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In the recent study, the dehydrogenation of isobutane to isobutene was accomplished using a NiO/y-ALO;
catalyst, and significant improvement in the time-on-stream yield of isobutene was accomplished. During the
normal catalytic dehydrogenation of alkanes, the catalyst is covered by the carbon deposition that is
generated during the reaction, which drastically reduces activity with time-on-stream. Therefore, no
examples of the catalytic dehydrogenation of isobutane have yet been reported. This study used either ethane
or propane as a source of isobutane to examine whether the activity was improved with time-on-stream. As a
result, in the dehydrogenations of both ethane and propane on a NiO/y-AL:Os catalyst, the catalytic activity
decreased with time-on-stream when the supporting amounts of NiO was small. By contrast, when the
supporting amount of NiO was large, the catalytic activity improved with time-on-stream. The results using a
NiO/y-ALOs catalyst with small and large NiO loadings were similar to those of isobutane dehydrogenation
and it was confirmed that the dehydrogenation activity was improved with time-on-stream in the catalytic
dehydrogenations of ethane, propane, and isobutane using large NiO loadings. Intermediate behavior using
a moderate amount of NiO loading, which was not detected in the dehydrogenation of isobutane, was also
observed, which resulted in a maximum yield of either ethylene or propylene at 2.0 or 3.25 h on-stream,
respectively. We concluded that the reason the catalytic activity did not improve with time-on-stream when
using a NiO/y-ALOs catalyst was because the supporting amount of NiO was too small. These results show
that activity with time-on-stream could also be improved in the dehydrogenations of other alkanes.

Introduction improved significantly with time-on-stream (Sugiyama
et al., 2021). Since nickel oxide on the supported
catalyst is reduced to metallic Ni at the initial stage of
the reaction, the metallic nickel species becomes the
active catalytic site. For a long time, it has generally
been accepted that the use of metallic Ni as a catalyst
will result in a significant reduction in catalytic activity
with time-on-stream due to the remarkable formation of
carbon deposits (Miura et al, 1968). This occurs in
various reactions: dehydrogenation (Ding ef al., 2010a;
Ye et al., 2019), steam reforming (Besenbacher et al.,
1998; Sehested, 2006; Guo et al., 2007; Ochoa et al.,
2017), methane decomposition (Otsuka and Takenaka,
2003; Avevalo et al., 2017), dry reforming (Bradford
and Vannice, 1999; Hayakawa et al., 1999; Arora and
Prasad, 2016), and partial oxidation reactions (Takehira
et al., 2002; Alvarez-Galvan et al., 2019). Therefore, the
dehydrogenation of isobutane on NiO/y-Al,Os in the
previous study achieved results contrary to conventional
wisdom. Based on these results, we were compelled to
address the following questions.

When using a solid catalyst, deactivation is a
problematic phenomenon. When an organic chemical
reaction is carried out on a solid catalyst, the surface of
the solid catalyst is covered with the deposition of
carbon by-product, which drastically reduces the
catalytic activity (Argyle and Bartholomew, 2015).

In the case of catalytic oxidation, carbon deposition
on the surface can be burned off by the vapor phase of
oxygen and removed as carbon dioxide. Therefore, the
catalyst deactivation due to carbon deposition is
relatively small during catalytic oxidation. On the other
hand, in the case of catalytic dehydrogenation, the
amount of carbon deposition that covers the catalyst
surface increases with time-on-stream. Therefore,
catalyst deactivation due to carbon deposition is a fatal
problem with catalytic dehydrogenation.

Despite ~ this  normal  background, = when
dehydrogenation of isobutane to isobutene was
performed in our laboratory using a NiO/y-ALOs
catalyst, we found that the isobutene yield was

1. Could this phenomenon be anomalous only to the
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To elucidate these points, in the present study, we
investigated the dehydrogenation of ethane to ethylene
and propane to propylene on a NiO/y-Al,Oj; catalyst. In
the present study, the key reactions of dehydrogenation
and carbon depositions are represented by equations (1)
and (2), respectively.

