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Synergistic effects in the oxidation of methane on strontium and
lead hydroxyapatites
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The oxidation of methane has been investigated on lead hydroxyapatite (PbHAp), strontium hydroxyapatite (SrHAp) and their binary
mixtures at 873 K. PbHAp showed no activity for the oxidation of methane, while SrHAp produced carbon monoxide selectively at
2–4% conversion. On binary mixtures of the hydroxyapatites the conversion of methane and the selectivity to C2 compounds reached
values higher than those of the separate constituents of the mixture. With tetrachloromethane in the feed stream a similar synergistic
effect was observed with conversions of methane and selectivities to CH3Cl higher on the binary mixtures than those on either SrHAp
or PbHAp. The strontium-containing hydroxyapatite appears to play a crucial role in the activation of methane, while the presence of
the lead-containing analogue is apparently required for the minimization of undesirable processes involving methyl radicals.
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1. Introduction

The addition of small quantities of lead to calcium and/or
strontium hydroxyapatites (CaHAp and SrHAp, respec-
tively), either through ion exchange or in the preparative
process, results in the enhancement of the selectivities to C2

compounds and/or the conversion in the catalyzed oxidation
of methane [1–8]. Although the beneficial effects of lead
may be attributed to its role in the activation of methane and
the stabilization of methyl radicals on the surface, ensem-
ble effects were tentatively proposed [4]. Similar effects
were observed in the oxidation of ethane [8–10]. With Ca-
HAp [2–11] the ion-exchanged lead occupies calcium(II)
sites and with both the former and SrHAp [5,7,9,12] the
formation of lead hydroxyapatite (PbHAp) was observed.

In the present study, further information on the participa-
tion of PbHAp in the oxidative process is obtained from a
study of the catalytic properties of the afore-mentioned cat-
alyst in the methane conversion reaction and of solid state
mixtures of PbHAp and SrHAp. In view of earlier work,
in which the advantageous effects of the introduction of
tetrachloromethane (TCM) into the methane oxidation feed
stream [13–18] has been demonstrated with the hydroxya-
patites, similar studies have been included in the present
report.

Synergistic effects have been observed in a variety of
catalyzed processes, in particular the selective oxidation
of hydrocarbons [19–21]. However, such observations
have apparently not been reported for methane oxidation

∗ To whom correspondence should be addressed.

processes. In the present work, evidence is presented for the
existence of a synergistic effect in the oxidation of methane
on mixtures of lead and strontium hydroxyapatites.

2. Experimental

Lead hydroxyapatite (PbHAp) was prepared from H3PO4

and Pb(NO3)2·5PbO, the latter of which was obtained
through dehydration of basic lead nitrates according to the
procedure described in [22,23], and calcined at 773 K for
3 h. As described in a previous report [23], XRD pat-
terns of all PbHAp prepared in the present study corre-
sponded to those for Pb10(PO4)6(OH)2 (JCPDS 8-0259).
The atomic ratio of Pb/P in all PbHAp, which was de-
termined in aqueous HNO3 solutions of the hydroxyap-
atites by inductively coupled plasma (ICP) spectrometry
(ICPS-5000, Shimadzu), was between 1.87 and 1.89. Stron-
tium hydroxyapatite (SrHAp) was prepared from Sr(NO3)2

and (NH4)2HPO4 according to the procedure described
in [17] and calcined at 773 K for 3 h. The atomic ratio
of SrHAp in the present SrHAp was found to be 1.52 by
ICP analyses and the XRD patterns were matched with
Sr10(PO4)6(OH)2 (JCPDS 33-1348). The binary hydroxy-
apatites, PbHAp/SrHAp, were prepared by kneading the
component hydroxyapatites with small quantities of water.
The resultant paste was spread over a glass plate, dried
overnight at 373 K, crushed, sieved to the particle size of
1.70–0.85 mm and recalcined at 773 K for 3 h in air. Each
pure hydroxyapatite, PbHAp and SrHAp, was also treated
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Table 1
Surface areas and apparent densities of fresh catalysts.

PbHAp/SrHAp

10/0 9/1 2/1 1/1 1/3 1/9 0/10

Surface area (m2/g) 6.4 7.8 14.4 33.5 33.7 52.6 56.8
Apparent density (g/cm3) 1.54 1.27 0.87 0.77 1.01 0.78 0.36

