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The properties of calcium hydroxyapatite and a number of
lead—calcium hydroxyapatites are examined, and their activities
in the conversion of methane with nitrous oxide and oxygen as
oxidants are compared. The introduction of a small quantity of
lead considerably alters both the conversion of methane and the
selectivities to the various products. The introduction of lead ap-
pears lo assist in the stabilization of methyl radicals, while the
formation of ensembles of surface lead atoms brings methyl radi-
cals into sufficiently close proximity so as to induce bonding be-
tween the radicals and formation of ethane.  © 1995 Academic Press, Inc.

INTRODUCTION

Potential processes for the conversion of natural gas to
value-added products continue to attract the attention of
scientists working on heterogeneous catalysis (1}, Al-
though a wide variety of catalysts has been tested for the
oxidative coupling of methane, the conversion of meth-
ane and the selectivities to hydrocarbons containing two
or more carbon atoms are less than desirable under the
present economic conditicns (2). The many studies which
have been reported have, however, provided consider-
able information concerning the surface and catalytic
properties of the solids examined as potential catalysts
and the mechanisms of the methane conversion pro-
cesses.

Hydroxyapatite [Ca;p{PO4)s(OH,) is an inorganic solid,
found naturally in hard tissues such as bone and teeth, A
number of the most interesting characteristics of hy-
droxyapatite were described almost 30 years ago (3). It is
well known that the preparation of pure hydroxyapatite
with a Ca/P ratio of 1.67 is difficuit since small deviations
from the stoichiometric composition lead to the forma-
tion of other calcium phosphates such as tricalcium phos-
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phate (4, 5). Hydroxyapatite does not readily lose hy-
droxyl groups, and the lattice is believed to be stable up
to 1000°C (6). Temperatures above 1500°C convert the
hydroxyapatite to tri- and tetracalcium phosphate.

As a consequence of its biological importance, a con-
siderable number of X-ray diffraction and transmission
electron microscopic (TEM) studies have been reported
(7-11). Recent work has shown that hydroxyapatite is
converted to the high temperature form of tricalcium
phosphate [a-Ca3(P0y);] in the ion-beam of TEM (12),
apparently due to either decomposition of the hydroxy-
apatite or the release of hydrogen.

Although hydroxyapatite has been well studied by X-
ray diffraction and transmission electron microscopy, un-
til recently there have been no reports on its surface
structure. Siperko and Landis (13) have now shown by
the application of atomic force microscopy that the crys-
tal surface structure is highly ordered with atomic spac-
ings of 0.68 and 0.43 nm.

Hydroxyapatite has a hexagonal structure constructed
from columns of Ca and O atoms which are paraliel to the
hexagonal axis. Three oxygen atoms of each PO, tetrahe-
dron are shared by one column, with the fourth oxygen
atom attached to a neighboring column. The hexagonal
unit cell of hydroxyapatite contains 10 cations located on
two sets of nonequivalent sites, 4 on site [1} and 6 on site
[2]. The calcium ions on site [1] are aligned in columns,
while those on site [2] are in equilateral triangles centered
on the screw axes. The site-{1] cations are coordinated to
six oxygen atoms belonging to different PO, tetrahedra
and also to three oxygen atoms at a large distance. The
site-[2] cations are found in cavities in the walls of the
channels formed between the cations and O atoms. The
hydroxyl groups are situated in these channels and prob-
ably form an approximately triangular coplanar arrange-
ment with the Ca ions.

Not surprisingly, a number of substitutions are possi-
ble for the cations and anions contained within hydroxy-
apatite (14—19). These substitutions may alter the crystal-
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linity, lattice parameters, morphology, and stability of
the structure. As expected from the difference in ionic
radii, the substitution of lead for calcium in the hydroxy-
apatite structure produces an increase in the size of the
unit cell (18, 19). Although the hydroxyapatite structure
contains two nonequivalent cation sites, there is strong
evidence that, for compositions of less than 50% lead
atoms, the latter occupy mostly site [2]. Lead substitu-
tion for calcium in the hydroxyapatite structure also
leads to a shift of the IR bands characteristic of the PO}~
internal modes to lower frequencies. Although this shift
is larger for lead compositions greater than 50 at.%, a
shift of the OH stretching mode to lower frequencies is
ohserved as lead is added up to 50 at.%.

