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Laz202C03, CeOz, Zr02, and Al20s supported Ni catalysts were prepared by an impregnation method
and employed for reforming of n-dodecane to simultaneously produce low molecular weight hy-
drocarbons (HCs) and Hz. These reforming products served as reductants and promoters for the
selective catalytic reduction (SCR) of NOx over Ag/Al:0s. N2 adsorption-desorption, X-Ray powder
diffraction, H2 temperature programmed reduction, and thermogravimetric analysis were per-
formed for Ni-based catalysts. It was shown that an increase in the redox performance of Ni-based
catalysts enhanced the Hz production from fuel reforming but decreased the amount of HCs availa-
ble for further SCR reaction. The temperature window for NOx removal using the coupled system
shifted to lower temperatures at the expense of the NOy conversion. An optimal ratio of Hz/HCs was
achieved using a Ni/ZrO,+Ag/Al;03 dual catalyst system, which exhibited high activity for NOx con-
version at typical diesel exhaust temperatures. Studies on the durability and performance of this
Ni/Zr0O2+Ag/Al203 coupled system were also performed, and the results showed that the lifetime of
the reforming catalyst may limit the system and requires further improvement.
© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

potential for secondary pollution caused by NHs leakage [2]. To
avoid these problems, hydrocarbon (HC)-SCR technology that

Diesel engines are currently popular in industry and motor
vehicles because of their excellent power performance and cost
effectiveness. However, the issue of NOx removal from diesel
engine exhaust remains a major barrier to more widespread
usage. The lean-burn characteristics of diesel engines results in
low efficiency for NOx reduction by three-way catalysts [1], as
selective catalytic reduction (SCR) of NOx exhibits highest per-
formance in oxygen-rich conditions. Because of its superior NOx
removal efficiency, an urea/NH3-SCR system has been com-
mercially used in Europe, the United States, and Japan. Howev-
er, this complex exhaust treatment facility is expensive and has

employs on-board fuel as the source of reductant has drawn
considerable interest in recent years.

It has been demonstrated that numerous catalysts such as
zeolitic oxide, base metal/oxides, and noble metal catalysts are
effective for NOx removal by HC-SCR in the presence of excess
oxygen [2-6]. Among them, alumina-supported silver
(Ag/Al203) is a particularly promising catalyst for practical
application [1,7-9]. The NOx abatement efficiency of HC-SCR
not only depends on the nature of the catalysts but also on the
structure and composition of the reductants used [8-12]. Gen-
erally, the efficiency of reductants for NOx removal over
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Ag/Al203 drops in the sequence of oxygenated HCs (alcohols,
aldehydes, ketones etc.) > linear paraffins > branched paraftins
> cycloalkanes. For linear paraffins, the light-off temperature
for NOx reduction decreases with increasing chain length. It has
been reported that the light-off temperature for NOx reduction
using a 2% Ag/Al203 catalyst decreased from 675 K to 525 K as
chain length was decreased from Cs to C1 [8]. Higher normal
alkanes exhibited higher reaction rates for NOx reduction but
decreased values of maximum NOyx conversion [13]. Under
HC/NOx ratio of 6, gas hourly space velocity (GHSV) of 60000
h-1, the activity of 2% Ag/Al203 for NOx reduction by CsHis was
tested by Erdnen et al. [14], during which about 90% NOx con-
version was achieved in a temperature range of 720-770 K.
With n-dodecane as a reductant, Yoon et al. [15] achieved the
highest NOx conversion of ca. 75% over 2% Ag/Al203 (GHSV =
30000 h-1). When n-Ci6Hs4 or diesel was applied as a reductant
directly, the highest NOx conversion over 1.9% Ag/Al203 was
only 50% (HC/NOx = 6, GHSV = 60000 h-1) [16]. Rapid deacti-
vation of Ag/Al203 because of serious carbon deposition was
observed when diesel such as gas-to-liquid (GTL, negligible
sulphur and only 0.3 wt% aromatics) and US06 (ultra-low sul-
phur but 24 wt% aromatics) were used directly as a reductant
for NOx conversion and the catalyst even failed to reach a
steady state [10]. In contrast, when using small molecular
weight HCs as reductants (e.g., CsHs), up to 90% NOx conver-
sion was achieved using a Ag/Alz03 catalyst over a wide tem-
perature range (700-850 K) [17]. Using ethanol or methanol as
reductants, NOx conversion over 5% Ag/Alz20s catalysts in the
range 600-700 K was as high as 100% [18]. Diesel engine
bench testing has confirmed that a system of Ag/Al203-C2HsOH
showed outstanding NOx conversion and good durability [19].
A comparison between NOx reductions over AgAlO2/Al203 with
diesel fuel and by partial oxidation products of diesel was per-
formed by Nakatsuji et al. [20]. The results showed that partial
oxidation products (small molecular weight HCs such as acet-
aldehyde) exhibited higher activity for NOx removal than diesel
itself. These results demonstrate that small molecular weight
HCs and oxygenated ones are preferable for NOx reduction over
Ag/Al203 catalysts.

Although H: is active for SCR of NOx over precious metal
catalysts at low temperatures [21], for Ag/Al203 catalysts, Hz is
not an efficient reductant [22-24]. However, the research of
Satokawa [25] noted that a small amount of Hz could signifi-
cantly improve the activity of Ag/Al203 for NOx reduction by
C3Hs at low temperatures. Since then, considerable attention
has been paid to the effect of H2 on the HC-SCR reaction. During
this reaction, it was proposed that the role of Hz in NOx reduc-
tion is related to the catalyst, reductant, and concentration of
added Hz [26-30]. Zhang et al. [31] reported that the presence
of Hz at 1% significantly enhanced the low temperature activity
of 4% Ag/Al203 for NOx reduction by C3sHe at a GHSV of 50000
h-1and a HC/NOx ratio of 6. In this case, 80% NOx conversion
was achieved over a wider range of temperatures (500-800 K)
than in the absence of Hz (650-800 K). To overcome the diffi-
culties and potential dangers of Hz storage and transportation,
in situ Hz generation by on-board fuel reforming is highly de-
sirable for the application of solid-oxide fuel cells in vehicles

[32-36]. The promotion of NOx removal by HC-SCR at low
temperatures in exhaust aftertreatment systems would also be
advantageous [11,37]. During the catalytic reforming process,
the metal nickel (Ni) has been extensively utilized as an active
component because of its superior C-C bond cleavage ability,
low cost, and ready availability [38,39]. The catalytic perfor-
mance of Ni-based catalysts, such as the distribution of re-
forming products and durability, has been found to be closely
related to the nature of the support [40-42]. Such features pro-
vide an opportunity for simultaneous generation of Hz and
small molecular HCs if Ni-based catalysts were to be used in
catalytic reforming of on-board fuel.

Inspired by the previous works, catalytic reforming of
n-dodecane by Ni-based catalysts (representative of on-board
fuel) was investigated, producing both Hz and small molecular
HCs. This system was coupled with a 4 wt% Ag/Al203 catalyst
for HC-SCR, and the influence of the different supports em-
ployed in Ni-based catalysts on NOx conversion was examined
under a simulated atmosphere.

