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Abstract—LPG has good infrastructure and is anticipated to be used for production of hydrogen, and n-butane which
constitutes a main component of LPG for vehicles. Partial oxidation (POX) of n-butane is investigated in this research
by employing ceria-promoted Ni/calcium hydroxyapatite catalysts (Ce,Ni,s/Ca,o( OH),(PO,), x=0.1-0.3) which have
recently been reported to exhibit good catalytic performance in POX of methane and propane. The experiments were
carried out with changing ceria content, O,/n-C,H,, ratio and reaction temperature. As the O,/n-C,H,, ratio increased
up to 2.75, the n-C,H,, conversion and H, yield increased and the selectivity of methane and other hydrocarbons de-
creased. But with O,/n-C,H,,=3.0, the n-C,H,, conversion and H, yield decreased. Ce,,Ni,s/Ca,,(OH),(PO,), showed
the highest n-C,H,, conversion and H, yield on the whole. In durability tests, higher hydrogen yield and better catalyst
stability were obtained with the O,/n-C,H,, ratio of 2.75 than with the ratio of 2.5.
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INTRODUCTION

A fuel cell is an energy conversion device that produces electri-
cal energy with higher conversion efficiency and lower pollutant
emissions than combustion processes [1-3]. Hydrogen is an ideal
fuel for various fuel cells because it is clean and more efficient than
other fuels such as methanol and thus simplifies the system [4]. Al-
though hydrogen is the ideal fuel for a fuel cell, the use of other fuels
such as methane, methanol, ethanol, liquefied petroleum gas (LPG),
gasoline and other oil derivatives is also possible via internal or in-
stack reforming [5-7]. Among these fuels, liquefied petroleum gas
(LPG) is a commercial gas that is easily transported and has a well-
developed infrastructure. The main components of LPG are pro-
pane and butane, and the butane has been widely used as fuels for
vehicles and portable gas ranges [1,8].

Common methods of converting butane to hydrogen include steam
reforming (SR), autothermal reforming (ATR), and partial oxidation
(POX). Among these, POX systems have better dynamic response
than a steam reforming system since they require minimal external
heating and can be heated internally quickly by the exothermic reac-
tion of the fuel. POX processes also attract much attention prima-
rily because of the low energy requirement due to the opposite con-
tribution of the exothermic hydrocarbon oxidation and endother-
mic steam reforming and also because of the high space velocity
compared with the SR process [9].

Ceria-promoted nickel-calcium hydroxyapatite catalysts, which
had recently been studied in our laboratory, showed high activity
for partial oxidation of methane and propane [4-7,10]. Since the
properties of propane and butane are not quite different, the above
catalysts are expected to exhibit similar performance to that for the
POX of propane. The objectives of this research are to find the op-
timal ceria content and operating conditions for partial oxidation of
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n-butane. This work focuses on the promotion effect of ceria and
the optimal oxygen/n-butane molar feed ratio. Long-term durability
tests were also carried out with fixed feed ratios at 1,023 K.

EXPERIMENTAL

1. Catalyst Preparation

Reagents used for preparing nickel/calcium hydroxyapatite cata-
lysts (Ni,s/Ca,(OH),(PO,);) were as follows: calcium nitrate (Ca
(NO;),'H,0, Junsei Chemical, minimum 98%), dibasic ammonium
phosphate (NH,),HPO,, Shinyo Pure Chemical, minimum 98.5%),
nickel nitrate (Ni(NO;),"H,0O, Shinyo Pure Chemical, minimum
97.0%), aqueous ammonia (NH,OH, Yakuri Pure Chemical, above
28%), and cerium nitrate (Ce(NO,),"H,0, Yakuri Pure Chemical,
minimum 98.0%).

