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Abstract: Hydroxyapatite (HAp) samples were prepared from precursor solutions with different Ca/P molar ratios. The HAp
samples were utilized as catalysts for the oxidative dehydrogenation (ODH) of isobutane. Also, the HAp samples were
characterized by N, and H,O adsorption-desorption measurements, X-ray diffraction, inductively coupled plasma optical
emission spectrometry, thermogravimetry-differential thermal analyses, and temperature-programmed oxidation (TPO). The
Ca/P molar ratio of the precursor solution had a major influence on the catalytic activity and coking resistance ability. The
HAp catalyst prepared from the stoichiometric precursor solution [HAp (1.67)] showed the highest isobutene yield.
Furthermore, the white color of HAp (1.67) remained unchanged during the ODH of isobutene, indicating the absence of
coke on the surface of HAp (1.67) after the reaction and its higher coking resistance ability. The results of the TPO
measurements showed that the HAp (1.67) catalyst possesses the strongest oxidation ability which is likely related to its

higher coking resistance ability.

INTRODUCTION

Light olefins (C,—C,;) are the most important
feedstocks (> 250 million metric tons per year) in the
chemical industry'. Conventionally, they are
produced from hydrocarbons via steam cracking of
naphtha®. Although this process is cost-effective, it
has a few disadvantages such as very large energy
consumption, low selectivity, and a coking tendency
due to a high temperature (>1073 K) required for the
reaction®®. Significant developments have been made
in the production technologies for light olefins®.
Dehydrogenation (DH) of light paraffins (C,Hzpp —
CnH2, + H,) is one such technology which is widely
used to produce olefins. The DH process for
conversion of light paraffins to light olefins has been
commercialized because of its high selectivity.
However, the endothermic nature of the DH process
requires a high reaction temperature (823-973 K),
which leads to rapid coke deposition on the catalyst®.
Coke deposition results in rapid catalyst deactivation.
Therefore, an energy-consuming catalyst
regeneration process must be frequently applied for
removal of coke. Additionally, conversion of a light
paraffin by the DH process has thermodynamic
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constraints®. Hence, there is
improvement in the DH process.

Oxidative dehydrogenation (ODH) of light
paraffins (C,Haniz + 20, — CyHy, + H,0) is a
promising and alternative technology for energy
efficient production of light olefins. Due to the
presence of oxygen gas as a reactant, the ODH
process is exothermic, free from thermodynamic
constraint, and has a lower reaction temperature than
that required for the DH process. This results in less
coke formation and an increase in the conversion of
light paraffins. However, it is difficult to achieve high
conversion rate and selectivity simultaneously,
because a light olefin is more reactive than the
corresponding paraffin.

a potential for

In the present study, the ODH of isobutane to
isobutene was investigated. Isobutene is a valuable
chemical used for the production of polyisobutene,
methyl tert-butyl ether, butyl rubber, and methyl
acrylates’. Various metal oxide-based and metal-free
catalysts such as chromia-based catalysts, metal
pyrophosphates, polyoxometalates, carbon-based
catalysts, and boron nitride catalysts have been
investigated for the ODH of isobutane’®. In our
previous study, Cr-doped and un-doped calcium
phosphates were investigated as catalysts for the
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ODH of isobutane®. The study revealed that
hydroxyapatite [HAp; Caio(PO4)s(OH),)] can work as
a catalyst and that the Ca/P molar ratio of the
precursor solution can influence the catalytic activity.
A heavy-metal-free HAp was investigated as a
catalyst for the ODH of isobutane for the first time by
our research group.

In the present study, the HAp catalysts were
prepared from the precursor solutions with different
Ca/P molar ratios by the co-precipitation method.
Their catalytic activities were evaluated under
different reaction conditions. The coking resistances
were evaluated using temperature-programmed
oxidation (TPO) measurements. The highest coking
resistance was exhibited for the HAp (1.67) catalyst.

