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Abstract

The effects of the introduction of tetrachloromethane (TCM) into the feedstream for the oxidative dehydrogenation of
ethane have been investigated on stoichiometric and non-stoichiometric calcium and strontium hydroxyapatites (CaHAp and
SrHAp, respectively) at 773 K. The conversion and selectivities in the presence of TCM were found to depend on the
reaction conditions, as well as the stoichiometry and structural instability of the catalysts. © 1998 Elsevier Science B.V. All

rights reserved.
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1. Introduction

The transformation of light alkanes such as
methane and ethane into more valuable organic
compounds is of considerable current interest.
Although dehydrogenation is the simplest of
processes, oxidative dehydrogenation has ad-
vantages thermodynamically [1]. However, al-
most inevitably, the oxidative dehydrogenation
of alkanes produces carbon oxides because of
the low selectivity of the catalyst employed.

* Corresponding author. Tel.: + 81-886-567432; fax: -+ 81-886-
557025; e-mail; sugiyama@chem.tokushima-u.ac.jp

Among carbon oxides, carbon monoxide is a
valuable feed stock as syngas for the production
of basic chemicals such as 1,2-ethanediol [2-5],
ethanol [6-8], acetic acid [9] and lower ol€fins
[10]. The development of catalysts capable of
activating the C—H bonds of the alkane molecule
and suppressing the deep oxidation to CO, is of
prime importance.

The oxidative dehydrogenation and partia
oxidation of methane on various hydroxyapa-
tites have been recently investigated in our labo-
ratories. Calcium hydroxyapatites (CaHAp) can
function as acidic and/or basic catalysts, de-
pending on their composition [Ca,,_,(HPO,),-
(PO,)s_(OH),_,, 0 < x < 1][11-16], with sto-
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ichiometric forms[17] in which x=0(Ca/P=
1.67, atomic ratio) containing acidic and basic
sites, while non-stoi chiometric versions[17] with
0<x<1(150< Ca/P<1.67) are effective in
acid-catalyzed processes [12]. However, X-ray
diffraction (XRD) patterns of CaHAp are found
to be essentially identical, regardiess of the
stoichiometry. In the oxidation of methane on
stoichiometric and non-stoichiometric CaHAP,
methane is predominantly converted to carbon
oxides [18,19] while, on addition of tetra-
chloromethane (TCM) to the methane oxidation
feedstream, the selectivity to carbon monoxide
increased concomitant with the decrease of that
to carbon dioxide and of the conversion
of methane with increasing time-on-stream
[20-22]. Similarly, strontium hydroxyapatites
(SrHAp) consisting of various Sr/P ratios af-
ford carbon oxides [23] while selectivities to
carbon monoxide up to 80% are also observed
in the absence of TCM [24,25]. Introduction of
TCM resulted in further enhancement of the
selectivity to carbon monoxide with an accom-
panying decrease in the conversion of methane,
particularly with increasing time-on-stream
[24,25]. Furthermore, the conversion and selec-
tivity on CaHAp and SrHAp were influenced by
the atomic ratios of Ca/P and Sr/P, respec-
tively, regardless of the addition of TCM into
the feedstream [21,24,25]. The previous results
with hydroxyapatites demonstrate that the intro-
duction of TCM into the methane oxidation
feedstream has the principal effect of depressing
deep oxidation processes, so that the formation
of carbon dioxide is suppressed in favour of
carbon monoxide, in contrast with the observa
tions with other solid catalysts on which the
selectivity to C, compounds, particularly ethy-
lene, increases on addition of TCM [26].
Although considerable work has been re-
ported on the introduction of TCM in methane
oxidation, relatively little information is avail-
able on the effects of the chloromethane on
oxidation processes with other light akanes. In
the present study, the effects of the introduction
of a smal amount of TCM into the feedstream

for the oxidation of ethane at 773 K have been
investigated on CaHAp and SrHAp consisting
of various Ca/P and Sr/P ratios, respectively.
In view of the earlier reports on the oxidation of
methane on CaHAp [20-22] and SrHAp [24,25]
in the presence of TCM, the effects of the
concentration of TCM and oxygen on the ethane
oxidation are examined and the catalysts previ-
ously employed in the oxidation in the presence
of TCM are analyzed by both bulk and surface
techniques.