CiHox+2 — CxHax + Ha
CiHaxo = xC + (X+1)H2

(x=2or3)
(x=2or3)

(Eq. D)
(Eq. 2)

1. Experimental Section

1.1 Preparation of the catalysts

The catalyst referred to as NiO(x)/y-Al,Os3, in which
indicates the content by weight %, defined as 100 x
NiO [g] / (y-ALLOs [g] + NiO [g]), was prepared via the
impregnation method, as previously reported (Ding et
al., 2010a; Sugiyama et al., 2021). As an example of the
catalyst preparation, the method used to prepare
NiO(5)/y-AlyO;3 is as follows. Into 30 mL of an aqueous
solution containing 0.819 g of dissolved Ni(NO3)» 6H,O
(Fyjifilm Wako Pure Chemical Co.), 4.000 g of y-Al,O;
(JRC-ALO-9, which served as a reference catalyst from
the Catalysis Society of Japan) was added. The
suspension was then evaporated via drying at 383 K for
12 h. Finally, the resultant solid was calcined at 823 K.

“ ”»

1.2 Characterization of catalysts

The specific surface area, total pore volume, and
average pore diameter were estimated using the nitrogen
adsorption isotherms of the catalysts pretreated at 473 K
for 5 h using a BELSORPmax12 (MicrotracBEL) at 77
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K. X-ray diffraction (XRD) patterns were measured
using a SmartLab/R/INP/DX (Rigaku Co.) with a Cu
Ka radiation monochromator at 45 kV and 150 mA.
Thermogravimetric analysis was carried out using a
EXSTAR6000 (Seiko Instruments Inc.) under 100
mL/min of air flow at a heating rate of 8 K/min from
298 to 1073 K. Raman spectroscopy was measured via
an inVia Reflex (Renishaw K. K.). Some catalysts were
observed using field emission scanning electron
microscopy (FE-SEM) using a JSM-7400F (JEOL Ltd.).

1.3 Evaluation of catalytic performances

A fixed-bed continuous-flow reactor operated under
atmospheric pressure was used for the activity test on
each of the catalysts (0.25 g), which were previously
pelletized and sieved to reach a size of 1.18-1.70 mm,
at 823 or 923 K for the dehydrogenation of propane or
ethane, respectively. The temperature of the catalyst
was increased to the reaction temperature under a He
flow. After the reaction temperature was stabilized, tests
were carried out under a reactant gas that consisted of
P(C,Hg or CsHg) = 14.1 kPa and P(He) = 87.2 kPa at a
flow rate of 15.0 mL/min. The homogeneous reactions
were negligible under these conditions for both
dehydrogenations. The reaction behavior was analyzed
using a gas chromatograph (GC-8APT, Shimadzu
Corp.) equipped with a thermal conductivity detector
(TCD). The columns in the TCD-GC consisted of the
following: a molecular sieve (5A) (0.3 mx®3 mm) for
the detection of CO and CHy, and a Porapak Q (6 mx®
3 mm) for the detection of CoH4, CoHg, CsHe, and C;Hs.
The conversion of ethane and propane (Ccane and Cesps,
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Fig. 1 The dehydrogenation of ethane at 923K on NiO(x)/y-Al>03



respectively) and selectivity to the product i (Si) were
defined as follows:

Ccans (%) = 100 x [1-CoHg(P)/C2Hg(R)]

Ccsng (%) = 100 x [1-C3Hg(P)/C3Hg(R)]

Si (%) = 100 x [Ci/(ZC, + 2XC; + 3XC3) for C; species
Si (%) =100 x [2Ci/(2C; + 22C, + 3ZC3) for C; species
Si (%) =100 x [3Ci/(2C; + 22C, + 3ZC3) for Cs species

These equations were estimated using the absolute
calibration method, where C;, C,, C;, and Ci refer to
moles of C;, C,, Cs, and product i, respectively, in the
product gas; C,He(P) and C,H¢(R) refer to moles of
C,Hg in the product and reactant gas; and, CsHg(P) and
C3Hg(R) refer to moles of CsHg in the product and
reactant gas. The yields of ethylene and propylene were
calculated from the product of the conversion of each
reactant and the selectivity toward each product.

