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Abstract

The oxidative dehydrogenation of ethane has been investigated on various lead-added calcium hydroxyapatites and the
Ž .effect of the addition of tetrachloromethane TCM into the feedstream has been examined. The catalysts are stable up to 873

K but are converted to the corresponding phosphates at approximately 973 K. The conversions of ethane and the selectivities
to C and C compounds were found to be dependent on the lead contents of the catalysts, both the pretreatment and1 2

reaction temperatures, the presence of TCM and the times-on-stream as well as the structural forms of the catalysts. In the
absence of TCM the conversion of ethane and the various selectivities show a dependence on the lead content of the
catalysts which is similar at 773 and 873 K, but dissimilar at 973 K due, at least in part to the formation of the phosphates at
the latter temperature. With TCM in the process feedstream the influence of the chlorapatites which are formed overrides
that of the added lead. q 1998 Elsevier Science B.V.
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1. Introduction

The oxidative dehydrogenation of ethane to
ethylene is a process of both fundamental and

w xpractical importance 1 . Studies of this reaction
provide valuable comparative information in re-
lation to the conversion of methane as well as
data which may be useful in optimizing the
process under industrial conditions. Earlier work
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from our laboratories has shown that the addi-
Ž .tion of small quantities -1 mol% of tetra-

Ž .chloromethane TCM to the methane oxidative
coupling feedstream has advantageous effects,
with a variety of catalysts, in increasing the
conversion of methane andror the selectivity to

w xC hydrocarbons, particularly ethylene 2 . The2

oxidative dehydrogenation of ethane has also
been investigated in our laboratories with sev-

w xeral catalysts both with and without TCM 3–9 .
With 12-molybdophosphoric acid supported on
silica the conversion of ethane is increased upon

1381-1169r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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the addition of TCM while the selectivity to
w xethylene is relatively unaltered 3,4 . In the oxi-

dation of ethane on magnesium salts the effects
produced by the addition of TCM on the con-
version and selectivity appear to be dependent
on the nature and composition of the anion and
evidence for the formation of magnesium chlo-

w xride has been found 5–7 . Although the intro-
duction of TCM produced no significant changes
with rare earth oxides such as La O , Sm O2 3 2 3

and Pr O the conversion of ethane and the6 11

selectivity to ethylene on CeO were signifi-2

cantly increased and the corresponding oxychlo-
w xride forms on each of the four oxides 8,9 .

Calcium hydroxyapatites are bifunctional cat-
alysts with acidic and basic properties depend-
i n g o n t h e i r c o m p o s i t i o n s
Ž Ž . Ž . Ž . .Ca HPO PO OH , 0 F x F 110yx 4 x 4 6yx 2yx
w x10–15 . The hydroxyapatites retain their struc-

w xture during exchange of calcium by lead 16,17
although the size of the unit cell increases
w x Ž .18,19 . On stoichiometric xs0 and nonstoi-

Ž .chiometric 0-xF1 calcium hydroxyapatites
methane is predominantly converted to carbon

w xoxides 20–24 . On the same solids the selectiv-
ity to carbon monoxide, but not to C com-2

pounds, was increased upon addition of TCM to
w xthe methane conversion feedstream 22–24 . The

addition of lead to calcium hydroxyapatite, ei-
ther by ion exchange or in the preparation pro-
cess, transforms the catalyst into one which
produces a high conversion of methane and high

w xselectivities to C compounds 25–27 . Both the2

lead content of the catalysts and their pretreat-
ment temperatures have been shown to be im-

w xportant variables in the process 28 . Particularly
important in this context is the ability of the
aforementioned hydroxyapatites to retain the
lead during the coupling process with methane
w x25–27 in contrast with other highly active
catalysts which have been reported to suffer
depletion of lead during the methane oxidation

w xprocess 29–38 .
With strontium hydroxyapatite high selectivi-

ties to carbon monoxide are produced either
w xwith or without TCM 39–41 while with ion-

exchanged lead selectivities to methyl chloride
of 70% or higher were obtained from methane

w xin the presence of TCM 42,43 .
To provide comparative information the pre-

sent study investigates the effect of the introduc-
tion of TCM and both pretreatment and reaction
temperatures on the oxidation of ethane on cal-
cium hydroxyapatites with and without incorpo-
rated lead. In addition to the usual characteriza-
tion methods, X-ray diffraction and X-ray
photoelectron spectroscopic analyses are applied
to both new and used catalysts to provide fur-
ther information on the role of TCM in the
oxidation process.

