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Abstract

Doping of CeQ as an additive promoter on Ni/fD; was found to improve dry reforming activity for,kind CO productions at solid oxide
fuel cell (SOFC) operating temperature (800—900. The catalyst provides significantly higher reforming reactivity and resistance toward
carbon deposition compared to conventional Ni@J. These enhancements are mainly due to the influence of the redox property of ceria.
During dry reforming process, in addition to the reactions on Ni surface, the gas—solid reactions between the gaseous components presentec
in the system (Cll CO,, CO, K0, and H) and the lattice oxygen (Qon ceria surface also take place. The reactions of adsorbed methane
and carbon monoxide (produced during dry reforming process) with the lattice oxygporn©eria surface (CiH+ Oy — CO+H, + O,_;
and CO+Q <« CO, + Oy_;) can prevent the formation of carbon species on Ni surface from methane decomposition reaction and Boudard
reaction.

In particular, Ce@doped Ni/ALO; with 8% ceria content showed the best reforming activity among those with the ceria content between 0
and 14%. The amount of carbon formation decreased with increasing Ce content. However, Ni was oxidized when more than 10% of ceria was
doped. According to the post-XPS measurement, a small formation,6k@eas observed after exposure in dry methane reforming conditions
with low inlet CH,/CQ; ratio (1.0/0.3). The intrinsic reaction kinetics of 8% Gafoped Ni/ALO; was studied by varying inlet CHand CQ
concentrations, and by adding Hnd CO to the system at different temperatures. The dry reforming rate increased with increasing methane
partial pressure and the operating temperature. The reaction orders in methane were always closed to 1.0 in all conditions. Carbon dioxide
also presented weak positive impact on the methane conversion, whereas adding of carbon monoxide and hydrogen inhibited the reforming
rate.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction reaction takes place at the reformer, which is in close thermal
contact with the anode side of fuel cell where the exothermic
Solid oxide fuel cell (SOFC) with an indirect internal electrochemical reaction takes pla¢gég( 1). IR gives the

reforming operation (lIR), called IIR-SOFC, is expected to advantage on eliminating the requirement for a separate
be an important technology for energy generation in the nearfuel reformer and providing good heat transfer between
future due to the high efficiency and its low environmental the reformer and the fuel cell. In addition, the reformer
impact. Regarding this operation, the endothermic reforming part and the anode side for IIR operation can be operated
separately. Therefore, the catalyst for reforming reaction
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Inlet Fuels reactivity for this reaction was Ru>Rh > Nilr>Pt>Pd, in
Oxidants Reformer which similar to their proposed order for steam reforming.
— H;or Byn. Gas They also observed that the replacing of steam with carbon
// AncHe dioxide gave similar activation energies, which indicated a
S s i i 'i:f;:’::e Air similar rate-determining step in these two reactions. In addi-
tion, low levels or no carbon formation was detected from

dry reforming over Rh metal at low temperature and,CO
content[9]. Erddhelyi et al.[10,11] studied the influence of
the catalyst support on the dry reforming of rhodium-based
catalyst, and reported that the support had no effect on the
activity of Rh. In contrast, Nakamura et f12] and Zhang et
al. [13] observed that the initial turnover frequency (specific
¢ activity) of Rh crystallities was significantly affected by their
supports. Zhang et dlL3] also reported that the deactivation

Fig. 1. Diagram of IIR-SOFC operation.

and optimized individually. This operation is expected to
simplify the overall system design, making SOFC more
attractive and efficient for producing electrical poJ&.

The aim of the reformer unit is to reform and maximize
the yield of hydrogen production and supply this componen
to the anode side of SOFC. Theoretically, hydrogen can be . ,
produced from several natural hydrocarbon sources including®f R crystallities was strongly dependent on their supports.
natural gas, bio-ethanol, coal, biomass, and biogas. Biogas " thiS present study, it is aimed at the development of

consists mainly of methane and carbon dioxide is expected to@" altérnative catalyst for dry methane reforming reaction,
be the attractive raw material for hydrogen production in the WNich provided high stability, and activity toward this reac-

near future due to its economic availability. Due to the rich tion at such a high temperature (800900 for later appli-

CO;, for biogas, carbon dioxide (or dry) reforming reaction cgtlon in IIR-SOFC. According to the economical point of
would be one of the most suitable processes to convert biogas/€W: Ni/Al203 was selected as a based catalyst rather than
to hydrogen or synthesis gas (CO ang) HCompared to the the precious metals. _Cerlum _()dee (C;Q@/a_s c_hose_n as an
steam reforming, both steam and dry reforming reactions addmye promoter.. This materla.l (called_ cerlq) is ammpqrtant
have similar thermodynamic characteristics except that the materlal for a variety of catalytic rea_ctlons involving oxida-
carbon formation in the dry reforming is more severe than tion O,f hydrgcarbons (e.g.. automoblle exhgust catalysts). It
in the steam reforming due to the lower H/C ratio of this c_ontams_ahlgh concentration ofh|gh_ly mobile oxygenvacan-
reaction[2]. The attractive feature of the dry reforming Cl€S: Which act as local sources or sinks for oxygen involved
reaction is the utilisation of C& which is a greenhouse N 'éactions taking place on its surface. Nowadays, a poten-
effect gas. In general, the dry reforming reaction (Eq) tial appllcatllon of ceriaisin ;olld oxide fuel 9e|l§ appllcanon
is typically accompanied by the simultaneous occurrence of &5 & reforming catalyst for in-stack (called indirect internal)

the reverse water-gas shift reaction (RWGS) (@9 reforming of methane, since itis high resistant toward carbon
i deposition compared to Ni14]. Recently, the successful test

