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ABSTRACT

The identity and rate constants of elementary steps in primary reactions of oxidative coupling of methane
(OCM) over Pb?* and/or F~ substituted hydroxyapatite (HAP, Pb-HAP, HAP-F, and Pb-HAP-F) catalysts
have been studied. The rigorous kinetics analysis suggests that HAP and HAP-F initiated the reaction
between adsorbed methane and O, following Langmuir-Hinshelwood behavior. The Pb-HAP and Pb-
HAP-F, however, enabled the reaction between gaseous methane and adsorbed O, in the Eley-Rideal
mechanism. The F~ substitution of OH™~ weakened both O, adsorption and C—H bond activation, leading
to low methane conversion and slightly higher C,Hg selectivity. The substitution of Ca%* by Pb** weak-
ened both methane and oxygen adsorptions, but maintained C—H bond activation and raised C;Hg selec-
tivity. The present analysis explored for the first time the effects of cation and/or anion in HAP on OCM
reactions in which the analysis has been detailed and quantified in the nature of the mechanism-based
kinetic models.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The oxidative coupling of methane (OCM) involves the reaction
of methane (CH,4) and oxygen (0O,) over a catalyst at high temper-
atures to form C, (CoHg and C,H,4) hydrocarbons. The nature of
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one-step reaction to C; products in OCM reactions is of great signif-
icance and has been a continuous interest in the past few decades
[1-4]. A variety of catalysts, including alkali [5-7], alkaline earth
[8-12], rare earth [13-15] and transition metal oxides [16-18],
have been broadly studied in OCM reactions. The general accepted
mechanism of OCM reactions [19-21] is a mixed homogeneous-
heterogeneous reaction network, in which methyl radicals (CHs.)
are formed on the catalyst surface by methane activation, desorbed
as free CHs- radicals, and then recombined to form ethane (C;Hg) as
a primary product and ethylene (C;H,4) as a secondary product
from the subsequent dehydrogenation of C,Hg. Simultaneously,
methyl radicals undergo deep oxidation by adsorbed diatomic oxy-
gen species and gas phase molecular oxygen (O,), respectively, to
produce CO, and CO.

Hydroxyapatite (Ca;o(PO4)s(OH);) is a type of calcium phos-
phate crystal, more commonly studied in biomaterials since it is
the major component in bone and teeth [22,23]. The Ca?* cation
and the anion, either PO~ or OH™, in HAP can be substituted by
other cations and/or anions to endow HAP with tunable thermal
and chemical stability, catalytic properties, and ion/electronic con-
ductivity [24-28]. Lead cation (Pb?*) substituted HAP (Pb-HAP) has
been studied as a catalyst for OCM reactions. It is shown that Pb-
HAP was able to increase C, selectivity by a factor of ~5 compared
to bare HAP [29-31]. The enhancement in OCM performance of Pb-
HAP was ascribed to the stabilization of methyl radicals by Pb?*
sites for pairwise reactions against oxidation reactions [32]. The
anion substitution such as halide-substituted HAP has been
reported to enhance the acid resistance and mechanical properties
of HAP bioceramics [33] and to reduce the number of oxygen spe-
cies that are resulted from —OH groups in oxidative dehydrogena-
tion of alkanes [34]. The substitution of HAP with both cation Pb?*
and fluoride anion (F~) has not been explored in literature, but has
potential to concurrently improve the thermal/chemical stability
and catalytic activity of HAP in OCM reactions.

Selectivities and yields of C, products in OCM reactions depend
on the identity and dynamics of specific elementary steps involved
in the primary and secondary reaction steps on the catalysts. Even
though the performance of Pb-HAP in OCM reactions has been
studied and the enhancement in C, selectivity upon Pb?* substitu-
tion in HAP has been justified [29,35], no rigorous kinetic study is
available on the kinetics and mechanisms of OCM reactions on this
catalyst. In addition, the effects of both cation and anion substi-
tuted HAP catalyst on the elementary steps of OCM reaction is
yet to be determined. A detailed understanding of the kinetic net-
works is essential to describe the reaction steps in terms of their
rate constants and to define the specific contributions of cation
and anion compositions in HAP-based catalysts. On the basis of this
understanding, a catalyst composition with desired catalytic per-
formances can be developed for OCM reactions.

Herein, we report the synthesis and characterization of HAP cat-
alysts with Pb?* cation (Pb-HAP), F~ anion (HAP-F), and both cation
and anion (Pb-HAP-F) substitutions. The influences of cation and/
or anion substitutions in HAP on the rate and selectivity of OCM
reactions together with identity and reaction rate constants of ele-
mentary steps in primary reactions of OCM were also examined.
The results show that HAP and HAP-F followed Langmuir-
Hinshelwood reaction pathway in which the reaction occurred
between associatively adsorbed O, and CH,4 species. The Pb-HAP
and Pb-HAP-F catalysts, however, followed Eley-Rideal reaction
pathway in which the reaction occurred between gaseous CHy
and associatively adsorbed O, species. The substitution of Ca®* by
Pb%* in HAP preserved C—H activation in CH, and improved C,
selectivity due to the stabilization of methyl radicals by Pb?" sites
for pairwise reaction despite impaired CH4 and O, adsorption capa-
bilities. The substitution of —OH groups by F~ in HAP weakened
both 0, adsorption and C—H bond activation compared to HAP,

leading to low methane conversion and diminished CO, formation
but higher C, selectivity. The Pb-HAP-F exhibited highest C, selec-
tivity in the tested four HAP-based catalysts, which can be attribu-
ted to the integration of methyl radical pairwise reaction and
reduced oxygen species on the catalyst in OCM reactions. The pre-
sent study rigorously explored the mechanisms of OCM reactions
and influences of cation and/or anion substitutions in HAP struc-
ture on the primary steps of these reactions.

2. Experimental
2.1. Materials

Ammonium phosphate dibasic ((NH4),HPO,4, >99.0%), ammo-
nium chloride (NH4Cl, >99.5%), ammonium fluoride (NH4F, A.C.S.
Reagent, >98.0%) and ammonia hydroxide solution (NH4OH, 28-
30%) were supplied from Sigma-Aldrich. Lead nitrate (Pb(NO3),,
ACS. Reagent) was purchased from ].T. Baker while calcium nitrate
tetrahydrate (Ca(NOs),-4H,0, 99.0-103.0%) was purchased from
Alfa-Aesar.