2. Experimental

Calcium and lead–calcium hydroxyapatites
Žwere prepared from Na HPO P12H O Wako2 4 2

. Ž .Pure Chemicals, Osaka , Ca CH COO PH O3 2 2
Ž . Ž . Ž .Wako and Pb CH COO P3H O Wako ac-3 2 2

cording to the procedure reported by Bigi et al.
w x19 . An aqueous solution of lead and calcium
acetates was added dropwise with stirring to an
aqueous solution of sodium monohydrogen
phosphate held at 353 K. The resulting two
phase system, after storing overnight, was fil-
tered and the solid was washed with distilled
water. The resulting solids were dried in air at
373 K overnight followed by calcination at 773

Ž .K for 3 h denoted as ‘fresh catalyst’ . All
catalysts were sieved to the particle sizes of
1.70–0.85 mm. The concentrations of Ca, Pb
and P in each catalyst were measured in an
aqueous HNO solution with inductively cou-3

Ž . Žpled plasma ICP spectrometry SPS-1700,
.Seiko . The calcium and lead–calcium hydrox-

yapatites are denoted as HAp and Pb xxHAp,
Ž .respectively, with xx equal to 100Pbr PbqCa

Ž .atomic ratio . The BET surface areas, measured
with a conventional nitrogen adsorption appara-

Ž .tus Shibata P-700 , apparent densities and the
atomic ratios of CarP and PbrP are summa-
rized in Table 1. A portion of each catalyst
preparation was further calcined at 873 or 973
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Table 1
Surface areas, apparent densities and composition of fresh catalysts

Catalyst

HAp Pb0.85HAp Pb5.7HAp Pb12HAp Pb20HAp Pb35HAp
aArea 72.8 69.1 74.7 65.6 51.0 51.5

bDensity 0.37 0.30 0.33 0.36 0.40 0.59
cCarP 1.65 1.76 1.58 1.66 1.36 0.98
cPbrP 0 0.02 0.10 0.23 0.34 0.53

a Ž 2 .BET surface area m rg .
b Ž 3.Apparent density grcm .
cAtomic ratio.

K for 8 h in order to investigate the thermal
stability.

The catalytic experiments were performed in
a fixed-bed continuous-flow quartz reactor oper-
ated at atmospheric pressure. Details of the
reactor design and operating procedure have

w xbeen described elsewhere 22 . Prior to reaction
the catalyst was calcined in situ in an oxygen

Ž .flow 12.5 mlrmin at a given temperature for 1
h. Except as noted reaction conditions were:
Ws0.5 g, Fs15 mlrmin, Ts973, 873 or

Ž . Ž .773 K, P C H s27.1 kPa, P O s6.7 kPa2 6 2
Ž .and P TCM s0 or 0.17 kPa; balance to atmo-

spheric pressure was provided by helium.
The reactants and products were analyzed

with an on-stream gas-chromatograph
Ž .Shimadzu GC-8APT equipped with a TC de-

Ž .tector and integrator Shimadzu C-R6A . The
column systems used in the present study and
the procedures employed in the calculation of
conversions and selectivities have been de-

w xscribed previously 5,8 .
Ž .Powder X-ray diffraction XRD patterns

were recorded with a Rigaku RINT 2500X
diffractometer, using monochromatized Cu-K a

radiation. Patterns were recorded over the range
2us5–608. X-ray photoelectron spectroscopy
Ž .XPS; Shimadzu ESCA-1000AX used
monochromatized Mg K a radiation. The bind-
ing 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 nmrmin
for SiO . The concentrations of Cl were mea-2

sured in an aqueous HNO solution with ion-3
Ž .chromatography Shimadzu PIA-1000 .

3. Results and discussion

3.1. Properties of catalysts

XRD patterns of HAp, Pb0.85HAp and
Pb5.7HAp after calcination at 873 K for 3 h in
air are essentially identical and in agreement

Ž . Ž .with reference patterns Ca PO OH10 4 6 2
Ž .JCPDS 9-0432 , although those of the remain-
ing three lead-containing catalysts are dissimilar
to those of either calcium hydroxyapatite or lead

Ž Ž . Ž .hydroxyapatite Pb PO OH , JCPDS 8-10 4 6 2
. Ž .0259 Fig. 1 . Although reference XRD data

are not available for the hydroxyapatites con-
taining lead, since the strongest XRD peak of
the remaining three catalysts shifted to lower
diffraction angles with increasing lead content,
an observation previously reported by Bigi et al.

w xfor various Pb–HAp 18,19 , Pb12HAp,
Pb20HAp and Pb35HAp evidently also possess
the crystallographic structures of the corre-
sponding hydroxyapatites. XRD patterns of fresh
catalysts were similar to those calcined at 873 K
Ž . w xnot shown 28 . On calcining at 973 K, all the
catalysts were converted to the corresponding