The catalysts were prepared by following the same procedure as
described in a previous work [10]. Nearly saturated aqueous solu-
tions of calcium nitrate, dibasic ammonium phosphate and nickel
nitrate were prepared separately by dissolving each reagent in dis-
tilled water. The solution of nickel nitrate was added slowly to the
solution of dibasic ammonium phosphate while stirring, and aque-
ous ammonia was added to adjust pH to around 11. This mixed solu-
tion was added to the solution of calcium nitrate and the pH was
adjusted to 11 by adding aqueous ammonia for the precipitation of
the phosphate. The resulting mixture was heated in a water bath of
the temperature between 333 K and 353 K and then dried in an oven
at 383 K for 50 hours. The dried solid was calcined at 1,023 K for
2 hours. The resulting catalyst was crushed and sieved, and parti-
cles of 40 to 80 mesh size were used. The molar ratio of Ca/PO,
was set to 10/6 (the ratio is same as that of apatite) and the molar
ratio of Ni/Ca to 2.5/10. These are the optimal ratios determined in
the previous work [10]. This catalyst without a promoter was named
as Ni,;Ca,,.

Ceria-promoted catalysts were prepared by following the same
procedure as described above except addition of the aqueous solu-
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tion of cerium nitrate before drying. The molar ratio of Ce/Ni was
varied from 0.1/2.5 to 0.3/2.5. Ceria-promoted catalysts were named
Ce,Ni, ;Ca,,, where subscript “a”, which is (Ce/Ni)*2.5, indicates
the content of ceria in the catalyst.
2. Reaction Procedure and Apparatus

The reaction experiments were carried out in a conventional quartz-
tube fixed bed flow reactor containing 0.05 g of fresh catalyst with
0.15 g of quartz powder (40-80 mesh) as the diluent. A 10 mm out-
side diameter (OD) quartz tube, narrowed to 6 mm OD in the middle,
was used as the reactor. The reactor was mounted vertically inside
a furnace (Lindberg Blue M) and a small amount of quartz wool
was packed at the narrowed position. A K-type thermocouple was
inserted in the middle of the catalyst bed. The feed gas including
the reactants (i.e., n-butane and oxygen) and the diluents gas (argon)
was introduced to the reactor. Due to its low vapor pressure, the
butane feed line was maintained at 323 K by a heating coil that was
rolled around the line from the gas cylinder to the reactor inlet. The
partial pressure of butane was fixed at 0.10 atm, while oxygen was
varied depending on O,/n-C,H,, molar ratio (2.0-3.0). Argon was
used as balance to set the total flow rate 100 cm® (STP)/min. The
first run was performed at 1,023 K without hydrogen pre-reduction
since this temperature had been found to be sufficiently high for
the activation of the catalyst by the reactant gas only [10]. The sub-
sequent experiments were carried out by changing the temperature
to 1,073 K, 973 K and then decreasing the temperature in 50 K in-
tervals down to 823 K. During the reaction, the exit gas was flowed
via a CaCl, trap to the analysis section, consisted of two on-line gas
chromatographs (GC, Younglin M600D) in parallel. H,, CO, CH,,
and CO, were analyzed by the first GC equipped with 1/8 inch Car-
boxen™ 1004 column (Supelco) with Ar carrier and a thermal con-
ductivity detector (TCD). CO,, CH,, and other hydrocarbons were
analyzed in the second GC, equipped with Hayesep™ Q column
(Supelco) with He carrier and a TCD. Since CO, and CH, were de-
tected by both the GCs, the component with higher concentration
was chosen as the standard of balance. By comparing the two CH,
or CO, areas from both the GCs, the amounts of the other compo-
nents were determined. The mass balances for carbon, hydrogen
and oxygen were generally within +£5%. The durability test was car-
ried out at 1,023 K with the O,/n-C,H,, ratios of 2.5 and 2.75 for
about 30 hours or until the hydrogen yield became below 20%.