2. Experimental

Calcium or strontium hydroxyapatites were
prepared from CaNO,), - 4H,0 (Wako Pure
Chemicals, Osaka) or Sr(NO,), (Wako), respec-
tively, and (NH,),HPO, (Wako) [19,23]. The
resulting solid was calcined at 773 K for 3 h
after drying in air at 373 K overnight. The
sample after calcination is referred to as the
‘fresh catalyst’. All catalysts were sieved to
particle size of 1.70-0.85 mm. The concentra-
tions of Ca, Sr and P in each catadyst were
measured in agueous HNO; solution with in-
ductively coupled plasma (ICP) spectrometry.
The catalysts are denoted as CaHAp,,, or
SrHAp, ., With X.xx equal to the atomic ratio
of Ca/Por Sr/Pin each catalyst as determined
with ICP. The BET surface areas, apparent den-
sities and the atomic ratios of Ca/P and Sr/P
are summarized in Table 1.

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
been described elsewhere [20]. Prior to reaction,
CaHAp [20-22] and SrHAp [24,25] were cal-
cined in situ in an oxygen flow (12.5 ml /min)
for 1 h at 973 and 873 K, respectively. Except
as noted, reaction conditions were: W= 0.5 g,
F=15 ml/min, T=773 K, P(C,H,) =27.1
kPa, P(O,) = 6.7 kPa and P(TCM) =0 or 0.17
kPa; balance to atmospheric pressure was pro-
vided by helium.
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The reactant and products were analyzed with
an on-stream gas-chromatograph (Shimadzu
GC-8APT) equipped with a TC detector and
integrator (Shimadzu C-R6A). The column sys-
tems used in the present study and the proce-
dures employed in the calculation of conver-
sions and selectivities have been described pre-
viously [21,27].

Powder X-ray diffraction (XRD) patterns
were recorded with a Rigaku RINT 2500X
diffractometer, using monochromatized Cu—K «
radiation. Patterns were recorded over the 26
range from 5°—60°. The XRD patterns of fresh
CaHAp and SrHAp were essentially identical
regardiess of their Ca/P and Sr/P ratios and
in agreement with the reference patterns
Ca,,(PO,)s(OH), [JCPDS 9-0432] and
Sro(PO,)((OH), [JCPDS 33-13248], respec-
tively. X-ray photoelectron spectrometry (XPS;
Shimadzu ESCA-1000AX) used monochroma
tized Mg—K « radiation. The binding energies
were corrected using 285 eV for C 1s as an
internal standard. Argon-ion etching of the cata-
lyst was carried out at 2 kV for 1 min with a
sputtering rate estimated as ca. 2 nm/min for
SiO,. The surface properties of fresh CaHAp
and SrHAp determined with XPS are also sum-
marized in Table 1.

3. Results and discussion

To minimize the contribution of the homoge-
neous oxidation of ethane, 773 K was selected
as the reaction temperature for this work [27].
Under these conditions, the conversions of
ethane and the selectivities on CaHAp showed
little variation with the Ca/P ratios (Fig. 1A).
With TCM in the feedstream, the conversion of
C,H, and the selectivity to CO, decreased
while that to C,H, increased with increasing
time-on-stream on all stoichiometries of Ca
HAp. The enhancement of the selectivity to
C,H, was particularly evident on CaHAp, ¢,
and CaHAp, 4, on which the selectivity to CO
remained unchanged with increasing time-on-
stream (Fig. 1B). The XRD patterns of the
catalysts after use in the oxidation process with
TCM (Fig. 2) were significantly different from
those of the fresh catalysts, showing the pres-
ence of calcium chlorapatite [Ca,;,(PO,)sCl,:
JCPDS 33-0271] and/or cacium phosphate
[Ca,(PO,),: JCPDS 9-0169]. The XRD patterns
of CaHAp, s and CaHAp,,, showed that the
bulk structure of these catalysts was converted
from CaHAp into the corresponding phosphate
and chlorapatite, respectively, during the oxida
tion with TCM. Since the catalytic activities on

Table 1
Bulk and surface properties of CaHAp and SrHAp
Catalyst M /P2 SAP B.D.¢ Binding energy /eV Atomic ratio®

O1ls Ca2pl/2 or pd M /Pf o/Mf

Sr3pl/2

CaHAp 1.64 95.9 0.50 531.5 350.9 133.3 121 2.50
CaHAp 1.60 87.2 0.55 531.3 350.9 133.1 1.28 2.49
CaHAp 1.55 82.8 0.36 531.3 350.8 133.0 117 2.78
CaHAp 151 76.8 0.50 531.3 350.9 133.9 1.24 2.52
SrtHAp 1.73 65.5 0.43 530.9 279.0 190.3 161 2.30
SrHAp 1.70 67.9 0.40 531.1 279.3 190.6 1.67 2.02
SrtHAp 1.67 60.3 0.45 530.9 279.2 190.3 153 1.70
SrHAp 1.61 72.4 0.42 531.4 279.5 190.8 1.67 1.88

“Atomic ratio determined with ICP. M = Caor Sr.
PSurface area (m2/g).