MATERIALS AND METHODS

Materials

Calcium nitrate tetrahydrate [Ca(NO3),-4H,0,
98.5%], ammonium phosphate dibasic [(NH4),HPO,,
99.0%], and 28% aqueous ammonia (NHs) were
purchased from Fujifilm Wako Pure Chemical
Corporation. B-type tricalcium phosphate (B-TCP)
was purchased from Nacalai Tesque, Inc. Nitric acid
(HNOs, 60%) was purchased from Kishida Chemical
Co., Ltd. Carbon black (CB) was purchased from
Sigma-Aldrich Japan, Inc. All chemicals were used
as-received without further purification.

Catalyst preparation

HAp was prepared by the previously reported
method™®. Ca(NOs), and (NH4),HPO, were dissolved
in distilled water. The pH values of Ca(NO3), ag. and
(NH4),HPO, ag. were adjusted to 11.25 and 10.25,
respectively, by adding 28% agq. NHis. The
pH-adjusted solutions were diluted with distilled
water and were mixed quickly with vigorous stirring.
The resulting white precipitate was filtered, washed
with distilled water, and dried in air. Finally, HAp
was obtained by calcination of the dried sample at
773 K for 3 h. The Ca/P molar ratios of the precursor
solutions were adjusted to 1.50, 1.55, 1.62, and 1.67.
The prepared HAp catalysts were denoted as HAp (x)
(x=1.50, 1.55, 1.62, and 1.67) where x represents the
Ca/P molar ratio of the precursor solution.

Catalyst characterization

The X-ray diffraction (XRD) patterns were
recorded on an X-ray diffractometer (SmartLab,
Rigaku Corp.) using monochromatized Cu Ka
radiation (A = 0.15418 nm). N, and H,O
adsorption-desorption measurements were performed
using a BELSORP-maxIl (MicrotracBEL Corp.)

apparatus. Prior to the N, and H,O
adsorption-desorption measurements at 77 K and 298
K, respectively, the catalysts were pretreated at 473 K
for 5 h in vacuum. The specific surface areas were
calculated from N, and H,O adsorption isotherms by
Brunauer—Emmett—Teller (BET) method™. The Ca/P
molar ratios of the HAp catalysts were determined by
inductively coupled plasma optical emission
spectroscopy (ICP-OEC, iCAP6300, Thermo Fisher
Scientific K.K.) after dissolving them in ag. HNO;
solution.  Thermogravimetry-differential ~ thermal
analyses (TG-DTA) were performed using a
STAT7300 (Hitachi High-Technologies Corp.) under
200 mL/min of air flow with a heating rate of 10
K/min from 323 K to 1273 K.

Oxidation ability which can contribute to prevent
coke accumulation on a catalyst was characterized by
temperature-programmed oxidation (TPO) using a
BELCAT Il (MicrotracBEL Corp.) apparatus. Prior
to the TPO measurement, each catalyst was mixed
with CB by grinding them in an agate mortar. The
CB contents of all the samples were adjusted to 3.0
wt%. In the TPO measurements, 50 mg of each
sample (catalyst mixed with CB) was loaded into a
quartz tube. The CB in each sample was oxidized to
CO and CO, in a flow of 50 sccm of 5% O,/He. The
sample temperature was ramped up from 323 K to
1073 K with a heating rate of 5 K/min. Produced CO
and CO, were monitored using a quadrupole mass
spectrometer (BELMass, MicrotracBEL Corp.). A
fragment peak at m/e = 28 and 44 were used to
monitor CO and CO,, respectively.

