Journal of Molecular Catalysis A: Chemical 315 (2010) 221-225

Contents lists available at ScienceDirect
, , ‘CATALYSIS
Journal of Molecular Catalysis A: Chemical
journal homepage: www.elsevier.com/locate/molcata e =

Catalytic dehydrogenation of isobutane in the presence of carbon dioxide over

nickel supported on active carbon

Jianfei Ding®?, Zhangfeng Qin?, Xuekuan Li?, Guofu Wang?, Jianguo Wang*

a State Key Laboratory of Coal Conversion, Institute of Coal Chemistry, Chinese Academy of Sciences, P.0O. Box 165, Taiyuan, Shanxi 030001, PR China

b Graduate School of the Chinese Academy of Sciences, Beijing 100049, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 27 May 2009
Received in revised form

23 September 2009

Accepted 24 September 2009
Available online 2 October 2009

The dehydrogenation of isobutane to isobutene was carried out in the presence of carbon dioxide over
the catalyst nickel supported on active carbon (AC). The state and property of nickel species (NiOx) in
the catalyst are relevant to its calcination temperature, because NiO may be partially reduced to Ni by AC
at high temperature. NiO and Ni species are different in the catalytic behaviors; Ni is only effective for
direct dehydrogenation of isobutane, while NiO is also highly active for the coupled dehydrogenation with

carbon dioxide. Carbon dioxide can significantly enhance the dehydrogenation of isobutane over NiO/AC
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through keeping NiO species, in situ eliminating hydrogen produced and suppressing coke formation.
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1. Introduction

Isobutene is widely used in industry to produce polyisobutene,
butyl rubber, methyl acrylates, methyl tert-butyl ether (MTBE) and
other chemicals [1,2]. Although the use of MTBE as octane enhanc-
ing additive in gasoline is likely questionable, the use of heavier
ethers like ethyl tert-butyl ether obtained from isobutene is possi-
ble [3,4]. At present, isobutene is mainly obtained from the refinery
gas as a by-product of naphtha steam cracking or fluidized catalytic
cracking as well as produced by the dehydrogenation of isobu-
tane [5,6]. The increasing demand for isobutene in recent years has
drawn considerable attention to the dehydrogenation of isobutane
to isobutene.

Because the direct dehydrogenation of isobutane is an endother-
mic and volume-expanding reaction, it is usually performed at
high temperature; hence fast catalyst deactivation due to carbona-
ceous deposition, poor isobutene selectivity due to numerous side
reactions, as well as high energy consumption from the high tem-
perature operation are crucial issues affecting the efficiency of
the dehydrogenation process [7]. On the other hand, the oxida-
tive dehydrogenation is an effective way to increase the conversion
and/or lower the reaction temperature [8-10]; however, the desir-
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able dehydrogenation product is vulnerable by deep oxidation
when using oxygen as oxidant [11].

Many researchers have attempted to employ CO, as a mild
oxidant in the oxidative dehydrogenation of isobutane [7,12-15],
where the dehydrogenation is coupled with reverse water gas shift
(RWGS):

(CH3)3CH = (CH3),CCHz +Hy (1)
€O, +Hy = CO + Hy0 )

In this respect, the yield of isobutene can be enhanced at rel-
atively low temperature by promoting the dehydrogenation and
avoiding the deep oxidation of target product with CO; in the reac-
tion stream. The catalysts Cr,03 [7], V-Mg-0 [12-14] and Fe-O
[15] have been used for this reaction. However, the results are
still unsatisfactory for practical application. We previously found
out that the catalyst nickel supported on active carbon (AC) exhib-
ited excellent performance for the dehydrogenation of isobutane in
the presence of CO, [16]; the isobutane conversion and isobutene
selectivity at 550°C were 48.0 and 86.8%, respectively. The reac-
tion behavior was largely dependent on the catalyst calcination
temperature.