2. Results and Discussions

2.1 Catalytic performances

Figure 1 shows the catalytic performances for the
dehydrogenation of ethane at 923 K on NiO(x)/y-Al,Os.
In this case, ethylene and methane were detected as
products, and the production behavior of ethylene
appears in Figure 1. On the NiO(x)/y-AL,O3 (x = 3-10%)
catalyst, the conversion of ethane and the yield of
ethylene was decreased with time-on-stream, as
observed in normal dehydrogenation reactions.
However, on NiO(13)/y-Al,0O3 and NiO(15)/y-Al,Os3, the
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yield of ethylene was increased to 2.0 and 3.25 hours
on-stream,  respectively, and then  decreased.
Furthermore, when NiO(18)/y-Al,Os and NiO(20)/y-
AL O3 were used, the yield of ethylene increased with
time-on-stream and showed the same behavior as the
catalytic dehydrogenation of isobutane (Sugiyama et al.,
2021). On the other hand, NiO(30)/y-Al,0O3 showed no
activity. Generally, in a gas-solid heterogeneous catalyst
system, the loading of the catalytic active species is
several percentage points. As shown in Figure 1, with
normal loading using this catalyst system, the catalyst
deactivated normally. By changing isobutane to ethane
as a reactant, however, the yield of the corresponding
product was improved with time-on-stream with a
specific loading of 18 to 20% in this catalyst system.
Therefore, an improvement in the yield of isobutene
with time-on-stream was observed, but improvement in
the yield of ethylene was accomplished only at this
specific level of loading.

Figure 2 shows the catalytic performances for the
dehydrogenation of propane at 823 K on NiO(x)/y-
Al Os. In this case as well, the deactivation behavior of
the catalytic activity was similar to that of the
dehydrogenation of ethane. When NiO(3)/y-Al,O3; and
NiO(5)/y-Al,O0; were used, normal deactivation
behavior was observed wherein the conversion of
propane and the yield of propylene were drastically
decreased with time-on-stream. On the other hand,
when the loading of NiO was greater than that of
NiO(15)/y-ALOs, the yield of propylene increased and
the absolute value of the yield decreased with time-on-
stream. On NiO(8)/y-Al,O3 and NiO(10)/y-Al,O3, which
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Fig. 2 The dehydrogenation of propane at 823 K on NiO(x)/y-Al,O3
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Table 1 Selectivity to by-product on NiO(x)/y-Al,O; corresponded to the results shown in Figure 2

TON*  By-product x=3% x=5% x=8% x=10% x=15% x=20% x=30%
CH, 9.5 14.2 60.6 49.7 93.8 94.0 99.7
075h C-H4 10.3 13.2 9.1 5.1 0.0 0.0 0.0
CH, 5.7 8.0 29.6 30.5 71.4 69.7 99.7
20h C-H4 6.9 11.0 10.7 9.3 0.0 13.7 0.0
CH, 35 5.4 20.1 24.7 435 593 99.4
73h C-H4 5.0 7.9 11.1 9.5 6.5 16.2 0.0
CH 4.4 4.2 113 19.0 22.8 39.0 98.8
+3h CoH4 75 6.6 11.0 9.2 8.0 19.7 0.0
CH, 5.2 45 7.9 13.3 15.6 25.6 93.1
o0h CoH4 9.0 7.4 9.8 9.7 8.5 17.3 0.0

* Time-on-stream

had an intermediate NiO loading in the present study,
the yield of propylene showed the maximum value at
3.25 h on-stream, and an intermediate behavior between
a catalyst with a lower loading of NiO and a catalyst
with the higher loading of NiO was detected. These
results confirmed that the time-on-stream increase in the
yield of the alkene product observed in the
dehydrogenation of isobutane on NiO/y-Al,O; was also
observed in the dehydrogenations of both ethane and
propane, although the loading of NiO varied depending
on the respective reactant alkanes. In the
dehydrogenation of propane, methane and ethylene
were produced together with propylene. As shown in
Table 1, when the NiO loading was low, that is, when
the conversion of propane was low, methane and
ethylene were obtained with similar selectivity. On the
other hand, when the NiO loading increased and the
conversion of propane increased, the selectivity to
ethylene decreased sharply, and methane was the main
by-product. In other words, it was clear that highly
reactive ethylene directly contributed to carbon
deposition, while stable methane did not contribute as
much to carbon deposition.