In the present work, calcium and lead—calcium hy-
droxyapatites, synthesized from aqueous solution, the
latter with lead/calcium compositions up to 3/7, are ex-
amined as catalysts for the oxidative coupling of methane
at 700°C with either oxygen or nitrous oxide as oxidant.
In the oxidative coupling, dioxygen has been usually
used as the oxidant, while nitrous oxide is frequently
used as an oxidant for the partial oxidation of methane to
methanol or formaldehyde (20). Although the coupling of
methane with nitrous oxide is not economical, studies of
the reaction with nitrous oxide can provide information
on the nature of active surface oxygen species. Nitrous
oxide has been found to be an effective oxidant for the
methane coupling with Li/MgO (21) and Sm.04 (22), and
atomic oxygen species such as O~ which are produced
from the dissociation of this oxidant have been suggested
to be the active forms of oxygen in this process.

Catalysts containing lead ions often show excellent ac-
tivity for methane coupling (23-33). Calcium ions in hy-
droxyapatite [Cajp_.(HPO.), (PO (OH);_,; 0 < z < 1)
can be replaced by lead (34) and the lead-modified apatite
catalyzes the oxidative coupling of methane with high
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selectivity to C,, compounds at temperatures as low as
700°C (35), while lead oxide supported on a basic com-
pound such as magnesium oxide yields similar selectivity
at ca. 750°C or above (31).

It is known that lead—calcium hydroxyapatite can be
synthesized from aqueous solutions of calcium, lead, and
phosphate (19). In the apatite, lead ions are the constitu-
ents of the structure; hence the ions are considered to be
well dispersed in the sample. While it has been proposed
that the lattice oxygen of lead oxide is involved in meth-
ane oxidation (36), the active oxygen species in the lead-
calcium apatite have not been identified.

EXPERIMENTAL

Calcium and lead—calcium hydroxyapatites were pre-
pared from NaHPO,12H,0 (BDH, AnalaR), Ca(CH;
C0OO0)»H,O (Baker, Analyzed), and Pb(CH;C00),3H,0
(BDH, ACS) according to the method described in Ref.
(19). The resulting solids were heated in air at 500°C for 3
hr. The chemical compositions of the prepared samples
were determined by atomic absorption spectrometry for
cations and by ion chromatography for anions. The val-
ues for the samples (CaAp, PbgoAp, PbonAp, PbyesAp,
Pb()_oﬁAp, Pbov(}gAp, Pbu_“Ap, and Pboj()Ap) are given in
Table 1. Formation of hydroxyapatite structure was con-
firmed by recording the X-ray diffraction (XRD) patterns
for these samples (37). No peaks other than those of hy-
droxyapatite were observed.

Methane conversion was performed in a conventional
fixed-bed continuous flow reactor operated under atmo-
spheric pressure. The reactor consisted of a quartz tube
of 8 mm id and 35 mm length sealed at each end to 4-mm-
id quart tubes. The catalyst was sandwiched with quartz
wool plugs whose contribution to the reaction was negli-
gibie. The reactants were diluted with helium gas and the

TABLE 1
Composition of Hydroxyapatites

Molar ratio in sample

Content of XRDe BET?
Sample Pb/(Pb + Ca} Ca/P Pb/P Na (wi%) Ircr!Lapn {m?g™h
CaAp (.000 1.52 0.00 0.8 (.44 10.1
PbyyAp 1,010 1.70 0.02 0.8 0.73 12.9
Pby o Ap 0.022 1.62 0.04 0.7 0.64 15.5
Pby osAp 0.053 1.56 0.09 0.5 1.25 13.8
PbyaAp 0.063 }.58 0.10 0.7 0.30 13.6
Pba geAp 0.086 1.55 0.14 0.6 0.15 15.2
Phby., Ap 0.106 1.54 0.18 0.5 0.26 14.8
PboyAp 0.300 1.27 0.56 0.3 2.22 10.7

