Catalysis Letters Vol. 78, Nos. 1-4, March 2002 (© 2002)

139

Effect of tetrachloromethane on redox behaviors of copper(ll) oxide
in the oxidative dehydrogenation of propane
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The oxidative dehydrogenation of propane on CuO has been investigated at 723 K in the presence and absence of tetrachloromethane
(TCM). Under oxygen-limiting conditions, the conversion of propane and the selectivity to propylene were enhanced by the introduction
of TCM. The catalyst converted to metallic Cu during the oxidation in the absence of TCM while no conversion of CuO was observed in
the sample used in the presence of TCM. In contrast, the conversion of propane dramatically decreased upon addition of TCM into the
feedstream for the oxidation of propane under the oxygen-excess conditions. The catalyst used under the oxygen-excess conditions was not
reduced to metallic Cu, regardiess of the addition of TCM. It is suggested that an abstraction of lattice oxygen from the catalyst is strongly
influenced by the concentration of oxygen in the feed, resulting in the different effect of TCM on the oxidative dehydrogenation of propane.
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1. Introduction

Since it was reported that catalysts containing vana-
dium [1-3] and molybdenum [4,5] species show consid-
erable activity for oxidative dehydrogenation of propane
(ODP), many researchers have focused on those catalysts
undoped and doped with other solid-phase additives [6-8].
However, relatively little work has been reported in which
gas-phase additives are employed to control catalytic activ-
ity for ODP athough it has been reported that the oxida-
tive coupling and partial oxidation of methane on various
catalysts are enhanced upon addition of tetrachloromethane
(TCM) into thefeedstream [9]. It has been suggested that the
formation of chlorinated species on the surface of the cata-
lyst together with chlorineradicalsin gas phase [10] directly
contributes to the enhancement of the activity for methane
oxidation [9,11]. The effect of TCM on control of the ba-
sic properties on the catalyst has been also reported [12].
In our laboratory, the effect of the introduction of TCM
into ODP feedstream has been investigated on cerium ox-
ide [13] and strontium hydroxyapatite ion exchanged with
Cu?t (Cu-SrHAp) [14], both of which have not been gen-
eraly employed as the catalyst for ODP, together with
a-magnesium pyrovanadate [15], which is known as one of
the active and selective catalysts for ODP [1-3,5,6]. The
conversion of propane and/or the selectivity to propyleneon
those catalysts have been enhanced by the introduction of
TCM into the feedstream [13-15]. It has been suggested
that the introduction of TCM appears to directly contribute
to redox behaviours of those catalysts, resulting in the en-
hancement of the activity for ODP [13-15]. Particularly the
activity for ODP on Cu-SrHAp has been improved by the
addition of TCM, probably due to the suppression of the re-
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duction of Cu?* to metallic Cu [14]. However, since the
nature of Cu speciesin Cu—SrHAp was not evident [14], we
could not obtain definite information on redox behaviours
of Cu species over the catalyst. Therefore, the effect of the
introduction of TCM into the feedstream for ODP on well-
defined Cu?t-containing catalyst should be tested. To the
best of our knowledge, there were few reports on the effect
of TCM on the oxidation of alkanes on catalysts containing
reducible cations such astransition metals. The present work
reports on ODP on CuO and the effect of the introduction of
TCM to the feedstream.

2. Experimental

Reagent CuO (99.9%) was purchased from Wako Pure
Chemicals (Osaka) and used as received. The XRD pattern
of the fresh catalyst matched that of CuO (JCPDS 45-0937).
A particle size of 0.85-1.70 mm was employed as the cat-
alyst. The surface area and apparent density of the catalyst
were 2.1 m?/g and 1.54 g/cmd, respectively. The catalytic
experiments were performed in a fixed-bed continuous-flow
guartz reactor operated at atmospheric pressure. Details of
the reactor design, the procedure of catalytic experiments
and the calculation methods of the conversion and the se-
lectivity have been described elsewhere [14]. No homoge-
neous oxidation of propane was observed at 723 K under
the present reaction conditions. The carbon mass balances
were 100 £ 5%. Turnover rate using the catalyst surface
area was estimated as the rate (r = FCoXa/W, in which
F, Co, Xa and W were the flow rate, the initial concen-
tration of CgHg, the conversion of C3Hg and the catalyst
weight [16]) per catalyst surface area. Decomposition be-
haviours of TCM were examined using the same procedure
described elsewhere [17]. In the absence of the catalyst, no
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Figure 1. The oxidative dehydrogenation of propane on CuO (0.5 g) at

723 K in the absence (A) and presence (B) of TCM. Reaction conditions:

P(CgHg) = 14.4 kPa, P(TCM) = 0.17 kPa (when present) and F =
30 ml/min.

decomposition of TCM was observed under the present con-
ditions. X-ray photoelectron spectroscopy (XPS, Shimadzu
ESCA-1000AX) used Al Ko radiation [18]. The binding
energies were corrected using 285 €V for C 1s as an inter-
nal standard. Powder X-ray diffraction (XRD) patterns were
recorded with a Rigaku RINT 2500X diffractometer, using
monochromated Cu Ko radiation.