Based on the results shown in Figures 1 and 2, the
catalytic activity for the dehydrogenation of ethane on
NiO(18)/y-Al,O3 and that of propane on NiO(15)/y-
AlLO3; may be further improved with the extension of
time-on-stream. Therefore, both dehydrogenations were
examined over 12.0 h on-stream. Figures 3 (A) and (B)
showed the catalytic activity for the dehydrogenation of
ethane on NiO(18)/y-Al,O; and that of propane on
NiO(15)/y-Al,O3, respectively. The yield of ethylene
reached maximum at 7.0 h on-stream, while that of
propylene followed at 8.0 h on-stream. The behavior in
which the yield of the dehydrogenation product was at
maximum in a certain time-on-stream was similar to the
dehydrogenation of isobutane using this catalytic system

(Sugiyama et al., 2021). Since a longer period for time-
on-stream results in the excess formation of carbon
deposition over the catalyst surface, the expected
improvement behavior of the activity with time-on-
stream was not observed.
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2.2 Characterization of fresh catalysts

In order to obtain information on the structure of
the fresh catalysts, XRD and nitrogen adsorption
isotherm measurements were employed.

& 1 ALO, 0O O
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Fig. 4 XRD patterns of fresh NiO(x)/y-Al,O3

Table 2 Specific surface areas, total pore volumes, and
average pore diameters for the fresh NiO(x)/y-

AlLLOs
NiO(x)/ Specific Total pore Average pore
v-AbOs surfacze area volt;me diameter [nm]
[m”/g] [em’/g]

x=3% 192 0.643 13.4

x=5% 199 0.668 13.4

x=8% 194 0.638 13.2
x=10% 193 0.600 12.4
x=13% 187 0.590 12.6
x=15% 182 0.552 12.1
x=18% 177 0.540 12.2
x=20% 156 0.519 13.3
x=30% 137 0.386 11.2

The XRD patterns of the fresh NiO(x)/y-AlLO;3
catalysts are shown in Figure 4. The XRD peaks due to
v-AL,O3 (PDF 00-010-0425; Prins, 2020) were detected
from all the catalysts while the peaks due to NiO (PDF
03-065-6920) were also detected from NiO(x)/y-Al,O;

at 15<x<30. Therefore, no formations were detected for
oxide complexes consisting of y-Al,03 and NiO.

Table 2 shows the specific surface areas, total pore
volumes, and average pore diameters for the fresh
samples of NiO(x)/y-Al,Os. The specific surface areas
and total pore volumes were decreased with an increase
in each loading except those from NiO(3)/y-Al,Os,
while the average pore diameters were rather insensitive
to the NiO loading.

2.3 Characterization of previously used catalysts

To examine the carbon deposition and conversion
from NiO to metallic Ni during the reaction, XRD and
TGA for the catalysts used in the dehydrogenations of
both ethane and propane were employed.
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Fig. 5 XRD patterns of NiO(x)/y-Al,O3 used
in the dehydrogenation of ethane

Figure 5 shows the XRD of NiO(x)/y-Al,Os
previously used to obtain the results shown in Figure 1
for the dehydrogenation of ethane. XRD signals due to
carbon (PDF 01-082-9929) and y-Al,O; were detected
regardless of the NiO loading. Among them, the
intensity of the former signal was increased with NiO
loading. XRD peaks due to metallic Ni (PDF 01-078-
7533) were detected at a NiO loading greater than 5%,
while the intensity of the Ni peaks increased with the
NiO loading. Therefore, when the reduction of NiO to



metallic Ni occurred during the dehydrogenation of
ethane, each catalyst was simultaneously covered with
carbon mainly according to the level of NiO loading.
Normally, when such a clear carbon deposition was
investigated, the yield of the dehydrogenation product
with time-on-stream was not improved. Therefore, when
the results of Figures 1 and 5 are compared, the results
are different from those of the normal catalytic reaction,
particularly with NiO loadings of 18 and 20%.
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Fig. 6 XRD patterns of NiO(x)/y-Al,O3 used
in the dehydrogenation of propane