RESULTS AND DISCUSSION

Selectivity, defined by Eq. (1), is based on carbon balance; there-
fore, the sum of the selectivity of the carbon-containing compounds
is 100%.

moles of n-C,H,, converted to A

lectivity of A (%)=
Selectivity of A (%) total moles of n-C,H,, converted "

100

(moles of A produced)
_ _X(# of carbon in 1 molecule of A)
4(total moles of n-C,H,, converted)

%100 )

The hydrogen yield was calculated by dividing moles of produced
H, with 5 times of total moles of n-C,H,, fed:

moles of H, produced

H, yield (%)= 5(total moles of n-C;H,, fed) -

100 Q)
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Fig. 1. n-C,H,, conversion vs. temperature over the catalysts with
different ceria contents (catalyst charge=0.05 g, VHSV=
120,000 cm*/g-cat-h, open symbols: O,/n-C,H,,=2.0, closed
symbols: O,/n-C,H,,=2.75).

Niz sCaqq
= Ceg,qNiz,5Caqg
Cep,2Niz 5Caqq
= Ceg,3Niz 5Caqo
—— Niz‘sca-m
20 { | —=—— Ceq 4Niz 5Caqq A
—&—— Ceq2Niz 5Caqq -
——a—— Cep 3Nip 5Caqq -

CH, Sel. (%)

10 1

0 A T T T I T
800 850 900 950 1000 1050 1100

Temperature (K)

Fig. 2. CH, selectivity vs. temperature over the catalysts with dif-
ferent ceria contents (catalyst charge=0.05 g, VHSV=120,000
cm’/g-cat-h, open symbols: O,/n-C,H,,=2.0, closed symbols:
0,/n-CH,,=2.75).

1. Effect of Ceria Content
1-1. Conversion and selectivity with O,/n-C,H,, feed ratio of 2.0
The n-C,H,, conversions are shown with respect to temperature
in Fig. 1, and the product selectivities are presented in Figs. 2-4.
Representative product distributions are given in Tables 1 and 2 in
more detail. When the reactant gas was fed with the ideal stoichio-
metric ratio (O,/n-C,H,,=2.0: n-C,H,;+20,—4CO+5H,), less than
40% of n-butane was converted at 823 K. At 873 and 923 K, the
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Fig. 3. C,, selectivity vs. temperature over the catalysts with dif-
ferent ceria contents (catalyst charge=0.05 g, VHSV=120,000
cm’/g-cat-h, open symbols: O,/n-C,;H,,=2.0, closed symbols:
0,/n-C H,,=2.75).

n-butane conversion over Ce,;Ni,Ca,, was the highest while that
over Ce,,Ni,;Ca,, was the lowest, and the difference in the conver-
sion was as large as 32%. Above 1,023 K, all the catalysts showed
almost complete conversion. CH, selectivity gradually increased with
temperature over all the catalysts and was the highest in the tem-
perature range of 1,023-1,073 K (Fig. 2). The effect of ceria on the
CH, selectivity was not pronounced. The C,. (=C,H,, C,H,, C;H
and 1-C,Hj) selectivity exhibited highest in the temperature range
of 873-923 K (Fig. 3). Among the by-products, C,H, showed the
highest selectivity (Tables 1 and 2). Above 923 K, the C,, selectiv-
ity rapidly decreased with increasing temperature for all the cata-
lysts. The H, yield accordingly increased with temperature, showing
the maximum at 1,023-1,073 K (Fig. 4). The hydrocarbon selectiv-
ity (for CH, plus C,,) was lower over Ni,;Ca,, than over the other
three catalysts. When the ceria content was high, the decomposition
of n-butane or oxidative dehydrogenation would have occurred pre-
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Fig. 4. H, yield vs. temperature over the catalysts with different
ceria contents (catalyst charge=0.05 g, VHSV=120,000 cm’/
g-cat-h, open symbols: O,/n-C,H,,=2.0, closed symbols: O,/
n-C,H,,=2.75).

ferentially instead of partial oxidation. The reason is considered due
to that the ceria would cover a significant portion of metal active
sites on the catalyst surface and to that the oxygen was not supplied
sufficiently, which gives rise to lower oxidation activity. Moreover,
the higher ceria content resulted in lower activity due to covering
of more active metal sites. The amount of the exposed active Ni
species may be determined by the H, chemisorption in order to con-
firm the covering effect of ceria. However, although the hydrogen
chemisorption experiments were performed with a volumemetric
adsorption apparatus, the amounts of H, chemisorbed were so small
that they were in the almost in the error range of the measurement
(less than 0.33 cm’ (STP) Hy/g ., or the percentages exposed of Ni
less than 1.2%). Similar results have already been reported in a pre-
vious work [14]. Therefore, it was hard to confirm the above sug-
gestion by the H, chemisorption experiments, especially for the cata-
lysts in this work.