Ž .phosphates not shown . Although calcium hy-
droxyapatite is believed to be stable up to 1273

w xK 44 the HAp prepared in the present work is
Ž .converted to Ca PO at 973 K. Since cal-3 4 2

cium hydroxyapatites employed in our previous
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Ž . Ž . Ž .Fig. 1. XRD patterns of HAp and PbHAp calcined with the fresh samples at 873 K for 3 h in air. A HAp, B Pb0.85HAp, C Pb5.7HAp,
Ž . Ž . Ž .D Pb12HAp, E Pb20HAp and F Pb35HAp. ‘CaHAp’ refers to calcium hydroxyapatite.

Ž .study, prepared from Ca NO .4H O and3 2 2
Ž . w xNH HPO , were stable at 1048 K 22–24 ,4 2 4

the temperature at which the conversion of the

hydroxyapatite to the corresponding phosphate
occurs appears to be strongly influenced by the
preparative reagents.

Table 2
XPS analyses of fresh catalysts

Catalyst
aT HAp Pb0.58HAp Pb5.7HAp Pb12HAp Pb20HAp Pb35HAp

bCa2p 0 350.8 351.0 350.3 350.0 350.8 351.01r2

1 351.4 351.3 350.7 350.5 351.8 351.3
bO 1s 0 531.3 531.3 530.8 530.8 531.2 531.3

1 531.9 531.7 531.4 531.0 532.4 531.8
bP 2p 0 133.2 133.2 132.8 132.6 133.0 133.4

1 134.2 133.8 133.2 133.1 133.9 133.7
bPb 4f 0 143.9 143.3 143.2 143.6 143.85r2

c cŽ . Ž .1 144.1 143.5 143.2 144.2 142.3 143.8 141.6
dCarP 0 1.15 1.15 1.08 0.96 1.01 1.00

1 1.24 1.31 1.47 1.73 1.86 1.70
dPbrP 0 0.01 0.08 0.19 0.37 0.65

1 0.004 0.03 0.10 0.23 0.51
dOrP 0 2.90 2.81 3.09 2.65 2.88 3.68

1 2.90 3.03 3.69 4.06 4.30 5.04
0 2q dPb rPb 1 — 0.30 0.31

a Ž .Etching time min .
b Ž .Binding energy eV .
c Binding energy due to metal Pb.
dAtomic ratio.
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The surface analyses by XPS of the fresh
catalysts show no significant differences in the
binding energies of Ca 2p , O 1s, P 2p and Pb1r2

4f either before or after argon-ion etching5r2
Ž .Table 2 . No significant shoulders were ob-
served in the spectra except those of Pd 4f5r2

due to the formation of Pb0 on Pb20HAp and
Pb35HAp after the etching. The atomic ratios of

ŽCarP on the surface of the catalysts etching
.times0 were, except for Pb35HAp, smaller

Ž .than those in the bulk phase Table 1 but
increased with argon-ion etching while those of
PbrP on the surface were essentially identical
to those in the bulk phase and decreased with
etching. The atomic ratios of OrP on the sur-
face also increased with etching. Since the ef-
fects of etching were more pronounced on the
catalysts with higher lead contents the introduc-
tion of lead apparently resulted in changes in
the mobility of the cations, oxygen and elec-
trons as well as the composition.

3.2. Effects of the transformation of hydroxyap-
atites to the corresponding phosphates on the
oxidation of ethane

For studies of the oxidation of ethane, the
pretreatment and reaction temperatures were
held at 773 K to eliminate conversion of the
hydroxyapatites to the corresponding phos-
phates and to minimize the contribution of gas-

Ž . w xphase processes Table 3 5,6 . Under these
conditions the conversion of methane and the
selectivity to ethylene in the absence of TCM
increased with increasing lead content of the
catalysts while with the highest lead content the

Ž .selectivity to ethylene decreased Fig. 2A . The
conversion of oxygen passed through a mini-
mum with lead content, indicating that the for-
mation of hydrogen proceeds most favourably
on Pb12HAp while that of H O more readily2

takes place on HAp or Pb35HAp. Therefore the
reactivities of both the ethyl radicals and hydro-
gen atoms formed in the scission of ethane are
apparently dependent upon the lead content
while the latter is also influenced by the catalyst