2.2. HAP-based catalysts preparation

The synthesis of HAP-based catalysts was carried out by a co-
precipitation method, as described in our previous work [36]. In
the synthesis of bare HAP, 0.24 M of (NH,4),HPO, solution and
0.40 M of Ca(NOs), solution were prepared in two flasks sepa-
rately. NH4OH was added to each source solution to adjust the
pH to ~10. Ca(NOs3), solution was preheated to 363 K in an oil bath
equipped with reflux condenser. After that, (NH4),HPO, solution
was added to the preheated Ca(NOs), solution dropwise via a syr-
inge pump in 2 h. After addition of the (NH,4),HPO4 solution, a
cloudy reaction suspension was obtained and the suspension was
kept at 363 K under magnetic stirring for 24 h followed by aging
for 24 h at room temperature. Lastly, the product was collected
by centrifugation at 6000 rpm for 5 min and washed with deion-
ized (DI) water to remove any undesirable ions. The centrifugation
and washing steps were repeated 5 times. The resulted wet pro-
duct was dried in a vacuum oven at 343 K overnight.

As for the synthesis of HAP-F catalyst, the same procedure as
that for bare HAP was applied except that a solution consisting
of 0.16 M of (NH4),HPO, and 0.08 M of NH4F was prepared to
replace 0.24 M of (NH4),HPO, solution. In the synthesis of Pb-
HAP-F catalyst, the Ca(NOs), solution used in bare HAP synthesis
was replaced with a solution consisting of 0.32 M of Ca(NOs),
and 0.08 M of Pb(NOs3), The remaining procedures were the same
as that for HAP-F catalyst. Pb-HAP was prepared using procedures
reported previously [31], which was similar to the synthesis of
bare HAP above except that an aqueous solution of Pb(NOs),
(0.08 M), Ca(NOs), (0.32 M) and NH4CI (1.3 M) was prepared to
replace 0.40 M of Ca(NOs), in HAP synthesis.

All the dried HAP-based catalysts were treated in flowing air
(150 mL min !, ultrapure, Airgas) at 973 K for 5 h at a ramp rate
of 17.5 K min~! from room temperature. The catalyst samples were
subsequently pelleted, crushed and sieved to retain particle sizes
between 180 and 425 pm (40-80 mesh) for characterization and
catalysis experiments discussed below.

2.3. Catalyst characterization

Scanning electron microscopy (SEM) images were taken on a
Hitachi SU-70 electron microscope to visualize the morphologies
of the HAP-based catalysts. N, adsorption-desorption isotherms
of the samples were measured using an Autosorb-iQ analyzer
(Quantachrome Instruments) at 77 K. The samples were outgassed
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at 523K for 8 h and 1 mmHg prior to measurements. Brunauer,
Emmett and Teller (BET) method was used to determine the speci-
fic surface areas of the samples. X-ray diffraction (XRD) patterns of
the catalyst samples were obtained on Bruker D8 Advance Lynx
Powder Diffractometer (LynxEye PSD detector, sealed tube, Cu K,
radiation with Ni g-filter). The Fourier Transform Infrared (FTIR)
spectra of the samples were recorded with a spectrometer (Nicolet
Magna-IR 560) in the range of 400-4000 cm ™! with 36 scans and
resolution of 4 cm~'. The Raman spectra of the catalysts were col-
lected with a Raman spectrometer (LabRAM Aramis, Horiba Scien-
tific) in the range of 200-2000 cm™'. Inductively coupled plasma
optical emission spectroscopy (ICP-EOS, Optima 4300DV Instru-
ment, Perkin-Elmer) was used to determine the elemental compo-
sition of the catalysts, specifically Pb, Ca and P contents. X-ray
photoelectron spectroscopy (XPS) data was measured over a Kratos
AXIS 165 spectrometer equipped with 165 mm radius hemispher-
ical analyzer and eight channeltron detection system coupled with
monochromatic Al radiation. C;5 peak was used to calibrate the
binding energy of the products. The X-ray absorption fine structure
spectroscopy (XAFS) measurements at Pb L3 edge (~13.036 keV)
were conducted at beamline 10-BM at the Advanced Photon Source
in Argonne National Laboratory. XAFS data were collected in the
transmission mode under ambient condition. PbO, PbO, and Pb foil
were considered as references and measured at the beamline. The
XAFS data were analyzed using IFEFFIT software package.

The oxygen temperature-programmed desorption (O,-TPD)
analysis of the catalyst samples were carried out in an Autosorb-
iQ unit (Quantachrome, ASIQM0000-4) equipped with a thermal
conductivity detector (TCD). Typically, 0.1 g catalyst sample was
pretreated at 973 K for 2 h under He (40 mL min ™!, ultrapure, Air-
gas) at a heating rate of 10 Kmin~' from ambient temperature.
After being cooled to 353K under He stream, O, stream
(28 mL min~!, ultrapure, Airgas) was introduced into the catalysts
for 0.5 h. The adsorbed O, was then removed by flowing He gas
(40 mL min~") for 2 h. Afterwards, the catalyst sample was ramped
to 1100 K at a ramp rate of 10 Kmin~! and the O,-TPD profiles
were recorded. The CH4-TPD profiles of these catalysts were mea-
sured using the same procedure as O,-TPD except that O, was
switched to CH,4 in the measurement.

2.4. OCM catalytic test

The catalytic reaction was performed in a U-shape tubular
quartz reactor (10 mm inner diameter). In the experiment, the cat-
alyst sample was loaded in the quartz reactor in which the reactor
was placed inside a temperature controlled furnace (National Elec-
tric Furnace FA120 type). The temperature of the furnace was con-
trolled by a Watlow Controller (96 series). A K-type thermocouple
was attached to the outer wall of the reactor to monitor the tem-
perature of the catalyst environment. The catalyst was pretreated
in He and O, atmosphere (33 mLmin~!, volume ratio: 91% He,
9% 0,) at 823 K for 5 h prior to the OCM reactions. The total gas
flow rate was controlled at 46 mL min~', in which N5 (5 mL min~’,
99.95% purity, Airgas) was used as an internal standard and He was
used as balance gas in all the experiments. Dependency of partial
pressure of methane (Pcy,) or partial pressure of oxygen (Po,)
was examined by changing the flow rate of CH4 or O, while keep-
ing the flow rate of the other gas constant.

The reactant and product gases were analyzed using gas chro-
matograph (Agilent Technologies, 6890N) equipped with ShinCar-
bon ST packed column connected to a TCD. All the kinetics data
were measured under differential conditions in which the methane
conversion was maintained below 5%. The contribution of sec-
ondary reaction pathways was negligible since only the primary

products (C;Hg, CO and CO,) were detected over the HAP-based
catalysts. A blank test with the reactor without catalysts was car-
ried out and the OCM result showed that methane conversion
was less than 1%, implying that the gas phase reaction between
CH4 and O, was not favored under studied conditions.

3. Results and discussion
3.1. Structural analysis of HAP-based catalysts

Morphologies of the HAP-based catalysts were examined by
SEM observation. Fig. 1 shows that bare HAP consists of short
rod-shaped nanoparticles with sizes between 30 nm and 50 nm
(Fig. 1(A)). Substitution of F~ and/or Pb?" into HAP to form HAP-F
(Fig. 1(B)), Pb-HAP-F (Fig. 1(C)) and Pb-HAP (Fig. 1(D)), respec-
tively, did not change the morphologies significantly as short
cylindrical-like nanoparticles can still be observed in these three
samples. N, adsorption-desorption isotherms were used to reveal
the surface areas of the HAP-based catalysts and the results are
listed in Table 1. The cation and anion, or both cation and anion
substitutions did not significantly change the morphology and sur-
face areas of the HAP-based catalysts, which were all prepared by
the co-precipitation method.