2. Experimental
2.1. Catalyst preparation

All materials were analytical reagent grade purchased from
Sinopharm Chemical Reagent Co., Shanghai, China. Metal oxides
(La, Ce, and Zr) were prepared by a homogeneous precipitation
method with the corresponding metal nitrate as precursor and
urea as the precipitant [43]. The precipitates were dried in an
oven at 373 K overnight and were then calcined at 873 K for 5 h
in air. Utilizing the above metal oxides and commercial boehm-
ite as supports, 5 wt% Ni-based catalysts were prepared using
an impregnation method. Specifically, a certain amount of sup-
port (5 g) was added into a Ni(NOs)2 solution (50 ml, 0.085
mol/L) and stirred at room temperature for 1 h, and then the
excess water was removed by rotary evaporation at 333 K un-
der vaccum condition. The resulting solids were dried at 373 K
overnight and then calcined at 873 K for 3 h in air. Before
measurement, the samples were crushed and sieved to ensure
that particles were between 20 and 40 mesh in size.

As described elsewhere [12], 4 wt% Ag/Al203 catalyst was
prepared by an impregnation method, immersing boehmite
into an aqueous solution of AgNOs.

2.2. Catalyst characterization

Powder X-ray diffraction (XRD) was performed using an X’
Pert Pro type diffractometer (PANalytical, Netherlands) with a
Cu K, source (A = 0.154056 nm). The patterns were measured
over a 26 range of 10°-90° with a scan speed of 4°/min.

The specific surface area and pore characterization of the
catalysts were obtained by N2 adsorption/desorption analysis
at 77 K using a Quadrasorb-18 automated gas sorption analyz-
er (Quantachrome, USA). Prior to N2 physisorption, the cata-
lysts were degassed at 573 K for 5 h.

Hydrogen temperature-programmed reduction (Hz-TPR)
was performed on an AutoChem II 2920 type chemisorption
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analyzer (Micromeritics, USA) using 10% Hz/Ar within a tem-
perature range of 323-1273 K and a ramp rate of 10 K/min.

Thermogravimetric analysis (TG) of used samples was car-
ried out on a TGA/DSC 1 (STARe System, Mettler Toledo USA)
in an Oz atmosphere within a temperature range of 300-1000
K at a ramp rate of 20 K/min.

2.3.  Activity test

n-dodecane (n-Ci2Hzs, analytical reagent grade, 99.8%, Tian-
jin Fuchen Chemical Reagents Factory, China) was chosen to be
representative of on-board diesel for catalytic reforming. Activ-
ity testing was carried out on a fixed-bed continuous evaluation
equipment controlled by a computer. Two tubular furnaces
were employed in the evaluation equipment, in which the for-
mer one with two heating areas worked for evaporating liquid
reactants and reforming reaction, and the latter one worked for
SCR reaction. The liquid reactants of n-dodecane and water for
the reforming reaction were precisely controlled by micro-
pumps (HARVARD, PHD 2000 Infusion), with injection rates of
13 and 30 pl/min, respectively. The reagents were volatilized at
573 K, and the gas was fed into the catalyst bed by a stream of
Nz at 1 atm with a flow rate of 205 ml/min. Conditions for re-
forming were set as follows: H20/02/C = 2.45/0.5/1 (ca. 2.2%
02), N2 balance, W/F = 0.072 (g-s)/ml, reaction temperature
773 K. After being condensed by an equipment with a circular
outline (the temperature of which was set at 273 K), the gas
phase reforming products were then introduced into the SCR
reaction zone, in which the reaction conditions were set as
follows: NOx 0.1%, Oz 10%, N2 balance, W/F = 0.018 (g-s)/ml.
The concentrations of NO and NOz were detected by a Fourier
transform infrared spectrometer equipped with a gas cell (Ni-
colet is10, 0.2 dm3 gas cell, 393 K), and each data point was
recorded after stabilization at the preset temperature for 35
min. The concentrations of Hz, CO2, and total HCs before and
after the SCR reaction were measured by a gas chromatograph
(GC, Shimadzu, GC-2014C) equipped with two thermal conduc-
tivity detectors (TCD) and one flame ionization detector (FID).
Gas of Oz, N2, CO2, and CzH4 flow through Porpack-N column
(80-100 mesh, 3.2 mm x 2.1 mm x 1.0 m) and were detected by
TCD1; Hz flow through MS-13X column (80-100 mesh, 3.2 mm
x 2.1 mm x 2.0 m) and was detected by TCD2; oxygenated HCs
such as CH3CH20H and CH3COCH3 were separated by Rtx-Wax
capillary column (0.53 mm x 1 um x30 m) and deteted by FID.
The simplified flow path of the coupling system is shown in Fig.
1.
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Fig. 1. Simplified flow path of the coupling system. The solid line rep-
resents heating insulation and the dashed one represents condensation.
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Fig. 2. XRD patterns of Ni-based catalysts supported on different oxides.

3. Results and discussion
3.1. Structural properties

Figure 2 displays the XRD patterns of Ni-based catalysts
supported on different oxides. Supports prepared by homoge-
neous precipitation were present as La202C03 (JCPDS 84-1963)
with hexagonal structure, CeOz (JCPDS 43-1002) with cerianite
structure, and ZrO:z as a composite of tetragonal (JCPDS
50-1089) and monoclinic (JCPDS 37-1484) structures, respec-
tively. After 5% Ni was loaded, weak NiO features (JCPDS
04-0850) were detected, indicating a good dispersion of Ni
species. The Ni/Al203 catalyst prepared from boehmite exhib-
ited the characteristic patterns of NiAl204 (JCPDS 10-0339) and
Al203 (JCPDS 74-2206) simultaneously. The specific surface
area and pore structural parameters of the Ni-based reforming
catalysts are listed in Table 1. Compared with the 5% Ni/Al203
catalyst, samples prepared by the homogeneous precipitation
method gave lower surface area and smaller pore volume and
diameter.

3.2. Catalytic performance

The activity of the Ni-based catalyst + Ag/Al203 coupled
system for NOy reduction is shown in Fig. 3. For comparison,
n-dodecane was used directly as a reductant for NOx removal
over Ag/Al203 (hereafter denoted as n-CizHz26-SCR), during
which NOx conversion was only 5% at 525 K. The high light-off
characteristics of n-dodecane for NOx reduction may be at-

Table 1
Specific surface area and pore structural parameters of Ni-based cata-
lysts supported on different oxides.