* Ircp, peak intensity attributed to S-tricalcium phosphate at 30.8° in 26; [, , peak intensity attributed to hydroxyapa-
tite at 31.5° samples were obtained after the reactions shown in Fig. 1.
5 BET surface area of samples after reactions shown in Fig. 3.
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total flow rate was 0.9 dm® hr~!. Catalysts (0.05-0.30 g)
were preheated in the flow of oxygen (6 kPa) diluted with
helium (total flow rate, 0.6 dm® hr~') at 700°C for 1 hr.
The reactants and products were analyzed with an on-
stream gas chromatograph equipped with a TCD. Two
columns, one Porapak T (5.4 m) or HeySep Dip (5.4 m),
the other molecular sieve 5A (0.4 m), were used in the
analyses. The conversion and selectivities were caicu-
lated on the basis of the amounts of reaction products
, formed as determined by the GC analysis.

The surface areas of the catalysts were measured by
the conventional BET nitrogen adsorption method.

Surface analyses by XPS were carried out using a Shi-
madzu ESCA-1000AX spectrometer. The samples were
mounted on a sample holder in air and set into the spec-
trometer. After measurement argon-ion etching of the
sample was carried out (2 kV, | min), and the spectra
were measured again after etching. Charge correction of
the XPS data was accomplished by assuming that the
binding energy of the C 15 peak was at 284.6 eV,

RESULTS

Methane Coupling with Nitrous Oxide

With nitrous oxide as oxidant the oxidative coupling of
methane at 700°C on lead—calcium hydroxyapatite cata-
lysts produced conversions which increased with the lead
content up to a Pb/(Pb + Ca} ratio of 0.05 but decreased
for further increases in the ratio (Fig. 1). Concomitantly,
the C;; selectivities showed similar behavior for low lead
contents, while the seiectivities to CO and CO, de-
creased. All three of these selectivities remained essen-
tially constant at approximately 90% for Pb/(Pb + Ca)
greater than 0.05. The selectivities to C,Hg and C,H,
reached plateaus at Pb contents between 0.022 and .05,
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FIG. 1. Oxidative coupling of imethane with nitrous oxide over

lead—calcium hydroxyapatite. Reaction conditions: reaction tempera-
ture, 700°C; catalyst, (.30 g; partial pressure of methane, 29 kPa; ni-
trous oxide, 7 kPa; total flow rate, 0.9 dm?* hr-!; time on stream, 3 hr.
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but for further increases in Pb content they increased and
decreased, respectively. The conversion and C,, selec-
tivities obtained with CaAp were lower than those ob-
tained with any of the PbAp samples studied and the CO,/
CO ratio found with this catalyst was approximately 1.5,
No hydrogen was produced with any of these sampies.

Since the decomposition of nitrous oxide to dinitrogen
and dioxygen is a thermodynamically spontaneous reac-
tion at 700°C, experiments were carried out to examine
this decomposition on the lead—calcium hydroxyapatite
catalysts in the presence and absence of methane. The
formation of dioxygen was observed at all compositions
of lead-calcium hydroxyapatite examined.

The conversion of the oxidant, nitrous oxide, at 700°C
showed qualitatively similar behavior to that observed
with methane (Fig. 2}. In the absence of methane the
conversion of N,O increased to a maximum of approxi-
mately 38% at a Pb/(Pb + Ca) value of 0.06 and, with
further increase in the lead content, decreased. The con-
versions of N,O observed in the presence of methane
were higher than those in its absence for all catalyst com-
positions studied, In the presence of methane a maximum
in N,O conversion was again cbserved but at a higher
value of 48% and at a lead content of 0.05.