XRD, FTIR, Raman and XANES spectra were used to determine
the crystallinity and incorporation of cations and/or anions into
HAP-based catalysts, and the results are shown in Fig. 2. All peaks
of the XRD spectra for HAP, HAP-F, Pb-HAP and Pb-HAP-F, respec-
tively, in Fig. 2(A), are consistent with the crystalline HAP phase,
indicating that HAP structure was well-preserved after the incor-
poration of cation (Pb?*), anion (F~), or both cation and anion
(Pb?* and F?~), respectively. The downward shifting diffraction
peaks of Pb-HAP and Pb-HAP-F with respect to HAP and HAP-F
samples was caused by the incorporation of Pb%*, which has larger
size than Ca?* and causes an expansion of the lattice parameters
[31]. The broadening in width of the diffraction peaks in Pb-HAP-
F and Pb-HAP samples suggests that the crystallinity of these
two catalysts slightly decreased [37,38].

Fig. 2(B) demonstrates the FTIR spectra of HAP-based catalysts.
All absorption bands characteristic for HAP [39] are shown in the
spectra. The vibrational mode of OH~ group centered at
631 cm™! indicates the presence of hydroxyl groups in the bare
HAP and Pb-HAP samples. The absorption band at 631 cm™' disap-
pears in HAP-F and Pb-HAP-F, which could result from the substi-
tution of OH™ by F~, as evidenced by Bianco et al. [27]. Raman
spectra in Fig. 2(C) are applied to further investigate the structural
properties of the HAP-based catalysts. The vibrational modes of
PO3~ groups, v; (~960-961cm™!), v, (~430-450cm '), v
(~1035-1048cm™! and ~1070-1075cm™!) and v, (~587-
604 cm™!), are all well-preserved, which confirms the preservation
of apatite structure in all the catalysts [40].

The oxidation state and possible phases of Pb ions in Pb-HAP
and Pb-HAP-F were studied using Pb L3 XANES spectra (Fig. 2
(D)). PbO,, Pb-HAP and Pb-HAP-F exhibited similar adsorption
energies (Eg) at 13,039 eV. The ~3 eV shift to higher energy than
the metallic Pb foil indicates that Pb-HAP is in higher oxidation
state than zero. Pb L3 edge represents mainly the 2p — 6p transi-
tion for Pb®*-containing structures. On the other hand, a pre-edge
at ~13,027 eV representing 2p — 6s transition can be observed
for Pb** ions (e.g., PbO,). The absence of pre-edge features in Pb-
HAP and Pb-HAP-F XANES spectra indicates that most of the Pb
jons in the catalysts are in the Pb?* state. Detailed extended X-
ray absorption fine structure (EXAFS) analysis of the reference lead
oxides as well as the Pb?* substituted HAP is summarized in Table 2
and Fig. 2(E) and (F). It is known that HAP has a hexagonal struc-
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Fig. 1. SEM images showing morphologies of HAP-based catalysts: (A) HAP, (B) HAP-F, (C) Pb-HAP-F, (D) Pb-HAP, respectively.

Table 1
Chemical compositions and surface area of HAP-based catalysts for OCM reactions.

Catalyst Composition measured by ICP Composition measured by XPS Surface area® (m?/g)
Pb/Ca Pb/(Ca + Pb) (Ca +Pb)/P Pb/Ca Pb/(Ca + Pb) (Ca +Pb)/P F/P

HAP 0.00 0.00 1.72 0.00 0.00 1.59 0 39

HAP-F 0.00 0.00 1.73 0.00 0.00 1.76 0.58 25

Pb-HAP-F 0.25 0.20 1.80 0.50 0.33 1.97 0.62 24

Pb-HAP 0.25 0.20 1.66 0.47 0.32 1.63 0 29

2 Determined by BET method.

ture that is comprised of 10 Ca®* ions located on two sets of non-
equivalent sites, 4 Cajy) on site 1 and 6 Cajy; on site 2 in one unit
cell [43,44]. The Cayq is coordinated to 6 oxygen atoms belonging
to different PO, tetrahedra and also to 3 oxygen atoms at a larger
distance. The Capy) is found in cavities in the walls of the channels
formed between the Ca and O atoms. The Cajz; and then the Cajy;
can be subsequently substituted by Pb?* ions with increasing con-
centrations [43,45]. The channels along c-axis of HAP, in which the
OH™ anions reside, permit substitutional solid solution of some
other anions such as F~ ions in the present study. In the present
study, Pb partial substitutions of Cap,j is most likely happened at
low Pb loading and therefore fitted this work [43]. In Pb-HAP, Pb
binds to about 4 oxygen atoms at a shorter distance (2.38 A,
2.39 A and 2.44 A, respectively) and 3 oxygen atoms at a longer dis-
tance (2.51 A and 2.72 A). In Pb-HAP-F, Pb coordinates with 4 short
distance oxygen and 3 long distance oxygen atoms. The substitu-

tion of OH™ by F~ sustainably also increases the Pb—O bond dis-
tance by ~0.1 A compared to that in Pb-HAP.

3.2. Composition analysis of HAP-based catalysts

The bulk and surface compositions of the HAP-based catalysts
were determined using ICP-OES and XPS analyses, and the results
are listed in Table 1. The bulk (Ca + Pb)/P molar ratio in Pb-HAP
is 1.66, nearly the same as the ratio of (Ca + Pb)/P = 1.67 in catalyst
synthesis. For HAP, HAP-F and Pb-HAP-F samples, the (Ca + Pb)/P
molar ratios are 1.72, 1.73 and 1.80, respectively, which are slightly
higher than the starting ratio in the synthesis. The concentration of
Pb?* in both Pb-HAP and Pb-HAP-F catalyst samples is the same,
indicated by the same Pb/Ca or Pb/(Ca + Pb) ratio in Table 1. The
stoichiometry of HAP-based catalysts was slightly altered after
the substitution of Pb?* cation or F~ anion or both in the synthesis.
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Fig. 2. XRD patterns (A), FT-IR spectra (B), Raman spectra (C), and XANES spectra (D) of HAP-based catalysts, respectively, used for OCM reactions. k*>-weighted magnitude
and imaginary component of Fourier transform EXAFS of (E) Pb-HAP and (F) Pb-HAP-F. (k?: Ak =3-12 A~'. Blue, Fourier transform magnitude. Red, imaginary component.
Dash line, experimental data. Solid line, fitted data). (For interpretation of the references to color in this figure legend, the reader should refer to the web version of this article.)