Figure 6 shows the XRD of NiO(x)/y-Al,Os that
was previously used to obtain the results shown in
Figure 2 for the dehydrogenation of propane. Since the
reaction temperature of the catalytic activity test was
performed at 100 K lower in Figure 6 than that in Figure
5, the XRD signals of all the catalysts became broader
overall. However, as the NiO loading increased, the
peaks associated with carbon deposition and the
reduction of NiO to Ni became evident. As shown in
Figures 5 and 6, metallic Ni was detected in NiO(x)/y-
AL Os. However, it should be noted that the main peak
due to metallic Ni appeared at around 2 6= 44° in those
figures, which matched the main peak due to NizC
(nickel carbide) (Uhlig et al., 2013). Furthermore,
similar carbide species are known to be active sites for
the dehydrogenation of n-butane (Neylon et al., 1999;
Kwon et al., 2000), the dry reforming of methane and so

on (Czaplicka et al., 2021). Since the reaction
temperature was rather low for the formation of nickel
carbide species (Czaplicka et al., 2021), it was assumed
that metallic nickel was produced here. Based on the
results shown in Figures 5 and 6, the formation of
carbon deposition and the reduction of NiO to metallic
Ni would contribute to an enhancement of the yield of
propylene as in the dehydrogenation of isobutane to
isobutene on NiO/y-Al,O3 (Sugiyama ef al., 2021).

The NiO/y-Al;O; catalyst used in the present study
is known to be easily converted to the spinel structure of
NiAl,O4 during various reactions (Shimoda et al., 2018,
2020). Once NiAlL Oy is produced, it is known that Ni**
in this complex oxide is less likely to be reduced than
Ni?" in NiO. Under the present experimental conditions,
the formation of NiAlLOs could not be detected by
XRD, and metallic nickel was detected even in the
catalyst with a low loading of NiO. Therefore, it could
be concluded that carbon deposition occurred around
the nickel species from the beginning of the reaction,
and this carbon deposition prevented the contact
between the Ni species and y-Al,Os, which was
followed by a suppression of the formation of NiAl,Os.

Thermogravimetric analysis was performed to
quantify the amount of carbon deposition as a factor for
the improvement that was detected in the present study.

Table 3 The carbon deposition rate (CDR) for
NiO(x)/y-Al,O3 previously used to obtain
the results shown in Figures 1 and 2 for the
dehydrogenations of ethane and propane,
respectively

. CDR per CDR per

NIAOI()(())/ Reactant  1g of NiO(x)/y- 1g of NiO

Ui ALO:s [g/g] [g/g]

x=3% Ethane 0.35 11.7

x=5% Ethane 0.28 5.57

x=10% Ethane 0.49 491

x=13% Ethane 0.61 4.66

x=15% Ethane 0.43 2.90

x=18% Ethane 1.36 7.58

x=20%  Ethane 1.94 9.68

x=30%  Ethane 2.40 7.99

x=3%  Propylene 0.11 3.65
x=5%  Propylene 0.15 3.05
x=8%  Propylene 0.42 5.28

x=10%  Propylene 0.50 5.01

x=15% Propylene 0.73 4.85

x=20%  Propylene 1.24 6.21

x=30% Propylene 2.26 7.52

As shown in Table 3, both the carbon deposition
rates (CDR) per 1g of NiO(x)/y-Al:O3; and per 1 g of
NiO were ineffective for the dehydrogenation of ethane
and propane. Furthermore, both rates were not
correlated to the NiO loading. In either form of



dehydrogenation, however, when x=3% or x=5%, the
carbon deposition rates per 1 g of NiO(x)/y-Al,O3; were
small, and in this case, the yield of the dehydrogenation
product was decreased with time-on-stream, as shown in
Figures 1 and 2. In addition, both dehydrogenations
showed almost no activity when the carbon deposition
rates per 1 g of NiO(x)/y-Al,O3 or NiO were as large as

x=30%. This result indicates that when the amount of

the carbon deposition is small, normal deactivation
behavior is observed, but when the amount of the
carbon deposition is too large, no activity is detected.

Figures 7 (A) and (B) showed the
thermogravimetric curve (TG curve) of NiO(x)/y-AlLO;
previously used to obtain the results shown in Table 3
for the dehydrogenations of ethane and propane,
respectively. The use of either ethane or propane as a
reactant allowed us to estimate whether the carbon
deposition produced was a similar species or a
completely different species base on the temperature at
which the weight reduction began.
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Fig. 7 TG curves of NiO(x)/y-Al,Os used in the
dehydrogenation of (A) ethane and (B) propane