3. Resultsand discussion

The oxidative dehydrogenation of propane was examined
a W =05g, F = 30ml/min, P(C3Hg) = 14.4 kPa and
P(O2) = 4.1, 8.2, and 12.3 kPa (figure 1). In the absence
of TCM, CO2 was the principal product from the oxidation
of propane and the selectivity to this oxide remained rela-
tively unchanged with increases in the partial pressures of
oxygen, while the conversion of propane, as expected, in-
creased (figure 1(A)). Oxygen-limiting conditions prevailed
for all partial pressure of oxygen employed. On addition of
TCM at 0.17 kPa (figure 1(B)) the conversion of propanein-
creased at all partial pressures of oxygen although more sub-
stantialy at the lower partial pressure of the oxidant. Con-
comitantly the selectivity to propylene was significantly in-
creased. The turnover rates at 0.75 h on-stream using the
catalyst surface area are summarized in table 1. To provide
information on the decomposition of TCM, the conversion
of TCM was examined at the identical reaction conditions
as employed in obtaining the results shown in figure 1(B)
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Table 1
Turnover rate using the catalyst surface area obtained under various condi-
tions at 0.75 h on-stream

wa FP P(O)¢ Xxpd9 P(TCM)® TORf

(@ (mmin1)  (kPa) (kPa) (mol min~1m=2)
0.5 30 41 4.9 0 8.4 x 1076
0.5 30 8.2 9.3 0 15.9 x 106
0.5 30 12.3 15.3 0 26.1 x 106
0.5 30 4.1 7.8 0.17 133 x 1076
0.5 30 8.2 15.7 0.17 26.7 x 106
0.5 30 12.3 18.9 0.17 323 x 1076
0.05 60 12.3 15.8 0 269.8 x 106
0.05 60 12.3 1.7 0.085 28.8 x 106
0.05 60 12.3 24 0.17 40.8 x 1076
0.03 60 12.3 14.9 0 4243 x 1076
0.03 60 12.3 1.0 0.17 17.1 x 106
aCatalyst weight.

b Flow rate.

CPartia pressure of O,.

d Conversion of C3Hsg.

€ Partial pressure of TCM.

f Turnover rate usi ng the catalyst surface area.

but P(TCM) = 0.51 kPa. The conversion of TCM was
92 and 61% at 0.75 and 6 h on-stream, respectively, and
both C;H,Cl; (x = 1, 2 and 3) and Cl, were not detected
while the extensive formation of HCl was observed. There-
fore, the formation of propylene may not be through those
chlorinated organic species. XRD patterns of the catalysts
previously employed in ODP a P(O2) = 4.1 and 8.2 kPa
showed that CuO was completely converted to metallic Cu
(JCPDS 4-0836) (not shown). It is of interest to note that
XRD shows that the inlet portion of the catalyst used at
P(0Oy) = 12.3 kPain the absence of TCM consists of CuO,
Cu,0 (JCPDS 5-0667) and metallic Cu (figure 2(A)) while
the outlet portion is metallic Cu only (figure 2(B)), indicat-
ing that | attice oxygen of CuO would be abstracted more ev-
idently from the outlet portion, at which there is no gaseous
Oz inthefeed, than theinlet portion, at which gaseous Oz is
still present in the feed. 1t should be noted that the employ-
ment of the oxygen-limiting conditions could afford such an
evident reduction behaviour of Cu species. However, the cat-
alyst remained CuO structure after ODP in the presence of
TCM under the present conditions (figure 2(C)). Therefore,
it is evident that addition of TCM into the feedstream for
ODP would directly contribute to redox behaviours of CuO
catalyst, reflecting the activities in the presence of TCM.
Peaks in the XPS spectra of the fresh and used catalysts
were found at approximately 933 and 530 eV, which have
been attributed to Cu 2p3/,2 and O 1s. A peak at approxi-
mately 199 eV dueto Cl 2p was al so detected in the samples
used in the presence of TCM. The Cl/Cu ratios on the sur-
face of the catalysts previously employed in ODP with TCM
a P(Op) = 4.1,8.2 and 12.3 kPawere 0.75, 0.20 and 0.20,
suggesting that the formation of the chlorinated species on
the surface of CuO prevents the catalysts from reducing.

