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Abstract—A series of nickel and nickel-palladium supported upon alumina catalysts were prepared in order to obtain
a suitable catalyst that could be used in the process of producing hydrogen by partial oxidation and steam reforming
of n-octane. Hydrogen production by partial oxidation and steam reforming (POSR) of n-octane was investigated over
alumina-supported Ni and Ni-Pd catalysts. The process occurred by a combination of exothermic partial oxidation and
endothermic steam reforming of n-octane. It was found that JOi/Ahtalyst activity was high at high temperatures
and increased with the Ni loadings. Its activity, however, was not obviously increased when Ni loadings were over
5.0 wt%. Compared with nickel catalyst, the bimetallic catalyst of Ni-Bd{Ahowed markedly increased activity
and hydrogen selectivity at experimental conditions. The catalytic performance also became more stable when the
palladium was added, which indicated that palladium plays an essential role in the catalytic action. The used catalysts of
Ni-Pd/Al,O, were regenerated three times by using air at space velocity of 2,@60®htain a long duration catalyst.

Also, the typical catalyst was characterized by using SEM, BET, TG and ICP methods in detail.
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INTRODUCTION Lee and Yoon, 2001; Yoon et al., 1999; Kong et al., 1999], steam
reforming of methanol and ethanol [Qi, 1999], direct methanol de-
Hydrogen is a clean burning and highly reactive fuel that offerscomposition [Lee et al., 1998], and steam reforming of heavy oil
high thermal efficiencies of 35-45% in comparison with 25-30% [Wang, 2000]. Compared with the above fuels, gasoline has the ad-
typical of normal petroleum-fueled engines [Wang, 2000; Tang andvantages of higher heat value, large amounts of storage hydrogen
Yang, 1995; Chi et al., 1990]. Hydrogen-powered vehicles usingand steady supply as countless power stations can be found all over
fuel cells (e.g., polymer electrolyte fuel cell (PEFC)) are, therefore the world. The method of producing hydrogen from gasoline through
under development in an effort to reduce, @issions that ac- partial oxidation and steam reforming enjoys the merit of low energy
celerate global warming. requirement, due to the opposite contribution of the exothermic hy-
During the 1970s, the Jet Propulsion Laboratory proposed th&lrocarbon oxidation and endothermic steam reforming. The pro-
concept of injecting hydrogen into an internal combustion enginecess, however, needs a suitable and active catalyst, which is not well
[Keith, 1994] as a way of improving efficiency and lowering, NO developed at present time.
emissions. In the following decade, Volkswagen tested a similar The objective of the present investigation is to develop an ef-
concept for methanol-combustion engines [Jiang, 1993], again usinfgctive catalytic system for the selective production of hydrogen
some of the primary fuel to produce hydrogen in situ. It now seemsor fuel cell applications by POSR of hydrocarbons. A series of nick-
highly probable that internal-combustion powered vehicles will beel and nickel-palladium supported upon alumina catalysts were pre-
superseded by electric vehicles in the future. The incentives for thipared in order to obtain a suitable catalyst that could be used in the
change come from the stringent legislation for controlling local pol- process of producing hydrogen from n-octane by POSR method.
lution. In the design of vehicles, the conflicting demands of both highAlso, the used catalysts of M&I, O, and Ni-Pdy-Al,O, were re-
performance and environmental protection can be overcome by ugienerated three times by using air at60fhd space velocity of
ing a fuel cell to generate on-board electric power. The paramoun?,000 h* to obtain a long duration catalyst. Finally, the typical cat-
issue facing fuel cells right now is how to get the hydrogen to thealyst was characterized by using SEM, BET, TG and ICP methods
vehicles. One solution to this problem is the on-board hydrogenn detail.
generation from a suitable high energy density liquid fuel. In recent
years, many researchers have worked on the technologies of pro- EXPERIMENTAL
ducing hydrogen from methanol, ethanol and hydrocarbons [Jiang,
1993; Ronny and Michal, 1997; Lee and Park, 1998], such as caft. Experimental Setup
alytic partial oxidation of methane [Aparicio, 1997; Dybkijar, 1995;  Catalytic experiments were performed in a fixed-bed reactor at
atmospheric pressure. A scheme of the experimental system is de-
To whom correspondence should be addressed. picted in Fig. 1. The reactor was constructed with a stainless steel
E-mail: Zhangjc@mail.buct.edu.cn pipe of 10 mm inner diameter and 500 mm length. At the bottom a
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H,. .l carrier gas at 12@. Whereas £C, and other organic compounds
—>> were analyzed by an OV-1 capillary column connected to flame
&»D ionization detector (FID) at 3C€. C, H and O balance always closed
Air within £5%. The catalyst activities and selectivity were evaluated
based on its conversion of n-octane and hydrogen production at the
2 conditions of determined molar ratios of0AC and Qn-GH,g,
Octane respectively. All the experiments were conducted with a gas hourly
space velocity (GHSV) of 1,000'hDuring the activity tests (over
Ni and Ni-Pd/AJO; catalysts), temperature was varied in the range
3 of 500-750°C. The used catalyst was also regenerated in this set-up
through combustion method with air at 80demperature and 2,000
Water h™. After that, the catalyst again was reduced with mixture of hy-
drogen and dilute with nitrogen before the process occurred for pro-