As shown in Figure 7 (A), when using NiO(x)/y-
AlLO; for the dehydrogenation of ethane, TG curves
from NiO(13)/y-Al,0; and NiO(15)/y-AlO; together
with those from NiO(18)/y-Al,O3; and NiO(20)/y-ALLO3
were overlapped on almost the same curve. The weight
reduction rates were on the order of the NiO loading
except for NiO loadings of 3% and 5%, and the
temperature at which the weight reduction occurred was
observed in the same temperature range regardless of

the NiO loading. When NiO(x)/y-Al,O3 was previously
used for the dehydrogenation of propane (Figure 7 (B)),
the weight reduction rate was in the order of the NiO
loading, and the temperature at which the weight
reduction occurred was in the same range as that of
ethane, regardless of the NiO loading. These results
indicate that the carbon depositions formed after both
dehydrogenations show similar properties regardless of
whether the reactant is ethane or propane, at least based
on the results of the TG analysis.

FE-SEM measurements were performed to examine
the status of carbon deposition using the catalysts
previously employed in obtaining the results shown in
Figures 1 and 2. For the measurement samples,
NiO(5)/y-Al,O; was selected as the catalyst, which
showed normal deactivation behavior in the
dehydrogenations of both ethane and propane.
Furthermore, NiO(18)/y-Al,O3 and NiO(20)/y-Al,O;
were also selected because these showed an increase in
the yield of the target product with time-on-stream in
the dehydrogenations of ethane and propane,
respectively. As shown in Figure 8, the catalyst
surfaces after the reaction differed considerably
depending on the reactant and the NiO loading. It
should be noted that when the yield of the target product
was increased with time-on-stream, fine fibrous
substances were detected on the catalyst surfaces, as
shown in Figures 8 (B) and (D). These fine fibrous
substances were considered to correspond to the carbon
deposition discussed above. In contrast, the fibrous
substances are not detected in Figures 8 (A) and (C),
both of which showed normal deactivation behavior.

54700 E(M) 2 00 (WD)

Fig. 8 FE-SEM images of (A) NiO(5)/y-Al>O; and (B)
NiO(18)/y-Al,O3 used to obtain the results
shown in Figure 1 and (C) NiO(5)/y-Al,O3; and
(D) NiO(20)/y-Al,03 used to obtain the results
shown in Figure 2

Therefore, it was confirmed that carbon deposition
similar to nanotube-like carbon deposition detected after
the dehydrogenation of isobutane on NiO/y-Al,O; was



also formed in the dehydrogenations of both ethane and
propane. From these results, it can be concluded that, as
with the dehydrogenation of isobutane on NiO/y-Al,O;
(Sugiyama et al., 2021), the high dispersion of Ni metal
associated with such fibrous carbon deposition led to an
improvement in the yield of the target product when
using both ethane and propane as a reactant in the
special loading of NiO. In the dehydrogenations of both
ethane and propane on NiO/y-Al,O3;, when the NiO
loading was less than 5%, there was no fibrous carbon
deposition. Therefore, normal catalyst deactivation
behavior was observed. On the other hand, when the
NiO loading was as high as 30%, the Ni metal highly
dispersed on fibrous carbon was further covered with
carbon, which resulted in a disappearance of catalytic
activity.

Raman spectroscopy of NiO(18)/y-Al,O3 and
NiO(20)/y-Al,O3 was used to obtain the results shown in
Figure 1 for the dehydrogenation of ethane and in
Figure 2 for that of propane, respectively, to investigate
the effects of different reaction substrates on the
properties of carbon deposition. Raman spectroscopy of
carbon nanotubes consisting of graphene (lijima and
Ichihashi, 1993) has shown three types of signals
(Ferrari et al., 2006; Dresselhaus et al., 2010; Wang et
al., 2019; Piao et al., 2021). The signals appearing
around 2,700; 1,580; and, 1,350 cm™' in the Raman shift
are due to the crystallinity of graphite, the planar
structure of graphite, and the defective structure of
graphite. And they are referred to as the G'-band, G-
band, and D-band, respectively. A smaller intensity ratio
for the G-band and D-band signals (G/D ratio) translates
to a lack of progress in the crystallization of carbon
nanotubes.
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Fig. 9 Raman spectra of (A) NiO(18)/y-Al,O3 and (B)
NiO(20)/y-Al,O3 previously used for obtaining
results shown in Figure 1 for the
dehydrogenation of ethane and Figure 2 for that
of propane, respectively.

