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Abstract—Three different Mn-promoted Ni/~Al,O, catalysts, Mn/Ni/}Al,O;, Mn-Ni/}~Al,O, and Ni/Mn/}Al,0,,
were prepared and applied to the steam reforming of liquid petroleum gas (LPG) mainly composed of propane and
butane. For comparison, Ni/}Al,O; catalysts containing different amount of Ni were also examined. In the case of the
Ni/p~AL O, catalysts, 4.1 wt% Ni/}~AlO, showed the stable catalytic activity with the least amount of coke formation.
Among the various Mn-promoted Ni/}#Al,O; catalysts, Mn/Ni/j~Al,0; showed the stable catalytic activity with the
least amount of coke formation. It also exhibited a similar H, formation rate compared with Ni/}+Al,O,. Several char-
acterization techniques--N, adsorption/desorption, X-ray diffraction (XRD), CO chemisorptions, temperature-programmed
reduction (TPR), X-ray photoelectron spectroscopy (XPS) and CHNS analysis--were employed to characterize the cata-
lysts. The catalytic activity increased with increasing amount of chemisorbed CO for the Mn-promoted Ni/~ALO; cata-
lysts. The highest proportion of Mn*" species was observed for the most stable catalyst.
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INTRODUCTION

Due to the progress made in fuel cells, hydrogen is attracting in-
creasing attention [1]. Currently, it is generally produced from vari-
ous hydrocarbons through a series of catalytic processes including
the reforming and water-gas shift reaction. Among the various hy-
drocarbons, liquefied petroleum gas (LPG), which is mainly com-
posed of propane and butane, is quite attractive, because it has high
potential as a hydrogen carrier for fuel cells [2]. Since LPG can be
easily distributed through a well-developed infrastructure [3], it is a
favorable feedstock for distributed hydrogen production.

Syngas (CO+H,) can be made through several routes such as
partial oxidation [4], steam reforming [5,6] and autothermal reform-
ing [7,8]. Although each method has its merits [9], steam reform-
ing has been extensively examined because it enables the highest
hydrogen concentration to be obtained in the product stream, thus
making it possible to reduce the size of the subsequent purification
units used to obtain high-purity hydrogen for fuel cells.

As the steam-reforming catalysts, supported Ni catalysts have
been used for industrial steam reforming processes because of their
inherent availability and lower cost in comparison to noble metal
catalysts [10]. The steam reforming reaction is highly endothermic
and therefore requires high operating temperatures to produce a high
hydrogen yield. As a result, the nickel particles in the supported Ni
catalysts tend to become agglomerated and lose their active surface
area under steam reforming conditions [11]. Furthermore, coke for-
mation can be a serious problem over Ni-based catalysts. There-
fore, the development of Ni-based catalysts which can resist the
formation of coke as well as sintering is essential [12,13].
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Until now, a number of studies have been carried out in an attempt
to improve the catalytic activity of Ni-based catalysts for the steam
reforming of hydrocarbons. Various kinds of support such as MgO,
TiO,, SiO,, activated carbon, La,O, [14], ZrO, [15], and Al,O, have
been examined to suppress the formation of carbon [16,17]. It was
also suggested that the amount of carbon deposited could be de-
creased by using nickel supported on metal oxides with strong Lewis
basicity [18]. It was suggested that the presence of mobile TiO, spe-
cies helped to remove the large ensembles of Ni atoms which are
active for coke formation over Ni/TiO, [19]. The formation of a
partially reducible NiO-MgO solid solution appeared to stabilize the
surface Ni atom and prevent carbon diffusion into the nickel parti-
cles [20-23].