CH4+ COy < 2CO + 2H; AH= 247kJmol (1) of ceria for the methane steam reforming reaction has been
_ reported[15—-17] Due to the high resistance toward carbon
CO+Hz & CO+ H0 AH = 411kJ/mol ) formation, ceria should be a good additive promoter for dry
The hydrogen to carbon monoxide production ratio reforming process.
(H2/CO ratio) from the dry reforming reaction is always less Recently, the use of ceria-based materials as the support
than 1. Vannice and Bradfofd] presented the apparent acti- and promoter for the catalytic reforming reaction has been
vation energies for the consumption of methane and carbonreported by several researchers. As the support, it has been
dioxide, as well as the production of carbon monoxide, hydro- reported to be promising support amoagAl>,O3 [18], -
gen, and water in order to investigate the influence of the Al,0O3, andy-Al,0O3 with alkali metal oxide and rare earth
RWGS reaction. They observed that the apparent activationmetal oxide[19] and CaAbO, [18—21] while the selected
energy for hydrogen formation is greater than that for the for- metals were Ni, Pt, or Pf22—-31] As the promoter, ceria
mation of carbon monoxide, in which supported the influence was also reported to be a good promoter for the dry methane
of the reverse water-gas shift reaction on the reaction mecha+eforming at intermediate temperaty®2]. Wang and Lu
nism. Sodesawa et g#] studied the dry reforming reaction [32] prepared Ce@®doped Ni/AbO3 by adding Ce® on
at a stoichiometric feed ratio over several catalysts. They y-Al,O3 powder before impregnated Ni on Cg€Al,03
found that the activities of most catalysts deactivated rapidly support and tested the dry methane reforming reactivity at
due to the carbon deposition. Topor et[&]. suggested that 500-800°C. They found that the doping of CeQignifi-
the use of excess carbon dioxide could avoid carbon forma- cantly improved the resistance of catalyst toward the carbon
tion. Chubb et al[6,7] studied the carbon dioxide reforming  deposition.
using an excess of carbon dioxide with carbon dioxide to  In this work, various amounts of cerium oxide were firstly
methane ratios of 3:1 and 5:1 over Nij8l3. They reported doped on the surface of Ni/ADs in order to determine
that the rate of disintegration is smaller for the higher one. the suitable doping ratio. The reactivity toward dry reform-
Rostrup-Nielsen and Bak Hansf] investigated the activ-  ing and the resistance toward carbon formation over £eO
ity toward dry reforming over several metals. Their order of doped Ni/AbO3 was studied and compared to conventional
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Ni/Al 2,03 at the temperature range of 800—-9@) In addi- 1 PR PRSP RRT TR
tion, the intrinsic kinetics of the dry methane reforming reac- _ 900°C -' """
tion over this catalyst was also studied by varying inletzCH = 08 - 850°C .
CO, and by adding CO and Hat different temperatures. ~ E PR i o
The reaction orders in each component and the possible rate 2 06 ¢ o7 ,  eeee® g g
isotherm with the fitting parameters were determined. These & Falv e ARG
kinetic informations are important in order to determine the = ¢4 4
behavior of the catalyst toward this reaction for the large &
scale or industrial application. By fitting the rate isotherm ‘E
and parameters in the modeling, the behavior of the whole =
reformer and the IIR-SOFC system can be predicted. G ; ; :
0 50 100 150 200

Total flow rate (cm3 min-1)

2. Experimental
Fig. 2. Effectofthe total gas flow rate on the turnover frequendigfof dry
reforming over 8% Ce@®doped Ni/AbO3 at different temperatures (4 kPa

2.1. Catalyst preparations CHa and 12kPa C).

Ni/Al 2,03 (5wt.% Ni) was prepared by impregnating
Al,03 (from Aldrich) with NiClz solution at room tempera-  indicating that the mass transfer effect is unimportant in this
ture. This solution was stirred by magnetic stirring (100 rpm) flow rate rangeFig. 2 shows the effect of the total gas flow
for 6 h, dried overnight in an oven at 11G, and calcined in  rate on the reforming rate over 8% Cg@oped Ni/AbO3
air at 900°C for 6 h. The catalyst powder was then reduced at different temperatures. The reactions on different average
with 10% H/Ar at 700°C for 6 h. CeQ doped Ni/AbO3 sizes (from 100 to 50@m) of catalysts were also carried
was prepared by impregnate different concentration of cerium out. It was observed that there were no significant changes
nitrate (Ce(NQ@)z-6H20 (99.0%), Fluka) on Ni/AIO3 pow- in the methane conversion for the catalyst with the particle
der. Similarly, this solution was stirred by magnetic stirring size between 100 and 2@®n, which indicated that the
(200 rpm) for 6 h before filtered and washed with deionised intraparticle diffusion limitation was negligible in this range
water and ethanol to prevent an agglomeration. The sampleof operating conditions. Consequently, the weight of catalyst
was dried and calcined in air at 1000 for 6 h. Itwasreduced  loading was 50 mg, while the total gas flow was kept constant