Specific surface ~ Average pore Pore volume

Sample area (m?/g) diameter (nm) (10-2cm3/g)
5% Ni/La20.C03 10.5 2.9 7.5
5% Ni/CeO2 314 1.1 8.3
5% Ni/ZrO; 15.6 4.8 3.7
5% Ni/Al203 282.6 6.4 9.0
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Fig. 3. NOy conversion over 4% Ag/Al03 coupled with Ni-based cata-
lysts supported on different oxides. (1) 5% Ni/La202C03+4% Ag/Al20s;
(2) 5% Ni/Ce02+4% Ag/Al203; (3) 5% Ni/ZrO: + 4% Ag/Al:0s; (4) 5%
Ni/Al203 + 4% Ag/Al203; (5) 4% Ag/Al203. Conditions for the reforming
reaction: H20/02/C = 2.45/0.5/1 (ca. 2.2% 03), 573 K vaporization, N>
balance, W/F = 0.072 (g-s)/ml, 773 K. Conditions for SCR reaction: NOx
0.1%, 02 10%, N2 balance, W/F = 0.018 (g-s)/ml.

tributed to its high boiling point, making it prone to accumula-
tion on the catalyst surface at lower temperatures, resulting in
decreased activity [16]. As temperature increased NOx reduc-
tion by n-dodecane showed a sharp increase at 650 K and
maintained around 78% conversion over a wide temperature
range of 673-823 K. Having achieved catalytic reforming of
n-Ci12Hz6 over the Ni-based catalysts on different supports,
downstream conversion of NOx over Ag/Al203 was investigated.
After catalytic reforming of n-CizHz26 over Ni/Al203, NOx con-
version over Ag/Al203 increased to 90% within a temperature
range of 673-800 K. The optimal temperature range of the
Ni/ZrOz and Ag/Al203 coupled system for NOx conversion was
100 K lower than that of the n-Ci2H26-SCR system, giving a
highest NOx conversion of 90% at 750 K. This dual catalyst sys-
tem therefore showed improved NOx purification efficiency in
the typical diesel exhaust temperature range of 573-773 K
(NOx conversion > 60%). Compared to a Ni/ZrOz2+Ag/Al203
coupled system, the combination of Ni/CeO2 with Ag/Al,03 was
found to further improve the low-temperature activity for NOx
reduction, with the active temperature range of the catalyst
100 K lower than the Ni/ZrO2+Ag/Al203 coupled system. NOx
conversion decreased sharply at temperatures above 600 K
(reaching a maximum of 80% at 550 K and then decreasing as
temperature was increased further). When Ag/Al203 was cou-
pled with Ni/La202C03, NOx conversion at 375-475 K was 10%
higher than for the Ni/Ce02+Ag/Al203 coupled system, but the
highest NOx conversion observed was lower (60% at 500 K).
Using this dual catalyst system, the decrease in NOx conversion
at temperatures above 500 K was also pronounced.

The mechanism of the Hz effect in HC-SCR over Ag/Al203 is
still under intense debate, but it has been generally accepted
that the presence of Hz promotes partial oxidation of HCs and
affects NOyx reduction, particularly at low temperatures
[24,31,44,45]. The influence of Hz on the activity of Ag/Al203
catalysts for NOx reduction has been found to be strongly de-
pendent on the reaction conditions, for example, the concentra-

Table 2
Changes in concentration of species involved in SCR reaction at 650 K.

Sample Hz22(%) COzyield® HC/NOx Conversion (%)
Initial 3hlater (%) in SCR HC NOx
5% Ni/La202C03 2.74 0.98 58.5 5.0 57 30
5% Ni/CeO: 2.15 1.98 41.8 7.0 51 52
5% Ni/ZrO: 1.12 1.02 315 7.5 61 88
5% Ni/Al:03 0.03 — 10.3 10.0 40 57

a Measured before SCR reaction.
b Percentage of n-dodecane completely oxidized into CO2 during 3 h
reforming reaction.

tions of reductant and Hp, ratio of HC/NOy, reaction tempera-
ture, space velocity, and so on. Lee et al. [11] investigated the
activity of 2% Ag/Al203 for C3He/CsH1s-SCR, during which NOx
conversion significantly improved from 0% to 64% at 523 K
with an increase of the Hz/N ratio from 0 to 10. The Hz promo-
tion effect was also evaluated on a diesel engine by using a
Ag/Al;03-coated monolith catalyst by Sitshebo et al. [37]. At
low engine loads (HC/NOx = 0.9, 17% 02, 375 K), NOx conver-
sion gradually improved with increasing Hz concentration
(Hz2/N = 0-14). At higher engine loads (HC/NOx = 0.5, 02 10.7%,
535 K), complete oxidation of HC occurred only when the Hz/N
ratio was above 2.25, leading to reduced NOx conversion. Re-
cently, SCR of C3He and Ci2H26 assisted by catalytic partial oxi-
dation reforming of n-C12Hz¢ over a diesel fuel cracking catalyst
was performed by Lee et al. [11], in which an optimum ratio
(Hz2/HC) was required for NOx reduction at low temperatures
over Ag/Al20s.

Based on this literature, we also investigated the effect of H2
concentration on HC/NOx and NOx conversion over different
coupled systems at 650 K (Table 2). At the beginning of the
reforming reaction over Ni/Al203, about 10.3% of the reductant
was completely oxidized to CO2, producing 0.03% H: and HCs
with a HC/NOx ratio of 10 available for further SCR reaction.
Over the coupled Ag/Al;03 catalyst system, 57% NOx conver-
sion was observed. As for fuel reforming over Ni/La202C03,
initial Hz production increased to 2.74%, giving the lowest
HC/NOx ratio of 5 for SCR reaction and the lowest NOx conver-
sion of 30% among the all tested dual catalyst systems. After
running for 3 h, the Hz concentration decreased to 0.98% over
Ni/La202C03, indicating a poor durability for fuel reforming.
The second-highest Hz concentration (2.15%) was obtained
during the catalytic reforming of n-C12Hz6 over Ni/CeO3, leaving
the second-lowest HC concentration for NOx reduction and thus
the second-lowest NOx conversion (52%). Among the tested
systems, the Ni/ZrO:+Ag/Al203 coupled system achieved the
highest NOx conversion (around 88%) at a temperature of 650
K, with a Hz concentration of 1.12% and a HC/NOx ratio of 7.5.
The combined results presented in Table 2 and Fig. 2 show that
the support employed in the Ni-based catalysts had a remarka-
ble influence on the catalytic reforming performance. As Hz
concentration from fuel reforming increased, the coupled SCR
catalyst for NOx reduction gave a higher activity at low temper-
atures. Conversely, as Hz yield increased and complete oxida-
tion of HC was promoted, HCs became unavailable for subse-
quent SCR reactions. This feature may have contributed to the
decrease in the maximum NOx conversion achieved on our dual
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Fig. 4. H2-TPR profiles of the Ni-based catalysts supported on different
oxides. (1) 5% Ni/La202CO0s3; (2) 5% Ni/CeOz; (3) 5% Ni/ZrOz; (4) 5%
Ni/Al20s.

catalyst systems. After catalytic reforming, a higher Hz yield
was commonly accompanied by a lower concentration of HCs,
possibly suggesting that complete oxidation of HCs was pro-
moted by excess Hz. It is also noteworthy that the HCs in the
reforming products were mainly small molecular weight oxy-
genated HCs with less than 4 carbon atoms according to GC
analysis. The small molecular weight oxygenated HCs were
likely beneficial for NOx reduction.