Table 3
The oxidation of ethane in the empty reactor in the presence and
absence of TCM

a b Ž . Ž .Temp. TCM Conv. % Selectivity %

C H O CO CO CH C H others2 6 2 2 4 2 4

763 A 1.5 2 — 69.4 29.0 1.6 —
P 0.5 17 — — 0.5 99.4 —

773 A 0.6 6 — 83.3 15.1 1.5 —
P 1.4 33 2.1 — 1.5 96.3 —

803 A 21 86 22.2 3.1 12.3 60.0 2.5
P 14 86 9.3 — 4.5 81.8 4.4

823 A 21 88 18.4 — 12.5 61.1 8.0
P 13 82 10.2 — 13.0 63.6 13.2

843 A 28 97 25.4 2.5 16.3 51.4 4.4
P 37 96 27.7 1.1 17.8 47.1 6.4

898 A 40 96 23.7 2.9 16.9 53.4 3.2
P 44 89 25.0 0.4 19.8 49.7 5.2

998 A 67 94 12.1 0.4 17.0 61.2 9.4
P 64 92 20.9 1.1 18.0 58.4 1.6

The composition and flow rate of the reactant gas same as those
described in Section 2.
a Ž .Reaction temperature K .
bA: absence of TCM, P: presence of TCM.

stoichiometry. With TCM in the feedstream,
neither the conversions nor the selectivities
showed significant variation with lead content.
However the conversions of ethane and oxygen
as well as the selectivity to CO decreased with2

time-on-stream with all catalysts while the se-
lectivity to ethylene increased. The XRD pat-
terns of HAp, Pb0.85HAp and Pb5.7HAp previ-
ously employed in the oxidation in the presence
of TCM were similar to those of calcium chlo-

Ž Ž . . Žrapatite Ca PO Cl ; JCPDS 33-0271 Fig.10 4 6 2
.3A–C . Since the XRD patterns of the remain-

Ž .ing three catalysts Fig. 3D–F were dissimilar
to those of the fresh catalyst or those calcined at

Ž .873 K Fig. 1D–F while the atomic ratios of
ClrP in the bulk phase of all samples were

Žsimilar ClrPs0.21, 0.22, 0.23, 0.25, 0.31 and
0.25 for HAp, Pb0.85HAp, Pb5.7HAp,
Pb12HAp, Pb20HAp and Pb35HAp, respec-

.tively and approximately equal to the theoreti-
Ž .cal value 0.33 , the three catalysts with the

highest lead contents are apparently also con-
verted to the corresponding chlorapatites during
the oxidation with TCM. The surface regions of
the samples previously employed in the oxida-
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Fig. 2. Ethane oxidation on HAp and PbHAp pretreated at 773 K in the presence and absence of TCM at 773 K. Conditions: Ws0.5 g,
Ž . Ž . Ž . Ž . Ž .Fs15 mlrmin, P C H s27.1 kPa, P O s6.7 kPa and P TCM s0.17 kPa when present diluted with He. Symbols: a 0.5 h2 6 2

Ž .on-stream and b 6 h on-stream.

tion in the presence of TCM were identical with
those of the corresponding fresh catalysts from
XPS analyses except for the existence of a peak
due to Cl 2p at approximately 199 eV with all

samples and that of a peak due to metallic Pb on
Ž .Pb5.7HAp and Pb12HAp Table 4 . Since the

surface atomic ratios of ClrP increase with
increasing lead content and attain values ex-
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Ž .Fig. 3. XRD patterns of catalysts previously employed in obtaining the results shown in Fig. 2 B but after 6 h on-stream. Symbols: same as
those in Fig. 1. ‘CaClAp’ refers to calcium chlorapatite.

pected from the stoichiometry, chlorapatites
probably also form on the surface. Since the
reaction observables were not influenced by the
lead contents in the presence of TCM, in con-
trast to those in the absence of TCM, the effects
produced by TCM appear to be dominant.

Since the hydroxyapatite structure is retained
at 773 K while the corresponding phosphates
are formed at 973 K, the oxidation of ethane on
the catalysts pretreated at 773 K was compared
with that at 973 K and at a reaction temperature

Ž .of 773 K Fig. 4, cf. Fig. 2 . The conversion of

Table 4
Atomic ratios of Pb0rPb2q and ClrP in the near-surface region of catalysts previously employed in the oxidation in the presence of TCM

a Ž . Ž .Catalyst Time Reaction temp. K , pretreatment temp. K
0 2qPb rPb ClrP

773, 773 773, 973 873, 873 973, 973 773, 773 773, 973 873, 873 973, 973

HAp 0 — — — — 0.14 0.02 0.20 0.06
1 — — — — 0.14 0.03 0.14 0.07

Pb0.85HAp 0 — — — — 0.15 — 0.10 —
1 — — — — 0.13 — 0.07 —

Pb5.7HAp 0 — — — — 0.17 0.08 0.35 0.06
1 0.11 — — 0.10 0.22 0.16 0.34 0.07

Pb12HAp 0 — — — — 0.25 0.14 0.10 0.07
1 0.21 0.17 0.11 0.12 0.28 0.16 0.14 0.08

Pb20HAp 0 — — — 0.46 — 0.35 —
1 0.22 0.21 0.25 0.11 0.42 — 0.38 —

Pb35HAp 0 — — — — 0.39 — 0.23 —
1 0.22 0.25 0.25 0.14 0.43 — 0.28 —

a Ž .Etching time min .
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Fig. 4. Ethane oxidation on HAp and PbHAp pretreated at 973 K in the presence and absence of TCM at 773 K. Conditions and symbols:
same as those in Fig. 2.