The surface composition of the HAP-based catalysts varied from
their bulk composition. The surfaces of Pb-HAP-F and Pb-HAP cat-
alysts were enriched with Pb?* species since the Pb/Ca ratios were
increased to 0.50 and 0.47 from 0.33 and 0.32, respectively
(Table 1). The F~ concentrations, represented by F/P ratios, on the
surfaces of HAP-F and Pb-HAP-F were similar.

3.3. 0,-TPD and CH4TPD profiles of HAP-based catalysts

Fig. 3 shows the O,- and CH4-TPD profiles in the temperature
range of 300-1000 K. Two obvious desorption peaks were observed
in all the catalysts in Fig. 3(A): one is in the lower temperature
range of 350-650 K and the other one stays at higher temperatures
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Table 2
EXAFS fit parameters for Pb oxides and Pb catalysts (k?: Ak=3-12A~! and Ar=1.3-3.5A).
Catalyst Npb—o R (A) DWEF (A?) Eo (eV)
PbO 4 2.23 0.009 -5.5
PbO, 2 2.15 0.004 -0.3
4 2.19 0.004 -0.3
Pb-HAP 1.8 2.39 0.030 -7.7
3.1 2.44 0.030 -7.7
3.0 2.80 0.030 -7.7
Pb-HAP-F 2.5 2.49 0.031 -0.5
2.5 2.55 0.031 -0.5
3.0 2.91 0.031 -0.5
(A) —HAP (B) —HAP
—— HAP-F —— HAP-F
—— Pb-HAP-F —— Pb-HAP-F
—— Pb-HAP —— Pb-HAP
A- —
3 S
8 <
2 2
o =
e 2
2 2
£ £

300 400 500 600 700 800 900 1000
Temperature (K)

300 400 500 600 700 800 900 1000
Temperature (K)

Fig. 3. 0,-TPD (A) and CH4-TPD (B) profiles of HAP, HAP-F, Pb-HAP and Pb-HAP-F catalysts, respectively.

(>650 K). The O,-TPD peak at lower temperature is ascribed to phy-
sisorbed oxygen while the higher one is attributed to chemisorbed
oxygen species [41,42]. Both HAP and HAP-F catalysts showed very
strong desorption peaks at both temperature ranges, suggesting
that both catalysts have strong physi- and chemisorption of oxygen
species. A close comparison of the 0,-TPD profiles between HAP
and HAP-F shows that HAP-F has slightly higher physisorption of
0, but distinctly lower chemisorption than that of HAP. The Pb?*
substitution in HAP structure drastically reduced O, adsorption,
as indicated by the heavily reduced peak intensity in both temper-
ature ranges in Fig. 3(A). The addition of F~ ions in Pb-HAP further
reduced the physi- and chemisorption of O, species in HAP struc-
ture, as evidenced by the lowest peak intensities in all the tested
samples.

The CH,4-TPD profiles in Fig. 3(B) show similar features to those
of 0,-TPD profiles. Two desorption peaks (one below ~500 K and
the other one above ~870 K) were observed in each catalyst. The
intensity of both desorption peaks follows the order of HAP > -
HAP-F > Pb-HAP > Pb-HAP-F. Apparently, the substitution of Pb?*
and/or F~ ions deteriorated the adsorption capability of the HAP
structure for CH, reactant. Pb?* substitution of Ca?* ions caused
more critical influence on the adsorption capability than the F~
substitution of OH™ groups in the HAP-based catalyst materials.

The difference in O,- and CH4-TPD profiles in Fig. 3 across these
four HAP-based catalysts should be correlated to their different
cation and/or anion compositions and the resultant structural
and physiochemical properties. Previous attempts [46-48] on
understanding of oxygen species in HAP was conducted by electron
spin resonance spectra after heating HAP to 1173 K followed by
exposure to O,. It was shown that O, could be adsorbed on either
Cajz) or dehydroxylated OH™ sites. The fluoroapatite (OH™ substi-

tuted by F~) did not produce reactive oxygen species, which sug-
gested no effective O, adsorption on the HAP-F material [49].
These results are consistent with the substantial decrease in the
0,-TPD peak in HAP-F and Pb-HAP-F compared to bare HAP in
Fig. 3(A). The partial replacement of Ca?* ions by Pb?" caused sig-
nificant drop in 0,-TPD peaks, suggesting that Ca®* ions have bet-
ter preference than Pb* in O, adsorption. The coincidence between
the decrease in CH,-TPD peaks and Pb?* and/or F~ substitutions in
HAP may indicate that CH, prefers to adsorb on Ca®* and OH~ sites.
Detailed mechanism for the observed TPD profiles needs further
investigation.

3.4. Reaction pathways of OCM reactions over HAP-based catalysts

The kinetics of OCM reactions has been intensively studied over
different catalysts [6,50-52]. A general accepted reaction network

N
CO, COY
Primary Steps Secondary Steps

Scheme 1. General reaction pathway for oxidative coupling of methane. Only the
primary reaction steps were considered in the present study.
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(Scheme 1) has been proposed to account for the observed kinetics
[53,54]. In this reaction network, activation of methane on cata-
lysts leading to formation of methyl radicals and coupling of
methyl radicals to form ethane are the primary reaction steps.
The dehydrogenation of ethane to form ethylene is the secondary
reaction step. The CO, (CO and CO,) can be formed via primary
or secondary steps, as shown in Scheme 1. In the present study,
we only focused on the primary reaction steps of OCM reactions.

The Eley-Rideal [55-61] and Langmuir-Hinshelwood [21,62-
64| mechanisms have been commonly considered for the primary
steps in OCM reactions. The Eley-Rideal mechanism states that the
reaction between gaseous methane and adsorbed oxygen, either
dissociative [57-59,65] or molecularly type [60,61], is the rate lim-
iting step (RLS) in OCM reactions. An exemplary catalyst for this
mechanism is 5%Na,W0,4-2%Mn/SiO, [53,66-69]. The Langmuir-
Hinshelwood mechanism regards RLS as the reaction between
adsorbed methane and oxygen species. Sm,03 [70], Na-doped
MgO [63] and perovskite [64] catalysts have been proposed to fol-
low this mechanism. The suitability of both mechanisms for OCM
reactions over the HAP-based catalysts has been examined in the
present study (refer to Supplementary Information). The kinetic
data, however, suggests that the OCM reactions for HAP and
HAP-F follow the Langmuir-Hinshelwood mechanism in which
the RLS is the C—H bond activation between molecularly adsorbed
methane and oxygen on two different active sites of these cata-
lysts. For Pb-HAP and Pb-HAP-F, the OCM reactions follow the
Eley-Rideal mechanism in which the RLS is the abstraction of
hydrogen from gaseous methane by associatively adsorbed oxygen
species on the catalysts.