In this work, the dehydrogenation of isobutane to isobutene was
carried out in the presence of CO, over the AC supported nickel
catalyst (NiOx/AC). The variance of active nickel species along with
the catalyst calcination and reaction process was investigated. The
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performance of various nickel species and the role of CO, in the
dehydrogenation of isobutane were clarified.

2. Experimental
2.1. Catalyst preparation

The catalyst NiOx/AC with a Ni loading of 1.0 mmol/g-AC was
prepared by incipient wetness impregnation of AC (40-60 mesh,
600 m?/g) with an aqueous solution of Ni(NO3 ),-6H,0. The impreg-
nation lasted for 24 h at room temperature, and then the catalyst
with Ni precursor was dried at 110°C in N for 12h and finally
calcined at different temperatures in Ar for 1 h.

2.2. Catalyst characterization

X-ray diffraction (XRD) was performed on a Bruker AXS D8
advanced X-ray diffractometer with Cu Ka radiation (154.06 pm,
40kV, and 40 mA) in the range of 26 between 10° and 95°.

Thermogravimetric analyses (TGA) were carried out on the
apparatus TGA92 (Setaram Co., France) under Ar (or air) within the
temperature range of 20-1000 °C at a heating rate of 10 °C/min.

H,-TPR was performed in a quartz microreactor (TP-5000,
Tianjin-Xianquan, China) and about 50 mg of catalyst sample was
used in each measurement. The measurement was conducted from
room temperature to 800 °C at a heating rate of 10 °C/min by using
a gas flow of 5vol% Hy in Ar (30 ml/min). The amount of H, uptake
during the reduction was measured by a thermal conductivity
detector (TCD).

2.3. Catalytic tests and analytical procedure

The catalytic tests were performed in a fixed bed tubular reactor
(stainless steel tube with an inner diameter of 5.0 mm) at atmo-
spheric pressure. For each test, about 500 mg of catalyst sample was
diluted with quartz grain and loaded in the constant temperature
zone of the reactor. The temperature of reactor was programmed up
to the reaction temperature 550 °C under an Ar flow, and then the
Ar flow was switched to the reaction stream (a mixture of isobu-
tane + CO,/Ar). The mole ratio of CO, (or Ar) to isobutane in the
feed was 6 when the reaction was conducted in CO, (or Ar). The
volumetric hourly space velocity (VHSV) of the feed for the dehy-
drogenation was 1770 h~1. Blank tests were also conducted under
the same conditions, by replacing the catalyst with quartz sand of
the same particle size.

The effluent was analyzed by using two on-line gas chro-
matographs: one equipped with C-18 packed column for
C3-C4 hydrocarbons and another with carbon molecular sieves
(80-100 mesh) packed column for CO, CO, and CHy; both using
TCD as the detector and Hj as the carrier gas. The isobutane con-
version, isobutene selectivity and CO, conversion are denoted as
X1, 18 and xco, , respectively.

3. Results and discussion
3.1. Effect of calcination temperature on the state of Ni species

The XRD patterns of the catalysts calcined in Ar for 1 h at differ-
ent temperatures are shown in Fig. 1. Only NiO phase is observed in
the catalysts calcined in Ar at 500 and 550 °C; the scattered peaks
suggest a high dispersion of amorphous NiO in the support AC. Ni
phase appears in the catalyst calcined at 600 °C or higher tempera-
ture. These suggest that NiO can be partially reduced to Ni with AC
by calcination at 600 °C. When the catalyst is calcined at higher tem-
perature, more NiO is reduced to Ni and Ni species is agglomerated
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Fig. 1. XRD patterns of the catalysts calcined in Ar for 1 h at different temperatures:
(a) 500°C; (b) 550°C; (c) 600°C; and (d) 650°C.

at high temperature; the peaks of amorphous and well-dispersed
NiO species are then immersed in the intense peaks of aggregated
Ni species and become indistinct in the XRD patterns.