ducing hydrogen by POSR of n-octane.
4. Characterization of Typical Catalysts
To elucidate the catalyst activity deterioration, fresh catalyst and

Fig. 1. Schematic view of the experimental set-up for reaction and

regeneration. typical used catalysts were characterized. Surface area was meas-
1. Adjusting valve 7, 8. Vaporizer ured by a Micromeritics ASAP2010 BET apparatus usingdN

2. Octane vessel 9. Reactant mixing vessel sorption. Surface characterization of the catalysts was done by the
3. Water vessel 10. Preheater scanning electron microscope (SEM), and its composition was meas-
4. Gas mixing vessel 11. Catalyst bed ured by inductively coupled plasma (ICP). TG characterization re-
5. Oil metering pump 12. Temperature controller sults were obtained by using the apparatus of PCT-1A.

6. Water metering pump 13. Thermocouple

RESULTS AND DISCUSSION

perforated gas distributor was equipped. The reactor was placed in-
side an electric furnace equipped with an electric heater driven b{. Performance of Ni/ALO, Catalysts
a proportional-integral-derivative (PID) electronic temperature con- The Q/CH,; and HO/C gas mixtures with a molar ratio of 1.0
troller. About 1 ml catalyst was sandwiched between quartz wool.and 3.0, respectively, were used as the feed gas and the partial oxi-
The temperature of the catalytic bed was monitored with a thermoeation, and steam reforming of n-octane was conducted at atmo-
couple sliding inside a stainless steel pipe that was well inserted ispheric pressure, 580 and 750C over AlO;-supported Ni cata-
the catalyst bed. Because of the high exothermic hydrocarbon oxlysts. As shown in Fig. 2, n-octane conversion and hydrogen selec-
dation and endothermic steam reforming, the catalyst bed temperévity rose when the Ni loading was increased from 1.0 to 5.0 wt%
ture was varied at the beginning of the reaction. All the data werat the same reaction temperature; they remained, however, almost
collected when the temperature equilibrium was established. unchanged when Ni loadirgfs0 wit%. It can be noted that the sup-
2. Catalyst Preparation ported Ni catalyst activities rose notably when the temperature was

The catalysts used in the experiment were obtained by the imincreased from 500 to 780 at the same Ni loadings. The 5.0 wt%
pregnation of A0, support with the solution containing the desired Ni/Al,O, catalyst provided about 90% n-octane conversion, 92%
ionic metals, followed by drying in an oven atf@Uovernight un- hydrogen selectivity at 75C temperature.
der vacuum condition and calcining in a muffle furnace at®@00 2. Performance of Ni-Pd/A}JO, Catalysts
for 6 h. The solution temperature during impregnation was kept con- Pd is the less expensive among the noble metals, and it is more
stant at 35C by using a thermostatic bath. The reduced catalyst wa:
obtained through reducing catalyst in the fixed-bed reactor &£450 4, 100
with a mixture of hydrogen and dilute nitrogen that were fed to the [ 1
reactor via the mass controller. All the prepared catalysts were kef 80 f
in a drying utensil and used as catalysts for the POSR reaction. [