with 10% Hy/Ar at 700°C for 6 h before use. at 100cri min~1. The catalyst particle size diameter was
between 100 and 2Q0m in all experiments.
2.2. Apparatus and procedures A type-K thermocouple was placed into the annular space

between the reactor and the furnace. This thermocouple was

In order to investigate the dry reforming and its associated mounted on the tubular reactor in close contact with the cata-
reactions, an experimental reactor system was constructedlyst bed to minimize the temperature difference between the
The feed gases including the components of interest such agatalyst bed and the thermocouple. Another type-K thermo-
CHyg, COy, Hp, or CO were introduced to the reaction sec- couple was inserted in the middle of the quartz tube in order
tion, in which an 8-mm internal diameter and 40-cm length to re-check the possible temperature gradient. The record
quartz reactor was mounted vertically inside a furnace. The showed that the maximum temperature fluctuation during the
catalyst (50 mg) was loaded in the quartz reactor, which wasreaction was alway40.75°C or less from the temperature
packed with a small amount of quartz wool to prevent the cat- specified for the reaction.
alyst from moving. In order to observe the intrinsic reaction  Afterthe reactions, the exit gas mixture was transferred via
kinetics, the methane conversions from dry reforming were trace-heated lines to the analysis section, which consists of a
always kept below 20% in all experiments. Porapak Q column Shimadzu 14B gas chromatograph (GC)

In the present work, the desired space velocity and and a mass spectrometer (MS). The gas chromatography
suitable catalyst particle size were achieved from severalwas applied in order to investigate the steady state condi-
preliminary tests, which were carried out to avoid any limita- tion experiments, whereas the mass spectrometer in which
tions by intraparticle diffusion in the experiments. Regarding the sampling of the exit gas was done by a quartz capillary
to these testing, the total flow rate was varied between and differential pumping was used for the transient and car-
20 and 200 crhimin~1 under a constant residence time of bon formation experiments. In order to study the formation of
5x 10~*gmincnt3. When the total flow rate was below carbon species on catalyst surface, temperature-programmed
60 c? min—1, the reforming rate increased with increasing oxidation (TPO) was applied by introducing 10% oxygen in
the gas flow rate, suggesting that the mass transfer betweethelium into the system, after purged with helium. The operat-
the bulk gas and the catalyst particles is the rate-determininging temperature increased from room temperature to 1300
step. The reforming rate was almost constant in the rangeby the rate of 10C/min. The calibrations of CO and GO
where the gas flow rate was higher than 8&enn—1, productions were performed by injecting a known amount of
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these calibration gases from aloop, in aninjection valve in the 1
bypass line. The response factors were obtained by dividing '. """ .
the number of moles for each component over the respective T 0.8 o T
areas under peaks. In addition to the TPO method, the amount ‘€ P ..
of carbon deposition was confirmed by the calculation of car- % 0.6 ¥ i
bon balance in the system. The amount of carbon deposited '
on the surface of catalyst would theoretically be equal to the £ 0.4+
difference between the inlet carbon containing components § ;
(CHz and CQ) and the outlet carbon containing components 2 o2 ¢
(CO, CQ, and CH,). The amount of carbon deposited per =
gram of catalyst is given by the following equation: 0 ; ; r . : .
0 2 4 6 8 10 12 14
Caeposition= Mole:arbon (in)— MOIl€arbon (out) 3) % Ce content
Mcatalyst . . !
Fig. 3. Effect of Ce doping content on the turnover frequendigddr dry
reforming (900°C, 4 kPa CH, and 12 kPa Cg).
3. Results and discussion molecule 16.2 10-29m? [14]) were active.
3.1. Catalyst characterizations N = rNaAN, &)
meS

After reduction, the catalysts were characterized with sev-
eral physicochemical methods. The weights content of Niand
Ce loadings were determined by X-ray fluorescence (XRF) nitrogen molecule (16.2 1072°m?), m. the weight of cat-
apaly5|s. The reducibility and dispersion percentages of alyst used (50mg), an8 is the specific surface area of
mckelwere measured _fromtemperature—programmed reduc-the catalyst. The figure indicates that 8% Gefping on
tion (TPR) with 5% H in Ar and temperature-programmed Ni/Al 03 presents the highest turnover frequencies.
desorption (TPD), respectively. The catalyst specific surface The post-reaction temperature-programmed oxidation
areas were obtained from BET measurement. All physic-

hemical : f th hesized | experiments were then carried out after a helium purge by
ochemical properties of the synthesized catalysts are presnqy,cing of 10% oxygen in helium in order to determine