Besides the support, various kinds of promoters have been exam-
ined to suppress the formation of coke over the supported Ni cata-
lysts. Alkali metals, such as K,O and CaO, were reported to im-
prove the coking resistance by enhancing the carbon gasification
but with a loss of catalytic activity [24,25]. Zhuang [14] et al. investi-
gated the effect of cerium oxide as a promoter for the supported Ni
catalysts on the steam reforming of methane and found that it in-
creased the steam reforming activity and also decreased the carbon
deposition rate. Su and Guo [26] also reported an improvement in
the catalytic activity and resistance to Ni sintering for Ni/ALO; cata-
lysts doped with rare earth oxides in the steam reforming of meth-
ane. Moreover, the oxides of heavy rare earth elements (Gd, Er, Dy)
[27] exhibited a more pronounced effect than those of the light ones
(La, Pr, Nd, Yb) [28,29]. The addition of manganese oxides has
been reported to decrease the formation of coke in the dry reform-
ing of methane over Ni/ALO; [30].

In this work, we prepared three kinds of Mn-promoted Ni/4<Al,O,
catalysts impregnated in different sequence and applied them to the
steam reforming of LPG, which can cause much more coke forma-
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tion than the steam reforming of methane. The catalyst stability for
each catalyst was examined and discussed based on their charac-
terizations.

EXPERIMENTAL

1. Catalyst Preparation

Supported Ni catalysts containing different amounts of Ni were pre-
pared by impregnating ALO; with an aqueous solution of Ni(NO),,
followed by drying at 393 K and subsequent calcination in air at
973K for 2 h. Three different Mn-promoted Ni/}AlO, catalysts
were prepared as follows. In the case of Mn/Ni/y#ALO;, Ni/32ALO,
was prepared as described above and then impregnated with an aque-
ous solution of Mn(NO,),, followed by drying at 393 K and subse-
quent calcination in air at 973 K for 2 h. Ni/Mn/}#Al,O, was pre-
pared in the same way as Mn/Ni/ALO, except that the manga-
nese precursor was impregnated first before the impregnation of
the Ni precursor. Ni-Mn/}#AlO, was prepared by a co-impregna-
tion method: Both Ni(NO;), and Mn(NO;), were impregnated on
#AlLO;, followed by drying at 393 K and subsequent calcinations
in air at 973 K for 2 h. The Mn content was intended to be 5 wt%.
All of the prepared catalysts were reduced in H, at 1,173 K for 1 h
before the reaction.

2. Catalyst Characterization

The BET surface areas of the calcined catalysts were measured
by N, adsorption-desorption at 77 K using an Autosorb-1 (Quan-
tachrome) instrument. Before the measurement, the samples were
degassed in a vacuum at 473 K for 2 h.

The pulsed CO chemisorptions were conducted in an AutoChem
2910 unit (Micromeritics) equipped with a thermal conductivity
detector (TCD) to measure the CO consumption. Quartz U-tube
reactors were generally loaded with 0.20 g of the sample. All of
the catalysts were pretreated by reduction in H, at 1,173 K for 1 h,
then cooled to room temperature. The chemisorptions experiments
were carried out at 300 K in an He stream at a flow rate of 30 ml/
min through the pulsed-chemisorptions technique, in which 500 ml
pulses of CO were utilized.

Temperature-programmed reduction (TPR) was conducted in
an AutoChem 2910 unit (Micromeritics) equipped with a TCD to
measure the H, consumption. A water trap composed of blue silica
gel removed the moisture from the TPR effluent stream at 273 K
before the TCD. Quartz U-tube reactors were generally loaded with
0.20 g of the sample. All of the samples were calcined in air at 973 K
for 2 h before the TPR experiment. The TPR patterns were obtained
using 10 vol% H,/Ar at a flow rate of 30 ml/min in the tempera-
ture range from 313K to 1,173 K at a heating rate of 10 K/min,
while the TCD signals were monitored after any residual oxygen
in the line was removed by flowing He at 313 K for 1 h.

The XRD patterns were recorded on a Rigaku D/MAC-III using
Cu Karadiation (4=0.15406 nm), operated at 40 kV and 100 mA
(4.0 kW). The crystalline size of Ni and Mn,O; was calculated by
applying the Scherrer line broadening equation as follows:

B 0.9/7.,<m
- B(ze)COS [

where L denotes the average particle size, 0.9 is the value when
B, is the full width at half maximum (FWHM) of the peak broaden-

ing in radians, A, is the wavelength of the X-ray radiation (0.15406
nm), and A, is the angular position at the (200) peak maximum of
Ni.