3.4.1. Derivation of reaction rate equations

Scheme 2 shows the proposed reaction steps for OCM reactions
over the HAP-based catalysts following the Langmuir-
Hinshelwood mechanism. The reaction involves quasi-
equilibrated associative oxygen adsorption on surface site 1 (*1),
leading to formation of 0;' species (step 1). Similarly, quasi-
equilibrated associative adsorption of CHy4 on site 2 (*2) results in
CHZ2 species (step 2). The reaction between adsorbed methane
and oxygen forms methyl radicals (step 3, RLS). Under pseudo-
steady state assumption for adsorbed 0;' and CH;? species, the rate
law for methane consumption (rey,, pmol gots™!) is shown in
Eq. (1):

- o M
Ten, = Ks [K] Po, ((1 TK Poz))} {KZPCH“ ((1 + I(ZPCH4)>:| .

where ks (umol ge,e [mol*']~! [mol*?]~! s71) is methane activation
rate constant in step 3, K; (kPa~!) and K, (kPa~!) are the equilib-
rium constants for the adsorptions of oxygen (step 1) and methane
(step 2), respectively. Pcy, (kPa) and Po, (kPa) are the partial pres-
sures of methane and oxygen in the reaction. n; (mol*! gz}) and
n, (mol*? gl) are the number of active sites for oxygen and
methane adsorptions on the HAP-based catalysts. Details on the

Step (1): 0, + ** pi 03!

Step (2): CH, + #2 pi CH;?

Step (3): CHI2 + 031 S CH, - +HO, - + +14++2 (RLS)
Step (4): CHy - +CHs - <& C,H,

Step (5): CHz - +0, 5 CO

Step (6): CHs - +031 % €O,

Scheme 2. Proposed reaction steps based on Langmuir-Hinshelwood mechanism
for OCM reactions over the HAP-based catalysts.

equation derivation can be referred to Section S2 of the Supplemen-
tary Information.

Scheme 3 shows the proposed reaction steps for OCM reactions
over the HAP-based catalysts following the Eley-Rideal mecha-
nism. The reaction involves quasi-equilibrated associative oxygen
adsorption on surface site (*) to form O; species (step 1). The reac-
tion between gaseous methane and molecularly adsorbed oxygen
forms methyl radicals (step 2, RLS). Under pseudo-steady state
assumption for O species, the rate law for methane consumption
(rcn,, pmol gt s71) is shown in Eq. (2):

n
I'cy, = 1(3PCH4 |:K1 P02 (m)} (2)

where ks (pumol [mol*']~' s~ kPa~') is methane activation rate
constant in step 2, K; (kPa~!) is the equilibrium constant for the
adsorption of oxygen (step 1), Pcy, (kPa) and Po, (kPa) are the par-
tial pressures of methane and oxygen in the reaction, n; (mol*! g5})
is the number of active sites for O, adsorption in the catalyst. For
consistency of rate constant notation in both Langmuir-
Hinshelwood and Eley-Rideal mechanisms, k3 is used (instead of
k,) to represent methane activation rate constant in step 2. Sec-
tion S2 of the Supplementary Information detailed the derivation
for Eq. (2).

The formation of primary products (C;Heg, CO and CO,) in both
mechanisms are the same and is described by steps (4)-(6) in
the Langmuir-Hinshelwood mechanism (Scheme 2) and by steps
(3)-(5) in the Eley-Rideal mechanisms (Scheme 3). Methyl radicals
couple with each other to form C;Hg (step 4 in Scheme 2 or step 3
in Scheme 3), but at the same time undergo side reactions with
gaseous oxygen to form CO (step 5 in Scheme 2 or step 4 in
Scheme 3) or adsorbed oxygen species to form CO, on the catalyst
surface (step 6 in Scheme 2 or step 5 in Scheme 3). Under pseudo-
steady-state assumption for methyl radicals, the rate law equa-
tions for CoHeg (re,n,, tmol geats '), CO (rco, pmol gers™!) and
CO; (rco,, pmol ge;t s~ ') formation are:

re,, = KaPgy,, 3)

Tco = Ks Pci,. Po, (4)

K P,
Tco, = KeN1Pey,. {ﬁ}
2

where ky (umol got s kPa=2), ks (umol get s~ kPa=2) and ke-ng
(umol gt s~' kPa~') are C,Hg, CO and CO, formation rate con-
stants, respectively, and Pcy, (kPa) is the partial pressure of methy]l

radicals with

(14K Po, ) (14K Po, )

2
- [ks P, 4 e P"Z} + \/ [ks P, +-eml P"Z} +4ksKi Kz ks nynzPey, Po, (7‘1 o ,) (‘u oy 1)
Pey,. = 2K,

for Langmuir-Hinshelwood mechanism and with

2
kgny K P, kgny K; Po. 1
_ [1<5p02 + (m.puj)] + \/ {ksl’oz o Poj)] Kk P, Po, (5l

Hy = 7K,

Step (1): 0, + * & 03

Step (2): CHy + Oy * «k—3> CH; - +HO, - + = (RLS)
Step (3): CH3 - +CHj; - ]3 C,Hg

Step (4): CHy - 40, 5 €O

Step (5): CH - 403 <% €O,

Scheme 3. Proposed reaction steps based on Eley-Rideal mechanism for OCM
reactions over the HAP-based catalysts.
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for Eley-Rideal mechanism. The kinetic data were analyzed based
on rate Eqgs. (1)-(5) and are discussed below.

3.4.2. Methane and oxygen consumption rates over HAP-based
catalysts based on Langmuir-Hinshelwood mechanism

The measured rates of CH4 consumption as a function of Pcy,
and Py, respectively, are shown in Fig. 4. The rate of CH4 conver-
sion increased with increasing Pcy, and then gradually approached
an upper limit (Fig. 4(A)) over these four HAP-based catalysts. The
rate of CH4 consumption exhibited a similar dependence on Po,
(Fig. 4(B)). A comparison across these four catalysts showed that
HAP enabled the highest methane conversion at the same Pcy, or
Po,, while HAP-F, Pb-HAP and Pb-HAP-F had similar but much
lower conversions than the bare HAP catalyst.