Table 1. n-C H,, conversion, selectivities, H,/CO ratio and H, yield in POX of n-butane over Ni,;Ca,, catalyst (O,/n-C,H,,=2.0, VHSV=

120,000 cm*/g-cat-h)

Temperature (K) 823 873 923 973 1023 1073
C,H,, conversion (%) 36.46 58.38 79.41 96.90 100 100
cO 24.72 38.01 36.07 56.40 70.62 77.81
CO, 62.94 33.24 23.34 12.10 5.81 2.77
CH, 0 6.03 10.83 14.92 15.63 1523
Selectivities (%)  C,H, 0 17.26 21.31 13.68 5.71 2.88
C.H, 0 0 2.44 291 222 1.32
C;H, 12.34 0.75 1.16 0 0 0
1-C,Hg 0 4.70 4.86 0 0 0
H,/CO ratio 2.49 1.29 1.35 1.27 1.29 1.13
H, yield (%) 17.92 22.95 30.86 55.71 73.12 70.62

Korean J. Chem. Eng.(Vol. 25, No. 6)
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1-2. Conversion and Selectivity with Higher O,/n-C,H,, Feed Ratio
Since significant amounts of the hydrocarbon products were ob-
served with the O,/n-C,H,, molar ratio of 2.0, the molar ratio of O,/
n-C,H,, was increased up to 3.0 in order to convert the hydrocar-
bons to CO and H, to a greater extent by partial oxidation. Repre-
sentative product distributions are given in Tables 3 and 4. Com-
pared with the case of O,/n-C,H,;=2.0, the n-C,H,, conversion be-

came higher in the whole temperature range over all the catalysts
(Fig. 1). In the case of O,/n-C,H,~2.75, the conversions over all
the catalysts were over 90% above 973 K and Ce,,Ni, ;Ca,, showed
the highest conversion. The conversion obtained with the O,/n-C,H,.=
2.5 was similar to that with the ratio of 2.75. Compared with the
cases of the O,/n-C,H,, ratio of 2.5 and 2.75, the conversion ob-
tained with the O,/n-C,H,=3.0 was lower particularly at low tem-

Table 2. n-C,H,, conversion, selectivities, H,/CO ratio and H, yield in POX of n-butane over Ce,,Ni,Ca,, catalyst (O,/n-C,H,,=2.0, VHSV=

120,000 cm*/g-cat-h)

Temperature (K) 823 873 923 973 1023 1073
C,H,, conversion (%) 37.80 83.56 92.60 96.13 100 100
Cco 24.24 25.38 36.47 53.26 71.32 76.68
CO, 62.82 19.65 17.30 12.95 5.42 2.58
CH, 0.50 11.68 12.79 14.57 17.77 17.65
Selectivities (%) C,H, 0.76 32.14 25.37 12.41 2.97 1.74
C,H, 0 232 2.80 3.37 2.52 1.35
C,H, 10.54 0.20 0.77 2.68 0 0
1-C,H; 1.15 8.63 4.49 0.77 0 0
H,/CO ratio 2.54 1.26 1.25 1.24 1.17 1.12
H, yield (%) 18.65 21.40 33.65 50.90 66.77 68.69

Table 3. n-C H,, conversion, selectivities, H,/CO ratio and H, yield in POX of n-butane over Ni,;Ca,, catalyst (O,/n-C,H,,=2.75, VHSV=

120,000 cm*/g-cat-h)