X-ray photoelectron spectroscopy (XPS) was performed for the
reduced catalysts and the catalysts after the reaction with a Micromer-
itics XPS spectrometer using monochromatic Al-K ¢ radiation oper-
ated at 1,486.6 eV. Reduction was performed with H, at 1,173 K
for 1 h. The catalysts after the reaction were collected after 10 h of
LPG steam reforming.

The amount of carbon formed on the catalysts during the reac-
tion was determined by using a CHNS analyzer (LECO-CHNS-932).

The Ni and Mn contents for each catalyst were analyzed by in-
ductively coupled plasma-atomic emission spectroscopy (ICP-AES,
JY-70Plus, Jobin-Yvon).

3. Reactor System and Experimental Procedure

The catalytic activity measurements were carried out in a small
fixed bed reactor with the catalysts that had been retained between
45 and 80 mesh sieves. A standard gas consisting of 12.8 mol%
C,H;, 0.7 mol% n-C,H,, and 82 mol% H,O balanced with N, was
fed to the reactor, in which 0.10 g of the catalyst without diluents
was loaded. The typical reaction temperature was 873 K. Before
the reaction, the catalysts were reduced in situ under H, [30 cm’
(STP)/min)] at 1,173 K for 1 h. The effluent from the reactor was
separated with Poraplot-Q and Carbosphere columns and analyzed
using a gas chromatograph (HP5890) equipped with the flame ion-
ization detector (FID) and TCD. The formation rate of H,, r;,,, was
calculated by multiplying the exit concentration of H, and the efflu-
ent flow rate per mass of catalyst.

RESULTS AND DISCUSSION

Ni/$ALO,; catalysts containing different amounts of Ni were exam-
ined for the steam reforming of LPG to determine the effect of their
Ni content on their catalytic activity and stability, as shown in Fig. 1.
Under the given reaction conditions, all of the catalysts showed 100%
conversions of propane and butane initially. However, reactor plug-
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Fig. 1. Comparison of the activity of the }<AL,O;-supported Ni cata-
lysts containing different amounts of Ni, viz. 3.1 wt% Ni (A),
4.1 wt% Ni (@), and 8.1 wt% Ni (V). The feed composi-
tion was 12.8 mol% C;H;, 0.7 mol% n-C,H,, and 82 mol%
H,0 in N,, F/W=533 ml (STP)/min/g,,,.

Korean J. Chem. Eng.(Vol. 27, No. 4)



1134 J. H. Park et al.

(€)

)
(a) et |

400 500 600 T00 800 900 1000 1100

TCD signal / a.u.

Temperature / K

Fig. 2. Temperature-programmed reduction (TPR) patterns for the
1+ALO,-supported Ni catalysts containing different amounts
of Ni, viz. 3.1 wt% Ni (a), 4.1 wt% Ni (b), and 8.1 wt% Ni

©).

ging occurred due to the formation of large amounts of coke in the
case of the 8.1 wt% Ni/}2Al, O, catalyst. A gradual decrease in the
catalytic activity was observed over 3.1 wt% Ni/}AlLO,. On the
other hand, stable catalytic activity was obtained over 4.1 wt% Ni/
1#ALO;,

To determine the reducibility of the Ni species over the Ni/<AlLO,
catalysts, temperature-programmed reduction (TPR) patterns were
obtained for each sample, as shown in Fig. 2. In the case of the 3.1
wt% Ni/pALO; catalyst only one TPR peak was observed at around
1,150 K, which may be due to the reduction of NiALO, [31]. On
the other hand, two TPR peaks were observed over both 4.1 wt%
Ni/p#ALO; and 8.1 wt% Ni/kALO; at 845-880 K and 1,060 K. The
TPR peak at 845-880 K was attributed to the reduction of NiO strongly
bound to #ALO, [32]. These results imply that the impregnated Ni
species reside on the defect sites of the alumina surface and form
NiALO, after the calcinations step. The formation of separate NiO
can occur only after most of the defect sites of the alumina surface
are saturated with the Ni species.