The XRD patterns of the catalysts after use in the
methane coupling with nitrous oxide reaction contained
peaks at 26 values of 30.8° and 31.5° which are attributed
{0 B-tricalcium phosphate and hydroxyapatite, respec-
tively. The ratio of the intensities of these peaks show
two maxima, for PbposAp and Pbyyy*? (Table 1). No
peaks attributed to lead oxides were observed, although a
peak assigned to lead orthophosphate was found at 22.3°
in the pattern for Pbg Ap. The patterns were very similar
to those recorded after the pretreatment at 700°C for 1 hr
and prior to use in the reaction.
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FIG. 2. Conversion of oxidant in oxidative coupling of methane
over lead—calcium hydroxyapatite. Reaction conditions: reaction tem-
perature, 700°C; catalyst, (.30 g; partial pressure of methane (if present)
29 kPa; nitrous oxide (if present), 7 kPa; dioxygen (if present), 4 kPa;
total flow rate, 0.9 din® hr~!; time on stream, 3 hr.
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Methane Coupling with Dioxygen

The conversion of methane and the selectivities to the
various products with dioxygen as oxidant followed
trends similar to those observed with nitrous oxide (Fig.
3). In the former case, however, the conversion was sig-
nificantly higher for all catalyst compositions and the
maximum appeared at a lead content of 0.10. With oxy-
gen, the C,, selectivities did not exceed 80%. No forma-
tion of hydrogen was observed except in the reaction on
CaAp. In this latter case the selectivity to carbon monox-
ide was approximately four times that to CQ;, in sharp
contrast with the CO/CQ, ratio of approximately 0.5 ob-
tained with nitrous oxide as oxidant. It has previously
been shown that, in the absence of lead, nonstoichiome-
tric calcium hydroxyapatite generates a high selectivity
to carbon monoxide in the oxidation of methane with
dioxygen (35). For all catalyst compositions the conver-
sion of oxygen in the presence of CH, substantially ex-
ceeds the corresponding conversion of nitrous oxide
(Fig. 2}. It should be noted that the partial pressure of
dioxygen in these experiments was approximately half
that of the nitrous oxide fed in the reactions shown in Fig.
. The values of the BET surface area for these samples
after the reaction were described in Table 1.

Ethane Dehydrogenation over Lead—Calcium
Hydroxyapatite

The formation of ethylene in the oxidative coupling of
methane is believed to result predominantly from the fur-
ther dehydrogenation of ethane produced in the reaction.
Since this process may also consume oxidants, different
oxidants are expected to produce dissimilar results in the
reaction,
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FIG. 3. Oxidative coupling of methane with dioxygen over lead-

calcium hydroxyapatite. Reaction conditions: reaction temperature,
700°C; catalyst, 0.30 g; partial pressure of methane, 29 kPa; dioxygen, 4
kPa; total low rate, 0.9 dm? hr-!; time on stream, 3 hr.

With nitrous oxide as an oxidant ethylene was the pre-
dominant product formed from ethane over lead—calcium
apatites while carbon monoxide, carbon dioxide, meth-
ane, and water were also produced (Table 2). An appre-
ciable amount of hydrogen was detected during the reac-
tion, Little or no oxygen was produced in the reaction.

Although the conversion of methane with dioxygen
was significantly higher than that with nitrous oxide, the
conversion of ethane with dioxygen as an oxidant was
generatly lower than that with nitrous oxide while the
selectivity to ethyiene with dioxygen is somewhat higher
(see Table 2). The differences in these latter selectivities
can primarily be associated with differences in those to
CO;, rather than to CO. Formation of a small amount of
hydrogen was also observed.