ethane in the absence of TCM passed through a
Žminimum for the 5.7 and 12.0 catalysts Fig.

.4A pretreated at 973 K and had maximum
values for the 35.0 sample which were, how-
ever, approximately one-third of those for the

Ž .same catalyst pretreated at 773 K Fig. 2A ,
suggesting that hydrogen abstraction from
ethane on the hydroxyapatite is more facile than
that on the corresponding phosphates. Similar
results have recently been reported for the oxi-
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w xdation of methane 24 . Although the selectivi-
ties to C and C compounds on the catalysts1 2

pretreated at 973 K were dependent upon the
content of lead as observed on the catalysts
pretreated at 773 K, the selectivities to ethylene
were considerably higher with the former pre-
treatment temperature, reaching values as high
as 90% with Pb20HAp. In the presence of TCM

Ž .in the feedstream Fig. 4B , the conversion of
ethane and selectivity to ethylene decreased and
increased substantially, respectively, on HAp
while the catalysts containing lead did not dis-
play the TCM effects observed on the catalysts
pretreated at 773 K. The XRD patterns of the
catalysts after use in the oxidation process with

Ž .TCM Fig. 5 were significantly different from
those of the fresh catalysts and the correspond-
ing chlorapatites. Since the XRD of the used
HAp, Pb0.85 HAp and Pb5.7HAp were similar

Ž .to that of calcium phosphate JCPDS 9-0169 it
may be deduced that the XRD patterns of the
catalysts with higher lead contents also corre-
spond to those for the phosphates. The chlorine
species in the near-surface region were detected

on HAp, Pb5.7HAp and Pb12HAp by XPS
although the amounts were relatively small
compared with those on the catalysts pretreated

Ž .at 773 K Table 4 , while no chlorine species
were detected on those with higher lead con-
tents. It has been reported that the conversion of
ethane and the selectivity to ethylene decreased
and increased, respectively, on magnesium
phosphate at 773 K on the addition of TCM and
a small amount of chlorine species, apparently
magnesium chloride, was detected on the sur-

w xface 5 . Consequently the effects produced by
TCM on HAp, which at 973 K has been con-
verted to calcium phosphate, correspond to those
observed with magnesium phosphate. Evidently
the surface-retentive interaction with TCM is
constrained on the phosphates and particularly
those containing relatively large quantities of
lead and thus the beneficial effects on the oxida-
tion process of the addition of chlorine are
minimized. Although evidence for the formation
of chlorapatite was obtained with Pb12HAp,
recent work has shown that the phosphates are
converted to the corresponding chlorapatites in

Ž .Fig. 5. XRD patterns of catalysts previously employed in obtaining the results shown in Fig. 4 B but after 6 h on-stream. Symbols: same as
those in Fig. 1.
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w xthe presence of TCM 24 and thus the chlorine
species on Pb5.7HAp and Pb12HAp cannot be
classified as constituents of any particular com-
pound. Although some reduction of Pb2q to its

metallic form has apparently occurred during
the oxidation process it is not clear at this time
if a direct coupling to form a redox process is

Ž .extant Table 4 . It should be noted that the

Fig. 6. Ethane oxidation on HAp and PbHAp pretreated at 873 K in the presence and absence of TCM at 873 K. Conditions and symbols:
same as those in Fig. 2.
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concentration of lead remained relatively un-
changed following the oxidation process, in
contrast to the depletion of lead frequently ob-
served with other lead-containing catalysts dur-

w xing the methane oxidation process 29–38 .
Thermal and structural properties of the present

w xcatalysts have been reported previously 28 .