In order to avoid the oxygen-limiting conditions, ODP
wasexaminedat W = 0.05¢g, F = 60 ml/min, P(CzHg) =
14.4 kPa, P(O2) = 12.3kPaand P(TCM) = 0, 0.085 and
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Figure 2. XRD patterns of the catalysts previously employed in obtaining

the results shown in figure 1 but after 6 h on-stream. (A) Inlet portion of

the catalysts used at P(O5) = 12.3 kPain the absence of TCM. (B) Outlet

portion of the catalysts used a P (Op) = 12.3 kPain the absence of TCM.

(C) Catalysts used at P(Op) = 4.1, 8.2 and 12.3 kPa in the presence of
TCM.

0.17 kPa (figure 3). In the absence of TCM, the high con-
version of propane and the rather low selectivity to propy-
lene were observed as expected. Upon addition of TCM,
however, the enhancement of the conversion of propane,
which was evidently detected under oxygen-limiting condi-
tions, was not observed while the selectivity to propylene
increased with increasing P(TCM). Similar effects of the
introduction of TCM on the conversion and the selectivity
were also observed under the same reaction conditions em-
ployedinfigure 3except W = 0.03g. At W = 0.03ginthe
absence of TCM, the conversionsof CzHg and O, were 14.9
and 89.7%, respectively, while the selectivities to CO, CO»
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Figure 3. The oxidative dehydrogenation of propane on CuO (0.05 g)
a 723 K in the presence and absence of TCM. Reaction conditions:
P(C3Hg) = 14.4kPa, P(Op) = 12.3kPaand F = 60 ml/min.
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Figure 4. XPSspectraof CuO, CupO and metallic Cu: Cu 2p3, of (1) CuO,
(2) Cup0, (3) metdlic Cu, (4) CuCl, and (5) CuCl; Cu LMM of (6) CuO,
(7) Cu20, (8) metallic Cu, (9) CuCl, and (10) CuCl.

and C3Hg were 1.7, 92.7 and 5.6%, respectively, at 0.75 h
on-stream. Upon addition of TCM (0.17 kPa), the conver-
sions of C3Hg and O, and the selectivity to CO, decreased
to 1.0, 13.3 and 28.6%, respectively, while the selectivity to
CsHe increased to 71.4%. The high turnover rates observed
a W = 0.03 and 0.05 g in the absence of TCM (table 1)
show that such a small amount of the catalyst is sufficient
to completely consume the oxygen in the feed. Those ef-
fects of TCM would be strongly influenced by redox behav-
iors of the catalyst. However, unfortunately, XRD patterns
of those samples previously employed in obtaining the re-
sults using W = 0.03 and 0.05 g of the oxide could not
be carried out due to the limiting amount. It is generaly
accepted that XPS signals due to Cu species are rather in-
sensitive to the corresponding valences. It has been already
reported that the distinction between CuO, Cu,0 and metal-
lic Cuwith XPSis possible in employing the combination of
Cu 2p3/2 and CuLMM Auger spectra[18]. In fact, as shown
infigure 4, Cu 2ps/» dueto Cu?t was detected together with
satellite peak while the shape of Cu LMM due to metallic
Cu is evidently different from those due to Cu?t and Cu™
particularly after argonion etching for 1 min, indicating that
Cut can be al'so distinguished with XPS. Such distinguish-
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Figure 5. XPS spectra of the catalysts previously employed in obtain-

ing the results shown in figure 1. (A) Cu LMM of the catalyst used at

P(0O2) = 8.2kPain the absence of TCM. (B) Cu 2p3, of the catalyst used
a P(Op) = 12.3 kPain the presence of TCM.

able XPS and Auger peaks were also obtained from CuCl,
and CuCl, although the Cu 2pz/» signa particularly from
CuCl; was observed at a higher binding energy than those
from the other three species [19]. In order to confirm the
validity of XPS for distinction of valence of Cu, the cata-
lysts previously employed in obtaining the results shown in
figure 1 but at P(O2) = 8.2 kPain the absence of TCM
and P(O2) = 12.3 kPain the presence of TCM, in the for-
mer of which metallic Cu was detected by XRD while in
the latter CuO was detected, were analyzed by XPS. Fig-
ure 5(A) showed that the surface of the catalyst was metallic
Cu whilefigure 5(B) showed CuO. Therefore, those identifi-
cationswith X PS matched thosewith XRD. Figure 6 showed
XPSresults of the samples previously employed in obtaining
the results shown in figure 3 but after 6 h on-stream, indicat-
ing that the catalyst used in the absence of TCM converted
to Cu,O while the catalysts used in the presence of TCM
remained CuO structure. Since those catalysts were used
under oxygen-excessconditions, reduction of CuO to metal-
lic Cu appears to be rather suppressed even in the absence
of TCM. Although the oxidation in the absence of TCM was
performed under oxygen-excess conditions, it is reasonable
to detect the reduction of CuO to Cu,O since the conversion
of O, was approximately 100%. The Cl/Cu ratios on those
catalysts but employed at P(TCM) = 0.085 and 0.17 kPa
were 0.13 and 0.60, respectively, both of which were rather
corresponding to those obtained from the catalysts used un-
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Figure 6. XPS spectra of the catalysts previously employed in obtaining

the results shown in figure 3. Cu 2pgz,, of the catalysts used at P(TCM) =

(1) O, (2) 0.085 and (3) 0.17 kPa, respectively; Cu LMM of the catalysts
used a P(TCM) = (4) 0, (5) 0.085 and (6) 0.17 kPa, respectively.