Catalytic activity testing

The catalytic activity tests were carried out in a
fixed-bed continuous flow reactor at atmospheric
pressure. Each catalyst (0.25 g) was pelletized and
sieved to 0.85-1.70 mm. They were fixed with quartz
wool and pretreated with 12.5 mL/min of O, gas flow
at 723 K for 1 h. After the pretreatment, the catalytic
activity tests were performed in a flow of 15 mL/min
of mixed gases of helium, isobutane, and oxygen at
723 K. Their partial pressures were adjusted to P(He)
= 74.6 kPa, P(i-C4Hyg) = 14.4 kPa, and P(O,) = 12.3
kPa. These reaction conditions were used unless
otherwise stated. Under these standard conditions, a
homogeneous gas phase reaction was not observed.
To investigate the effects of reaction conditions on
catalytic activity, the feed ratio (i-C4H1o/O,;) was
adjusted by changing P(i-C4Hy) and P(O,). The
produced gases were analyzed using an online gas
chromatograph  (GC-8APT, Shimadzu  Corp.)
equipped with a TCD. A Molecular Sieve 5A (MS
5A, 0.2 m x ®3 mm) for O, CH, and CO and a
Hayesep R (2.0 m x ®3 mm) for CO,, C2, C3, and

_49_



C4 products were used as the columns. The carbon
balance between the reactant and the products was
within +5%. The product selectivity and isobutane
conversion were calculated on a carbon basis.

RESULTS AND DISCUSSION

Physical and chemical properties

The XRD patterns of the prepared catalysts are
shown in Figure 1. The crystalline phases were
indexed to HAp single phases (PDF#01-071-5048).
Hence, it was confirmed that the HAp crystals were
formed from the precursors with different Ca/P ratios.
The Ca/P molar ratios obtained by using ICP-OEC
are slightly different from those of the corresponding
precursor solutions (Table 1). However, the Ca/P
molar ratios of the HAp catalysts increased with
increasing ratios of the precursor solutions.

The BET specific surface areas calculated from
N, and H,O adsorption isotherms (denoted as Sy, and
Shoo, respectively) are summarized in Table 2. As
shown in Table 2, Sy, and Sy, are found to be
comparable, resulting in the similar Sy,0/Sn; ratios. It
has been reported that Sy,0 decreases as
hydrophobicity of a sample increases'? ™. Therefore,
hydrophilic-hydrophobic properties were evaluated
from the Spoo/Sno ratios. The similar Sy,0/Sy; ratios
indicated that the obtained HAp catalysts possessed
the similar hydrophilic-hydrophobic properties.

TG-DTA curves of the HAp catalysts are shown
in Figure 2. All the catalysts showed gradual weight
loss probably due to the evaporation of adsorbed and
structurally incorporated water. In addition, the
non-stoichiometric HAp catalysts showed the sharp
weight losses around 1073 K. Since the
corresponding DTA signals indicated endothermic
changes, the  thermal  decomposition  of
non-stoichiometric HAp to TCP may have occurred.
Moreover, the sharp weight losses at around 1073 K
were smaller as the Ca/P molar ratios increased.
These results indicated the highest thermal stability
of HAp (1.67). Because the total weight losses of all
the catalysts up to 1273 K were very little (4-5%), it
was considered that the present HAp catalysts
possessed enough thermal stability for the ODH of
isobutane at 723 K.

Catalytic activity

The catalytic activities of the HAp catalysts are
shown in Figure 3. As confirmed in the previous
study”, HAp (1.67) showed the lowest CO, selectivity
and the highest isobutene selectivity during 6.0 h
on-stream [Figure 3 (d)]. This catalytic behavior was

N HAp (1.50)
| N HAp (L.55)

M HAp (1.62)
N HAp (1.67)

| PDF#01-071-5048

10 20 30 40 50 60
20 (°)
FIGURE 1 XRD patterns of the HAp catalysts.

Intensity (arb. unit)

TABLE 1 The Ca/P molar ratios of the HAp
catalysts determined by ICP-OEC.

Catalyst Cato P molar ratio
HAp(1.50) 1.55
HAp(1.55) 1.57
HAp(1.62) 1.63
HAp(1.67) 1.66

TABLE 2 The BET specific surface areas of the
HAp catalysts calculated from N, and H,O

adsorption isotherms.