_sented infable 1 The _catalyst specific surface areas slightly the degree of carbon deposition on the surface of each sample.
increased by the doping of Ce. Table 2presents the important physicochemical properties of
the spent catalysts after exposure in dry reforming conditions
3.2. Selection of suitable Ce doping content for 10 h. According to TPO, the amount of carbon formation
decreased with increasing Ce content. No carbon species was
After reduction, various Ce contents (from 2 to 14%) observed when the Ce doping content was higher than 8%.
doped on Ni/AbO3 were studied in dry reforming at 90C. The decreasing in the reactivity when more than 10% £eO
The feed was CHCO; in helium with the CH/CO;, ratio of was doped could be due to the oxidized of Ni, as the reducibil-
1.0/0.3.Fig. 3presents the steady state turnover frequenciesity of Ni reduced after exposure in dry reforming for 10 h,
(N) for CeQ doped Ni/AbO3 with different CeQ contents. regarding to the TPR experiments.
The turnover frequencies were calculated from the methane It should also be noted that, at steady state, the main prod-
conversion following the below equation by assuming that ucts from this reaction werednd CO with HB/CO always
all surface sites accessible by nitrogen adsorption (area peless than 1, indicating a contribution of the reverse water-

wherer is the reaction rate (moles Glder unit time)Na the
Avagadro’s numberAy, the area occupied by an adsorbed

Table 1

Physicochemical properties of the catalysts after reduction &tG00

Catalyst Ni load (wt.%) Ce load (wt.%) BET surface area (fy™1) Ni-reducibility? (Ni%) Ni-dispersiofi (Ni%)
Ni/Al 203 491 0.0 40.2 92.1 4.87
2% Ce-Ni/AbO3 4.84 1.87 40.8 93.5 4.54
4% Ce-Ni/AbO3 4.93 4.02 42.7 91.4 5.12
6% Ce-Ni/AbO3 5.01 5.94 46.5 90.6 4.54
8% Ce-Ni/AbO3 4.96 8.03 49.1 91.1 4.65
10% Ce-Ni/AbO3 4.88 9.86 49.8 89.9 4.77
12% Ce-Ni/AbO3 4.93 12.1 50.4 90.3 4.64
14% Ce-Ni/AbO3 4.92 13.9 50.9 91.0 4.20

a Measured from X-ray fluorescence analysis.
b Measured from temperature-programmed reduction (TPR) with 5% hydrogen.
¢ Measured from temperature-programmed desorption (TPD) of hydrogen after TPR measurement.
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Table 2

Methane conversions,#4CO production ratio, and physicochemical properties of the catalysts after exposure in dry reforming (4k&addid kPa CQ)
at 900rC

Catalyst CH conversions (%)  H,/CO Niand Ce Carbon formatioh BET surface  Ni reducibility® Ni dispersiof
at steady state ratio loac® (Wt.%)  (monolayers) (mg™1 (Ni%) (Ni%)

Ni/Al ;03 3.32 0.89 4.89/0.0 3.48 40.0 92.1 4.84

2% Ce-NF 9.43 0.88 4.86/1.87 3.01 40.8 93.2 4.48

4% Ce-Ni 12.2 0.84 4.96/4.00 1.62 42.0 91.0 5.07

6% Ce-Ni 14.7 0.81 4,97/5.98 0.43 43.9 90.0 4.52

8% Ce-Ni 15.3 0.80 4.98/8.01 ~0 44.4 90.4 4.60

10% Ce-Ni 14.9 0.77 4.83/9.93 ~0 44.7 87.3 4.71

12% Ce-Ni 11.8 0.75 4.87/11.9 ~0 45.1 70.1 4.55

14% Ce-Ni 10.7 0.71 4.94/14.0 ~0 45.6 67.6 4.14

a Measured from X-ray fluorescence analysis.

b Calculated using CO and G@ields from temperature-programmed oxidation (TPO) with 10% oxygen.
¢ Nickel reducibility (measured from temperature-programmed reduction (TPR) with 5% hydrogen).

d Nickel dispersion (measured from temperature-programmed desorption (TPD) after TPR).

€ Ce dopedNi/AbOs.

gas shift reaction. Small amount of steam was also observedThe variations in turnover frequencidd) fvith time at 900°C
from the reaction. The $ICO ratio decreased with increas- for different catalysts and different inlet GKCO; ratio are

ing Ce doping content indicated the high reactivity toward the shown inFig. 5. The significant deactivations were detected
reverse water-gas shift reaction of ceffalfle 9. The reac- for Ni/Al,O3 catalyst in all conditions especially at high
tivities toward the reverse water-gas shift reaction for €eO inlet CHy/CO;, ratio, whereas considerable lower deactiva-
doped Ni/AbO3 (with several Ce contents) and Ni/D; tions were detected for 8% Ce@oped Ni/AbOs. At steady
were tested in order to ensure the above explanation by usingstate, the dry reforming over 8% Ce@oped Ni/AbO3 with
TPRx in CQ/H»/He gas mixture (5 kPa C{and 10 kPa k). inlet CH,/CO, of 1.0/3.0 showed the best activity. Catalyst
Fig. 4 shows the activities of all catalysts toward this reac- stabilities expressed as deactivation percentages are given in
tion. Clearly, the activity toward the RWGS reaction over Table 3

