0 molecules and oxidized sites. This
strong interaction can be attributed to the abundant oxidized sites on the surface of the BCD-
Cu/HAP catalyst, providing sufficient adsorption sites for H,0. Conversely, the Cu/HAP catalyst
exhibited weaker interactions between H,O and oxidized sites, likely stemming from the
limited availability of oxidized sites. This limitation is attributed to the catalyst’s lower Cu
dispersion and the high competition between CHs and H,O for the available oxidized sites.
Furthermore, the regression results for BCD-Cu/HAP catalyst revealed that the reoxidation
pre-exponential factor value was considerably higher than that of the reduction step.

Additionally, the activation energies associated with reduction (E¢y,) and reoxidation (Ey,)

were ca. 60 and 93 kJmol™?, respectively. These values are consistent with previously

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

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

parameter  unit MVK14 (Cu/HAP) MVK14 (BCD-Cu/HAP)
Kch,,0 / mol kg_;s~*kPa™* 3.9x10° 35.9

Ecy, / kI mol ™ 118.72+25.1 59.9+8.7

koz,o / mol kg;,alts_lkPa_1 1129.2 15325.2

Eo, /K mol™ 84.39+67.9 93.4+22.0

ASHZO /J mol_lK_l -42.9 -168.3

_AHHZO /K mol™? 26.3+20.22 110.7 £ 9.3

Figure 8a depicts the parity diagram for model MVK14, revealing an outstanding agreement
with the corresponding experimental values, wherein both training and validation datasets

were reproduced within a 10% deviation. Furthermore, Figure 8b-d presents the capability of
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MVK14 for describing the experimental data as a function of operating conditions, including
temperature, space time, and inlet partial pressure of CHs and O,. The model exhibited an
excellent agreement with experimental data, effectively capturing the effect of variations in

operating conditions on CH4 conversion.

%
.
@,
0.7 -~
(a) o - 0.8 - (b)
/’ D s
061 ~ e
o ’/ SR ’
N L/ ’
7% 0.51 s P
g /,/ /,/
204 L
~ 0.3 Vy 0.
£ 57
% 5 ,/
A
E 0.2 ,,:’,//
/,,’,
0.1 il
0.0
0.0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 100 200 300 400 500 600
XcH, exp / MOlcw, Moy, o spacetime / kgeat s molgh, o
0.7 0.8
C d
@ ) (@)
0.6 ®
5031 °
s @ 0.5 -
o o] .
€ 0.4 €
2 504
o o
€ 0.34 €
~ > 034
5 S
< 99 <
' 0.2
0.14 0.1
0.0 T T T T 0.0 T T T T T
0 2 4 6 8 10 0 10 20 30 40 50 60

Pch,, / kPa po,,/ kPa

Figure 8: (a) Parity plot including both training (green) and validation datasets (blue). CH4 conversion (b) as a function of
Weat FC_,}4_0 at pcp,o= 2.9 kPa and pg,0= 169 kPa, (c) as a function of pcy,o at pg,o= 32.6 kPa,
Wear Fei, 0= 196 kg e smoIa}A,O, and (d) as a function of po, o at pey, 0= 4.52 kPa, Wear Foyp, 0= 344 kg, S moIEHl‘hO.

Experimental data were obtained at T=350°C( ~ ),375°C( - ),400°C( ¢),425°C(® ), and 450 °C(®) using BCD-Cu/HAP

catalyst. Validation datasets were obtained at pcy, o= 3.1 kPa, pg, o= 45.7 kPa, Wy, FC_,}M(): 96 — 535 kg, S molaiho,
T=350°C( *),375°C( 4 ),400°C( ¢ ),425°C( ® ), and 450 °C ( ®). The dashed lines in the parity plot display the 10%
deviation. Full lines were obtained with the MVK14 model (preferred model). The dashed lines in the parity plot display the

10% deviation. Full lines were obtained with the MVK14 model (preferred model).
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The normal probability plot presented in Figure S8 highlights the normal distribution of
weighted residuals, given their close adherence to a linear trend with an R? value exceeding
0.99. Additionally, the weighted residuals are plotted (Figure S8) against the experimental
values and operating conditions which consistently reveal the absence of any systematic
correlation between weighted residuals and the operating conditions. The weighted residuals
are uniformly distributed across horizontal axis, indicating that mean value of weighted
residual is zero.

The same set of diagrams — parity, performance, normal probability, and residual — were also
plotted using data from the Cu/HAP catalyst, as seen in Figures S9 and S10. These figures
reveal no significant discrepancies when compared to the plots for the BCD-Cu/HAP catalyst,
indicating a consistent modeling performance across both catalysts.