3.3. The homogeneous reaction and formation
of phosphates

At 873 K the catalysts are relatively stable
and retain the apatite structure. Although the
homogeneous and heterogeneous reactions may
not be additive the former is not dominant at

Ž .873 K Table 3 . At 873 K the conversion of
ethane and the selectivity to ethylene without
TCM increase with the lead content with CO,
CO and CH appearing in the product stream,2 4

similar to the observations at 773 K. In contrast,
with TCM present little or no dependence of
either the conversion or C selectivity on the2

composition of the catalyst was evident, al-

though significance decreases of the former were
observed with time-on-stream again similar to
the results at 773 K. With the catalysts contain-
ing the smaller concentrations of lead the selec-
tivities to ethylene and CO increased and de-2

creased, respectively, with time-on-stream while
with the Pb20HAp and Pb35HAp catalysts the
selectivity to ethylene decreased, in contrast to
the observations at 773 K. The XRD patterns of

Ž .the used with TCM catalysts, with the excep-
tion of Pb0.85HAp provided evidence for the
presence of phosphates as well as chlorapatite
Ž .Fig. 7, cf. Fig. 3 . No correlation, with either
the lead contents or temperature, of the surface
concentrations of chlorine after use of the cata-

Ž .lysts at 873 K is evident Table 4 .
At 973 K, at which temperature the catalysts

are converted to the corresponding phosphates
and the contribution of the homogeneous reac-

Ž .tion is expected to be significant Table 3 , the
conversion of ethane decreased on addition of
lead to HAp but remained relatively unchanged
for further increases in the lead content, while

Ž .Fig. 7. XRD patterns of catalysts previously employed in obtaining the results shown in Fig. 6 B but after 6 h on-stream. Symbols: same as
those in Figs. 1 and 3.
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the selectivity to ethylene increased, suggesting
that the advantageous effects of lead remain

Ž .extant at the higher temperature Fig. 8 . The
aforementioned trends were also observed in the

presence of TCM. The catalysts with the smaller
concentrations of lead showed evidence of larger
proportions of chlorapatites than observed at the
lower temperatures while those with higher lead

Fig. 8. Ethane oxidation of HAp and PbHAp pretreated at 973 K in the presence and absence of TCM at 973 K. Conditions and symbols:
same as those in Fig. 2.



( )S. Sugiyama et al.rJournal of Molecular Catalysis A: Chemical 130 1998 297–312 309

Ž .Fig. 9. XRD patterns of catalysts previously employed in obtaining the results shown in Fig. 8 B but after 6 h on-stream. Symbols: same as
those in Figs. 1 and 3.

contents were structurally identical to phosphate
Ž .Fig. 9 . As observed at a reaction temperature
of 773 K and at a pretreatment temperature of
973 K surface chlorine was identified only on
those samples containing the smaller concentra-
tions of lead, in semiquantitative agreement with
the results from XRD. Previous work has shown
that significant quantities of chlorine appear on
the surface of Pb0.85 HAp pretreated at 973 K
during the oxidation of methane in the presence

w xof TCM at 973 K 28 , in contrast with the
Ž .present results Fig. 10 . Since differences in the

quantities of H O produced in the oxidation of2

methane and ethane would be expected the
aforementioned chlorine-containing catalyst was

Ž .exposed to H O 2.3 kPa at 973 K for 2h. The2

XRD patterns show that the chlorapatite is con-
verted to the corresponding phosphate, appar-
ently resulting from its exposure to water vapour.
The role of water is, however, ambiguous. Wa-
ter molecules may be reducing the ability of the
catalyst surface to accept the chlorine or alterna-
tively the interaction with water may be strip-

ping the chlorine from the surface and thereby
reducing its measured concentrations.

3.4. Role of lead in the hydroxyapatites

The dependence of the conversion of ethane
and the various selectivities on the lead content,
particularly in the absence of TCM, was semi-

Žquantitatively similar at 773 and 873 K Figs. 2
.and 6, respectively . At these reaction and pre-

treatment temperatures the catalysts are rela-
w xtively stable and retain the apatite structure 28 .

Since the Pb–O bond lengths in the present
catalysts change monotonously with increasing

w xlead content 28 , the effect of the addition of
lead may tentatively be attributed to a perturba-
tion of the probable active site in the process.
At the highest reaction and pretreatment temper-

Ž .ature 973 K and in the absence of TCM the
hdyroxyapatites have been converted to the cor-
responding phosphates whose catalytic proper-

Ž .ties Figs. 4 and 8 are evidently altered dissimi-
larly from those of their precursor by the addi-
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Ž . w xFig. 10. XRD pattern of Pb0.85HAp employed in the oxidation of methane in the presence of TCM at 973 K A 43 and those after
Ž . Ž .calcination at 973 K for 2 h of the above Pb0.85HAp with H O 2.3 kPa diluted with air B . Symbols: same as those in Fig. 3.2

Ž .tion of lead Figs. 2 and 6 . In the presence of
TCM, the properties of either of the aforemen-
tioned catalysts are strongly influenced by the
formation of chlorapatites.