BET specific surface area

Catalyst (m’/g) S h20/S N2
S’ Stzo”
HAp (1.50) 88 77 0.87
HAp (1.55) 81 77 0.96
HAp (1.62) 83 79 0.95
HAp (1.67) 81 75 0.93

# BET specific surface area calculated from N, adsorption isotherm
"BET specific surface area calculated from H,0O adsorption isotherm

different from those on the other non-stoichiometric
HAp catalysts. The non-stoichiometric HAp catalysts
produced more CO, and less isobutene [Figures 3
(a)—(c)]. Although HAp (1.62) showed a high
isobutene selectivity at 0.75 h on-stream, it dropped
thereafter without a significant decrease in isobutane
conversion. Therefore, the Ca/P molar ratio around
1.63 seems to be the threshold value for the relatively
high catalytic activity. On the contrary, the formation
of the other products such as propylene were much
less than those of CO, and isobutene in these catalytic
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FIGURE 2 TG-DTA curves of (a) HAp (1.50), (b) HAp (1.55), (c) HAp (1.62), and (d) HAp (1.67).

& 100 8 & 100 8
< (@) < (b)
2 2 oo o o o
> 80 N ey > 80 T —_
= ¢—o—¢ R S
[ [
T 60 1 T 3 60 - =
2 R -4 S
& 40 - T & 40 1 T
c R [ <
i= i @) Q | @)
I e e I 3 e |-
[«5) [«5)
2 a5 g g
c c
8 o T T T T T T 0 8 O T T T T T T O

0 1 2 3 4 5 6 0 1 2 3 4 5 6

Time-on-stream (h) Time-on-stream (h)

& 100 8 & 100 8
< © < ()
s 807 o 20 1au, , L lss
3 £ 3 g
'z 60 A T g 601 o—0—0—0—0 o
E 40 45 E 40 -
© 7 SN 1 6—eo—o—0¢—¢ w
5 5 5 3
g 20':>i:i:t:a'2'* £ 207 N
& o 888 u
g g
8 O T T T T T T 0 8 O T T T T T T 0

0 1 2 3 4 5 6 0 1 2 3 4 5 6

Time-on-stream (h) Time-on-stream (h)

FIGURE 3 Time courses of isobutane conversions (), CO, selectivities (@), isobutene selectivities (@),
and isobutene yields (A) of (a) HAp(1.50), (b) HAp(1.55), (c) HAp(1.62), and (d) HAp(1.67) under the
standard reaction conditions.
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FIGURE 4 Time course of isobutane conversion (
W), CO_selectivity (@), isobutene selectivity (¢

), and isobutene yield (A) of 0.5 g of HAp(1.67)
under the standard conditions.
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FIGURE 5 Isobutane conversion (H), COx
selectivity (@), isobutene selectivity (), and
isobutene yield (A) of HAp(1.67) for the ODH
of isobutane at different i-C,H;,/O, feed ratios
and 6.0 h on-stream.

systems. From these results, it was revealed that the
Ca/P molar ratio of the precursor solution
significantly influenced the catalytic activity for the
ODH of isobutane.

On the other hand, B-TCP showed the lowest
isobutane conversion (2.5%) at 6.0 h on-stream under
the standard reaction conditions. Therefore, it is
essential for the conversion of isobutane to form the
HAp crystalline structure.