XRD patterns were also obtained for each sample before and after
the reaction, as shown in Fig. 3. For all of the catalysts, XRD peaks
representing Ni were found. The intensity of the XRD peaks repre-
senting Ni increased with increasing Ni content. The crystalline size
of Ni for 8.1 wt% Ni/3-Al,O, was calculated by Scherrer’s equa-
tion and determined to be 13 nm. As shown in Fig. 3(B), the forma-
tion of carbon was confirmed after the reaction over 8.1 wt% Ni/#
Al,O,. Therefore, the surface coverage of the metallic Ni with car-
bon may be one of reasons for the catalyst deactivation.

To determine the cause of the deactivation of the catalyst, the
amount of deposited carbon was determined by a CHNS analyzer.
The amount of carbon was determined to be 9.6, 7.8 and 63.6 g/
.. for 3.1 wt% Ni/)2Al0;, 4.1 wt% Ni/y-ALO; and 8.1 wt% Ni/
#AlLO;, respectively. Based on this result, it can be said that the
deactivation of the catalyst must be due to coke formation. The larger
amount of formed carbon over 8.1 wt% Ni/3Al,O, than over 4.1
wt% Ni/}ALO; can be explained by the difference in the crystal-
line size of Ni. As can be seen in Fig. 3, the larger crystalline size
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Fig. 3. X-ray diffraction patterns of the <AL O;-supported Ni cat-
alysts containing different amounts of Ni, viz. 3.1 wt% Ni
(a), 4.1 wt% Ni (b), and 8.1 wt% Ni (c) before (A) and after
the reaction (B).

of Ni was observed over 8.1 wt% Ni/#ALO, than over 4.1 wt%
Ni/#AlLO,. It was reported that the formation of filamentous car-
bon was significantly influenced by the metal particle size and pro-
ceeded mostly over the metal particles larger than 7 nm [33]. There-
fore, 4.1 wt% Ni/}~Al,0, was selected as the model catalyst for the
subsequent studies.

Three different Mn-promoted <Al O;-supported Ni catalysts were
prepared and tested for the steam reforming of LPG as shown in
Fig. 4. The catalytic activity decreased in the following order: 5.3
wt% Mn/5.4 wt% Ni/#ALO;>4.2 wt% Mn-4.2 wt% Ni/ALO;>>
4.0 wt% Ni/4.5 wt% Mn/j~ALO;. In the case of the 4.0 wt% Ni/
4.5 wt% Mn/}AlO, catalyst, a gradual decrease in the catalytic
activity was observed during 10 h of the reaction. The amount of
CO chemisorbed at 300 K was determined to be 9.6, 3.4, and 2.6
mmol CO/g,,, for 5.3 wt% Mn/5.4 wt% Ni/}Al,0;, 4.2 wt% Mn-
4.2 wt% Ni/}~AL,0;, 4.0 wt% Ni/4.5 wt% Mn/~AlO;, respectively.
This is in line with the catalytic activity.

To determine the reducibility of the Ni and Mn species in the Mn-
promoted $#ALO,-supported Ni catalysts, TPR patterns were obtained
for each sample, as shown in Fig. 5. For comparison, the TPR pat-
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Fig. 4. The catalytic activity for LPG steam reforming over the Mn-
promoted Ni/}<Al,O; catalysts, viz. 5.3 wt% Mn/5.4 wt% Ni/
#ALO; (@), 4.0 wt% Ni/4.5 wt% Mn/1-Al O, (H), and 4.2
wt% Mn-4.2 wt% Ni/ AL O, (V). The feed composition was
12.8 mol% C;H;, 0.7 mol% n-C,H,, and 82 mol% H,O in
N,, F/W=533 ml (STP)/min/g,,,.