der oxygen-limiting conditions. Since the redox behaviours
and chlorination of the surface of the catalysts are essen-
tially identical between the catalysts used in the oxidation
under oxygen-limiting and oxygen-excess conditions, it is
rather strange that the effects of the introduction of TCM
into the feedstream were quite reverse between them. It
should be noted that the turnover rates estimated under the
oxygen-excess conditions with TCM are rather similar as
those under the oxygen-limiting conditionswith TCM while
the rate without TCM under the oxygen-excess conditionsis
evidently greater than that under the oxygen-limiting condi-
tions (table 1).

Finally in order to examinethe catalyst deactivation, ODP
in the presence of TCM was examined under the same reac-
tion conditions employed in obtaining the results shown in
figure 1 but P(O2) = 4.1 kPa by 48 h on-stream (figure 7).
The conversions of propane and oxygen gradually decreased
while the selectivity to propylene increased with time-on-
stream. After the oxidation, the XRD pattern showed that
a small amount of CuCl (JCPDS) 6-0344 was detected to-
gether with CuO (not shown). The surface analysis with
XPS aso showed an excess amount of chlorinated species
on the used catalyst (Cl/Cu = 1.36). Therefore, it is evident
that the formation of an excess amount of the chlorinated
speciesin and on the surface results in the deactivation.

It should be noted that the effects of the addition of TCM
observed in this study do not indicate that the catalytic ac-
tivities of CuO for the oxidation of C3Hg can be improved
by the additive. The oxidation of C3Hg in the absence of
TCM at W = 0.5, 0.05 and 0.03 g shows that CuO is quite
active particularly for the deep oxidation of CzHg to COo.
Since a contribution of lattice oxygen in CuO to the oxida-
tion, that is, abstraction of lattice oxygen from the oxide, is
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Figure 7. Extended time-on-stream effect over CuO (0.5 g) on the oxidative dehydrogenation of propane in the presence of TCM (0.17 kPa) at 723 K.
Reaction conditions: P(C3Hg) = 14.4 kPa, P(O2) = 4.1 kPaand F = 30 mi/min.

evident, the great oxidation activity of lattice oxygen should
be suppressed to obtain C3Hg more selectively. The surface
chlorinated species on the catalyst used with TCM, whichis
detected by XPS, appears to contribute to the suppression of
the activity of the lattice oxygen for the deep oxidation of
C3Hg to CO». Since the amount of oxygen consumed in the
deep oxidation of C3Hg to CO; isgreater than that consumed
in ODP to CgHe, the conversion of CzHg under the oxygen-
limiting conditions increases by the addition of TCM (fig-
ure 1). Under the oxygen-limiting conditions (W = 0.5 g),
most of the lattice oxygen does not directly contribute to the
oxidation since W = 0.03 g is sufficient for the oxidation
in the absence of TCM. Therefore, rather great activities can
be observed due to the synergistic contribution of gaseous
oxygen and the excess lattice oxygen. If the consumption
of the lattice oxygen in the catalyst used in the presence of
TCM isnot fully supplied with gaseous oxygen dueto an ex-
cess formation of the surface chlorinated species, the grad-
ual decrease of the activities shown in figure 7 is reason-
able. Under the oxygen-excess conditions (W = 0.03 and
0.05 g), thereis rather no excess lattice oxygen, resulting in
the different effects of TCM from those observed under the
oxygen-limiting conditions. The addition of TCM plays an
important role for controlling the activity of the lattice oxy-
gen in the oxide, which also depends on the partial pressure
of oxygen. We believe that the employment of the evidently
different reaction conditions could afford evident informa-
tion on the effects of the addition of TCM on the redox in
the oxidation of C3Hs.

4. Conclusions
The activity of CuO for the oxidative dehydrogenation of

propane to propylene was enhanced by the addition of TCM
under the oxygen-limiting conditions. In contrast, the ox-

idation was suppressed by the addition of TCM under the
oxygen-excess conditions. It is evident that the participation
of TCM to redox of the catalyst plays an important role for
the charge of the activities together with an oxygen abstrac-
tion from the catalyst, which depends on the concentration
of oxygeninthe feed. The formation of an excess amount of
chlorinated speciesin and on CuO employed in the oxidation
with TCM resulted in the decrease of the activity.
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