The TG-DTG profiles of the sample AC loaded with Ni precur-
sor (Ni(NO3),/AC) are shown in Fig. 2. Two peaks of weight loss are
observed; the first peak around 300 °Cis attributed to the decompo-
sition of Ni(NO3 ), to NiO, and the second around 600 °C is ascribed
to the reduction of NiO to Ni by AC. This confirms that the reduction
of NiO by AC starts at about 600°C, as suggest by the XRD results
of Fig. 1.

The catalysts calcined at different temperatures are character-
ized by H,-TPR. All catalysts exhibit a H, consumption peak around
210°C and the reduction of NiO completed at about 310°C. The
amount of Hy, consumption decreases significantly with the calci-
nation temperature, as shown in Table 1. This supports that more
NiO species will be reduced by AC upon calcination at higher tem-
perature. The molar ratio of NiO to Ni species in the catalyst can
be estimated by the H, consumption; for the catalyst calcined at
700°C, the molar ratio of Ni to NiO species reaches 0.748. The con-
tent of NiO species in the catalyst decreases considerably with the
increase of the calcination temperature.

3.2. Catalytic behaviors of different Ni species

To understand the catalytic behaviors of different Ni species
(NiO and Ni) in the dehydrogenation of isobutane, a series of
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Fig. 2. TG-DTG profiles of Ni(NOs3 ), /AC in Ar.



J. Ding et al. / Journal of Molecular Catalysis A: Chemical 315 (2010) 221-225 223

Table 1

H, consumption in H,-TPR measurement and the Ni/NiO molar ratio estimated for the NiO/AC catalysts calcined at different temperatures.

Calcination temperature (°C) H,-TPR intensity (a.u.)

H, consumption (mmol/g) Ni/NiO molar ratio

550 832
600 637
650 516
700 476

0.902 0

0.691 0.306
0.560 0.612
0.516 0.748

catalysts are prepared. The catalyst with NiO species (NiO/AC) is
obtained by calcining Ni(NO3),/AC in Ar at 550°C for 1h to pre-
vent NiO from reduction by AC; while the catalyst with Ni species
(Ni/AC)is prepared by reducing NiO/ACwith H, (10%) in Ar at 400 °C
for 4 h. A comparison of isobutane dehydrogenation over different
catalysts as well as in different atmospheres (CO, or Ar) was then
conducted at 550 °C; the results are illustrated in Fig. 3.

In the blank tests with quartz sands loaded in the reactor, the
isobutane conversion x;g is about 3.8% with the isobutene selectiv-
ity s;g of about 87.5%, regardless of the reaction atmosphere (Ar or
C0,); this suggests that thermal non-catalytic dehydrogenation of
isobutane may occur at 550 °C, but the isobutane conversion is very
low and independent on the reaction atmosphere.

Over the catalyst Ni/AC, the isobutane conversion is largely
increased. The reaction behavior over Ni/AC in the presence of
CO, is actually identical with that in the Ar atmosphere. At 550°C

50:— (a)
40
s 0
= 0r
= -
20 |
In CO, : —8—NiO/AC; —&— Ni/AC; —©— Blank
10 F InAr:  —®—NiO/AC; —&— Ni/AC; —®—Blank
09
; (b)
88 |
_CE 87 |
86
U [N TR TR S T NN SR ST TN S NN SUNY SN ST SR N S ST TR S [ ST S ST T N '
6F B\EME(C)
g 4f
£, Inco,: —8—NiOAC; —A—NVAC; —6—Blank
oL o ——o—o 6 — o ——

o H>

1 2 3 4 5
Time on stream (h)

Fig. 3. Dehydrogenation of isobutane over NiO/AC, Ni/AC and inert quartz sand in
the atmospheres of CO, and Ar: (a) isobutane conversion; (b) isobutene selectivity;
and (c) CO, conversion for the reaction in CO,. Reaction conditions: 550°C; VHSV
of 1770 h~1; the mole ratio of CO, (or Ar) to isobutane in the feed was 6 when the
reaction was conducted in CO, (or Ar).