tern for 5 wt% Mn/Al,0O,; is also presented. For the Mn-promoted
1+Al,0,-supported Ni catalysts, a rather broad TPR peak with a max-
imum at 1,050 K was observed with a shoulder at 850 K. No TPR
peak was observed due to the reduction of mixed oxides composed
of Mn and Al. As shown in Fig. 2, 4.1 wt% Ni/}Al,O, shows two
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Fig. 5. Temperature-programmed reduction (TPR) patterns for
the Mn-promoted Ni/}<AlO; catalysts, viz. 5.3 wt% Mn/5.4
wt% Ni/#AlO; (a), 4.0 wt% Ni/4.5 wt% Mn/}<Al,O; (b), and
4.2 wt% Mn-4.2 wt% Ni/}~Al,0; (c). The TPR pattern for
5 wt% Mn/}Al,O, (d) was also added for comparison.

TPR peaks at around 850 K and 1,050 K due to the reduction of
NiO and NiALO,, respectively. TPR peaks due to the reduction of
NiALO, were obtained for all of the Mn-promoted <Al,O,-supported
Ni catalysts, although their intensities differed from each other. The
weakest TPR peak at around 1,000 K was observed for 4.0 wt%
Ni/4.5 wt% Mn/ALO;, which can be interpreted as meaning that
some of the defect sites on the alumina surface are blocked with
the Mn species during the calcinations step of Mn/#ALO;. The TPR
peaks in the range from 550 K to 700 K can be attributed to the re-
duction of MnO, species based on the TPR pattern of the 5 wt%
Mn/}#AlO; catalyst. The only difference in the TPR patterns ob-
tained over the 4.0 wt% Ni/4.5 wt% Mn/}~ALO; and 4.2 wt% Mn-
4.2 wt% Ni/}ALO, catalysts is the TPR peak intensity. 4.2 wt%
Mn-4.2 wt% Ni/pAlLO, shows a stronger TPR peak intensity at
around 1,000 K than 4.0 wt% Ni/4.5 wt% Mn/}Al,O,, which is
reasonable because NiALO, can easily be formed over the former
catalyst. In the case of 5.3 wt% Mn/5.4 wt% Ni/}#ALO;, similar TPR
peaks were obtained to those observed for the other Mn-promoted
Ni/#AlO, catalysts but the TPR peaks at low temperatures were
shifted to lower temperatures. This implies that a weak interaction
can be formed between the MnO, species and alumina surface, be-
cause some of the defect sites may be blocked by the formation of
NiALO, in 5.3 wt% Mn/5.4 wt% Ni/}ALO;.

XRD patterns were obtained to determine the crystalline phase
for the Mn-promoted Ni/p~AlO; catalysts before and after the reac-
tion, as shown in Fig. 6. The presence of Mn,O, was confirmed for
all of the catalysts. The formation of crystalline carbon was also
observed after the reaction for all of the catalysts. The amount of
carbon formed during the reaction was determined to be 4.0, 24.0,
and 83 g /g, for the 5.3 wt% Mn/5.4 wt% Ni/}ALO;, 4.2 wt%
Mn-4.2 wt% Ni/}AlO;, and 4.0 wt% Ni/4.5 wt% Mn/#AlO; cat-
alysts, respectively. It is worth noting that the most active catalyst,
5.3 wt% Mn/5.4 wt% Ni/y-AlLO;, showed the least amount of coke
formation. Furthermore, it showed less carbon formation than the
4.1 wt% Ni/}+Al,O; catalyst. The role of the MnO, species might

Korean J. Chem. Eng.(Vol. 27, No. 4)
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Fig. 6. X-ray diffraction patterns for the Mn-promoted Ni/}<ALO,
catalysts, viz. 5.3 wt% Mn/5.4 wt% Ni/}<Al,O; (a), 4.0 wt%
Ni/4.5 wt% Mn/ <Al O; (b), and 4.2 wt% Mn-4.2 wt% Ni/j)-
AlLO; (c) before (A) and after the reaction (B).

be to remove the large ensembles of Ni atoms active for the coke
formation process. From this viewpoint, it is reasonable to suppose
that the least coke formation occurs over Mn/Ni/#ALO, because
the largest portion of MnO, species can reside on Ni over this catalyst
among the Mn-promoted Ni/}#Al,O; catalysts.