3.3.  Redox performance of reforming catalysts

Generally, Hz production from catalytic reforming of HC was
closely related to the redox performance of the employed cata-
lyst and interactions between the active component and sup-
port [46-48]. To highlight this issue, H2-TPR measurements
were carried out on the Ni-based catalysts, with results shown
in Fig. 4 and Table 3. Over Ni/Al203, a strong interaction be-
tween Ni species and the support resulted in the formation of
the NiAl204 spinel structure, reduction of which occurred at
temperatures above 800 K, exhibiting a wide Hz consumption
peak within the range 800-1120 K. During H: reduction of
Ni/ZrOz, two peaks emerged, centered at 598 and 703 K. The
low-temperature peak could be assigned to the reduction of
surface-dispersed NiO particles and the high-temperature peak
to reduction of a NiO species weakly interacting with ZrOz [49].
The H2 consumption of the above two peaks was 758 umol/g,
slightly lower than that required for complete reduction of NiO

Table 3
Peak temperature and Hz consumption of the Ni-based catalysts sup-
ported on different oxides during Hz-TPR analysis.

Temperature (K) Ratiob Hz2 (pmol/g)

Sample Peak 1 Peak2 Peak3 (%) Peak1 Peak 2 Peak3
5% Ni/Laz0:€03 590 758 975 94 792 760 2390
5% Ni/CeO2 608 700 983 64 540 475 114
5% Ni/ZrO2 598 703 —_ 27 230 528 —
5% Ni/Al:03 — — 1018 — — — 905

aHz consumption corresponding to the reduction peak.
bRatio of Hz consumption of peak 1 to the theoretical value (Hz con-
sumption required for complete reduction of NiO).

(845 pmol/g, hereafter denoted as the theoretical value), indi-
cating a good dispersion of Ni species, which was confirmed by
the XRD analysis. Similarly, two peaks centered at 608 and 700
K were observed on Ni/CeOz. The first feature began at 450 K
and was assignable to the reduction of surface adsorbed oxy-
gen on the surface of CeO2 and dispersed NiO species. The high
temperature peak was attributed to the reduction of bulk-like
NiO and the CeOz2 interacting with Ni species [50]. A reduction
of bulk CeO2 was also observed for this catalyst at 983 K. Over
Ni/La202C03, a strong Hz consumption peak centered at 975 K
was induced by reduction of bulk La3+ [51]. The reduction of
the NiO surface also resulted in a sharp peak at 590 K, the H:
consumption of which was 792 umol/g and approached theo-
retical maximum reduction (94%). Considering that there was
only one peak centered at 975 K in the H2-TPR profile of
La202C03, the peak at 758 K observed over Ni/La202C03 may
have resulted from reduction of the active components having
intimate interaction with the support.

By carefully comparing the H2-TPR results of Ni-based cata-
lysts supported on different oxides, Sato et al. [52] identified
that superior redox performance of Ni/Ceo.sZros02 was crucial
for ethanol reforming at low temperatures. On a molecular
level, De Lima et al. [53] revealed the key role of surface oxygen
species in guaranteeing the stability of Pt/CeZrO: catalyst for
oxidative steam reforming of ethanol. As shown in Fig. 4, the
reduction temperature peaks of surface-dispersed NiO (peak 1)
over catalysts prepared by the homogeneous precipitation
method were centered at similar temperatures (around 600 K),
but the reduction onset temperature for Ni/CeOz and
Ni/La202C03 was much lower than that of Ni/ZrOz (450 K for
the former two and 540 K for the latter), indicating that the
former two were more readily reduced at low temperatures.
The ratios of the Hz consumption to the theoretical value for
peak 1 are listed in Table 3, where ratios of 27%, 64%, and
94% were determined for Ni/ZrOz, Ni/CeOz, and Ni/La202COs3,
respectively. The larger amount of reducible surface NiO spe-
cies gave a higher reducibility at low temperatures. As the re-
ducibility of Ni-based catalysts increased at low temperatures,
Hz production from fuel reforming was enhanced, and the
amount of HCs available for further SCR reactions was reduced
(Table 2). Therefore, the temperature range for NOx removal
over the coupled system shifted to lower temperatures at the
expense of maximum NOx conversion efficiency. The results
presented above clearly show the critical role of the redox per-
formance of the reforming catalyst in NOx reduction over the
coupled system of reforming-SCR catalysts. With Ni/ZrO2, hav-
ing a moderate reducibility, optimal concentrations of Hz and
HCs were determined for the Ni/ZrO2+Ag/Al203 coupled sys-
tem reforming process giving outstanding NOx reduction effi-
ciency at typical diesel exhaust temperatures.

3.4. Catalytic durability

As can be seen from Table 2, Hz generation from the re-
forming reaction over Ni-based catalysts decreased by different
degrees over time, which was likely related to deposition of
carbon on the surface of the catalysts [53]. Therefore, TG anal-
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Fig. 5. TG analysis of Ni-based catalysts supported on different oxides

after 3 h operating for n-CizHz¢ reforming. (1) 5% Ni/La20.C03; (2) 5%
Ni/CeOz; (3) 5% Ni/Zr0z; (4) 5% Ni/Al20s.

ysis was conducted on reforming catalysts that had been used
for 3 h at 873 K, with results shown in Fig. 5. A weight loss of
21.57% was observed from the used Ni/Al203, indicating con-
siderable carbon deposition. An average rate of carbon deposi-
tion of 0.072 g-C/(g-cat.-h) over Ni/Al203 was calculated based
on the loss rate per unit time and per unit weight of catalyst. It
should be noted that CzHs4+ with a relative concentration of
about 0.15% was detected by GC during the reforming of
n-Ci2Hz26 over Ni/Al203, while this compound was not detected
from other reforming catalysts. This result further suggested
that the strong surface acidity of Al203 contributed to the for-
mation of CzHs, as a major byproduct during Hz production
from the reforming process. The occurrence of C2Hs is likely
linked to the high rate of carbon deposition [46]. The weight
loss of Ni-based catalysts supported on ZrOz, CeO: and
Laz02€03 was considerably less than Ni/Al203, at 9.58%,
8.24%, and 6.17%, respectively. Clearly, the redox performance
of the reforming catalyst not only affected the yield of Hz but
also contributed to its durability in the reforming process.
Higher redox performance for the reforming catalyst inhibited
carbon deposition and guaranteed longer lifetimes, which is in
accordance with previous reports [47,48]. In addition, the reac-
tion of La202C03 + C — Laz03 + 2CO occurred during reforming
of n-CizHzs over Ni/Laz202C0s, which may further reduce car-
bon deposition [51].