Figures 9 (A) and (B) show the Raman spectra of
NiO(18)/y-Al,03 and NiO(20)/a-AlO3 recovered after
obtaining the results shown in Figures 1 and 2,
respectively. Slight signals due to the G'-band were
detected, regardless of whether the use was for the
dehydrogenation of ethane or propane. The most notable
difference was that the intensity of the signal derived
from the G-band was smaller in NiO(18)/y-Al,O3; used
for ethane dehydrogenation (Figure 9 (A)) than in
NiO(20)/a-Al,O3 used for propane dehydrogenation
(Figure 9 (B)). As a result, the intensity of the G/D ratio
obtained from Figure 9 (A) (0.43) was clearly smaller
than the value obtained from Figure 9 (B) (0.98). This
indicates that the crystallization has not progressed on
NiO(18)/y-Al,O3 used for ethane dehydrogenation as
compared with NiO(20)/a-Al,O; used for propane
dehydrogenation. Therefore, it was confirmed that the
influence of the reaction substrate determines on the
crystallinity of the carbon deposition.

2.4 Comparison of dehydrogenation activity of
ethane, propane, and isobutane on NiO(20)/y-AL:O3
under the same conditions

In this catalyst system, in order to compare the
activity behavior with time-on-stream when the reaction
substrates are ethane, propane and isobutane, the
comparison was performed on 0.25 g of NiO(20)/y-
Al,O3 with the reaction temperature at 823 K, the partial
pressure of each alkane at 14.1 kPa, and at a total flow
rate at 15 mL/min.
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Fig. 10 The dehydrogenation of ethane, propane, and
isobutane at 823 K on NiO(20)/y-Al,O3

As shown in Figure 10, the dehydrogenations of
ethane and propane were improved with time-on-
stream, resulting in the enhancement of the yield and
selectivity to each dehydrogenated product with time-
on-stream. As expected, the dehydrogenation activity
for propane was higher than that for ethane. On the
other hand, with isobutane dehydrogenation, the yield



and selectivity to isobutene were improved up to 2.0 h
on-stream, while the yield of isobutene reached
maximum at 2.0 h on-stream, and then decreased with
time-on-stream. The carbon deposition rates (CDR) per
lg of NiO(20)/y-ALLOs previously used for the
dehydrogenation of ethane, propane, and isobutane at
2.0 h on-stream were 0.66, 1.24, and 2.53, respectively.
As previously reported (Sugiyama et al., 2021), the
reaction temperature of 823 K was too high for the
dehydrogenation of isobutane, resulting in the formation
of an excess amount of carbon deposition over the
catalyst surface. Since this carbon deposition could
cover the catalytically active Ni species after 2.0 h on-
stream, the activity has decreased after 2.0 h on-stream.

2.5 Reduction of NiO to metallic Ni at initial time-on-
stream

As shown in Figures 5 and 6, nickel oxide in
NiO(x)/y-Al,O3 was reduced to metallic nickel after
dehydrogenation at 6.0 h on-stream. It has been reported
that nickel oxide supported on y-alumina is reduced to
metallic nickel when using hydrogen at temperatures
lower than 673 K (Heracleous et al., 2005). In addition,
our laboratory also revealed that only metallic nickel
signal was detected from the XRD of NiO(20)/y-Al,O;
recovered after the dehydrogenation of isobutane at 0.1
h on-stream (Sugiyama et al., 2022). Therefore, in the
present reaction systems as well, the reduction of NiO to
metallic Ni is expected to proceed in the early stages of
each dehydrogenation. Therefore, the activity of the
metallic Ni may also be reflected in the activity at 0.5 h
on-stream, and longer, in Figures 1 and 2.
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Fig. 11 Initial activity for the dehydrogenation of
ethane on NiO(18)/y-Al,Os at 923 K and

propane on NiO(15)/y-ALL,Os at 823 K

To confirm this prediction, the dehydrogenation of
ethane on NiO(18)/y-Al,Os at 923 K and that of propane
on NiO(15)/y-ALLO3 at 823 K were examined at 5, 15,
and 30 min on-stream, respectively, and the XRD of the