TABLE 2
Ethane Dehydrogenation over Lead—Calcium Hydroxyapatites®

Conversion (%5)

Selectivity (%)

Catalysts Oxidant C,Hg Oxidant C.H, CH, Cco CO, H,/C,H¢!
Pbgp:Ap N,O 25.1 69 84.3 4.1 3.0 8.7 0.3
Pby.osAp N,O 289 92 82.7 3.8 2.7 10.8 0.1
Pty Ap (03 19.5 56 86.7 4.0 3.7 5.6 0.1
Pbo.pzAp Oy 21.1 57 89.1 34 2.5 5.1 0.04
Pbo.psAp 0, 329 89 87.7 39 2.8 5.5 0.1
Pby o, Ap None 6.0 97.7 2.3 1.0
PbopAp© None 6.0 97.9 2.1 1.0
pbn‘osApc None 7.0 97.9 2.1 1.0

7 Reaction conditions unless otherwise noted: reaction temperature, 700°C; amount of catalyst, 0.05 g; partial pres-
sure of ethane, 15 kPa; nitrous oxide (if present), 7 kPa; dioxygen (if present), 4 kPa; total flow rate, 0.9 dm? hr-!; time

on stream, 3 hr.
& Molar ratio of H,/C,H, in products.
¢ Amount of catalyst, 0.15 g.
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TABLE 3
Binding Energies of the Surface Elements
on Lead—Calcium Hydroxyapatites

Binding energy (eV)

Ca
Sample P2p Pbdfsy Calpyy Ols Pb (mole %)
CaAp 133.5 347.6 531.7 0
Pbyu Ap 133.4 [39.0 347.3 531.3 2
PbyoAp 1337 1396 3476  S31.6 3
PbyosAp 133.7 139.5 347.7 531.7 5
Pby 1 Ap 133.4 139.1 347.7 531.5 6
Pby AP 133.8 139.5 347.9 531.7 8

¢ Surface concentration of Pb.

In order to estimate the contribution of the dehydro-
genation of ethane without oxidants to the oxidative de-
hydrogenation, the conversion of ethane in the absence
of oxidant was examined. Decomposition of ethane to
ethylene and hydrogen can take place at 700°C (the equi-
librium yield of ethylene is calculated as 69% under the
present reaction conditions), although, not surprisingly,
the conversion of ethane in the absence of an oxidant was
considerably lower than that in its presence. The forma-
tion of appreciable amounts of ethylene and hydrogen
was observed over lead—calcium hydroxyapatite. A small
amount of methane was also detected.

Analyses by XPS

In order to characterize the surface of the lead—cal-
cium hydroxyapatites, XPS analyses were carried out for
the samples pretreated at 700°C for 1 hr under the same
pretreatment stream of the reaction. No significant differ-
ences in binding energies of Pb 4f7», Ca 2p3y,, P2p, and O
s were observed among the samples (Table 3). No signifi-
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FIG. 4. Surface composition of lead—calcium hydroxyapatite deter-
mined by XPS. The surface composition was determined from the peak
intensities of Pb 4f5,, Ca 2pan, P 2p, and O 15 using the sensitivity
factors 4.786, 1.218, 0.355, and 0.711, respectively,
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cant shoulders or other peaks were observed in the spec-
tra {not shown). The surface atomic ratio of Pb/(Pb + Ca)
in lead—calcium apatite determined from the peak area
was significantly higher than the ratio determined by
chemical analyses (Fig. 4, solid circles). The values ob-
tained after argon-ion sputtering for | min were similar to
the chemical molar ratios (Fig. 4, open circles). The val-
ues for the surface atomic ratio of O/P were also deter-
mined. The molar ratio of O/P in hydroxyapatite is calcu-
fated to be 4.3 from the chemical compositions. The
values observed corresponded roughly to the calculated
value, but no significant correlation with the lead content
of the same was obtained (Fig. 4, squares). The XPS
analyses on samples previously employed in the reaction
showed little or no change from those shown in Table 3
and Fig. 4,

DISCUSSION

Asami et ai. reported that the reaction rate of the cou-
pling of methane on lead oxide supported on magnesjum
oxide is approximately similar with dioxygen to that
found with nitrous oxide, suggesting that the lattice oxy-
gen of lead oxide is the active oxygen species for the
reaction (36). Other workers have proposed that the cata-
lytically active sites were those present on the magneto-
plumbite phase (38), while Marcelin and co-workers have
proposed that iselated sites of PbO could be responsible
for the activity (39). Most recently, Park and Chong (40)
have suggested that the activity should be attributed to
lead aluminate formed on a lead oxide-alumina catalyst.