Temperature (K) 823 873 923 973 1023 1073
C,H,, conversion (%) 53.89 91.35 97.07 97.47 100 100
Cco 40.44 23.84 38.45 52.46 76.84 88.59
CO, 51.48 31.42 26.33 21.78 15.43 8.77
CH, 0.54 7.61 11.21 10.13 7.74 2.64
Selectivities (%) C,H, 0 17.67 10.57 2.15 0 0
C,H, 0 1.82 1.94 1.46 0 0
C,H, 7.54 17.64 11.5 12.03 0 0
1-C,H; 0 0 0 0 0 0
H,/CO ratio 1.53 1.65 1.46 1.39 1.27 1.23
H, yield (%) 26.65 28.71 43.7 56.66 77.9 87.35

Table 4. n-C,H,, conversion, selectivities, H,/CO ratio and H, yield in POX of n-butane over Ce,,Ni,Ca,, catalyst (O,/n-C,H,,=2.75, VHSV=

120,000 cm*/g-cat-h)

Temperature (K) 823 873 923 973 1023 1073
C,H,, conversion (%) 56 96.51 99 100 100 100
Co 38.15 36.88 48.33 67.47 86.46 90.29
Co, 52.27 26.82 25.09 15.94 10.01 8.69
CH, 0.77 9.73 13.1 9.36 3.53 1.02
Selectivities(%) C,H, 0 14.82 2.96 0 0 0
C,H 0 1.72 1.42 0 0 0
C,Hq 8.81 10.02 9.1 7.23 0 0
1-C,H, 0 0 0 0 0 0
H,/CO ratio 1.63 1.49 1.49 1.32 1.28 1.27
H, yield (%) 27.95 42.54 56.85 71.12 88.25 91.92
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peratures between 823 and 873 K (the data not shown for brevity).
With the O,/n-C,H,, ratio of 2.75, the CH, selectivity increased with
temperature up to 923 or 973 K and then decreased at higher tem-
peratures. This is different from the trend observed with the O,/n-
C,H,, ratio of 2.0 where the CH, selectivity increased with increas-
ing temperature up to 1,073 K. Ce,;Ni,;Ca,, showed the highest
CH, selectivity at 923 K, but yielded the lowest CH, selectivity at
and above 1,023 K.

Fig. 3 and Tables 3 and 4 show a marked effect of excess oxygen
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Fig. 5. CH; selectivity vs. O,/n-C,H,, ratio over the catalysts with
different ceria contents at 1,023 K (catalyst charge=0.05 g,
VHSV=120,000 cm*/g-cat-h).
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Fig. 7. H, yield vs. O,/n-C,H,, ratio over the catalysts with different
ceria contents at 1,023 K (catalyst charge=0.05 g, VHSV=
120,000 cm*/g-cat-h).

on the C,, selectivity. Compared with the case of the O,/n-C,H,,
ratio of 2.0, the C,, selectivity with the O,/n-C,H,, ratio of 2.75 de-
creased drastically, and at 1,023 K it became practically zero. These
results clearly show that hydrocarbon products were more readily
converted to CO and H, when excess oxygen was fed, and hence
the H, yield improved significantly in the whole temperature range,
as shown in Fig. 4. Ce,,Ni,;Ca,, exhibited the lowest C,. selectiv-
ity and the highest H, yield in the whole temperature. On the whole
the unpromoted catalyst Ni, ;Ca,, yielded higher C,. selectivity. This
indicates that some excess oxygen is required in utilizing the oxy-
gen storage capacity of ceria [11-13], which promotes the partial
oxidation of hydrocarbons.

The effects of the O,/n-C,H,, feed ratio and the ceria content are
summarized in Figs. 5-7 by comparing the data obtained at 1,023 K.
The CH, selectivity (Fig. 5) decreased gradually as the O,/n-C,H,,
ratio increased from 2.0 to 2.75 but increased sharply at the O,/n-
C,H,, ratio of 3.0. The C,, selectivity showed similar trend. Partic-
ularly in the cases of O,/n-C,H,,=2.5 and 2.75, the C,, selectivity
became practically zero over Ce, Ni, sCa,,. Accordingly, H, yield
(Fig. 7) over all the catalysts was the highest with the O,/n-C,H,,
ratio of 2.75, and Ce,Ni,Ca,, showed the highest yield (~90%)
with this O,/n-C,H,, ratio. In case of O,/n-C,H,,=3.0, the H, yield
decreased sharply for all the catalysts. This is considered because
too much oxygen may inhibit the reduction of Ni or induce the oxi-
dation of Ni, which results in poorer catalytic activity.