°Bulk density (g/cm®).

4p 2p for Caand P 2s for Sr.

As determined from XPS.

M =caor Sr.
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Fig. 1. Ethane oxidation on CaHAp in the absence (A) and
presence (B) of TCM at 773 K. Conditionss W=05g, F=15
ml/min, P(C,Hg) = 27.1 kPa, P(O,) = 6.7 kPa and P(TCM) =
0.17 kPa (when present) diluted with He.

both catalysts were essentialy identical, their
surface properties apparently exert a predomi-
nant influence in the oxidation in the presence
of TCM. The surface regions of the samples
previoudy employed in the oxidation of ethane
with TCM were identical with those of the
corresponding fresh catalysts from XPS analy-
ses (Table 1) except for the existence of a peak
due to Cl 2p at approximately 199 eV with all
samples. However, the atomic ratio of Cl/Ca
on each catalyst was strongly influenced by the
atomic Ca/P ratio (Table 2). The Cl /Ca ratios
of the used catalysts with Ca/P = 1.64 and 1.60
were not dependent on the argon-ion etching
(Table 2) and their XRD patterns matched that
of chlorapatite (Fig. 2), suggesting that the chlo-
rinated species detected by XPS is calcium
chlorapatite. In contrast, the Cl /Ca ratio on the
surface of CaHAp, 55 was larger than that after
the etching (Table 2) and the XRD patterns
indicated a mixture of the chlorapatite and cal-

cium phosphate. Although the XRD patterns of
used CaHAp, 5z showed only one phase of the
phosphate XPS analysis detected a chlorinated
species in the near-surface regions (Table 2). It
is difficult to identify the chlorinated species on
the used CaHAp, 5z but the formation of the
corresponding chlorapatite or chloride is proba-
ble. Chlorapatite was also detected on commer-
cial Cay(PO,), previously employed in the oxi-
dation of methane with TCM [22]. The forma-
tion of this chloride appeared to have occurred
on akaline earth phosphates previously used in
the oxidation of methane and ethane [26,27]. No
direct correlation of the effect of the introduc-
tion of TCM on ethane oxidation with the
amount of the chlorinated species in the near-
surface region is evident (Fig. 1). These results
undoubtedly show that, regardless of the intro-
duction of TCM, the activities, the conversion
from CaHAp to the corresponding chlorapatite
or phosphate and the formation of the chlori-
nated species during the oxidation process are
strongly influenced by the stoichiometry of Ca
HAp.

(A) ® CaClAp
A Caz(P0Oy)y

intensity (arb. units)

0 20 30 40 50 60
26/ degrees

Fig. 2. XRD patterns of CaHAp previously employed in obtaining
the results shown in Fig. 1B but after 6 h on-stream. (A) Ca/P =
151, (B) Ca/P=155 (C) Ca/P=1.60, (D) Ca/P=164.
‘CaClAp’ refers to calcium chlorapatite.
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Table 2
Atomic ratios of Cl /M? in the near-surface region of the catalysts previously employed in the ethane oxidation in the presence of TCM at
773 KP
CaHAp SrHAp
M = Ca M =Sr
M /P2 1.64 1.60 1.55 151 1.73 1.70 1.67 161
Cl/M? 0.11 (0.11) 0.14 (0.14) 0.04 (0.02) 0.14 (0.08) 0.20(0.20) 0.25(0.25) 0.19 (0.17) 0.11(0.07)
M =Caor Sr.

bCaHAp and SrHAp were previously employed in obtaining the results shown in Fig. 1B and Fig. 3B, respectively, but after 6 h on-stream.

Values in parentheses show those after argon-ion etching for 1 min.