Ce(Q doped Ni/AbO3 with high Ce content was significantly The characterization of these spent catalysts by X-ray
higher than that over Ni/AD3 at the same operating condi- diffraction (XRD) and X-ray photoelectron spectroscopy

tions. (XPS) were then carried out to determine the formation or
the changing of chemical states in the spent catalysts, com-
3.3. Reactivity toward dry reforming pared to the fresh one after reduction. X-ray diffraction was

performed usingo X-ray defractometer with CuxKadia-
Ni/Al,03 and 8% Ce® doped Ni/AbOs were further tion (. =1.540607) and operating parameters of 40kV and
studied in dry reforming at 90GC. The feed was CHCO, 40 mA. Diffraction patterns were acquired by a step-scanning
in helium with different CH/CO; ratios of 1.0/0.3, 1.0/1.0,  technique, using a step siz&20) of 0.020". The XPS spectra
and 1.0/3.0. The reforming rate was measured as a function ofvere acquired on spectrometer with a hemispherical elec-

time in order to indicate the stability and the deactivation rate. tron analyser detector, operated in a constant threshold pass
energy mode (50eV), and using a hon-monochromatic Al

100
® 14%Ce-Ni A 6%Ce-Ni 12
- 801 | 012%Ce-Ni A 4%Ce-Ni N -0 8‘%CE-NJ (CH,/CO, = 1.0/3.0)
B% ¢ 10%Ce-Ni ® 2%Ce-Ni E T oS00
2 601 | 0 8%CeNi O Ni/Al,O, | :
o 2 ® 8%Ce-Ni (CH,/CO, = 1.0/1.0)
> 7] v Foby " PPN
g 401 ' 8 o6 # 8%Ce-Ni (GH,/CO, = 1.0/0.3) L
(0: v ) g - o ¥ NI/ALO, (CH/CO, = 1.0/3.0)
2 A NifAlLO, (CH,/CO, = 1.0/0.3)
=z 02 ik .
Q) DAY "hA X Dy T oy
400 500 600 700 800 900 & ‘Nimleoa (CHafICO =1-? . . |
Temperature (°C) 0 100 200 300 400 500 600 700
Time (min)

Fig. 4. The activities of Ni/AJO3 and CeQ doped Ni/AbO3 (with differ-
ent Ce contents) toward the reverse water-gas shift reaction using TPRx inFig. 5. Dry reforming of methane at 90Q for several catalysts and various
COy/H,/He gas mixture (5 kPa Cand 10 kPa H). inlet CHy/CQo ratios.
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Table 3

Methane conversions, stabilities, and physicochemical properties of the catalysts after exposure in dry reforming conditio6<at 926

Catalyst CHI/CO, CHg conversions Deactivation (%) Carbon formatién BET after reaction Ni reducibility?
ratio (%) at steady state (monolayers) (m?g™) (Ni%)

Ni/Al 203 1.0/0.3 1.64 84.2 4.26 40.0 91.0
1.0/1.0 2.01 78.4 3.97 39.5 93.2
1.0/3.0 3.32 69.9 3.48 40.0 92.1

8% Ce-NFf 1.0/0.3 10.6 33.1 0.85 44.0 90.0
1.0/1.0 13.6 14.8 0.34 44.5 89.3
1.0/3.0 15.3 9.08 ~0 44.4 90.4

a Calculated using CO and GQields from temperature-programmed oxidation (TPO) with 10% oxygen.
b Nickel reducibility (measured from temperature-programmed reduction (TPR) with 5% hydrogen).

¢ CeQ doped Ni/AbO;3.

Ka (1.4866 eV) radiation source, which operated at 12 kV
and 20 mA.Fig. 6 presents the XRD patterns of the spent
and fresh Ni/A}O3 and CeQ doped Ni/AbOs. From the
XRD results, Ni and NiAdO4 reflectance were found in both
Ni/Al 203 and CeQ doped Ni/AbOs. It is clearly seen that
the intensities of NiAJO4 peaks for Ce@ doped Ni/AbO3
were lower than that for Ni/AlO3. Thisimplies that the inter-
action between NiO and ADs was prevented by the doping

of CeQ. A significant carbon peak was observed for the spent

Ni/Al 203, indicated the high formation of carbon species on

Table 4

Ce**ICeé™ ratio observed from the XPS measurement over £d@ped
Ni/Al ;03 after reduction and after exposure in dry methane reforming
conditions

Ce*t/Ce ratio

After reduction 0

After exposure in dry methane reforming; with @80, of
1.0/3.0 0
1.0/1.0 0
1.0/0.3 0.21

the catalyst surface, whereas a smaller peak of carbon was

detect for the spent Ce@loped Ni/AbOs.

Table 4 presents the Gé&/Ce* ratio for CeQ doped
Ni/Al 2,03 before and after exposure in dry methane reform-
ing conditions, determined from XPS. Itis seen that ndCe
(Ce03) formation was observed for the fresh Ce@pped
Ni/Al 2,03 after reduction. Regarding the spent Geddped
Ni/Al ,03, no C&* formation was detect after exposure in
dry methane reforming with the inlet GKCO; ratios of

NiAl,O,
ALO,

Ni/ALO, (

Ni/AlLO,

Intensity (a.u.)