A 500C activity

rsion(%)

3. Experimental Method 60 | Z;s)gg acltivit:y't
- 0, I i i 1 [ selectivity ]
n-Octane (99.99% purity), which was used as experimental rez 0750 selectivity 1

actant instead of gasoline for the simplicity of the experimental pro-§

cedure, was tested as feedstock through POSR for the productic§ 20 ]
of hydrogen. Distilled water was fed through a metering pump anc@ / 1 40
got vaporized in the preheating section prior to injection into the 0 [ * * ]
reactor; n-octane was likewise sent through a metering pump int

Hydrogen selectivity(%)

the reactor. n-Octane was vaporized in the preheating zone befo ] 3 P 7 10

being fed into the reactor. Product gas from the reactor was an: Ni loading(wt.%)

lyzed by two sets of gas chromatograpl}s.CEO, CQ CH, N, _ Fig. 2. Effect of Ni loadings on the catalytic activity and selectivity
were measured by a thermal conductivity detector (TCD) with a at reaction temperature of 500C and 750°C, respectively
column consisting of Molecular sieve 5A and 13X with argon as a (molO,/molCH ,;=1.0, molH,0/molC=3.0).
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100 Table 1. Characterization results of 5.0 wt% Nif£Al O, catalyst
§ [ MActivity O Selectivity Cvcles Surface area Carbon depositiorContent of
: 80 y (m?/g-cat) (mg/g-cat)  Ni (Wt%)
%2, Fresh catalyst 152 5.4 5.0
E Third regeneration 106 5.8 5.0
g
g
g 100
;:f ‘i.QOQQBO.QQQ
Q 80 | 8
= . 8 - [ ]

500 600 700 750 5 ¢
Temperature (C) § 60 [
=
Fig. 3. Effect of adding litte Pd on Ni-Pd/AJO, catalyst activity S 0 ® Fresh catalyst
and selectivity at different temperature (reaction conditions § [ ©Third Regeneration
are same as in Fig. 2). Q
" 0}
stable than Ni because it does not form carbonyls with highvapo o Lo v v 0 v 0 vy 00 v v v v v v e v v v i 00y
pressure at the reaction conditions [Jiang, 1993]. Fig. 3 shows th 0 100 200 300 400 500 600
n-octane conversion and hydrogen selectivity over Ni-FolAht- Time on stream(h)
alyst as a function of the furnace temperature at molar ratig' of O Fig. 5. Effect of time on stream on the catalytic activity of Ni-Pd/
C;H,=1.0, HO/C=3.0, respectively. It shows that addition of 0.8 AlLO; (molO,/molCgH,=1.0, molHO/moIC=3.0, T=750).
wt% Pd into Ni/AlO; catalyst notably improved its activity and
hydrogen selectivity at same molar ratios gfdM,; and HO/C, in Table 1. Characterization results show thajAlijO, catalyst

which indicates that palladium plays an essential role in POSR resurface area was obviously decreased with regeneration cycles. Com-
action. Compared with the Ni/&, catalyst, the Ni-Pd/AD, cat- pared with fresh catalyst, the surface area of third regeneration cat-
alyst remarkably improved its activity and hydrogen selectivity at alyst was decreased about 30%. It also provided the fact that the
lower reaction temperature, as shown in Fig. 2 and Fig. 3. amount of carbon deposition on Pl ,O, was increased with re-