In contrast with the observations on CaHAp
the conversion of ethane on SrHAp, in the
absence of TCM, decreased while the selectivi-
ties remained relatively unchanged with increas-
ing Sr/P (Fig. 3A). With SrHAp the conver-
sions were somewhat higher than those found
with CaHAp while the selectivities to CO with
the former were smaller than those observed
with the latter catalyst. Since, as reported ear-
lier, the oxidation of methane on SrHAp and
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Fig. 3. Ethane oxidation on SrHAp in the absence (A) and
presence (B) of TCM at 773 K. Conditions: same as those in Fig.
1.

CaHAp without TCM produces high selectivi-
tiesto CO and CO,, respectively [18—22,24,25],
the oxidation process, particularly on SrHAp,
appears to be significantly dependent on the
reactant hydrocarbon. Upon addition of TCM
into the feedstream on SrHAp of Sr/P = 1.67,
1.70 and 1.73, the conversion of C,H4 and the
selectivity to CO, decreased while the selectivi-
ties to C,H, and CO increased with time-on-
stream (Fig. 3B). However, the catalytic activi-
ties on StHAp, ¢ With TCM present were essen-
tially independent of time-on-stream. The XRD
pattern of SrHAp, 4 previousy employed in
ethane oxidation with TCM showed that the
predominant phase was strontium hydroxy-
apatite (JCPDS 33-1348) and a small amount of
strontium chlorapatite (JCPDS 16-0666) and
phosphate (JCPDS 24-1008) formed during the
oxidation (Fig. 4A). In contrast, the remaining
three catalysts converted completely to the cor-
responding chlorapatite (Fig. 4B—D). Therefore,
the time-on-stream insensitivity of the activities
on SrtHAp, ¢, in the presence of TCM appears
to be related to the incomplete conversion of
SrHAp to the corresponding chlorapatite. How-
ever, the effects of the introduction of TCM and
the time-on-stream on SrHAp of Sr/P= 167,
1.70 and 1.73 were quite different from those
observed with the 1.61 catayst (Fig. 3B) al-
though the XRD patterns of the former catalysts
after the oxidation with TCM were essentially
identical (Fig. 4B-D). XPS anayses of the
latter three catalysts suggest that the chlorina-
tion of SrHAp is strongly dependent on the
stoichiometry of SrHAp (Table 2), resulting in
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Fig. 4. XRD patterns of SrHAp previously employed in obtaining
the results shown in Fig. 3B but after 6 h on-stream. (A) Sr/P=
161, (B) Sr/P=167, (C) Sr/P=170, (D) Sr/P=173
‘SrCIAp’ refers to strontium chlorapatite.

dissimilar TCM effects (Fig. 3B). As expected
from the XRD data (Fig. 4A) the concentration
of surface chlorinated species on SrHAp, o, was
significantly smaller than observed with any of
the remaining stoichiometries. Analogous with
the results for CaHAp, this chlorinated species
appears to be strontium chlorapatite. The differ-
ences in the conversion and the selectivities on
SrtHAp, ; and SrHAp, 5., particularly at the
higher time-on-stream in the presence of TCM
should be noted although the quantities of chlo-
rinated species are essentially identical on both
SrHAp. The effect of the introduction of TCM
into the ethane oxidation feedstream is evidently
dependent upon the stoichiometry of SrHAp as
well as the concentration of O, and TCM.

In view of the dependence of the effects of
TCM on the reaction conditions the remainder
of this report focuses on the effects of the
concentration of O, and TCM with the stoi-
chiometric hydroxyapatites CaHAp, 4 and
SrHAD, 61

Although the partial pressure of oxygen in
the feedstream was increased up to 20 kPa, the
oxidation of ethane without TCM on both

CaHAPp, ¢, and SrtHAPp, ¢, could not be released
from the oxygen limiting conditions (Fig. 5A
and Fig. 6A, respectively). The selectivities to
CO and CO, increased and decreased, respec-
tively, with increasing partial pressure of O,
while the selectivity to C,H, was little influ-
enced by the partial pressure on both CaHAP, 4,
and SrHAp, ¢, Upon addition of TCM and with
increasing time-on-stream, the conversion of
C,H, and the selectivity to CO, decreased
markedly concomitant with increases in the se-
lectivity to C,H, a P(O,) = 6.7 and 20.0 kPa
on CaHAp,, and 133 and 20.0 kPa on
SrHAp, ; while the conversion of C,H, de-
creased mildly and the selectivity was little
influenced at P(O,) = 13.3 kPa on CaHAp, ¢,
and 6.7 kPa on SrHAp, 4, (Fig. 5B and Fig. 6B,
respectively). Even when the partial pressure of
TCM was increased, the effects of the introduc-
tion of TCM on the oxidation process strongly
depended on the partial pressure with either
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Fig. 5. Effects of the partial pressure of O, on ethane oxidation in

the absence (A) and presence (B) of TCM on CaHAp, 4, a 773
K. Conditions: same as those in Fig. 1 except P(O,).
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Fig. 6. Effects of the partial pressure of O, on ethane oxidation in
the absence (A) and presence (B) of TCM on SrHAp, 4, a 773 K.
Conditions: same as those in Fig. 1 except P(O,).