With consideration of the excellent NOx removal efficiency
of the Ni/ZrO2+Ag/Al;03 system, time dependence of Hz pro-
duction at 773 K and NOx conversion at 650 K were measured
using this system (Fig. 6). During the first 2 h, there was a slight
drop in Hz concentration, which may have contributed to a
decrease in NOx conversion. In the following 3 h, Hz concentra-
tion remained at a level of about 1%, and NOx conversion re-
mained relatively stable (around 88%). As reaction continued,
the Hz concentration showed a sharp drop to around 0.2% after
10 h, followed by a slow decrease over the next 14 h. The lower
H2 concentration led to a corresponding decline in NOx conver-
sion although the rate of decline of NOx conversion was much
slower than decrease in that of H2 concentration. As a result,
NOx conversion was maintained at 70% even after running for
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Fig. 6. Time dependence of NOx conversion and H: concentration
(measured before SCR reaction) during the n-Ci2Hzs reforming-SCR
over the Ni/ZrO2+Ag/Al203 coupled system. Conditions for reforming
reaction: H20/02/C = 2.45/0.5/1 (ca. 2.2% 03), 573 K vaporization, N2
balance, W/F = 0.072 (g-s)/ml, 773 K. Conditions for SCR reaction: NO
0.1%, 02 10%, N2 balance, W/F = 0.018 (g-s)/ml, 650 K.

24 h. During TG analysis of the Ni/ZrOz sample from 24 h of
operation, a weight loss of 16.5% was observed within the
temperature range of 573-873 K. This provided evidence of
carbon deposition and suggested an area for further improve-
ment.

4. Conclusions

The redox performance of Ni-based catalysts strongly de-
pends on the nature of the support used in the catalyst prepa-
ration. The choice of support may affect the concentrations of
Hz and HCs with small molecular weight that form during the
catalytic reforming of n-CizHze. This in turn affects the NOx
conversion over the fuel reforming-SCR coupled system. An
optimal concentration ratio of Hz to low HCs could be found for
some systems (e.g., Hz 1.1%, HC/NOx = 7.5 during fuel reform-
ing over Ni/ZrOz). A coupled system of Ni/ZrOz+Ag/Al203
demonstrated high efficiency for NOx conversion at typical die-
sel exhaust temperatures. Carbon deposition over Ni-based
catalysts induced a decrease in Hz production and thus lowered
NOx conversion from the fuel reforming-SCR coupling system.
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. 735 LLLa,0,COs, CeOy, ZrOMALONHAA, KRBT NI 4 1 NiJk R, Ff LA Het i 22 Bkl AT AL
S SE CAIR] I 1) 2 /N7 T BRSSPI (HCS) FiH,, %58 T HAEA wit% Ag/ALO, Bk FEEAEALIEJF (HC-SCR) ZU AL I (NO,) I .
RN PR -JE B X ZA ARATHT . Ho R TR I R #4045 BOM NIRRT HEAT 1 3RAE. 45 RER W, Bl B BT 5 AL
W JEPERESE SR, PP HIR LN, W2 5SCRX N HIHCs & Biipl/b, AT BUEL #E-SCRA & 14 A L NOH A M I B 7 11 111K
A3, NOR = AL ZIEMK. Ni/ZrO+Ag/Al 05l & 14 3 H Ho/HCS T £ SCRIR L T 5 U e L L A5, 7E Stk 2 i Al A=l P i
WR I RIFFINOGFILAE /1. [, FENI/ZrO+AgIALO M & 1A 52 L5581 HR I A -SCRAVIEVERS E 1. 4R R, EHEfE

TR AMEAT gt — 2D 3

REIA): MO R, BRUSEA, BEA, EEEEER, R, Ak

g B #: 2013-02-07. #:2 B #: 2013-04-02. H #k B #1: 2013-07-20.
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1. Al

illl

SE AL AL R 3h 1P 5 250 1 O R RSN
TR M FERTT M2 —, 10 RSP B A (NO,) 115
P FE— DA N B — . S AL A 1
D= AU A B RORFEVE M, 2 X ROt B
KA R, BRI IE SR AR (SCR) e I H 85 i RN O A b 2k
LR EE. H A E DUR 2 I8 R ¥ Urea/
NH3-SCRHZ A & i Mk A6 B2 T 58 i 22 2 SUNOGHE s 4%
il (HZB ARG RS ERGEE 4 JREGNE
BT, MRS R ks e s a P, LRI
T A3 SRR A A A 3 R P A AR JRNO e AR
(HC-SCR) I T LA 285 i 4 LA b il /1, 51 42 T W 238 1)
]z R

W R IS 07 . Tl 4B IR AN B o 5 fi
) B A HCIE B IR JRNO I BE 1. o, 4RI AL
FE (AQ/ALO) i A1 771 32 I H AR 7 RN O A4 v 1 S 2
A5 HC-SCRIELARIFALNOL IR AN 5 HEAL T )
Mg 2 VAR ¢, A 5 BT 328 F 348 J& 791 £ 425 460 % FH == A
B — R, AQIALOSfHE Ah AR [7] 45 4 38 J5 7 ik ¢
PEAEAGIE JENO TG T NTT e & IR I s L I 25)>
HE RIS S IR S TR R 28, X B Jot i SR 5 T
&, SCRJS N e W Tk FE Bl B A (1 384 Jin g PR B R Cy
BN % Co I, 2% AQIALOS M AL 1541 NOL I e B4 iR FE £
675 K4 2525 K. NO 4 Ji [z [ 33 5 5 B 4 e He Tk
KT 1 T3 (EINO, % i 25 BR AR BRAIR. ErdnenZ5l™ e
HC/NO, = 6, GHSV = 60000 h™* %% 1 T % %¢ T 2% Ag/
Al,05 | CgH1g-SCR I J M7 1, 7E720~770 K NOy % =1
F A6 ] 7£90%. Yoon4E 12 22 1 206 Ag/ALLO, M 1k IE
T R FEME I JENOLI IS T, RIINO R R e L 3 &)
N75% (GHSV = 30000 h™). 1fij B4 PAn-CogHa, B2 46 I 1

NIRRT, 7E1.9% Ag/AlLOs ENO M it i AL FAU A
50% (HC/NO, = 6, GHSV = 60000 h™)1¢]. 1/ 4 i 41 GTL
(Gas-to-Liquid, 0.3 wt% 75 7 /&, S & 1] ZH%) 5 US06
(EBARS i, 24 W% 05 75 &) & AE NIk JE IS, Ag/ALO;
(B0 TR 25 55 AR - 70 AR Jo B [ pAy S 2 0 (B &2 K i
R 5M R, ULCHeZ /Ny T iR B & ik
Ji 7R B, 7E A B I R X [A] Y (700~850 K), 4% Ag/
AlLOs L7 _ENOFE L 2 3590% LL_EI. L C,HsOH L,
CH3CHO %5 i J& 7 B, 5% Ag/AlLO;_F NO,# 4k R 7
600~700 K3t il 4 i 100% 18 & 5 & 420 ik — 35 %
i, Ag/ALO5-CoHsOH I A A1 22 B & 7L 7 IINOL i
W S AvER, NakatsujiZ 2L g /E il J5 715k
PR, 5B T4 BB O IR R R B4 g S Ak e X
AgAIO,/ALOMELNO A I RE I FZIA, 25 TR, 483
o> AW (LT 55 S /N5 ) TEHC-SCR R
A HEE RGN, 28 BATIR, /N FHCs L & % HCs &
Ag/ALOFLNO, I e ik JF 7).