3. Stability of Ni/Al,O, Catalyst generation cycles. However, the content of Ni oAlijO, cata-

The effect of time on stream, up to 50 h, is presented in Fig. 4yst was invariable. It should be concluded that the instability rea-
for the 5.0 wt% fresh and multi regenerated NiDjlcatalyst. As sons of NijtAl,O, catalyst during the POSR process were mainly
shown in Fig. 4, the n-octane conversion for the fresh catalyst reprobably caused by sintering phenomena and carbon deposition.
mained almost unchanged during the 30 h time. After that, the conFurther study to investigate MAILO, catalyst instability during
version decreasing with time provided evidence for certain instabil-POSR process should be carried out.
ity onstream in the POSR process. It also shows that the decreag- Stability of Ni-Pd/AlL,O, Catalyst
ing tendency is evident with the multi regeneration cycles for the The effect of time on stream, up to 600 h, is presented in Fig. 5
used catalyst. To know some reasons whyANiO; catalyst easily ~ for Ni-Pd/ALO, catalyst. As shown in Fig. 5, the n-octane conver-
lost its activity during the POSR process, some characterization resion for fresh and multi cycles regenerated catalyst remained almost
sults were obtained by using basic methods. Those results are listethchanged during the 500 h time, which indicated that bimetallic
catalyst of Ni-Pd/AlD, could be a promising catalyst for the pro-
duction of hydrogen from hydrocarbons. Some characterization re-
sults of Ni-Pdy-Al,O; catalyst were also obtained as listed in Table 2.
Those results show that Ni-ipdl,O, catalyst surface area, amounts
of carbon deposition on catalyst and content of catalytic compo-
nents of Ni and Pd were almost invariable with regeneration cycles
during the POSR process. Especially, the amount of carbon depo-
sition on Ni-PdyAlO; catalyst was decreased about 70% com-

n-Octane conversion (%)

@ Fresh catalyst X N X .
< First regeneration pared with that of carbon deposition onyMil,O; catalyst, which
b0 | A Second regeneration shows that Pd plays an essential role in the catalytic action.
O Third regeneration 5. SEM Characterization of the Catalysts
The catalysts surface property for the fresh and third regenerated
ol catalysts was characterized by the scanning electron microscope
0 10 20 30 40 50 60 (SEM). The Ni/AlO, catalyst SEM is in Fig. 6. It shows that the
Time on stream(h) surface property for the fresh and third regenerated [9yAhta-
Fig. 4. Effect of time on stream on the catalytic activity of Ni/ lyst had become different. The third regenerated catalyst evidently
AlLO, (molO,/molCH,,=1.0, molHO/molC=5.0, T=750). had sintering phenomena, which partially indicated the reason why
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Table 2. Characterization results of Ni-Pdj£Al,O, catalyst

Cycles Surface area {fg-cat) Carbon deposition (mg/g-cat) Content of Ni (wt%) Content of Pd (wt%)
Fresh catalyst 148 1.6 5.0 0.8
Third regeneration 145 1.9 4.9 0.8

(a) Fresh catalyst
Fig. 6. SEM results of the fresh and third regenerated Ni/AD, catalyst.

ok

(a) Fresh catalyst (b) Third regeneration
Fig. 7. SEM results of the fresh and third regenerated Ni-Pd/AD, catalyst.

the deterioration tendency of catalyst activity became more seriousatalysts were prepared in order to obtain a suitable catalyst that
with the increasing regeneration cycles. could be used in the process of producing hydrogen by POSR of
The Ni-Pd/ALO, catalyst SEM is in Fig. 7. It shows that the sur- n-octane. The following conclusion could be obtained according to
face property for the fresh and third regenerated Ni-Ea//iat- the experimental results:
alyst had become almost same, which possibly indicates the reason
why the Ni-Pd/AJO; catalyst had better duration for the process of 1. For ALOs;-supported Ni catalysts, its activity and selectivity
production hydrogen by POSR of n-octane at the experimental conwere increased when Ni loading was increased from 1.0 to 5.0 wt%;
ditions. they remained almost unchanged for Ni load#g3 wt%.
2. The Ni/ALO, catalyst showed unstable properties during our
CONCLUSIONS experiment up to 50 h. Its deterioration became evident with the
increasing multi regeneration cycles.
A series of nickel and nickel-palladium supported upon alumina 3. The instability of Ni-Al,O; catalyst during the POSR pro-
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cess was mainly probably caused by sintering phenomena and car- Copper Based Catalystsppl. Catal. A93, 245 (1993).

bon deposition. Keith, B. P., “Polymer Electrolyte Fuel Cells: A Review of Recent De-
4, When small amount of Pd was added into NbAtatalyst, velopmentsJ. of Power Source51, 129 (1994).
its activity and selectivity were improved notably, which indicates Kong, S. J., Yoon, K. B. and Yoon, K. J., “Oxidative Coupling of Meth-
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