in the same manner. The re-calcined catalysts are referred
to as the “fresh catalyst”. The surface areas and apparent
densities of all fresh catalysts are summarized in table 1.
In the present manuscript, Pb/Sr indicates the weight ratio
in the binary hydroxyapatites. The catalytic experiments
were performed in a fixed-bed continuous-flow quartz reac-
tor operated at atmospheric pressure. Details of the reactor
design and catalyst packing procedure have been described
elsewhere [14]. Prior to the reaction the catalyst was cal-
cined in situ in an oxygen flow (25 ml/min) at 873 K for
1 h. The reaction conditions were as follows: W = 0.5 g,
F = 30 ml/min, T = 873 K, P (CH4) = 28.7 kPa,
P (O2) = 4.1 kPa and P (TCM) = 0 or 0.17 kPa; bal-
ance to atmospheric pressure was provided by helium. The
reactants and products were analyzed with an on-stream
gas chromatograph (Shimadzu GC-8APT) equipped with
a TC detector and integrator (Shimadzu C-R6A). Two
columns, Porapak N (6 m × 3 mm) and Molecular Sieve
5A (0.2 m × 3 mm), were employed in the analyses. The
methane conversion was calculated from the products and
the methane introduced into the feed. The selectivities were
calculated from the conversion of methane to each prod-
uct on a carbon base. The carbon mass balances were
100± 5%. Powder X-ray diffraction (XRD) patterns were
recorded with a Rigaku RINT 2500X, using monochrom-
atized Cu Kα radiation. X-ray photoelectron spectroscopy
(XPS, Shimadzu, ESCA-1000AX) used monochromatized
Mg Kα radiation. The binding energies were corrected
using 285 eV for C 1s as an internal standard. Argon-
ion etching of the catalyst was carried out at 2 kV for
1 min with a sputtering rate estimated as ca. 2 nm/min for
SiO2.

3. Results and discussion

3.1. Catalytic activities of PbHAp for methane oxidation

It has been reported that the conversion of methane in-
creases with increase in the content of lead on CaHAp and
SrHAp ion-exchanged with lead [1,2,5,7,8], and on the for-
mer catalysts the selectivity to C2 compounds is also en-
hanced with the lead content [1,2], while the selectivity to
C2 compounds (at 873 K) or CO (at 773 K) is enhanced
by the introduction of lead in SrHAp [5,7,8]. Since the
XRD peak intensity due to PbHAp in the fresh catalysts
increased with the content of lead, PbHAp may itself be
an active catalyst for the conversion of methane. How-
ever, somewhat surprisingly, pure PbHAp is inactive in the
methane conversion process at 873 K (figure 1), at which

Figure 1. Oxidation of methane on binary hydroxyapatites consisting of
PbHAp and SrHAp at 873 K in the absence of TCM. Reaction conditions:
W = 0.5 g, F = 30 ml/min, P (CH4) = 28.7 kPa and P (O2) = 4.1 kPa;

balance to atmospheric pressure was provided by helium.

approximately 5 and 12% conversion of methane were ob-
served under the corresponding conditions on both CaHAp
and SrHAp ion-exchanged with lead [1,2,7]. Upon addition
of TCM, a small activity was observed, but the product was
predominantly CO2 (figure 2).

3.2. Catalytic activities of PbHAp/SrHAp for methane
oxidation

To assess the contribution of PbHAp in hydroxyapatites
doped by lead, the oxidation of methane has been examined
on binary hydroxyapatites consisting of PbHAp and SrHAp,
on the latter of which the partial oxidation of methane to CO
proceeded selectively (figure 1), as previously reported [5,7,
17,18]. With increasing additions of PbHAp to SrHAp, the
conversion of methane and the selectivity to C2 compounds
increased, as observed on SrHAp ion-exchanged with lead
at the same reaction temperature [7], reaching a maximum
on PbHAp/SrHAp = 1/3 and 1/1, respectively. Further
increase in the proportion of PbHAp present in the binary
system resulted in decreases of the conversion and the C2

selectivity. With increasing PbHAp relative to SrHAp the
selectivity to CO also decreased. Relatively small changes
in the conversion and selectivities are observed on increase
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Figure 2. Oxidation of methane on binary hydroxyapatites consisting of
PbHAp and SrHAp at 873 K in the presence of TCM. Reaction conditions:

as in figure 1, except P (TCM) = 0.17 kPa.

of the time-on-stream from 0.5 to 6 h, apparently due to
the conversion of SrHAp to Sr3(PO4)2 [18]. It should be
noted that no in situ method is currently available for the
reversal of the apatite to phosphate transformation.

Upon addition of TCM to the feed stream the conversion
and selectivities to all products at 0.5 h on-stream changed
with composition in a manner similar to that observed in the
absence of TCM (figure 2). At 0.5 h on-stream the selectiv-
ity to COx decreases to a minimum at a Pb/Sr ratio of 1/1,
while that to C2 increases to a maximum. Concomitantly,
the COx product composition changes from predominantly
CO to CO2.

At 6 h on-stream and TCM present the conversion has
decreased markedly to similar relatively small values on all
catalysts. The product is almost entirely CO and CH3Cl
with the former decreasing to a minimum at a Pb/Sr of 1/1,
while the selectivity to the latter increases to a maximum.