catalysts recovered after these short periods of time-on-
stream were measured. Figure 11 shows the initial
activity until 30 min on-stream for the dehydrogenation
of ethane on NiO(18)/y-Al,O; at 923 K and that on
NiO(15)/y-Al,O; at 823 K, in which both catalysts were
prepared separately and different from those used in
Figures 1 and 2. For both systems, the great yield at 5
min on-stream was decreased at 15 min on-stream,
followed by an increase at 30 min on-stream. This
indicated that both systems demonstrated catalytic
activity at 5 min on-stream that reflects the nature of
NiO, while that at time-on-stream longer than 15 min
reflects the nature of metallic Ni. This can be further
supported by the XRD of the catalysts previously used
in obtaining the results shown in Figure 11.
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Fig. 12 XRD patterns of NiO(18)/y-Al,O3 used in the
dehydrogenation of ethane at (A) 5, (B) 15, and
(C) 30 min on-stream and those of NiO(15)/y-
Al,O3 used in the dehydrogenation of propane
at (D) 5, (E) 15, and (F) 30 min on-stream.

Figure 12 shows the XRD patterns of NiO(18)/y-
AlLO; and NiO(15)/y-Al,O; used for obtaining the
results shown in Figure 11, respectively. XRD patterns



of NiO(18)/y-Al,O3 used for the dehydrogenation of
ethane at 5 min on-stream (Figure 12 (A)) showed the
presence of metallic Ni with NiO, while the peaks due
to metallic Ni were not detected at 15 min on-stream
(Figure 12 (B)) and longer (Figure 12 (C)). At 5 min on-
stream, the presence of NiO seemed to contribute to
great activity for dehydrogenation (Figure 11), since it
was previously reported that oxide catalysts such as NiO
(Ding et al., 2010b) and Cr,O3 (Grzybowska et al.,
1998) showed high activity for dehydrogenation. After
15 min on-stream, metallic Ni but not NiO was
detected, but it is expected that this metallic Ni was
present on the support at a lower dispersion and not
present on the carbon nanotubes, which resulted in
lower activity. At 30 min on-stream, metallic Ni may
highly disperse with time-on-stream on the carbon
deposition detected in Figure 12 (C), which resulted in
the enhancement of the activity at 30 min on-stream and
longer. In the case of NiO(15)/y-ALLOs used for the
dehydrogenation of propane, XRD signals were broader
than those in NiO(18)/y-AL,Os in the dehydrogenation
of ethane, since the reaction temperature for propane
dehydrogenation was 100 K lower than that for ethane
dehydrogenation. Therefore, it was clarified that the
reduction of NiO to metallic Ni was slower in the
NiO(15)/y-Al,O3 used for the dehydrogenation of
propane (Figures 12 (D) — (F)) than in NiO(18)/y-AL,O3
when used for the dehydrogenation of ethane (Figures
12 (A) — (C)), but this reduction proceeded in the early
stages of time-on-stream for both dehydrogenations. It
is also clear that the formation of carbon deposition was
slower with NiO(15)/y-Al,O;, as shown in Figure 12
(F). These results indicate that the metallic Ni converted
from NiO formed on carbon deposition contributes to
the improvement of the catalytic activity for the
dehydrogenations of both ethane and propane.

Conclusions

In our previous report, we described how the yield
of the target product increased with time-on-stream in
the dehydrogenation of isobutane on NiO/y-Al,Os. It
was confirmed that the same behavior was exhibited
with a specific level of NiO loading even in the
dehydrogenations of both ethane and propane when
using the same catalyst. In normal catalytic
dehydrogenations, the yield of the target product
decreases sharply with time-on-stream. Therefore, this
behavior was completely different from the
conventional results. The results of this study, however,
confirmed the phenomenon whereby the yield of the
target product increases with time-on-stream even in the
dehydrogenations of both ethane and propane on the
same catalyst, NiO/y-Al,Os, although the Ni loading
was specific. Even in the case for the dehydrogenations
of ethane, propane and isobutane, the yields of the target
product were not improved with time-on-stream unless
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the NiO loading was smaller than 15%. Therefore, it
was concluded that such behavior could not be observed
in the catalytic reaction using the supported nickel
catalyst with a loading of several percentage points. We
suggest that when Ni metal forms with a high degree of
dispersion on fibrous carbon deposition during
dehydrogenation, this contributes to an improvement in
the yield of the target product with time-on-stream.
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