0902 doped Ni/ALOj (1

[Feremae
CeO, doped Ni/Al,O, (2)
T T T T

20 40

1.0/3.0and 1.0/1.0, however, a small formation o§Ggwas
observed over Cefxoped Ni/AbO3 catalyst after exposure
in dry methane reforming with the inlet GKCO, ratio of
1.0/0.3. This CgO3 formation is obviously due to the remain-
ing non-oxidation Ce@ which will be explained at the end
of this section.

The post-reaction temperature-programmed oxidation
experiments were then carried out after a helium purge by
introducing of 10% oxygen in helium in order to determine
whether the observed deactivation is due to the carbon for-
mation. From the TPO results showrHig. 7, the huge peaks
of carbon dioxide and carbon monoxide were observed for
Ni/Al 203 at 600°C, while smaller peaks of both components
were detected for 8% CeQloped Ni/AbO3. The amount
of carbon formations on the surface of these catalysts with

Temperature (°C) ——» 1000
110%0.
] - o e —~
T _ g 1eoo
E 3 Ni/ALOs (CHA/CO,=1.0/3.0) ;
‘g =Tl —— 8%Ce-Ni (CH/CO,=1.0/1.0) |T 600 ®
e % I A N 8%Ce-Ni (CH4/C0,=1.0/3.0) 8
05 + 400 E
8° s kS
= | £ Ry, + 200
e e 0
0 20 40 60 80 100 120 140 160 180 200

Time (min)

Fig. 7. Temperature-programmed oxidation (TPO) of Ni@d and 8%

Fig. 6. XRD patterns of the catalysts after reduction (1) and after exposure CeQ, doped Ni/AbOs (10kPa Q) after exposure in dry reforming con-

in dry methane reforming at 90C with the inlet CH/CO, of 1.0/1.0 (2).

ditions for 10 h.
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different inlet CH/CO, ratios were determined by mea- supply of inlet CG.
suring the CO and Cg@yields from the TPO results (using
Microcal Origin Software). Using a value of 0.026 firfior CO;+ 014 O +CO (11)

the area occupied by a carbon atom in a surface monolayer Reqgarding the possible carbon formation during the
of the basal plane in graphifé7], the quantities of carbon  reforming processes, the following reactions are the most

deposited over Ni/AlO3 were observed to be approximately  prgpaple reactions that could lead to carbon formation:
4.26, 3.97, and 3.48 monolayers, while those over 8%LeO

doped Ni/AbO3 were 0.85, 0.34, and-0 monolayers for 2CO0& CO+C (12)
the inlet CH/CO, ratios of 1.0/0.3, 1.0/1.0, and 1.0/3.0,

respectively. The total amounts of carbon deposited were CHy & 2Hp +C (13)
ensured by the calculation of carbon balance in the system.co 4+ H, & H,0 + C (14)
Regarding to the calculation for the inlet A& O, ratios of

1.0/0.3, 1.0/1.0, and 1.0/3.0, the moles of carbon depositedCOz 4 2Hz < 2H20 + C (15)

per gram of 8% Ce@doped Ni/AbOs were 1.34, 0.49, and
~0mmol gL. By the same assumption for the area occupied
by a carbon atonfiL 7], these values are equal to 0.87, 0.32,
and 0 monolayers, respectively, which is in good agreement
with the values observed from the TPO method described
above. The results clearly indicated the strong resistance
toward carbon formation for 8% Ce@oped Ni/AbO3 com-
pared to Ni/AbO3. The BET measurements, as presented
in Table 3 indicated that deactivations of 8% Cg@oped
Ni/Al 2,03 are also due to the slight sintering of CeGeveral
researchers also reported the high thermal sintering rate o
ceria-based materials at high operating temperdifd 6]

The improvement of dry reforming reactivity and resis-
tance toward carbon formation for Ce@oped Ni/AbO3
could be mainly due to the redox property of ceria. During
the dry reforming, in addition to the reactions on Ni surface,
the solid—gas reaction between Gegid CH, also produces . . .
synthesis gas with a4ACO ratio of two, while the reduced The inlet rnet_hane partial pressure was varied from 1
ceria, Ce@_y, can react with C@to produce Cq33-35] to 4kPa, while inlet carbon dioxide .partlal pressure was
This solid—gas mechanism involves the reactions betweenX€Pt constant at 12kpa. The operating temperature range
methane and/or an intermediate surface hydrocarbon speciel/@S 825-900C. Fig. 8illustrates the influence of the inlet

with the lattice oxygen (§Q) at CeQ surface, as illustrated methane partial pressure on the turnqver frequer}bl)am(
schematically belovi3e]. dry reforming over 8% Ce@doped Ni/AbOs3 at different

operating temperatures. The activities of catalyst increased
CHs4+2S & CH3—S + H-S (5) with increasing inlet methane partial pressure as well as
operating temperatur&ig. 9 shows an Arrhenius-type plot

At low temperature, reactior{d4) and(15) are favorable,
while reaction(12) is thermodynamically unflavoref87].
The Boudard reaction (Eq12)) and the decomposition of
methane (Eq13)) are the major pathways for carbon forma-
tion at such a high temperature as they show the largest change
in Gibbs energy38]. According to the range of temperature
in this study, 800-900C, carbon formation would be formed
via the decomposition of methane and Boudard reactions. By
doping CeQ as the promoter, both reactions (E¢K2) and
f(13)) could be inhibited by the gas—solid reactions between
methane and carbon monoxide with the lattice oxyge) &D
Ce(Q surface forming hydrogen and carbon dioxide, which
is thermodynamically unflavored to form carbon species.