To investigate the effects of the catalyst amount
on the catalytic activity, 0.25 g or 0.5 g of the HAp
(1.67) catalyst is loaded and tested in the reactor for

the ODH of isobutene [Figures 3 (d) and 4]. A
different catalyst amount changes space velocity,
which is defined as feed flow rate divided by catalyst
amount. When using a higher catalyst amount, space
velocity is slower. In other words, contact time of
reactants is longer, enhancing the frequency to
convert reactants. However, produced gases such as
isobutene can also be converted more frequently at
the same time. Under the present reaction conditions,
it was revealed that utilizing 0.5 g of HAp (1.67)
resulted in the higher isobutane conversion. This is
because an increase in the amount of the catalyst
makes available more active sites for the ODH of
isobutane. On the other hand, the decrease in
isobutene selectivity was slight. The decrease in
isobutene selectivity was probably due to the
consecutive conversion of isobutene. Hence, a deep
oxidation of isobutene to CO, may be suppressed by
the relatively strong basicity of HAp (1.67), as stated
below. Consequently, a higher isobutene yield (ca.
7%) was obtained during the catalytic activity testing,
by loading 0.5 g of HAp (1.67). Despite the absence
of heavy metal, isobutene yield of HAp (1.67) was
comparable to those of Cr-containing catalysts”*>*®.

As shown in Figure 5, isobutane conversion on
HAp (1.67) decreases as the i-C4;H1o/O, feed ratio
increases. These results showed that the reactivities
of the reactants were increased due to the presence of
oxygen. The highest isobutene selectivity was
obtained at the i-C,H4,/O, feed ratio of 1.2 while CO,
selectivity was found to be the lowest. At the
i-C4H10/O, feed ratio of 100, no isobutane conversion
was observed for HAp (1.67). This behavior differs
from that confirmed on the Cr-containing catalyst
(Cr-MCM-41)*. With an increase in the i-C4H10/O;
feed ratio, isobutane conversion on Cr-MCM-41
decreased while the isobutene selectivity increased
monotonically®®. In addition, Cr-MCM-41 produced
isobutene under the oxygen lean reaction conditions.
Furthermore, Cr-based catalysts are commercially
utilized for the DH process’’ and they can produce
isobutene in the absence of oxygen at an initial
reaction period. On the contrary, HAp (1.67) did not
convert isobutane to isobutene under the oxygen lean
conditions. Considering these different catalytic
behaviors, a certain amount of oxygen may have been
necessary for HAp (1.67) to catalyze the ODH of
isobutane.

Coking resistance

Although coke formation on a catalyst is less
likely to occur in the ODH of isobutane compared to
the case of the DH, it often occurs to some extent.
Coke formation can be confirmed visually because it
changes the color of a catalyst to black. In the present
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study, it was confirmed that the white color of HAp
(1.50), HAp (1.55), and HAp (1.62) changed to light
black after the reaction. However, the color change is
not observed for HAp (1.67) (Figure 6). The results
indicate that the Ca/P molar ratio of the precursor
solution had an influence on the coking resistance of
the HAp catalyst.

To investigate the coking resistances of the HAp
catalysts, their oxidation abilities were evaluated by
TPO measurements. In the TPO measurements, the
amounts of CO and CO; produced due to the
combustion of CB were monitored. As shown in
Figure 7, the CB is oxidized to CO, at a higher
temperature. By physically mixing CB with the HAp
catalysts, the oxidation temperatures were shifted
toward a lower temperature region. Moreover, the
oxidation temperatures of the HAp catalysts were
lower than that of a mesoporous silica mixed with 3.0
wt% CB (not shown). Therefore, it was confirmed
that the HAp catalysts promoted the oxidation of CB
at a lower temperature. The compositions (mol%) of
CO and CO, for all the HAp samples are summarized
in Table 3. HAp (1.67) oxidized 80.3% of CB to CO,.
The results indicated that the oxidation ability of
HAp (1.67) was the strongest among the HAp
catalysts. However, in our previous study®, it was
confirmed by hydrogen temperature-programmed
reduction (H,-TPR) measurements that HAp (1.67)
exhibited a poor reducibility. Hence, the mechanism
of the CB combustion on the HAp catalyst would be
different from that on a conventional metal oxide
catalyst with a mixed valence state such as CeO,
whose reducibility can be confirmed by H,-TPR.