The parameters in Eq. (1) were evaluated from kinetic data in
Fig. 4. When Py, is fixed, Eq. (1) can be linearized as:

P, 1 1+KPo, 1
I'ch, B k3 nin; K4 Poz PCH4 * K, (6)

The
adsorption equilibrium constant for methane (K,) was calculated
from the ratio of slope to intercept in Eq. (6). Similarly, when Pcy,
is fixed in the measurement, the linear form of Eq. (1) can be
written as:

Po, 1 1+KPay, ( 1 )
- S efa (p 4 7
I'cH, l<3r11 n K PCH4 02 K4 ( )

. . 1+K; Po.
and the intercept is ¢ 2

. 14+K; Po,
where the slope is 5 e

n;n2K; Po,

The adsorption equilibrium constant for O, (K;) was evaluated
from the ratio of slope to intercept in Eq. (7). Substitution of K;
and K; into Egs. (6) or (7) led to the calculation for the product
of k, = ksnyn, (umol ge.k s71). Both Egs. (5) and (6) can give k, val-
ues (k.1 and k,,, respectively), which was averaged by kjayg =

(ka,l + 1(3,2)/2-
Fig. 5 shows the linearized correlations of l:% versus Pey, (Fig. 5
4

(A)) and rpc% versus Po, (Fig. 5(B)), respectively. The linear fitting
4

with coefficient of determination (R?)>0.96, positive intercept
and slope in each set of kinetic data supports the proposed
Langmuir-Hinshelwood mechanism for OCM reactions over the
HAP-based catalysts. Table 3 shows that K; follows the sequence
of HAP > HAP-F > Pb-HAP ~ Pb-HAP. This result is consistent with
the O,-TPD profiles of these four catalysts in Fig. 3(A). The K;

values in Table 3 also follow the trend of HAP > HAP-F >
(A) 100
® HAP
e HAP-F
A Pb-HAP-F
) 80 v Pb-HAP
©
T <
o (7] 60 |
-
E
[3)
72 O 40} []
c 3 -
S E
3. [ ]
:E" ~ 20}
o %

0
0 10 20 30 40 50 60 70 80
PCH4 (kPa)

Pb-HAP ~ Pb-HAP-F, consistent with the CH4-TPD profiles (Fig. 3
(B)) of these catalysts. The adsorption equilibrium constant reflects
the bound nature of active species on the HAP-based catalysts. The
bare HAP has the strongest oxygen and methane adsorption among
these four catalysts. The F~ substitution in HAP significantly weak-
ened O, adsorption (K; decreased by a factor of 3 compared to bare
HAP) while only slightly influenced the methane adsorption. The
Pb?* substitution in HAP weakened both the oxygen and methane
adsorption. The influence of Pb*' substitution impaired the
methane adsorption strength of HAP more significantly than
F~substitution (refer to K, values in Table 3). Pb-HAP-F showed
similar K; and K; values to those of Pb-HAP catalyst. The C—H bond
activation in step 3 of Scheme 2 (indicated by Kk, avg in Table 3) over
HAP catalyst was close to that of Pb-HAP catalyst. The F~ substitu-
tion in HAP apparently deteriorated the C—H activation of the HAP
catalyst since HAP-F has ~4 times lower K, ,v; than HAP or Pb-HAP.
The co-existence of Pb?** and F~ ions in HAP (Pb-HAP-F) only
slightly sacrificed the C—H bond activation compared to Pb-HAP,
suggesting that Pb?* played an important role in contesting the
sequestration effect of F~ ions on C—H bond activation in step 3
of the OCM reaction mechanism.

3.4.3. Methane and oxygen consumption rates over HAP-based
catalysts based on Eley-Rideal mechanism

The K, values for Pb-HAP and Pb-HAP-F in Table 3 are signifi-
cantly smaller (by a factor of ~6) compared to HAP and HAP-F,
hinting that methane adsorption on the surface active sites for
these two Pb-based catalysts is almost negligible. Eley-Rideal
mechanism involving reaction between gaseous methane and
adsorbed diatomic oxygen species was thus proposed to accommo-
date the OCM kinetics over these two catalysts. When Py, is fixed,
Eq. (2) can be linearized as:

PCH4H1 _ 1 4 l
I'ch, k3 K4 P02 1(3

8)

where the slope is m and the intercept is ﬁ The methane acti-
vation rate constant (ks-n;) and adsorption equilibrium constant for
oxygen (K;) were calculated from the intercept and slope in Eq. (8),

respectively.
Fig. 6 shows the linearized correlations ofl:c% versus % (Fig. 6
4 2
(A)). The linear fittings with R? > 0.97 support the proposed Eley-
Rideal mechanism for OCM reactions over the HAP-based catalysts.

Similar to Langmuir-Hinshelwood mechanism, Table 4 shows that
K; follows the sequence of HAP > HAP-F > Pb-HAP ~ Pb-HAP,

B 100
(B) = HAP
e HAP-F
A Pb-HAP-F
] 80 v Pb-HAP
m —
X <
c
£ o 6of
E ® 1
2 5
2 24
o ©
O E
s =
T
o 20
O I I
0 5 10 15 20

Po, (kPa)

Fig. 4. Methane consumption rate as a function of CH,4 pressure at Po, = 7.0 kPa (A) and O, pressure at Pcy, = 25 kPa (B), respectively. (973 K, 101 kPa total pressure, total flow
rate = 46 mL min~!, He as balance gas.) The curves in (A) and (B) denote the fitting results using optimized rate constants in Table 3.
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Fig. 5. Product of CH,4 pressure and the inverse rate of CH4 consumption as a function of CH,4 pressure at fixed Po, = 7.0 kPa (A) and product of O, pressure and the inverse rate
of CH,4 consumption as a function of O, pressure at fixed Pcy, = 25 kPa (B) over HAP-based catalysts. (973 K, 101 kPa total pressure, total flow rate = 46 mL min~!, He as

balance gas.)

Table 3

Equilibrium constant of O, adsorption (K;), equilibrium constant of CH4 adsorption (K,) and rate constant of CH,4 activation (k,) based on Langmuir-Hinshelwood mechanism at

973 K of OCM reactions over HAP-based catalysts.

Catalyst K;* (kPa~1) K" (kPa~) k.S (umol gt s™1) k¢ (umol gt s~1) Ka, avg® (numol gt s71)
HAP 0.11 0.063 116 88 102

HAP-F 0.040 0.052 43 49 47

Pb-HAP-F 0.032 0.010 68 84 76

Pb-HAP 0.032 0.010 90 100 95

3 Errors are +0.003 kPa~'.
b Errors are +0.004 kPa~'.

¢ Determined by varying partial pressure of O,.

4 Determined by varying partial pressure of CH,.

€ Kaavg = (ka1 *+ ka2)/2.

consistent with O,-TPD profiles in Fig. 3(A). The C—H bond activa-
tion in step 3 of Scheme 3 (indicated by ks-n; in Table 4) over HAP
catalysts follows similar trend to that of Scheme 2 with Langmuir-
Hinshelwood pathway. HAP has the highest methane activation
rate constant, follows by Pb-HAP, Pb-HAP-F and HAP-F, respec-
tively. Fig. 6(B) and (C) show fitting of the measured rates of CH,
consumption as a function of Pcy, and Po,, respectively using the
Eley-Rideal model. The curves on the plots denote the fitting
results using optimized K; and ks-n; values in Table 4. The good fit-
tings shown in Pb-HAP and Pb-HAP-F again suggests that these
two catalysts leaned towards Eley-Rideal pathways with reaction
between gaseous methane and adsorbed diatomic oxygen species.
The poor fittings on HAP and HAP-F, on the other hand, explains
that these two catalysts follow Langmuir-Hinshelwood pathways.