4. Conclusion

Ž .1 The conversion of ethane in the absence
of TCM at 773 K on HAp and various PbHAp
pretreated at 773 K increased with increasing
lead contents in the catalysts.

Ž .2 On catalysts pretreated at 973 K the
conversions at 773 K were smaller than the
aforementioned and passed through a minimum
at intermediate lead contents apparently due to
the formation of the corresponding phosphates
at the higher pretreatment temperature.

Ž .3 The selectivities to C compounds at 7732

K and either pretreatment temperature increased
with increasing lead content.

Ž .4 The addition of TCM to the feedstream at
773 K resulted in increases of the conversion of
ethane and the selectivity to ethylene together
with decreases of the selectivity to CO on the2

catalysts pretreated at 773 K due to the forma-
tion of the corresponding chlorapatites.

Ž .5 With the catalysts pretreated at 973 K, the
conversion of ethane and the selectivity to ethy-
lene on HAp at 773 K were substantially sup-
pressed and enhanced, respectively, on addition
of TCM, probably due to the formation of cal-
cium chloride.

Ž .6 On lead-containing catalysts pretreated at
993 K the effect of TCM at 773 K was minimal
and the incorporation of chlorine was found to
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be strongly dependent on the catalyst composi-
tions.

Ž .7 At 873 K in the absence of TCM the
reaction observables were dependent on the lead
content of the catalysts. On addition of TCM
the conversion of ethane decreased while evi-
dence for the intrusion of homogeneous reac-
tions was evident.

Ž .8 At 973 K at which the catalysts were
converted to the phosphates, the conversions of
ethane in the absence of TCM showed little or
dependence on lead content while, in contrast,
the selectivities were markedly influenced by
the composition of the catalyst. Since at this
temperature the homogeneous reaction con-
tributes significantly, the lead content appears to
have considerable influence on the pathway fol-
lowed by the ethyl radicals. This appears to be
consistent with earlier hypothesis in which the
ethyl radicals were postulated to be stabilized in
ensembles on the surfaces of the catalysts.

Acknowledgements

This work was partially funded by a ‘Grant
for Natural Gas Research’ of The Japan
Petroleum Institute to S.S. and the Natural Sci-
ences and Engineering Research Council of
Canada to J.B.M. and supported by the Satellite
Venture Business Laboratory, ‘Nitride Photonic
Semiconductor Laboratory’ of the University of
Tokushima, to which our thanks are due.

References

w x1 S. Albonetti, F. Cavani, F. Trifiro, Cat. Rev. Sci. Eng. 38
Ž .1996 413.

w x2 J.B. Moffat, S. Sugiyama, H. Hayashi, Catal. Today 37
Ž .1997 15.

w x Ž .3 S.S. Hong, J.B. Moffat, Appl. Catal. 109 1994 117.
w x Ž .4 S.S. Hong, J.B. Moffat, Catal. Lett. 40 1996 1.
w x5 S. Sugiyama, N. Kondo, K. Satomi, H. Hayashi, J.B. Moffat,

Ž .J. Mol. Catal. A 95 1995 35.

w x6 S. Sugiyama, K. Satomi, H. Hayashi, M. Tanaka, J.B. Mof-
Ž .fat, J. Chem. Eng. Jpn. 28 1995 204.

w x7 S. Sugiyama, K. Satomi, H. Hayashi, J.B. Moffat, J. Mol.
Ž .Catal. A 105 1996 39.

w x8 S. Sugiyama, K. Sogabe, T. Miyamoto, H. Hayashi, J.B.
Ž .Moffat, Catal. Lett. 42 1996 127.

w x9 S. Sugiyama, T. Miyamoto, H. Hayashi, M. Tanaka, J.B.
Ž .Moffat, J. Mol. Catal. A 118 1997 129.

w x Ž .10 J.A.S. Bett, L.G. Christner, W.K. Hall, J. Catal. 13 1969
332.

w x Ž .11 C.L. Kibby, W.K. Hall, J. Catal. 29 1973 144.
w x Ž .12 C.L. Kibby, W.K. Hall, J. Catal. 31 1973 65.
w x Ž .13 H. Monma, J. Catal. 75 1982 200.
w x Ž .14 Y. Imuzu, M. Kadoya, H. Abe, Chem. Lett. 1982 415.
w x Ž .15 Y. Izumi, S. Sato, K. Urabe, Chem. Lett. 1983 1649.
w x16 T. Suzuki, T. Hatsushika, Y. Hatsushika, Y. Hayakawa, J.