H, 7F 5t £ i i 1k [ SCR S A R B AR 5 O MG iR
WP H R, DLAGIALOS A HEAL A H, AN 2 A 21
i J 7224 satokawal? Rk B, /b BEH, A LE BE 1R
T AQIALOS MK CaHgitk 5 M JRNO RIS . b5,
HC-SCR J i ot 1T Hp R 7 1 5% e . B 9t 2 ) (2630,
HC-SCRJ B H H /R FI 5 fiE A 728 AL 3 S 7 2
H s I 35 M ¢, ZhangZ: B 78 (B 7R, FEGHSV =
50000 h™!, C/N = 64511, 1% H, IR In AT 2 i 17 4%
Ag/ALO; | CaHg-SCR B KR TGP, HENOIL J5Li i
& AR PR % T 150 K, FE7E500~800 KSZHLNOLH: 1k
80% LA . Nkt Hofi A7 A1z el R v A7 7 1 R e R
TEW R, A% B NANEFH BT TR RS 1
1 B ST 1) 25 Ho PO BIF T 2%, Oy 2 3 i b A6 45 0 R
8 J9 5 T-HC-SCR & 37 frINO, 744k J Ak B4R A3 By 750 1971,
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TE PR A B B s B, R G 5 4 £ C-CRgt BT 4 i ) AN i
B A5 4% 52 e vERS [, NS0 7] ) B B v
WA Y A AR TR AV S S A M T % A
S 0421133 g A S FE B B i 414 [ I o) 4% H B e v
HCs/IrFHE4t T ml g

BT LT, ARSCER IE+ e N Gk S i
LA, DAAR LA Ab 7] (10 1E - — e 35 R ) ol 2% /N o
T-HCsHIH,, I 5 = 2(HC-SCRIEAL 714 wt% Ag/ALO#E
A, B F RGO T HE T AR A )
AR AR A A R IFENOLPE RE I 52

2. SLWESD

2.1, ELFIRHE

53 LALa, CefIZrif iy b AT Rk, JRE NUTiE
i, A SVIEE I & La, CeMZIrIA L, 373K
A R T, AR T873 KBS RES hE (E A A
. DL RSB S iR S K AR A D B (Bl A
AT ONAA), IR ik i) 45 wtoo N B B AL 57, A
PRGN R T 2= AR (5 g) I ANI(NOg) ¥4 Wl
(50ml, 0.085 mol/L) #, =il +EL h, 7333 KT B 2 Jig
7%, B3T3 KId 4, AR 873 KR ke3 h, ki, i
i %% FH (20~40 H).

2 M8 SCHR[12] 7 925 i 4% 4 wit% Ag/ALOsHELL . LA
SIS 3 B E 25 S AR IR A ], A4l
2.2, EWFIRFRAE

X5 2y R AT (XRD) R AEAE fif =2 PANalytical 2 7]
[ X Pert Pro ¥ X5 Z A7 A B EAT, Cu K A 2k(1=
0.154056 nm), 7143 FEl20 = 10°~90°, 141 i /& 4°/min.
FEM P LLR TR T FLAR RS FLARU R F 36 [ ek A
] ) Quantasorb-18 4= H 2l Lk 3 [ 2 AT A 52 . Wl 2
W, REMAEST3 KIS AL T4 h, SRIGTETT KR HE4T N,
P - J B S5 0 2 0 . AR P R L JR (H- TPR) R AL AE
5 [ 22 70X 2828 T 1 AutoChem 11 292074 X _E33E4T,
AL 5100 mg, [ 59 10% Hp-90% Ar, il
I8 ER323~1273 K, FHEHE 210 K/min. B f5 FF i (1)
# & (TG) 4 M1 7€ Mrttler Toledo 24 #] ] TGA/DSC
1(STAR® System) EiE4T, M5O, (50 mi/min), il
I E 9300~1000 K, FHE# 220 K/min.
2.3, ELFIFIEMN

PLIE+ e (n-CioHos, 43 BT 41, 99.8%, K EH: AR R AL
A IR A )AL R g AT E R RS AL
TEPE VPO LE TSR ] 0 [ PRIE SR VPN S B AT

S8 B AR AN R S, e — R B #A
TS I L) (1 78 RV EL B )N, 55— F T SCRR Y.
B N DX S N W n-CrHoe 1 HL,0 A 15 8 v 5 22
(HARVARD, PHD 2000 Infusion)&affz il 7 i, N IE
Ay 12513 pl/minA30 pl/min, 4573 K& 54k )5 BL
No A A W N B B, BB RN SR
H,0/0,/C = 2.45/0.5/1 ( £] 2.2% O,), N, “F- i /< , W/IF =
0.072 (g-s)/ml, J MR E773 K. 1454273 KT
A B 4% JE N SCRI LK. SCRIR M. 264491 0.1%
NO,, 10% O,, N,*F-#i<, W/F = 0.018 (g-s)/ml, Ak
#1000 mi/min. NO-5NO, [ 5 SR FH e #& = At (1) 8
AT A A (Nicolet is10, 0.2 dm>< A, 393
KR, A AN IR 2 44 3 % 35 miin i R 48 B4
SCR &2 N Hij J& Ha, CO, M2 HC ik B K B UM € 3 A%
(Shimadzu/A ], GC-2014CHY, FE&2ATCDAGMI#E, 14
FID 46 1 %) 46 . O,, N,, CO, £ C,H, 4 Porpack-N £E
(80~100 H, 3.2 mm x 2.1 mm x 1.0 m) 4 &, 1 TCD1 k&
W5 H 2 MS-13X 43 i A (80~100 H , 3.2 mm x 2.1 mm
x 2.0 m) 73 B IF HTCD2Aa ;& % HC 41 CH3CH,OH Al
CH3COCH; %5 28 Rtx-Wax & 41 & #4: (0.53 mm x 1 umx 30
m )5 B J5 B FIDRTI. #5865 S 17 2 s L AT 7R,

3. HR5THE

3.1, EEETEHMR

P12 4 AN [) 38 A 47 38 ) 2 A Ak 77U o i XRD 1%
BB BERT L, DARLE K AR A A A R AR NS R Re 3k
13 181 £ 5 A NiALO, (JCPDS 10-0339) 5 Al,O; (JCPDS
74-2206) ()5 A AH; ¥ 50 0TTE V) 4 I 3R A4 43 R S T
45 R La,0,C05 (JCPDS 84-1963). J7 4l 45 #4) 1 CeO,
(JCPDS 43-1002), LA K PU7;7 £ #)(JCPDS 50-1089) F1 H
R & AL (JCPDS 37-1484) 2 & 1 ZrO,. KRR BHELE
A RS wio HINiJE, X TEZrO, b H BN
NiO (JCPDS 04-0850) {7 5 I, 2 B Ni#y i 7 - 25 14 43
BT, AR R 57 B NI A6 70 B 2R TR AN AL g5 )
5 EAFRL 55% Ni/ALOMELFIA EL, K IEI0T
PEIEH & AR RN, EERmEAR . PR RFLIA
TR/,
3.2, ENFIREM