3.4.4. Product formation and selectivity over HAP-based catalysts
Fig. 7 shows C,Hg, CO and CO, formation rates as a function of
Pcu, over the HAP-based catalysts. HAP exhibited slightly higher
C,Hg formation rate among these four catalysts when Pcy, was
low, while Pb-HAP and Pb-HAP-F showed higher formation rates
than bare HAP when Py, was increased high enough (Fig. 7(A)).
HAP-F has the lowest C;Hg formation rate compared to the other
three catalysts. Fig. 7(B) shows the CO formation rate followed
the order of HAP > HAP-F > Pb-HAP ~ Pb-HAP-F. The trend in CO,
formation rate over these catalysts (Fig. 7(C)) is similar to that of
CO formation. The kinetic data in Fig. 7 were used to obtain the
regressed values for the rate constants kg4, ks and kg in Eqs. (3)-
(5), respectively, and the fitted rate constants for each catalyst
were listed in Table 5. For HAP and HAP-F, the values of Kj, K,

and K,ave in Table 3 (from Langmuir-Hinshelwood mechanism)
were used for the regression to obtain product rate constants.
For Pb-HAP and Pb-HAP-F, the values of K; and ks-n; in Table 4
(from Eley-Rideal mechanism) were applied instead. The continu-
ous curves in Fig. 7 denote the fitting results using the regressed
rate constants for Eqs. (3)-(5). A R? values in all cases of above
0.90 suggests that the fitting for the experimental within error
range is acceptable.

Fig. 8 shows the dependence of C;Hg selectivity on Pcy, and Po,

T

(fcoczzrgco)
the HAP-based catalysts. The CyHg selectivity increased with
increasing Pcy, (Fig. 8(A)) and decreasing Po, (Fig. 8(B)). Higher
methane pressure indicates lower O, concentration, which in turns
slows down the oxidation of methane species to COx products. On
the other hand, higher oxygen pressure promotes the oxidation
reactions and thus leads to lower C,Hg selectivity. The dependence
of C;Hg selectivity on Py, and Po,, respectively, can be explicitly
expressed by Eq. (9) that was derived from the rate equations for
formation of C;Hg, CO and CO, in steps (4)-(6) and steps (3)-(5)
of the Langmuir-Hinshelwood and Eley-Rideal mechanisms,
respectively.

(represented by ) respectively, in the OCM reactions over

I'c,Hg 1(4PCH3.

I'co + I'co,

9)

1(5 P02 + 1(5111

K;Po,
(1+4K;Po, )
The curves in Fig. 8 denote the fitted results using optimized

adsorption equilibrium constants and rate constants (K, K, ki,
ave Ka, k5 and kg in Tables 3 and 5 for HAP and HAP-F; Kj, ks-ny,
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Fig. 6. Product of CH, pressure and the inverse rate of CH, consumption as a function of O, pressure at fixed Py, = 25 kPa (A), methane consumption rate as a function of O,
pressure at Py, =25 kPa (B) and CH, pressure at Po, = 7.0 kPa (C), respectively. (973 K, 101 kPa total pressure, total flow rate = 46 mL min~!, He as balance gas.) The curves in

(B) and (C) denote the fitting results using optimized rate.

Table 4

Equilibrium constant of O, adsorption (K;) and rate constant of CH4 activation (ks-n;)
based on Eley-Rideal mechanism with associative O, adsorption at 973 K of OCM
reactions over HAP-based catalysts.

Catalyst K;* (kPa™1) k3-n;” (umol gt s~ kPa™?)
HAP 0.15 2.77
HAP-F 0.07 0.41
Pb-HAP-F 0.04 0.77
Pb-HAP 0.04 1.02

2 Errors are +0.0015 kPa~'.
-1 -1

b Errors are +0.0035 pmol gt s~ kPa~.

ka4, ks and kg in Tables 4 and 5 for Pb-HAP and Pb-HAP-F). The Pb?*
substitution in HAP (either Pb-HAP or Pb-HAP-F) dramatically
improved the primary C,Hg selectivity, consistent with previous
reports [29,32,35,71] that Pb?" ions favor pairwise reaction of
methyl radicals while restricting the deep oxidation of methane
species to CO4. The comparison between Pb-HAP and Pb-HAP-F
catalysts showed that C;Hg selectivity was slightly higher in Pb-
HAP-F, suggesting that F~ substitution weakens O, adsorption,
oxygen species formation and thus oxidation reactions. Therefore,
C,Hg selectivity is improved. This conclusion applies to the com-
parison between HAP and HAP-F catalysts since the latter showed
obviously higher C;Hg selectivity (Fig. 8).

The CO, or CO selectivity (defined as rco, /Tco) in the OCM reac-
tions over the HAP-based catalysts has also been compared and the
results are shown in Fig. 9. The preference for CO, formation versus
CO in the oxidation reactions increased in the order of HAP-
F < HAP < Pb-HAP < Pb-HAP-F. The ratio of rco, /Ico is independent
of Pcy, for each catalyst (Fig. 9(A)), suggesting that CO and CO, for-
mation did not compete with each other even when CH4 pressure
was increased. The increase in O, pressure, however, led to a
decrease in rco, /rco over each catalyst. The degree of decrease in
I'co,/Tco as a function of O, pressure over the catalysts is in the
order of HAP < HAP-F < Pb-HAP ~ Pb-HAP-F. According to the
Langmuir-Hinshelwood mechanism proposed for OCM reactions
over HAP and HAP-F and Eley-Rideal mechanism proposed for
Pb-HAP and Pb-HAP-F in Schemes 2 and 3, respectively, CO, and
CO formations result from the oxidation of methyl radical species
by adsorbed diatomic oxygen species and gaseous oxygen, respec-
tively. The relationship in terms of CO and CO, formation can be
represented by Eq. (10), which was derived from the ratio of CO
and CO, rate equations.

I'co, _ ken I
I'co 1(5 (1 + K P02 )

The independence of rco, /Tco on CHy4 pressure in Eq. (10) is con-
sistent with the kinetic data in Fig. 9(A). The Py, in the denomina-
tor of Eq. (10) suggests that rco, /Tco decreases with increasing O,

(10)
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Fig. 7. C;Hg (A), CO (B) and CO, (C) formation rates as a function of CH4 pressure at Py, = 7.0 kPa over HAP-based catalysts. (973 K, 101 kPa total pressure, total flow
rate = 46 mL min~"', He as balance gas.) The curves denote the fitting results using optimized rate constants.

Table 5

Rate constant for formation of C,Hg (ky), CO (ks) and CO, (ke-nq) at 973 K of OCM reactions over HAP-based catalysts.

ks (umol geit s~ kPa—2) ke-n;© (umol gt s~ kPa™!)