The present work demonstrates that the introduction
of lead into the calcium hydroxyapatite catalyst signifi-
cantly enhances the conversion of methane and the selec-
tivities to C,H, and C,;Hg. In addition, with the lead-
calcium hydroxyapatites dioxygen is significantly more
active than nitrous oxide. Consequently both the activity
and selectivities are dependent upon the presence of
lead, in whatever form, as well as the nature of the oxi-
dant. This suggests that the mechanism on the present
catalysts is dissimilar from that on lead oxide. Further,
although g-tricalcium phosphate and, presumably, lead
orthophosphate are present in the structure, there is no
evidence for the formation of lead oxide. It is known that
lead orthophosphate catalyzes the oxidative coupling of
methane, but the C, selectivity is not high at 740°C (51%
at a methane conversion of 9% with a reaction stream
containing 66 kPa of methane and 8 kPa of dioxygen) (41)
while more recent work at a reaction temperature of
775°C produced a selectivity of 82% (42).

The XRD data provide evidence for significant quanti-
ties of tricalcium phosphate in the bulk of the lead—cal-
cium hydroxyapatites and particularly for PbgqsAp and
Pby 30Ap for which maxima of Itcp/l,,, are noted. How-
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ever, the binding energies as measured by XPS show no
significant changes as the lead content is increased, sug-
gesting that the surface structure is invariant during
changes in the overall composition. In contrast, both the
conversion and selectivities obtained with CaAp, in the
absence of lead, and the PbgsAp catalyst are signifi-
cantly different from those observed with the remaining
lead—calcium hydroxyapatites. Hence it can be con-
cluded that the surface structure of CaAp is a necessary,
but not a sufficient condition for an active and selective
catalyst. The source of the changes in the value of Frep/
I, for lead—calcium apatite after the methane reaction
(Table 1) is not clear, but it is noteworthy that the apatites
containing lead are often converted, at least partially, to
tricalcium phosphate at temperatures in excess of 500°C
(18). The extent of this transformation could be influ-
enced by the water produced in the reaction or impurities
such as sodium cations in the solid. Since nonstoichiome-
tric calcium hydroxyapatite is more unstable than the
stoichiometric form (35), the ratios of Ca/P and Pb/P in
the apatite may also have an influence.

To estimate the surface activity of lead—calcium apa-
tite samples in the methane coupling process, the conver-
sion rate of methane per unit surface area was calculated
based on the results shown in Figs. 1-3 and Table 1 (Fig.
5). In methane coupling with either nitrous oxide or oxy-
gen the highest rate of conversion is found with
Pbygs_0.06Ap, compositions which show relatively large
bulk concentrations for TCP. The trends in the conver-
sion rate with nitrous oxide are similar to those observed
in the decomposition of nitrous oxide, suggesting that the
decomposition of nitrous oxide is a rate determining step
for the methane coupling with nitrous oxide. Formation
of dioxygen during the methane coupling with nitrous
oxide provides indirect evidence that dioxygen is in-
volved in the reaction even if the oxidant is nitrous oxide.
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The surface activity of lead—calcivum hydroxyapatite cata-
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It is, of course, possible that the dioxygen formed from
the decomposition of nitrous oxide does not participate in
the oxidation of methane. However, since the highest
rate of conversion of methane with N,Q itself is found for
the Pby gs_g.06Ap catalysts, it would then be expected that
these should produce the maximum yield of dioxygen in
the conversion of methane with N,O. In fact the latter is
found with the Pby o Ap composition.

With calcium apatite (CaAp) and Pbg s Ap little or no
oxygen is formed in the oxidation of methane with ni-
trous oxide. In addition, both the rate of conversion of
methane with N>;O as oxidant and that of N,O itself are
low. It appears that either the nitrous oxide is directly
consumed in the oxidation process and hence the forma-
tion of dioxygen during the reaction is suppressed or the
decomposition of N,O is the rate-limiting step. The latter
appears to be more probable under the present reaction
conditions.