Ž .Chem. Soc. Faraday Trans. I 77 1981 1059.
w x17 T. Suzuki, T. Hatsushika, M. Miyake, J. Chem. Soc. Faraday

Ž .Trans. I 78 1982 3605.
w x18 A. Bigi, M. Ripamonti, S. Bruckner, M. Gazzano, N. Roveri,

Ž .S.A. Thomas, Acta Cryst. B 45 1991 247.
w x19 A. Bigi, M. Gandolfi, M. Gazzano, A. Ripamonti, N. Roveri,

Ž .S.A. Thomas, J. Chem. Soc. Dalton Trans. 1991 2883.
w x Ž .20 Y. Matsumura, J.B. Moffat, Catal. Lett. 17 1993 197.
w x Ž .21 Y. Matsumura, J.B. Moffat, J. Catal. 148 1994 323.
w x22 S. Sugiyama, T. Minami, H. Hayashi, M. Tanaka, N. Shige-

Ž .moto, J.B. Moffat, J. Chem. Soc. Faraday Trans. 92 1996
293.

w x23 S. Sugiyama, T. Minami, T. Moriga, H. Hayashi, K. Koto,
Ž .M. Tanaka, J.B. Moffat, J. Mater. Chem. 6 1996 459.

w x24 S. Sugiyama, T. Minami, H. Hayashi, M. Tanaka, N. Shige-
Ž .moto, J.B. Moffat, Energy Fuels 10 1996 828.

w x25 Y. Matsumura, J.B. Moffat, S. Sugiyama, H. Hayashi, N.
Shigemoto, K. Saitoh, J. Chem. Soc. Faraday Trans. 90
Ž .1994 2133.

w x26 Y. Matsumura, S. Sugiyama, H. Hayashi, J.B. Moffat, J.
Ž .Solid State Chem. 114 1995 138.

w x27 Y. Matsumura, S. Sugiyama, H. Hayashi, J.B. Moffat, Catal.
Ž .Lett. 30 1995 235.

w x28 S. Sugiyama, T. Minami, T. Moriga, H. Hayashi, J.B. Mof-
fat, J. Solid State Chem., in press.

w x Ž .29 K. Otsuka, K. Jinno, A. Morikawa, Chem. Lett. 1985 499.
w x Ž .30 W. Bytyn, M. Baerns, Appl. Catal. 28 1986 199.
w x31 K. Asami, S. Hashimoto, T. Shikada, K. Fujimoto, H. Tomi-

Ž .naga, Ind. Eng. Chem. Res. 26 1987 1485.
w x32 K. Aika, T. Nishiyama, Proc. 9th Int. Congr. Catal. Calgary,

vol. 2, Chem. Inst. of Canada, 1988, p. 907.
w x33 J.M. Thomas, W. Ueda, J. Williams, K.D.M. Harris, Faraday

Ž .Discuss. Chem. Soc. 87 1989 33.
w x34 K.C.C. Kharas, J.H. Lunsford, J. Am. Chem. Soc. 111

Ž .1989 2336.
w x35 K. Fujimoto, S. Hashimoto, K. Asami, K. Omata, H. Tomi-

Ž .naga, Appl. Catal. 50 1989 223.
w x36 S.K. Agarwal, R.A. Migone, G. Marcelin, J. Catal. 123

Ž .1990 228.
w x37 K. Aika, N. Fujimoto, M. Kobayashi, E. Iwamatsu, J. Catal.

Ž .127 1991 1.
w x Ž .38 K.J. Smith, T.M. Painter, J. Galuszka, Catal. Lett. 11 1991

301.



( )S. Sugiyama et al.rJournal of Molecular Catalysis A: Chemical 130 1998 297–312312

w x39 Y. Matsumura, S. Sugiyama, H. Hayashi, N. Shigemoto, K.
Ž .Saitoh, J.B. Moffat, J. Mol. Catal. 92 1994 81.

w x40 S. Sugiyama, T. Minami, H. Hayashi, M. Tanaka, J.B.
Ž .Moffat, J. Solid State Chem. 126 1996 242.

w x41 S. Sugiyama, T. Minami, T. Higaki, H. Hayashi, J.B. Moffat,
Ž .Ind. Eng. Chem. Res. 36 1997 328.

w x42 S. Sugiyama, Y. Iguchi, T. Minami, H. Hayashi, J.B. Moffat,
Ž .Catal. Lett. 46 1997 279.

w x43 S. Sugiyama, Y. Iguchi, H. Nishioka, T. Minami, T. Moriga,
H. Hayashi, J.B. Moffat, J. Catal., submitted.

w x44 D.E.C. Corbridge, The Structural Chemistry of Phosphorous,
Elsevier, Amsterdam, 1974, p. 90.