HNIZE AL 5 AQIALOAR & 4 R IFALNOLIE 1
SR L. fERXTE, 8T AgIALO, ML 7 b H 4%
PAN-CyoHo6 AIE JE 7 (i AN-CioHae-SCR) I NO, 15 1k 5K
F.AEZE R b, 525 KIFNOFL AL A 5%, AR H
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IR AR BRRSEME, 3X 1T B8 T n-CooHae b 55 8 1, BARIR
JE W 5 78 AR Ak 70 2 10 B AN T BUE M BRI, B R
Fhi, 650 KHFNOJ A 2 I s 38 K 7E673~823 Kz &
FET8%. N-CopH e 28 A 7] B A2 11 28K 1) N i A4 77 B B2
HAE AQ/IALO; | Ik JENO I 8RRk A B ZE TN, &
Ni/AlL,O; FE % J5, 673~800 K Ag/ALOSIFALNO, IRR
5 n-C1oH6-SCR [ B A FT 2 &5 ( & 90%). Ni/ZrO, +
AG/ALOHE A A Z2 175 1 5 B 2 1L AQIAL O H A H
I IR 2 3h 1100 K, i i e AL 3218 90%. AT LA Y,
Z AR R AEST3~T73 K $L 284 58 3 42 )22 <0l P ¥ Bl I NO,
FE AL T 60%, BT AT AR ONOGE LR, 5
Ni/ZrO,+Ag/ALOs K ZAH L, Ni/CeO,5 Ag/ALO; 1 2H &
HE— DR T NOMRIRIE S, ovd i B 7 1 4k 2 m)
RIEFE SN T 21100 K, 15660 K A _E 3 1 A1 5 2 B A%
(550 K NO At 2 128 B K AEL80%, Jig B I B FH =i 1 T
F%). Ni/La,0,CO; 5 Ag/ALO, #5 & 1E I I, B AR A1E
375~475 Kt [l N NO &% 1 # AL Ni/CeO,+Ag/ALO 4 5
PEE2910%, {HNO I =1 # {2 B 2260%, 7E 5 T-500 K
HFNO A% At 26 A1 B I [ 1K

EIRH X AQIALOS AL B A A Wik P18 N O
IR LA M52 i, AR HLAEARIR 25 1F T (R HEHCS T
o AL I RS T NOLIE A 2R I S gl 7T & T 32
24814445 1 3k Ag/AL Q5 - HC-SCR 5B i P R 52 5
RN SEAF B PIAR O, Wik JFEFIHCS FTH & FE . HCINOGEE
Bl BT B s A A, Lee M 22 T HL AR Inwt
2% Ag/ALO f# 1k 7 | C3He/CgH15-SCR (HC/NO, = 6) J
JSL TR, R I523 K NO % A4 2 i Ho ik B2 1) 3 fin i
2 E L £64% (H/NEHOAE 100, NOF AL % H0% T
Z64%). SitsheboZ5P/E R BHL G 42 b5 T Hokt i 53
B A ) AGIALOS AL T NOR R [ RE e . 25 3
R, R4 E(HCINO, = 0.9, 17% O,, 375 K) FNO,
TR B H R BE FO 3 I (H/N = 0~14) 138 7. {H
T 5 A 2444 (HCINO, = 0.5, O, 10.7%, 535 K) T, Ho/N
I 2. 250 2= Rl H (e B AR S A S 1 58 4 A AL 5
HINO AL R T . LeeMIE— b1 78 1 S 24 A M
AT AN-C1aH o638 73 S A B8 B 578 Bl CaHe 1 CoHo B 5
PEHEAIEJFENOLI | B, 45 KB, HHCsHIR AL T e
T Ag/ALOIE JFENO, KR 1 RE.

UL, AR SR T 650 KIAS[A] 4 Ak & HTH R FE
HC & & MNOJFE A Z, 45 K27, fENI/ALOs AL
HHEN-CooHyli, 75 KL T IR B 2045 10.3% (1T HC
58 A AL NCO,, Ho i B N0.03%, P29 & 47 KERE

Yikh, MBS RS A I AG/ALO AL 7 1 SCR I B ) & A=
F2 it 38 JE 7] (HCINO, 5 15 10), NO, ¥ 1k % N57%. &
Ni/La,0,CO, ff 14 T %2 5, 7= ¥ o W] 46 H ¥k JE = 18
2.74%, T HC & & & At A Wik 11 4% & 7k & b s i
(HC/NO, = 5), MM 5 FUNO,#E 1k Z th 5 K (1 ~30%).
SREBN i, ) o H ik BE SR PRI 52.0.98%, K W
Ni/La,0,COs ff 14 T % 1) £2 5E 11 22 . 22 Ni/CeO, H %
N-CooHae 1 77 ) Y HL 34 JF (2.05%) 13 X T Ni/La,0,COs,
N JE B SCR N $ 3L (1 HC VR FE AR (X L £ Ni/ALO;
HEJG ), FANOIL L WK (LI N52%), T
Ni/ALOs+Ag/ALO A A 2. H |, Ni/ZrO,+Ag/AlLO;
R AR R HLIK EE N1.12%, HCINO, = 7.5, Z%H AL i
FHR AT BE AL T 8L T HHC EL B TS Y, 16 75i% 44 &
AT I AENOGFL ALK (650 KIFFNO,F4 1L K 1£88%).
CEA MR T L, R A P A A I 2 e L R
PERE. Bl S B R H I BRGNS A SCRI M JF NO
ARG 4 A 0 1 T v AE ™ 5 1S I ) [ I, ik T
HCHF I 58 4 54k, AT 5 B SCR 8L HH 348 i 771 12 ik
> HRE R N PRI H IR FE B A A A B A HC & &=
[ FRAR, X ] A8 3R B L & (I H R 1E T HCs i 58 & k.
IbA TR B, GCRLI s R, BER =% NCIR
THUNFAMEEWEEY, ZRMF R RN
NO & JE P BE.
33, EEHMAFTISHTEMRE