catalyst (Fig. 7). On CaHAp, &, the change in
the conversion of C,H, with time-on-stream
diminished with increasing P(TCM) up to 0.34
kP and increased at P(TCM) = 0.68 kPa, where
the decrease of CO, selectivity and the substan-
tial enhancement of the selectivity to C,H, as
obtained at (TCM) = 0.17 and 0.34 kPa were
not observed (Fig. 7A). In contrast, the decrease
of the conversion of C,H and the selectivity to
CO, together with the increase of the selectivity
to C,H, with increasing time-on-stream were
observed only a P(TCM) = 0.34 kPa on
SrHAPp, 5. At (TCM) =0.17 and 0.68 kPa,
activities changed relatively little with increas-
ing time-on-stream although the conversion of
C,Hg a both partial pressures of TCM was
smaller than that in the absence of TCM (cf.
Fig. 3B and Fig. 7B).

As shown in Fig. 8, the XRD patterns of
CaHAp, o, previously employed in the oxida-
tion of ethane depended on the partial pressure

of O, and TCM in the feedstream. Although
one phase of calcium chlorapatite was detected
in CaHAPp, « previously employed at our stan-
dard conditions of P(O,) = 6.7 and (TCM) =
0.17 kPa (Fig. 2C), with the increase of P(O,)
to 13.3 kPa, the principal phase remained as
CaHAp while small quantities of chlorapatite
and calcium phosphate were also observed (Fig.
8A). Since, under the latter conditions, a small
quantity of the surface chlorinated species was
detected (Table 3), the relatively minor effects
of the introduction of TCM on the oxidation of
ethane (Fig. 5B, TCM) = 13.3 kPa) may be
reasonable. After a further increase of the par-
tial pressure to 20.0 kPa, the hydroxyapatite had
completely disappeared and a mixture of the
chlorapatite and phosphate was detected (Fig.
8B), whose pattern was essentially identical to
that of CaHAp, ¢, previously used at P(O,) =
6.7 and P(TCM) =0.34 kPa (Fig. 8C). On
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L 20
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0 0.17 0.34 0.68 0 0.17 0.34 0.68
Ca/P Sr/P
Partial Pressure of TCM/kPa

Fig. 7. Effects of the partial pressure of TCM on ethane oxidation
on CaHAp; g, (A) and StHAp, ¢; (B) at 773 K. Conditions: same
as those in Fig. 1 except P(TCM).
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Fig. 8. XRD patterns of CaHAp, g, previously employed in
obtaining the results shown in Fig. 5B and Fig. 7A but after 6 h
on-stream. (A) P(O,) = 13.3 kPa, P(TCM) = 0.17 kPa in Fig. 5B.
(B) P(O,) = 20.0 kPa, P(TCM) = 0.17 kPa in Fig. 5B. (C) P(O,)
=6.7 kPa, P(TCM) = 0.34 kPa in Fig. 7A. (D) P(O,) = 6.7 kPa,
P(TCM) = 0.68 kPain Fig. 7A.

CaHAp, o previousy employed under those
conditions, relatively large quantities of chlori-
nated species were detected (Table 3), leading
to the similar effects of the introduction of TCM
on the oxidation (Fig. 5B, P(O,) = 20.0 kPa and
Fig. 6, (TCM) = 0.34 kPa). Only the chlorap-

Table 3

Atomic ratios of Cl /M2 in the near-surface region of CaHAp; 4o
and SrHAp, g, previousy employed in the ethane oxidation at
various concentrations of O, and TCM at 773 K

P(O,) 133 20.0 6.7 6.7
/kPa

P(TCM) 0.17 0.17 0.34 0.68
/kPa

Catalyst cl/M
CaHAp,, Cl/Ca 007 019 016 022
(0.06) (0.16) (0.13) (0.20)
SHAp,; Cl/S 019 021 018 025
(015) (017 (019) (0.19)