with the time on stream of 1h, the isobutane conversion x;g and
isobutene selectivity sjg are 37.6 and 86.0%, respectively; with
the increase of reaction time, the isobutane conversion decreases,
while the isobutene selectivity increases gradually. The results here
suggest that Ni/ACis catalytically active for the direct dehydrogena-
tion of isobutane (in an inert atmosphere). Over Ni/AC, CO, cannot
bring on any promoting effect on the isobutane dehydrogenation.
Actually, the conversion of CO, is also not observed here for the
reaction over Ni/AC in CO,.

Over NiO/AC, the dehydrogenation of isobutane is further pro-
moted. At 550 °C in Ar with the time on stream of 1 h, the isobutane
conversion x;g and isobutene selectivity s;g are 40.7 and 86.1%,
respectively. In contrast with the reactions over Ni/AC, the pres-
ence of CO; in the reaction stream here can significantly enhance
the isobutane conversion for the dehydrogenation over NiO/AC; at
550°C in CO, with the time on stream of 1h, x;g and sz reach 48.0
and 86.8%, respectively; the decrease of isobutane conversion with
the time on stream is also much milder. Moreover, a significant
conversion of CO; (xco, ~6.0%) is observed for the isobutane dehy-
drogenation over NiO/AC in CO,. This then strongly suggests that
NiO species present in the catalyst is effective for the promotion of
isobutane dehydrogenation with CO,.

We can then infer that NiO and Ni species are different in the
catalytic behaviors; Ni is only effective for direct dehydrogena-
tion of isobutane, while NiO is also highly active for the coupled
dehydrogenation with CO, through the RWGS reaction besides the
direct dehydrogenation. Moreover, it seems that NiO is also some
more active for the direct isobutane dehydrogenation in inert atmo-
sphere than Ni. The dehydrogenation of isobutane over NiO/AC can
then be significantly enhanced with CO, in the reaction stream.

3.3. Effect of the calcination temperature on the catalytic
performance of NiO/AC

The catalytic tests are then performed over the catalysts
NiOx/AC calcined at different temperatures, both in CO, and Ar
atmospheres. As listed in Table 2, with the increase of calcination
temperature, the conversion of isobutane (x;g) decreases consider-
ably, accompanied with an appreciable decrease of the selectivity
to isobutene (sjg) (either in CO, or Ar). For the reactions in CO,, the
conversion of CO; (Xco, ) also decreases obviously with the increase
of calcination temperature.

As shown in Table 1, the mole ratio of Ni/NiO in the cata-
lyst increases with its calcination temperature. Namely, with the
increase of calcination temperature, the fraction of Ni phase in the
catalyst is raised, while the fraction of NiO phase is decreased. As
mentioned above, NiO phase is active both for the direct dehydro-
genation of isobutane in Ar and for the coupled dehydrogenation
in CO,, while Ni phase is only active for the direct dehydrogena-
tion; even for the direct dehydrogenation, NiO phase is also more
active than Ni phase under the same reaction conditions. More-
over, Ni species may be agglomerated at high temperature, which
can also decrease its catalytic activity. All these contribute to that
the performance of NiO/AC catalyst for isobutane dehydrogenation
(especially in CO,) deteriorates with the increase of its calcination
temperature.
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Table 2

Catalytic performance of the NiO/AC catalysts calcined at different temperatures for isobutane dehydrogenation.
Calcination temperature (°C) in CO, in Ar

xip (%) sip (%) Xco, (%) xip (%) sip (%)

550 48.0 86.8 6.1 40.5 86.1
600 435 86.3 4.8 35.3 85.7
650 37.6 85.9 3.2 29.5 85.3
700 36.3 85.7 2.7 28.7 85.0

Reaction conditions: 550°C; VHSV of 1770 h~'; the mole ratio of CO, (or Ar) to isobutane in the feed was 6 when the reaction was conducted in CO, (or Ar). The data were

acquired at 1 h on stream.