Catalyst k4 (umol gt s~ kPa—2)

HAP? 0.17 0.23 10.35
HAP-F* 0.50 0.20 8.01
Pb-HAP-F® 0.53 0.03 10.50
Pb-HAP" 0.45 0.03 9.50

¢ Determined from Langmuir-Hinshelwood mechanism.

b Determined from Eley-Rideal mechanism with associative O, adsorption.
¢ Errors are +0.025 umol gt s~! kPa=2,

4 Errors are +0.0013 pmol gc;t s~ kPa 2.

¢ Errors are +0.7 pmol gt s~ kPa~".

pressure, which is consistent with data presented in Fig. 9(B). The
different response of rco, /rco With respect to O, pressure in each
catalyst should be related to the kinetic parameters and the num-
ber of active sites for O, adsorption in Eq. (10). Apparently, the sur-
faces of Pb-HAP and Pb-HAP-F are very responsive to the changes
of O, pressure in the OCM reactions.

3.4.5. Effects of Pb** and/or F~ substitution in HAP on OCM reactions

Selectivities and yields of C, products in OCM reactions depend
on the identity and dynamics of primary steps that are dominated
by the composition and physicochemical properties of the cata-

lysts. Our study rigorously analyzed the primary reaction steps in
terms of their adsorption equilibrium and rate constants and
defined the specific contributions of cation and anion substitutions
in HAP-based catalysts in these reaction steps. The measured
kinetic data can be explained by the Langmuir-Hinshelwood mech-
anism for HAP and HAP-F and by Eley-Rideal mechanism for Pb-
HAP and Pb-HAP-F. The product formation and selectivities were
interpreted on the basis of this reaction mechanism together with
the compositions of HAP-based catalysts.

The adsorption and formation of active oxygen species for OCM
reactions mainly results from the dehydroxylation of OH™ groups
(Ca19(P04)g(OH), — Caq9(PO4)g(OH), ,, 00« + xH,0, O =vacancy
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Fig. 9. CO, selectivity in oxidation reactions as a function of CH4 pressure at P, = 7.0 kPa (A) and as a function of O, pressure at Pcy, = 25 kPa (B) over HAP-based catalysts.
(973 K, 101 kPa total pressure, total flow rate = 46 mL min~!, He as balance gas.) The curves denote the fitting results using optimized rate constants.

and x < 1) in the HAP-based catalysts under reaction temperatures,
as the studies reported for activation of alkane in oxidation or
oxidative dehydrogenation of alkanes over HAP catalyst [72,73].
The number of the OH™ groups, therefore, directly influences the
oxygen adsorption, rate of oxygen consumption, C—H bond activa-
tion, rates of CO, formation and selectivity in oxidation of methyl
species to CO, products. The F~ substitution of OH™ in HAP
(HAP-F) decreased the number of OH™ groups and thus the number
of active sites (n;) and bonding strength for oxygen adsorption. As
a result, the values of Ky and Kk, v in steps (1) and (3) in proposed
mechanisms of the OCM reactions were decreased. Therefore,
lower reaction rates for methane and oxygen, as well as a higher
C,Hg selectivity were observed in comparison to the bare HAP
catalyst.

The substitution of Ca?* by Pb?* in HAP weakened both oxygen
and methane adsorption, but did not deteriorate obviously C—H
activation compared to bare HAP catalyst. Overall, the methane
consumption rate was decreased and C,Hg selectivity was
enhanced. The CO, selectivity in oxidation of methane species to
CO4 was also favored. The enhancement in C,Hg selectivity can
be due to the stabilization of methyl radicals by Pb%* ions in the
catalyst, as reported in previous studies [29,31,32,35,71]. The

sequestration of CO, formation due to the lower number of active
oxygen species could contribute to the enhanced C,Hg selectivity.
The weakening of oxygen and methane adsorption in HAP after
Pb?* substitution may be relevant to the altered coordination envi-
ronment of cations in HAP structure. The concurrent substitutions
of Ca®* by Pb®* and OH™ by F~ in Pb-HAP-F led to the highest C,Hg
selectivity among the four studied HAP-based catalysts. Therefore,
Pb-HAP-F coupled the beneficial influences of F~ and Pb?* substitu-
tions on OCM reactions.

The analysis between the composition, adsorption and catalytic
performances (evaluated from O,- and CH4-TPD profiles, and K;
and K, values in Table 3) of HAP-based catalysts endorsed the
rationality to assign n; and n; as the number of OH™ and Ca** sites,
respectively. The differentiation and correlation of adsorption sites
in HAP-based materials for methane and oxygen species in OCM
reactions have not been explored in literature. It should be noted
that this assignment for n; and n, over the HAP-based catalysts
in the present work may not be implicit enough since sole substi-
tution of Ca?* by Pb?* or OH™ by F~ slightly affects the oxygen or
methane adsorptions. The present study made initial attempt to
understand the correlation between the composition and catalytic
performance of HAP-based catalysts in OCM reactions.
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4. Conclusions

The HAP structure with cation (Pb?"), anion (F), or both (Pb?*
and F) substitutions have been synthesized. The cation and/or
anion substitutions in HAP did not obviously change the morpho-
logical properties of the HAP-based materials. The catalytic OCM
reactions over HAP with Pb?" and/or F~ substitutions, however,
was significantly influenced, which was reflected by the different
oxygen and methane adsorption capabilities, C—H bond activation,
CH4 and O, consumption rates, C;Hg selectivity and CO, formation
interpreted by different reaction mechanisms. The substitution of
Ca?* by Pb?* in HAP stabilized methyl radicals to favor their cou-
pling for C;Hg formation compared to COx. The weakening of O,
and CH, adsorption could also contribute to the enhancement in
CoHg selectivity. The F~ substitution of OH™ groups in HAP
impaired O, adsorption and the concentration of active oxygen
species, which led to a slight increase in C,Hg selectivtity and
decrease in COy selectivity compared to bare HAP. The Langmuir-
Hinshelwood mechanism with assumption of the reaction between
molecularly adsorbed oxygen and methane species was proposed
to accommodate the kinetic data for HAP and HAP-F. Eley-Rideal
mechanism with assumption of reaction between gaseous
methane and molecularly adsorbed oxygen species, on the other
hand, was proposed to accommodate the kinetic data for Pb-HAP
and Pb-HAP-F. The kinetic parameters in primary steps of OCM
reactions for reactant consumption, product formation and selec-
tivity were evaluated and interpreted on the basis of HAP-based
catalyst composition. The present study explored for the first time
the dynamics and identity of primary steps in OCM reactions that
account for the correlations among composition-structure-
catalytic performance of the HAP-based catalysts.
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Appendix A. Supplementary material

The derivation of rate law equations for OCM reactions over the
HAP-based catalysts according to (1) Eley-Rideal mechanism with
reaction between gaseous methane and dissociative O, adsorption,
(2) Eley-Rideal mechanism with reaction between gaseous
methane and associative O, adsorption and (3) Langmuir-
Hinshelwood mechanism with reaction between associatively
adsorbed methane and associatively adsorbed O, respectively. Sup-
plementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.fuel.2016.11.106.
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