As mentioned above, the results of the N,- and
H,O-adsorption measurements indicated similar
hydrophilic-hydrophobic properties of the HAp
catalysts. Hence, it was speculated that the HAp
catalysts have similar affinities with carbon.

According to the previously reported papers'®?,

L ame

HAp (1.67) HAp (1.62) HAp (1.55) HAp (1.50)

FIGURE 6 Picture of the used HAp catalysts after
the ODH of isobutane under the standard reaction
conditions.
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FIGURE 7 The normalized TPO spectra of (a)
CB, (b) 3.0 wt% CB/HAp (1.50), (c) 3.0 wt%
CB/HAp (1.55), (d) 3.0 wt% CB/HAp (1.62), and
(e) 3.0 wt% CB/HAp (1.67).

1073

TABLE 3 Composition of CO, formed during the
TPO measurements.

CO, formation (mol%)

Sample
CoO CO,
CB 62.1 379
3.0 wit% CB/HAp (1.50) 60.7 39.3
3.0 wt% CB/HAp (1.55) 49.6 50.4
3.0 wit% CB/HAp (1.62) 44.8 55.2
3.0 wt% CB/HAp (1.67) 19.7 80.3

the oxidation abilities of the HAp catalysts may have
been induced by the thermally generated free radicals
on the HAp catalysts. At a relatively high temperature,
the free radicals generated on the HAp samples were
monitored by  electron spin resonance
spectroscopy™®?. Also, the oxidative decomposition
abilities of HAp to decompose organic compounds at
a relatively high temperature have been reported. The
stoichiometric HAp possessed more free radicals and
stronger oxidative decomposition ability at a
relatively high temperature than the
non-stoichiometric HAp'®. In the present study,
HAp (1.67) shows a stronger coking resistance than
the non-stoichiometric HAp catalysts (Figures 6 and
7, Table 3). Hence, the free radicals which were
thermally generated on the HAp catalyst may have
prevented coke accumulation on the surface through
an oxidative decomposition of coke. Therefore, it was
inferred that the highest coking resistance and
thermal stability could contribute to prolonging the
catalyst life of HAp (1.67), preventing the rapid coke
deposition and catalyst deactivation.

_53_



Although it was confirmed that HAp (1.67)
strongly oxidized CB in the TPO measurements, HAp
(1.67) showed the lowest CO, selectivity and the
highest isobutene selectivity, compared to those of
the other HAp catalysts (Figure 3). The above results
can be explained by considering the basicities of
isobutene and HAp (1.67). As reported in the
previous study®, it was revealed that HAp (1.67)
possessed the greater number of the stronger basic
sites than the non-stoichiometric HAp catalysts.
The stronger basicity of HAp (1.67) was considered
to promote a faster desorption of isobutene which is
more basic than isobutane owing to its high electron
density at the = bond??2, As a result, it was
considered that isobutene was less likely to be
oxidized on the surface of HAp (1.67), though it
showed the highest coking resistance.

CONCLUSIONS

The HAp catalysts obtained by the
co-precipitation method were tested for the oxidative
dehydrogenation of isobutane. Among the obtained
HAp catalysts, HAp (1.67) prepared from the
stoichiometric precursor solution showed the highest
isobutene yield. When 0.5 g of HAp (1.67) was used,
a high isobutene yield (ca. 7%) was obtained during
6.0 h on-stream. The highest isobutene selectivity
(40%) was obtained on HAp (1.67) at the i-C4H;0/O,
feed ratio of 1.2. The Ca/P molar ratio of the
precursor solution had a major influence on the
coking resistance of the HAp catalyst as well as
catalytic activity. Since the white color of the HAp
(1.67) catalyst remained unchanged after the ODH of
isobutane, it was revealed that coke accumulation did
not take place on HAp (1.67). The TPO
measurements indicated that HAp (1.67) possesses
the strongest oxidation ability which is likely related
to its high coking resistance ability.
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