3.4. About the effect of CO, on the isobutane dehydrogenation

As shown in Fig. 3, the conversion of isobutane and the selec-
tivity to isobutene in CO, are always higher than those in Ar
for isobutane dehydrogenation over NiO/AC. The presence of CO,
enhances the efficiency of isobutane dehydrogenation significantly,
which is generally attributed to that CO, as a weak oxidant can
eliminate hydrogen produced during the dehydrogenation through
the RWGS reaction (Eq. (2)) [7]. This is supported by the formation
of CO and H;O0, as detected in the effluents.

Moreover, the decrease of isobutane conversion with the reac-
tion time in CO, is also much milder than that in Ar; in CO, the
conversion of isobutane descends from 48.0 to 38.8% in 6 h, while
in Ar it descends from 40.5 to 25.8%. The TGA tests also illustrate
that for the isobutane dehydrogenation over NiO/AC, the carbona-
ceous deposition in CO; is much less than that in Ar under the same
reaction conditions. This suggests that CO, can also alleviate the
catalyst deactivation, which may be partially attributed to that CO,
can suppress the carbonaceous deposition by reaction with coke to
form CO [7,15-18].

On the other hand, the catalytic activity of NiOx/AC is dependent
on the valence state of active Ni species, as mentioned above (Fig. 3).
H,-TPR profiles of the fresh and used catalysts after reaction for 6 h
in different atmospheres are shown in Fig. 4. The consumption of
H,, which is relevant to the NiO content in the catalyst, decreases
considerably after the reaction. However, as listed in Table 3, H,
consumption for the reduction of the used catalyst after reaction
in CO, is much higher than that in Ar. It is estimated that about
80.0% NiO species in the catalyst is retained after reaction in CO5,
while about 50.0% NiO species is reduced to Ni after the reaction in
Ar. These clearly indicate that CO; can help to keep the NiO active
species during the coupled dehydrogenation of isobutane, which
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Fig. 4. TPR profiles of the fresh catalyst NiO/AC (a), the catalyst used after carrying
out the isobutane dehydrogenation for 6 h in CO; (b), and the used catalyst after the
reaction in Ar (c).

Table 3

H, consumption in H,-TPR measurement and the Ni/NiO molar ratio estimated
for the fresh NiO/AC catalyst and used catalysts after reaction for 6 h in different
atmospheres (CO; or Ar).

Catalyst H,-TPR H, consumption Ni/NiO
intensity (mmol/g) molar
(a.u.) ratio
Fresh 832 0.902 0
Used after reaction in CO; 666 0.722 0.249
Used after reaction in Ar 416 0.451 1.000

may also contribute to the higher activity and better stability of
NiO/AC catalyst for the reaction in CO,.

4. Conclusions

The state and property of nickel species in the catalyst NiO/AC
arerelevant toits calcination temperature, because NiO may be par-
tially reduced to Ni by AC at a temperature higher than 600 °C. For
the dehydrogenation of isobutane to isobutene in the presence of
CO, over the catalyst NiO/AC, NiO and Ni species are different in the
catalytic behaviors; Ni is only effective for direct dehydrogenation
of isobutane, while NiO is also highly active for the coupled dehy-
drogenation with CO, besides the direct dehydrogenation. Because
the NiO content in the catalyst decreases with the increase of the
calcination temperature, the catalytic activity of NiO/AC deterio-
rates at high calcination temperature.

The dehydrogenation of isobutane over the catalyst NiO/AC in
the presence of CO, exhibits significant superiority over that in the
inert atmosphere. This may be attributed to the facts that CO; as
a weak oxidant can eliminate hydrogen produced from the dehy-
drogenation, retain the highly active species NiO in the catalyst and
suppress the carbonaceous deposition during the reaction.
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