2. Durability Test

The stability of the catalyst is an important concern in partial oxi-
dation over the nickel catalyst which is prone to induce coke for-
mation. Durability tests were carried out with a fixed O,/n-C,H,,
ratio (2.5 or 2.75) at 1,023 K and the results are shown in Figs. 8-10.

With the O,/n-C,H,, ratio of 2.5, the experiment over Ni,Ca,,
was stopped at 21 hours due to severe carbon deposition, which
resulted in pressure build-up in the reactor. Over Cey,Ni,;Ca,, it

Korean J. Chem. Eng.(Vol. 25, No. 6)
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VHSV=120,000 cm*/g-cat-h, open symbols: O,/n-C,H,,=
2.5, closed symbols: O,/n-C H,,=2.75).
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different ceria contents at 1,023 K (catalyst charge=0.05 g,
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2.5, closed symbols: O,/n-CH,,=2.75).

lasted only 14 hours because the H, yield was so low. The CH, se-
lectivity (Fig. 8) gradually increased with time over all the cata-
lysts. Ce,,,Ni, ;Ca,, showed the lowest CH, selectivity. The C,, selec-
tivity (Fig. 9) increased quite rapidly over all the catalysts. Among
them, Ce,,Ni, ;Ca,, showed the slowest increase, reaching 30% at
30 hours. In Fig. 10, Ce, Ni,sCa,, showed the highest H, yield dur-
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Fig. 10. H, yield during durability test over the catalysts with dif-
ferent ceria contents at 1,023 K (catalyst charge=0.05 g,
VHSV=120,000 cm*/g-cat-h, open symbols: O,/n-C,H,,=
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M: Ce,,Ni,:Ca,, A, A: Ce,,Ni,Cay, O, @: Cey;Ni,Cay).

ing the entire period of the test.

In the case of the O,/n-C,H,, ratio of 2.75, all the catalysts showed
very low CH, selectivity (<5%) and C,, selectivity (<10%) com-
pared with the case of the O,/n-C,H,, ratio of 2.5 (Fig. 8, 9), and
thus the H, yield became much higher (Fig. 10). Among the cata-
lysts tested, Ce, Ni,sCa,, showed constant and the lowest hydro-
carbon selectivity and the highest H, yield for 30 hours. In sum-
mary, Ce,,Ni,;Ca,, has the best stability in regard of activity and
carbon deposition and the higher hydrogen yield and better catalyst
stability were obtained with the O,/n-C,H,, ratio of 2.75 than with
the ratio of 2.5. In other words, the O,/n-C,H,, ratio of 2.75 is the
optimum which best utilizes the oxygen storage capacity of ceria but
does not induce the deterioration of Ni by too excessive oxidation.

CONCLUSIONS

For partial oxidation of n-butane with ideal stoichiometric O,/n-
C,H,, ratio of 2.0, all the catalysts showed similar activity and the
promotion effect of ceria was not pronounced. When more oxygen
was fed, the n-C,H,, conversion increased and the hydrocarbon se-
lectivity decreased, and thus the H, yield was improved. Especially,
the improvement by the ceria promoter was remarkable owing to
the oxygen storage capacity of ceria. The durability of the catalyst
was also improved by ceria. The optimal O,/n-C,H,, ratio and ceria
content (x) were determined to be 2.75 and 0.1, respectively. With
the higher O,/n-C,H,, ratio, complete oxidation occurred to a greater
extent, resulting in lower hydrogen yield. With the higher ceria con-
tent, the number of exposed active metal sites became less, result-
ing in lower partial oxidation activity and poorer durability.
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