The MVK14 successfully met all the criteria upon thorough statistical and physico-chemical
assessments. This preferred model proposes that CH, total oxidation over BCD-Cu/HAP
catalyst follows the MVK mechanism. This is in accordance with the experimentally obtained
low value (0.09) for the reaction order of O,, suggesting the participation of surface lattice
oxygen in the reaction, as explained in Section 3.2. Furthermore, the MVK 14 rate equation
(see Eg. S14) demonstrates a critical dependence on the square of oxidized sites' surface
coverage (62,) and a direct proportionality to the coverage of reduced sites (), signifying the
essential role of oxidized sites in CH4 total oxidation. Additionally, the model incorporated
surface coverage of H,O (see Egs. S17 and S18), elucidating the adverse impact of H,0 on the
availability of oxidized sites and, consequently, on the reaction kinetics. The MVK mechanism
has also been proposed for CH4 total oxidation over various catalysts including Pd-based
[10,46], Cu-based [31], and perovskite [9]. Given that the reaction temperature was above 350

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

The initial step in the MVK mechanism is reduction, where CH4 reduces oxidized sites and
generates an oxygen vacancy. It should be noted that CHa is the most stable hydrocarbon due
to its symmetric tetrahedral structure, consisting of four equivalent C-H bonds [7]. This high
stability likely necessitated the involvement of two surface lattice oxygen in the reduction step
(two oxidized sites [0]", see steps 17 and 18 in Table S1). Subsequently, CH4 dissociated into
intermediate species which are much more active than CH4 [48]. These intermediates oxidized
into CO; and Hx0, both of which desorb readily. Then, the produced H,0 adsorbed on the
oxidized sites, thereby initiating a competition with CHa. This competition between CH4 and
H,O for adsorption on oxidized sites reduces the availability of active sites, consequently
diminishing the reaction rate, which explains the strong inhibition effect of H,0, as discussed
in Section 3.3.1.

The oxygen vacancy generated during the reduction step was replenished by gaseous O, as
well as the migration of the bulk lattice oxygen via diffusion [49]. As discussed in Section 3.2,
the reaction rate exhibited limited dependence on gaseous O;. Consequently, it may mainly
be the diffusion of bulk lattice oxygen with little contribution of gaseous O, that served to
replenish the oxygen vacancies. This diffusion process was likely rapid enough [47,49,50] to
facilitate the swift reoxidation of the catalyst. As a result, the catalyst dependency on gaseous
0, decreased, allowing for facile reduction and reoxidation via mainly bulk lattice diffusion,
with gaseous O; playing a minor role.

The visual representation of the CH4 total oxidation mechanism over the BCD-Cu/HAP catalyst
is represented in Figure 9. This reaction mechanism proceeded via the following steps. Initially,

in the absence of H,0 in the gas phase, CHa reduced the catalyst surface utilizing two oxidized
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sites and produced H,O and CO,, which desorbed rapidly (Figure 9a). Subsequently, the
produced H,0 adsorbed on the oxidized sites, thereby initiating a competition with CH4, which
explains the strong inhibition effect of H,0. Then, rapid diffusion of bulk lattice oxygen to the
surface with the assistance of the gaseous O3 via involving one reduced site, replenished the
oxygen vacancies (Figure 9b). This enabled the reaction to proceed through a repetitive cycle

of reduction in the presence of H,O (Figure 9c) followed by reoxidation (Figure 9b).

(b) (c)

(a)
olo

@ @ reactants and products O surface and bulk lattice oxygen O oxygen vacancy

*-IC5 lattice oxygen diffusion e adsorption

chemisorption

Figure 9: The proposed mechanism of CH,4 total oxidation over BCD-Cu/HAP catalyst; (a) reduction step at the start of the

reaction; (b) reoxidation step; and (c) reduction step in the presence of H,0.

Although the MVK14 model accurately predicted the experimental data for CH4 total oxidation
over the BCD-Cu/HAP catalyst, a slight discrepancy was observed at higher space times,
hinting at a potential inhibitory effect of H,0 as it competes with CH, for oxidized sites. This
discrepancy may stem from the mean-field nature of the model, which simplifies complex
interactions by averaging behavior over the entire experimental domain. To address these
nuances and better understand H;0 impact, integrating molecular modeling into future work
is recommended. Additionally, to counteract the inhibitory effect of H,0, future research
could explore enhancing the hydrophobicity of support materials and optimizing operational

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

performance.
4. Conclusion

The BCD addition during the synthesis procedure led to smaller Cu particles on the BCD-
Cu/HAP catalyst and, hence, enhanced Cu dispersion, compared to the Cu/HAP catalyst. This
enhancement in dispersion led to a significantly improvement of redox properties, allowing
reduction at lower temperatures and facile reoxidation, which in turn increased OSC. These
improvements enabled more facile reactions of CHs with CuO particles on the BCD-Cu/HAP
catalyst, making the reaction less dependent on gaseous O;. These distinctive characteristics
of the BCD-Cu/HAP catalyst contributed to its superior catalytic activity (twofold) compared
to Cu/HAP for CH4 total oxidation.

According to the kinetic model selection procedure, the CH4 total oxidation follows an MVK
mechanism involving two oxidized sites, one reduced site, and H,0 adsorption on oxidized
sites. The predominant mechanism for replenishing oxygen vacancies in the catalyst appears
to be the fast diffusion of bulk lattice oxygen, with a limited contribution from gaseous O..
Additionally, the H,O adsorption on oxidized sites creates competition with CHa4, explaining

the pronounced inhibition effect of H,O observed in experimental data.
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