3.4. Effects of temperature and inlet components

CH3—S + S & CH-S + H-S (6)
1.2

CH-S+ S & CH-S + H-S (7) _

'i-: 11 ° 900 °C
CH-S+ S & C-S+ H-S (8) E T 5 875°C

® 0.8 & T 4 850°C
C-S+ 0, CO+ O,_1+S 9) ﬁ G g " 5 825°C

o s .

L 3

2H-S & Hy+2S (10) m ey

[=]

During the dry reforming, methane is adsorbed on either E g5 s

a unique site (S) or the lattice oxygendOwhereas C@can =
react with the reduced site of ceriay Q. The steady state 0 ; - ; -
reforming rate is mainly due to the continuous supply of the 0 1 2 3 4 °
oxygen source by CEXEq. (11)). Therefore, the G5 for- Meshonapastinlpmeanelkia)

mation observed by XPS measuremeritable 4over spent Fig. 8. Effect of methane partial pressure on the turnover frequenid)es (

Ce( doped Ni/AbOg3 after exposure in dry methane reform- oy gry reforming over 8% Ce@doped Ni/AbOj at different temperatures
ing with high inlet CH/CO; ratio is due to the insufficient  (12kPainlet CQ).
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1.2 1.2
=~ ® CH,/CO, = 4.0/12.0 =
E "1 e 0 CH./COs = 3.0/12.0 E
'::u 0.5 1 . ‘._ ¢ CH,/CO, =2.0/12.0 '7m 0.8- . 900 °C
= RAEEEE =
= e e o 875°C
0 4 e 67 -
g e g 2 .- 850°C
E e S o) E 0.4+ .-.Q 825°C
=] E L o
‘E ---------- e E’ -
= 0.2 A = 0

0 . ; . .
0 T ' ' 8 9 10 11 12 13
0.102 0.104 0.106 0.108 0.11

Carbon dioxide partial pressure (kPa)
1/RT (m mol/J)

Fig. 10. Effectof carbon dioxide partial pressure on the turnover frequencies

Fig. 9. Arrhenius plot of turnover frequenciell)(for dry reforming of N) f - : ]
or dry reforming over 8% Ce@doped Ni/AbOj3 at different tempera-
methane over 8% Celoped Ni/AbO3 with different inlet methane/carbon §UI’)ES @3 k)IIDa Ch) g 0 P kOs P

dioxide ratio.
1

for dry reforming over Ce@doped Ni/AbO3z with various o
methane/carbon dioxide ratios over the temperature range-% ' 825 °C
825-900°C. The corresponding activation energy observed ¢ %71 g5000 0.,
for this catalyst is 178 9 kJ/mol, slightly depending on the .f—.: 0857 grgog €. G
gas composition. 2 o migEa

The reaction order in methana)(for CeQ doped E 075 o '
Ni/Al ,O3 was observed to be 0.96-1.04, and seemed to g - A:f
be essentially independent of the operating temperature and = 97 .
other inlet compositions in the range of conditions studied. 0.65 ©
These valuesr were obtained experimentally by plotting B . . ‘ ‘ ‘ !
In(—rcH,) versus InPch,) according to the equation below. 0 2 4 6 8 10 12 14

Inlet CO,/CHj, ratio

In(—rch,) = In(k) + n In(Pch,) (16)

. . 1 Fig. 11. Influence of inlet carbon dioxide/methane ratio GO produc-
1Kh-1

Wh_ere —ICHy IS the dry refor_mlng rate (r_n0| kg ~h™), tion ratio from dry reforming of methane over 8% Ce@bped Ni/AbOs at

while Pcy, the methane partial pressuteis the apparent  gifferent temperatures (12 kPa g0

reaction rate constant amds the reaction order in methane.
The reaction orders in other components ¢(CBy, and CO) concentrations. Unlike CHand CQ, both components
were achieved using the same approach by varying the inletinhibited the dry reforming rate as shownFkigs. 12 and 13
partial pressure of the component of interest and keeping The reaction order in carbon monoxide was in the range of
other inlet component partial pressures constant. —0.42 t0—0.37, while the reaction order in hydrogen was
In order to investigate the influence of @@n the dry between-0.55 and-0.45 in the range of conditions studied.
reforming rate, several inlet carbon dioxide partial pressures,
from 9 to 12 kPa, were introduced to the feed with constant 1.2

methane partial pressure (3 kPa). Carbon dioxide presentec ~
slight positive effect on the dry reforming rate as shown in E L _
Fig. 10 The reaction order in carbon dioxide was observed - -
to be a positive value between 0.44 and 0.54, and seemed tc 2 SO T 800°C
be independent of the operating temperature for the range of @ o6 0 ------ 5 s ” - 0BT75 °C
conditions studied. At 900C, the proportion of H/CO in 3 TS e JY,
the products reduced from 0.80 to 0.67 as the/OBl4 ratio 2 04 g o, w0
was increased from 3.0 to 12.Bi¢. 11). This is as expected £ 0.2 825G
from an increasing contribution from the reverse water-gas <
shift (RWGS) reaction. 0 - ; . : ; : ;