XRD patterns of catalysts previously employed in ob-
taining the results shown in figure 2 showed that both
PbHAp and SrHAp in the binary hydroxyapatites were
completely converted to lead chlorapatite (PbClAp, JCPDS
19-0701 for Pb10(PO4)6Cl2) and strontium chlorapatite (Sr-
ClAp, JCPDS 16-0666 for Sr10(PO4)6Cl2), respectively,
during the oxidation after 6 h on-stream (figure 3). In the
XPS spectra of the previously employed catalysts, peaks

Figure 3. XRD patterns of the binary hydroxyapatites previously employed
in obtaining the results shown in figure 2, but after 6 h on-stream. Pb/Sr

refers to the weight ratio of PbHAp/SrHAp.

attributed to Sr 2p3/2 (except PbHAp), O 1s, P 2s and
Pb 4f7/2 (except SrHAp) were found at approximately
269.5, 531.5, 190.5 and 139 eV together with Cl 2p at
199 eV either before or after argon-ion etching. In cata-
lysts of PbHAp/SrHAp = 1/1 and 9/1, a small peak due
to the metallic state of lead (Pb0) was also found after
argon-ion etching, as previously reported in SrHAp ion-
exchanged with lead [7]. The values of Cl/P in the near-
surface region of the previously employed catalysts are in
table 2. With increasing proportion of SrHAp in the bi-
nary catalysts, the Cl/P ratio appears to increase either with
or without the argon-ion etching consistent with observa-
tions that SrClAp is easily deep-chlorinated to the corre-
sponding chloride with TCM at temperatures as low as
773 K [9].
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Table 2
Cl/P of useda catalysts.

PbHAp/SrHAp

10/0 9/1 2/1 1/1 1/3 1/9 0/10

Cl/Pb 0.17 0.27 0.19 0.46 0.55 0.64 0.49
(0.19) (0.20) (0.16) (0.37) (0.53) (0.46) (0.42)

a Previously employed in obtaining the results shown in figure 2, but after
6 h on-stream.

b Atomic ratio determined by XPS. Values in parentheses: after argon-ion
etching for 1 min.

3.3. Role of PbHAp in hydroxyapatites doped by lead for
methane oxidation

Although the present work is intended to demonstrate the
existence of a synergistic effect in the methane oxidation
process on lead and strontium hydroxyapatite mixtures, it
may be worthwhile to comment on the selectivities to CO
obtained with other catalysts. It is well known that sup-
ported noble metal catalysts produce high selectivities to
CO from CH4 [24]. However, catalysts containing metallic
cobalt in the cubic form are both stable and selective in the
production of CO [25], and ternary oxides containing Co,
Mg and Al have yielded CO selectivities of 97–99% [26].

The present study demonstrates that PbHAp is not ac-
tive for the oxidation of methane in contrast to other lead-
containing catalysts [27–30]. Since the introduction of
SrHAp to PbHAp produces a catalyst which is active in
the oxidative process, it must be assumed that the pres-
ence of the strontium-containing solid is necessary in the
activation of methane to form methyl radicals [30]. As
noted in an earlier report [4], this suggests that the pres-
ence of PbHAp provides sites for the stabilization of the
methyl radicals while holding these radicals in sufficiently
close proximity to encourage the combination of the radi-
cals with each other. It should be noted that, unlike other
lead-containing catalysts, PbHAp is stable at temperatures
higher than 973 K [23].

Two theories for the existence of synergistic effects in
catalysis have been proposed: that of coherent interfaces
which are extant where the crystal structures of the two
phases are closely related and the crystallographic misfit is
low, and that usually referred to as a remote control mech-
anism. It has been argued that, regardless of the model,
a low crystallographic misfit should be considered as a nec-
essary, but not sufficient, condition for the observation of
synergy [19]. In the present work, the existence of identical
crystal structures for the two phases involved would satisfy
this requirement.

In the remote control model, which has been invoked to
explain the synergistic effects observed in the selective ox-
idation of isobutene to methacrolein on catalysts prepared
by mechanically mixing MoO3 and BiPO4 [20] and in the
dehydration–dehydrogenation of 2-butanol to butene and
methyl ethyl ketone on a mixture of SnO2 and MoO3 [21],
it is considered that one of the phases activates molecular
oxygen into a highly active species which spills over onto

the surface of the acceptor phase with which it reacts. Thus,
it could be conceptualized in the present work that methyl
radicals are playing the role of the spillover species, result-
ing from the activation of methane on SrHAp and spilling
over onto the surface of the acceptor phase, PbHAp, on
which they are (temporarily) stabilized prior to the forma-
tion of the appropriate ensembles which facilitate their pair-
wise combination to form C2 hydrocarbons [4]. Although
this model is obviously speculative, nevertheless the nec-
essary prerequisites are present to justify its proposition at
the present time. Further work is in progress.
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