&M = Caor Sr.

bCaHApl60 and SrHAp, 4; Were previously employed in obtain-
ing the results shown in Figs. 5-7 but after 6 h on-stream.
Values in parentheses show those after argon-ion etching for 1
min.

atite was again detected in the catalyst previ-
ously employed at P(TCM) = 0.68 kPa (Fig.
8D) with an XRD pattern essentially identical to
that of the catalysts previously employed under
the standard conditions. However, the activities
with increasing time-on-stream were quite dif-
ferent (Fig. 7A, P(TCM) = 0.68 kPa and Fig.
1B, respectively). More chlorinated species were
formed on the surface of CaHAp, ¢, previously
employed at P(TCM) = 0.68 kPa, than that used
at the standard conditions, suggesting that other
chlorinated species together with the chlorap-
atite may be present on the surface and con-
tribute to the oxidation of ethane in the presence
of TCM. Similar conclusions can be drawn
from the corresponding data obtained with
SrtHAD, ¢, the XRD patterns for which previ-
ously employed at various partial pressures of
O, and TCM were identica (Fig. 9) but the
effects of TCM were quite different (Fig. 6B
and Fig. 7B). Although differences in the quan-
tities of chlorinated species formed on the sur-
face of SrHAp, s were not evident (Table 3),

(A)

(B)

)

intensity (arb. units)

D)

10 20 30 40 50 60

26/ degrees
Fig. 9. XRD patterns of SrtHAp, ¢; previously employed in obtain-
ing the results shown in Fig. 6B and Fig. 7B but after 6 h
on-stream. (A) P(O,) = 13.3 kPa, P(TCM) = 0.17 kPa in Fig. 6B.
(B) P(O,) = 20.0 kPa, (TCM) = 0.17 kPa in Fig. 6B. (C) (O,)
=6.7 kPa, P(TCM) = 0.34 kPa in Fig. 7B. (D) P(O,) = 6.7 kPa,
P(TCM) = 0.68 kPa in Fig. 7B.
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other chlorinated species may contribute to the
oxidation process.

Although the identification of the other chlo-
rinated species formed on the surface of CaHAp
and SrHAp is not clear in the present study, the
corresponding chlorides, CaCl, and SrCl,, are
probably formed. In the hydroxyapatite system,
the chlorides may be produced through deep
chlorination of the hydroxyapatite to chloride
through the chlorapatite [28], or by chlorination
of the phosphate, converting from the hydroxy-
apatite [24], to the chloride [27]. It has been
already reported that the selectivities to C,H,
on akaline earth phosphate catalysts were dra-
matically enhanced by the introduction of TCM
into the ethane oxidation feedstream and the
formation of the corresponding chloride during
the oxidation was suggested as a major contrib-
utor [27]. It should be pointed out that the
chlorapatite which formed in the oxidation of
ethane at high conversions [29] may be con-
verted to the corresponding phosphate with an
excess of H,O at temperatures as low as 773 K.

4. Conclusions

(1) Non-selective formation of CO, was ob-
served on CaHAp and SrHAp in the oxidation
of ethane without TCM although carbon monox-
ide is selectively formed in the oxidation of
methane on SrHAp [24,25].

(2) The conversion of CaHAp and SrHAp to
the corresponding chlorapatite resulted in the
decrease of the conversion of ethane and the
selectivity to CO, with increasing time-on-
stream. These influences of the formation of the
chlorapatite are identical to those observed in
the oxidation of methane on both catalysts [20—
24].

(3) The catalytic activities of the correspond-
ing phosphate, which was detected by XRD in
CaHAp, 55 previousy employed in ethane oxi-
dation with TCM (Fig. 2B), may be similar to
those of the corresponding chlorapatite con-
verted from CaHAp, ¢, (Fig. 1B and Fig. 2D).

However, both the chlorapatite and the chloride
may form from the phosphate. The catalytic
activities of CaHAPp for the oxidation of methane
in the absence of TCM are significantly higher
than those on the corresponding phosphate [22].

(4) The mechanism through which the chlori-
nated species contribute to the oxidation of
ethane in the presence of TCM s, as yet, un-
clear. While the evidence favours the participa
tion of surface chlorine in the process with the
chlorapatite as the principal surface chlorinated
species the contribution of other forms of chlo-
rine contained within the catalyst cannot be
dismissed. Regardless of the mechanism, the
selectivity to C,H, is a beneficiary of the sur-
face chlorine.
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