Since the conversion of nitrous oxide in the methane
dimerization over the lead-calcium apatite catalysts is
higher than that in the decomposition of nitrous oxide
(see Fig. 2), a part of nitrous oxide is presumably not
consumed in the coupling reaction via dioxygen. Al-
though the conversion of nitrous oxide in the methane
coupling is lower than that of dioxygen, the conversion of
nitrous oxide in ethane oxidation is higher (see Table 2).
Since dioxygen is not formed in the ethane oxidation pro-
cess, nitrous oxide appears to react directly with cthane.
The conversion of nitrous oxide in the ethane oxidation is
significantly larger than that in the methane coupling,
while the conversion of dioxygen in the ethane oxidation
is smaller. Hence, ethane is reactive to nitrous oxide and
in the methane coupling ethylene can be formed as a
result of reaction between ethane and nitrous oxide.
Since dioxygen is more reactive for methane than nitrous
oxide, it can be supposed that diatomic oxygen species
are effective in the activation of methane. High selectiv-
ity to C,; compounds can be produced with a reactant
stream of high CH,/ O, ratio over hydroxyapatite contain-
ing lead (35). Thus, the high selectivity produced with
nitrous oxide over lead—calcium apatite catalysts is pre-
sumably due, at least in part, to a low surface concentra-
tion of the diatomic oxygen species on the solids.

There are, evidently, two factors of particular impor-
tance in the interpretation of the present results: (1) the
concentration of Pb present on and in the hydroxyapatite
structure and (2) the nature of the oxygen species present
on and in the catalyst. With either nitrous oxide or oxy-
gen as oxidant the conversion of methane is relatively
low in the absence of lead, that is, with the CaAp cata-
lyst. With an increase in the concentration of lead the
conversion of methane increases but reaches a plateau
and then decreases. Semiquantitatively similar behavior
is observed for the C;, selectivity, which increases as
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lead is added. However, after reaching a plateau, again at
a relatively low concentration of lead, the C,; selectivity
remains virtually constant for the higher concentrations
of lead employed in the present work.

From the XPS measurements it is evident that the sur-
face concentration of lead is continuously increasing as
the bulk concentration increases, although the sharpest
increase in the surface concentration occurs for relatively
low bulk concentrations. Methyl radicals are generally
believed to be formed in the oxidation of methane (1, 23,
24). The relatively low conversions of methane produced
by CaAp in the absence of lead suggest that the presence
of the latter element is important for the activation of
methane and the production of methyl radicals. The
marked increase in C,. selectivity with increase in the
concentration of lead similarly suggests that lead is a vital
element in the coupling of the radicals. The low selectiv-
ity to C,4 compounds produced by CaAp suggests that
the reaction between methyl radicals and an oxidant (or
an oxidizing species formed therefrom) takes precedence
over the coupling process.

Since lead forms strong highly covalent bonds with
carbon (43), it can be expected that lead on the surface of
hydroxyapatite is capable of the stabilization of methyl
radicals. Presumably the beneficial consequences of such
stabilization can only be achieved if the stabilized methyl
radicals are able to react with each other, rather than
with oxidizing species. Delocalization and migration of
the methyl radicals, with retention of their stabilization,
appears to be unlikely. Thus the production of ethane
from the stabilized free radicals appears to be probable
only under conditions such that two free radicals are in
close proximity to each other. This will be possible, pre-
sumably, only when the surface concentration of lead has
achieved a minimum value. This ensemble effect will
reach a maximum when the surface concentration of lead
has reached a value sufficiently high so as to optimize the
pairwise reaction of methyl radicals, and consequently
the C,. selectivities would be expected to remain con-
stant for further increases in the surface concentration of
lead. However, the sites for activation of methane will, at
some concentration of lead, presumably begin to be di-
minished and the conversion of methane will decrease.
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