0 0.5 1 1.5 2 2.5 3 3.5

The dry reforming in the presences of carbon monoxide
and hydrogen were then investigated by adding either carbon
monoxide or hydrogen to the feed gas at Sever_al OperatlngFig. 12. Effect of carbon monoxide partial pressure on the turnover fre-
temperatures. The results show that the reformlng rates areyuenciesi) for dry reforming of methane over 8% Ce@oped Ni/AbOs
also dependent on both carbon monoxide and hydrogenat different temperatures (4 kPa GHnd 12 kPa Cg).

Carbon monoxide partial pressure (kPa)
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Table 5
Reaction orders for the components of interest {QE0,, CO, and H) from dry reforming over 8% Cefdoped Ni/AbOs at different operating conditions
Components of interest Temperatut€) Other inlet compositions Reaction order for components of interest
Methane (1-4 kPa) 825 12kPa O 1.00
850 12kPaC@ 0.97
900 12kPa CQ 0.98
850 15kPa CQ@ 1.01
850 17kPaC@ 0.99
825-900 12kPa C&1 kPa b 1.01+0.03
825-900 12 kPa C&3 kPa H 0.98+0.01
825-900 12 kPa C§1 kPa CO 0.99-0.03
Carbon dioxide (9-12 kPa) 825 3kPa gH 0.44
850 3kPaCH 0.54
900 3kPaCH 0.50
850 3kPa CH/3kPa kb 0.48
Hydrogen (1-3kPa) 825-900 3kPa giR kPa CQ —0.49+0.04
825-850 1kPa CiH12kPa CQ —0.48+0.03
825-850 3kPa Ci15kPa CQ —0.52+0.03
Carbon monoxide (1-3 kPa) 825-900 3 kPay2 kPa CQ —0.404+0.01
825-850 3kPa CH15kPa CQ —0.38+0.01
825-850 3kPa CH17 kPa CQ —0.40+0.02

Table Spresents the summary of observed reaction orders in
each component (CH CO,, CO, and H) for CeQ, doped
Ni/Al 2,03 at different inlet conditions.

the data was observed in the range of conditions studied.
k(T) increased from 649.0 molkd h~tatm 1 at 825°C
to 954.3mol kgt h—tatm 115 at 900°C, while K1(T) and

Regarding to the above experiments, the experimental dataK(T), also temperature dependent parameters, were in the

can be fitted well to a simple relative rate coefficient, in which
captures the essential features.

k(T)(Pch,)" (Pco,)™
1+ K1(T) P35 + K2(T) PR,

—ICH, = a7
where P; is the partial pressure of chemical component
i. The positive effects of methane and carbon dioxide on
the dry reforming rate were a consequence of the pres-
ence of thek(T)(Pch,)"(Pco,)™ term, whereas negative
effects of carbon monoxide and hydrogen were a con-
sequence of thek1(T)PE, and I(Z(T)P,H2 terms in the
denominator. According to the fitting, when m, a, and

b were taken as 1.0, 0.5, 0.4, and 0.5, a good fit to

1.2
.'i-E 1
L S T — ... 900°C
2 el _— o -
: -. ...... e e
@ 06 oo R > . e
: gt *+ 850°C
% y Ot m et Ea e < 825°C
E o2
=
0 ! : ‘
0 ! : : 4

Inlet hydrogen partial pressure (kPa)

Fig. 13. Effect of hydrogen partial pressure on the turnover frequerid)es (
for dry reforming of methane over 8% Ce@oped Ni/AbO3 at different
temperatures (4 kPa GHind 12 kPa Cg).

range of 1.68—4.43 atn¥* and 0.93-3.94 atn?->, respec-
tively. It should be noted that the apparent activation energy
for this reaction, which were achieved by the Arrhenius plots,
was approximately 150 kJ/mol.

4. Conclusion

8% Ce(Q doped Ni/AbO3 is a good candidate catalyst
for the dry reforming of methane due to the high resistance
toward the deactivation from carbon formation. During dry
reforming process, the gas—solid reaction on ceria surface
takes place simultaneously with the reactions on the surface
of Ni, in which reduces the degree of carbon deposition on
catalyst surface from methane decomposition and Boudard
reactions. However, it should also be noted that the doping
of too high ceria content results in the oxidation of Ni, which
could reduce the reforming reactivity.

The intrinsic kinetic reaction of 8% Ce@oped Ni/AbO3
was studied in the conditions where the intraparticle diffusion
limitation was negligible. The dry reforming rate increased
with increasing methane and carbon dioxide partial pressures
as well as the operating temperature. In contrast, the methane
conversion was inhibited when hydrogen and carbon monox-
ide were added to the system during dry reforming process.
It can be concluded from the present work that @eO
doped Ni/AbO3 seems to be a promise catalyst for the
indirect internal reforming solid oxide fuel cells (IIR-SOFC)
operation.
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