The pore size distribution was obtained from the N, desorption
data for the Mn-promoted Ni/}AlO; catalysts before and after the
reaction, as shown in Fig. 7. No noticeable difference in the pore
size distribution was observed over 5.3 wt% Mn/5.4 wt% Ni/}AlO,
during the reaction. On the other hand, the average pore sizes in-
creased for 4.2 wt% Mn-4.2 wt% Ni/3-Al,O, and 4.0 wt% Ni/4.5
wt% Mn/}Al,O; during the reaction. It can be said that the small
pores are blocked and larger pores are newly formed during the reac-
tion for these catalysts. As revealed by the CHNS analysis, a large
amount of carbon was accumulated over these catalysts during the
reaction, and thus can cause pore blocking.

To detect any change in the surface composition during the reac-
tion, the XPS spectra were obtained for the Mn-promoted Ni/3~Al,0,
catalysts before and after the reaction, as shown in Fig. 8. Various
oxidation states of Mn such as Mn*, Mn*” and Mn*" can be assigned
for all of the catalysts based on the Mn2p spectra. 5.3 wt% Mn/5.4
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Fig. 7. Pore size distribution of the Mn-promoted Ni/}<Al,O, cata-
lysts, viz. 5.3 wt% Mn/5.4 wt% Ni/}+Al,O; (a), 4.0 wt% Ni/4.5
wt% Mn/}AlLO; (b), and 4.2 wt% Mn-4.2 wt% Ni/}~Al,0,
(c) before (closed symbol) and after the reaction at 873 K
for 10 h (open symbol).

wt% Ni/3AlO; shows the highest proportion of Mn** species com-
pared with the other Mn-promoted Ni/}ALO; catalysts. For all of
the catalysts, the proportion of Mn** and Mn* increases compared
to that of Mn"" during the reaction. This tendency was obvious espe-
cially for 4.2 wt% Mn-4.2 wt% Ni/}-ALO; and 4.0 wt% Ni/4.5 wt%
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Fig. 8. XPS spectra of the Mn-promoted Ni/}<ALO; catalysts, viz.
5.3 wt% Mn/5.4 wt% Ni/}#ALO; (a), 4.0 wt% Ni/4.5 wt%
Mn/}ALO; (b), and 4.2 wt% Mn-4.2 wt% Ni/}<Al O, (c) be-
fore and after the reaction at 873 K for 10 h.

Mn/}ALO,. Based on these results, the stable catalytic activity of
5.3 wt% Mn/5.4 wt% Ni/}-Al,O; may be partly ascribed to the higher
oxidation states of the manganese oxides.

CONCLUSIONS

4.1 wt% Ni/pAlL O, showed stable catalytic activity with the least
amount of coke formation among the Ni/}Al,O; catalysts contain-

ing 3.1 wt%, 4.1 wt% and 8.1 wt% Ni. The addition of manganese
oxides to Ni/AlO, changed its catalytic activity and stability, which
were strongly dependent on the impregnation sequence of the Ni
and Mn precursors. Among the Mn-promoted Ni/}<ALO; catalysts,
5.3 wt% Mn/54 wt% Ni/pAlO, showed stable catalytic activity
with the least amount of coke formation. It also exhibited a similar
H, formation rate to the 4.1 wt% Ni/}<ALO; catalyst. The catalytic
activity increased with increasing amount of chemisorbed CO for
the Mn-promoted Ni/}+ALO, catalysts. The highest proportion of
Mn** species was observed for the most stable catalyst.
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