WHT R B, HCHE B S N AR R H, I = 2 5
AT R R A I M i B it M 2 4 5 A A T 1) FH %5 )
FHOG. BT, AR SCOREAS 7] 28 A 7 48 P Nk B B £ 7]
BEAT T H-TPRUNA, 455 W EAMES. ATLUE H, £
Ni/ALO AL I, Nigi 45 5k B 455 i A BAE FH S
T NIALOLHITE B, 1WA 1E800 K BA b4 FF 4e 4 ik
J&, I ££:800~1120 K ¥ [ P Hi 3L 2 5 1 Ho ¥ #E
Ni/ZrO, £ 771 £ 550~800 K [l Py Hi BiL 5 8 (1) BUAE i
I, LAY 23 )7 F-598 F1703 K; R 3 A J& T2 1Hi 20 B
FINIOPIFF AL SR, Ji5 2 VA &8 T 5 ZrO, 3R T A 55 48 I
1 F BINTOA b (K30 JE T, DA P UK I8 (Y M T A i
758 umol/g, BEAK T NiOY)Fh 52 4= 18 Ji fT 75 H, 12 (845
umol/g, B J5 LABIREFRIR), R ZMAF ENi#pF AL
FREESHCRE, SXRDE R —8. fEALMEET,
Ni/CeO I fi F¥1340 Ji 5 800 17 XU 1) T i, L V&AL 43 i)
A7F-608F1700 K; FF4AT450 KR R34 J5 06 2 v 26 T
W B4 R THICeO, S 34150 73 BUTNTO FRIE J5 s i 1), i
£ A v A 0 DU o I T 5 A AR LA FH B 2R AHNO



ZHAO Jiaojiao et al. / Chinese Journal of Catalysis 34 (2013) 1407-1417 1417

5 CeO, 34 JR B, 5 4h 983 K 4b ik J5 U W] I J& N
Ni/CeO kit b 3B /3 1A AHCeO, 1138 Ji. Ni/La,0,CO3KE i
A7 F-975 KA 5 I T A K La® o3 J5 B, 590 K
Ab () A 0 U B R TINIO B AL JiR, HoH, I #E & 41 8792
umol/g (X FE 1R (H [1194%). T 31K La,0,CO-FE i (L 7E
975 Kt 3T 30340 Ji Uég, 1] #E 1 Ni/La,0,COs fi 41 711 |
758 KA (U W] G 2 5 9 M 21 40 55 S e ke (1 358 2 R AR
JE TS

T I B A [ A A B 8 N A 77 R Ho- TPR &S
%, Sato%F PRI, NilCeqsZros0, i 5 1 AU J5 1 Bt
g T H B 2R CEERE. De LimaZslolE 4 1k
- FAIESE T PUCeZrO M 4k 7 b 3R TH AP 7E 4k RF 17
AR BB I AR T IS AT TP SRR E . B4R,
o) 51U R ) £ R R R B S T 2 4y i, BRAR SR THI 43 HL
() NiO it Jii U (Peak 1) 3447 T-600 K /& 47, {H Ni/CeO, 1
Ni/La,0,CO,f fh 7] 1% Ji e e 4 F-450 K, 5Ni/ZrO,
FE i A (2 46 1540 K), 2 BTl B i 44 751 7 1 i 44
IE JEERE AR S 3R3iE— P45 T RIRLIL 5L (Peak
D)H, 74 ¥& & o5 B8 8 19 Lk 1, Ni/ZrOo,, Ni/CeO,
Ni/La,0,CO5fHE Ak 5% B 1% LU AE 43 31l N 27%, 64%7F194%,
BT 340 J5 1) 2 T NTO IR 2 S 35 36 {1l AT T 4 e
b2 35, EHO R AL, R AN MR IR A L R e 3
SR, LS P H H IR R i 2 B K (R S BT T
bt J5 SCR N A FH I HC SR JEE 1A B (LR 2). 1R R AE
1FH AR R ENOGE iR B & 1 MK iR 7 31, f% iNO
AR IRAR, X TG AR R B T AR ) A S5
RETE 5 B -SCRAL & 1A R IFLNO A [ 5 /E . NifzrO,
I HH I P I S R, R AT b R S
VI H, AHC & JEE 1, #118 Ni/ZrO+Ag/AL O 21 & 14
FAAE S 2R B SRR Y B R I AR R TN O
TR,
34, EUTIMFREM

H 27 WL, NiZEAELE 7] En-CooH e B B R R H ™
2R A SN R] R AE KT A P RRAG, AR T R S A
R B AR SR Dk, #5873 KU E T FF8: R M3 h
JE IS AEATEAT T TG T, 455 KI5, Ni/ALO, ML
A R F1521.57%, A5 R R K 4 50.072

g-Cl(g-cat.-h), BRI L™ HE. 5 4h, Z M L FE L
N-CooH e B8 7= W v st ) 3] 1 CoHa 1R AR 1(£90.15%), T
How AR A 2 P A B 3R W ALOS R TH
R M 3T R ) SR SR I CH AR B, i
T A FIAURMYS ik, ZrO, CeO,FlLa,0,CO5f
BICNIEAL I 2 B R I R, 40 %1°49.58%, 8.24%
F6.17%. Fh AT L, E A A 7 1 AR A S M REANY
SEMA SR, [ I e B R g R R R R N
HERER, WBmEOAIEREE TR KA, 5
SR 2 R F T 5 AL NifLa,0,C0, 1 1T K A
La,0,C0;5 + C — La,03 + 2CO, ik 1 AL 2 A
AR, AT AEsE— bR Y,

4T NI/ZrO+AglAL O 2 B AR I NOL 15 44 R,
164 H T iZ Ak Ah 20 & 1Ak 2 7 B HE-SCRR NI 2 HR H i
JEE FONO, B A4, 2 [ B 8] A8 1, G o 3 8 s B B
773 K, NOJE 57 650 K. H B FR Rl L, 76 [ N 4R
(112 hN 28 S B4 H I FE RINOL AL 2R 1 T
R, AEFRIR AN 25, BE RIS W B A, Hoilk FE R FF7E 1%
FE AT NOKEAL 2t FE AR YERF7E88% /e A7 Bl i B[]
FEK, 10 hJE H K P2 W R % 22 £90.2%, Bl 5 2218 T [%.
H ¥ FE R PR 3 T NOE AL R (K R %, H B iz ik
TRIF. RHEAT24 hig, NOFEAL 2] B4 g AET0% /e A
TS NI 24 N JF NIZrOo Ff i ) #v B 25 L R LR B %
1516.5%, fFIER BRI G, R EREA Rrdt—

AR S5 SE 2 2 T NS R AR 0 R R
PERE, AT R 203 T AR AHn-CooH s B 82 1) S B =)
HH, &N FHCs B, 3R s 1 R B B -SCRAR &
R R INOGF AL R, NI/ZrO fiEAHN-CooHoa B8 4 7 ) v
H, % HCs ik & 755 A SCR R M. FiT 5 1) ¢ £ Eb 451 3 [ (H,
1.1%, HCINO, = 7.5), 1 5 Ni/ZrO,+Ag/AlLO:#5 & 1k %
TE 52 2 R PR HE SRR Y R N SR I R AT INOL I i
Rz, SR T NI HE A AR S 80T H =AMk e Fx
ik, AT SE M 7 R o 5 %8 -SCR 4 & 1k R 15 L NO, 1)
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