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Abstract

Lanthanide-promoted sol—gel nickel catalysts supported on alumina were studied with regard to their activity and stability for propane
steam reforming. X-Ray photoelectron spectroscopy, in situ X-ray diffraction, temperature-programmed oxidation, transmission electron
microscopy, thermogravimetric analysis coupled with temperature-programmed reaction, and sequential temperature-programmed col
ing/gasification/hydrogenation were used to investigate the deactivation characteristics of the catalysts prepared. Adding small amount
(2 wt%) of lanthanide elements (i.e., La, Ce, and Yb) significantly improves steam reforming activity and stability. Although the catalysts
deactivate more rapidly at higher reaction temperature, the activity loss can be suppressed by increasigGhatid. The catalyst de-
activation can be attributed to a combination of nickel sintering and coke formation. In addition, there appears to be partial oxidation of
metallic sites after exposure to the reaction medium. Lanthanides cause enhanced sintering resistance, leading to smaller nickel crystallites
Ni/Al 203 catalysts. Cerium promotion effectively inhibits coking by increasing active oxygen species on the nickel surface due to enhanced
water adsorption and gasification. Incorporation of cerium also reduces the dissolution and diffusion of carbon through nickel particles, thus
preventing the formation of carbon filaments.
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1. Introduction rapid catalyst deactivation by coking and sintering are es-
sential.

Interest in steam reforming (SR) of hydrocarbons has ~ Much effort has focused in developing Ni catalysts with
been increasing, due to the need for efficient and COS’t_lmprc_)ved resistance to coke formation by adding promoters.
effective reforming technologies for hydrogen production in Alkali metals, such as JO and Ca0, have been shown to
fuel cell applications. In practice, SR of hydrocarbons, es- improve coking resistance by enhgncm_g carbon gasification
pecially methane, is performed at high temperatures over Put at the cost of reduced catalytic activi#;2]. Introduc-
Ni-based catalysts. However, the high temperature required"d Small amounts of molybdenum or tungsten (0.5 wt%
may favor several routes of formation of carbon deposits,

MoO3 or WQg) into Ni catalysts has been shown to in-
including the Boudouard reaction and methane/hydrocarbonC'€¢3Se coking resistance with no decrease in catalytic activ-
decomposition. In addition, Ni catalysts tend to agglomer-

ate and then lose their active surface area under SR con

ity [3—7]. The following mechanism for coke minimization
‘on molybdenum-promoted Ni catalysts was proposed:Mo

ditions, resulting in short catalyst lifetimes. Consequently,

novel preparation and promotion technigues that can resist

on the nickel surface is first oxidized to &2+, which
then reacts with adsorbed Ni—C or Ni-Clielding CO and
Hy, and is finally reduced back to Mo [6].
Alternatively, lanthanides appear to be promising promot-
" Corresponding author. Fax: +1-614-292-3769. ers, because they can inhibit coke formation without sacrific-
E-mail addresspzkan.1@osu.ed(U.S. Ozkan). ing catalytic activity[8—10]. Zhuang et al[8] investigated
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the effect of cerium oxide as the promoter in Mg@l- the nickel solution. The pH of the resulting green gels was
supported Ni catalysts for methane SR at 560 Cerium measured and adjusted by adding HINBisher) or NHOH
promotion showed a beneficial effect by both decreasing (Fisher). The gels were stirred for an additional 15 min and
the rate of carbon deposition and increasing the catalytic then kept at room temperature for 30 min. The samples were
activity. Wang and LU9] reported that adding CeQnto then dried overnight in the oven at 110 to remove re-
Ni/y-Al,03 catalysts enhanced the nickel dispersion and re- maining water and ethanol. The dry samples were ground
activity of carbon deposits, leading to improved catalytic ac- to a fine powder and calcined undes & 450°C (ramp rate,
tivity and stability in carbon dioxide reforming of methane. 10°C/min) for 4 h.

Increasing sintering resistance by adding lanthanides into

supported Ni catalysts also has been repditédl 2] Incor- 2.2. Catalyst characterization
poration of lanthanides (4 wt%) suppressed the growth of Ni
crystallites and the formation of inactive NiO and N84 BET surface areas of calcined catalysts were measured

phaseg11]. Furthermore, oxides of heavy lanthanides (Gd, by N2 adsorption—desorption at 77 K using a Micromeritics
Er, and Dy) exhibited a more pronounced effect than those of ASAP 2010 instrument. Before measurement, the samples
light ones (La, Pr, Nd). Teixeira and Giudidi2] suggested  were degassed under vacuum at 1B0overnight. XPS of
that the sintering rate of small nickel crystallites, particu- reduced and post-reaction catalysts was performed with an
larly for narrow initial crystallite size distributions and high AXIS Ultra XPS spectrometer with an Al anode operated
initial dispersions in coprecipitated Ni/fD3 catalysts, was  at 14 kV and 10 mA. Reduction was performed with 20%
facilitated at high temperatures in the presence of steam.Hz/N2 at 600°C for 2 h. Post-reaction samples collected
However, the growth of nickel crystallites under reduction after 20 h of propane SR were prepared using the follow-
and reaction conditions could be inhibited by lanthanum pro- ing reaction conditions: 500C, H,O/C = 1.3, GHSV=
motion. 124,000 i1, The samples were transferred to an XPS cham-
In earlier work we presented the catalytic performance ber using an inert glove box, without exposing them to the
of sol-gel Ni/AbO3 catalysts promoted with lanthanide atmosphere. Spectra were corrected using thes@ghal lo-
elements [lanthanum (La), cerium (Ce), and ytterbium cated at 284.5 eV.
(Yb)] for SR of propang[13]. In this paper we present XRD patterns during in situ reduction of catalysts were
the deactivation characteristics of these catalysts, stud-obtained with a Bruker D8 Advance X-ray diffractometer
ied using X-ray photoelectron spectroscopy (XPS), in situ equipped with atmosphere and temperature control stages
X-ray diffraction (XRD), temperature-programmed oxi- and using Cu-K radiation ¢ = 1.542 A) operated at 40 kV
dation (TPO), transmission electron microscopy (TEM), and 50 mA. In these experiments, XRD patterns were
thermogravimetric analysis—temperature-programmed reac-recorded every 58C with a ramp rate of 106C/min up to
tion (TGA-TPR), and sequential temperature-programmed 700°C under 5% H/N5.
coking/gasification/hydrogenation. Based on the informa- TEM images of post-reaction catalysts were obtained
tion obtained from these studies, we then discuss possiblewith a Tecnai TF-20 operated at 100 kV. Samples were ul-
deactivation mechanisms of lanthanide-promoted sol—geltrasonically dispersed in ethanol, and a couple of drops of
Ni/Al 203 catalysts in propane SR. the suspension were deposited on a standard 3-mm copper
grid covered with a holey carbon film. TPO of postreaction
catalysts was performed using a laboratory-made gas flow

2. Experimental system described in detail elsewhétd]. Initially, 50 mg
of catalyst was placed in é—inch-o.d. quartz U-tube re-
2.1. Catalyst preparation actor and heated under He (40 £¢STP)Ymin) at 200°C

for 30 min to remove moisture followed by cooling to room

Ni/Al 203 catalysts promoted with lanthanide elements temperature. Subsequently, the temperature of the catalysts
(La, Ce, and Yb) were prepared using a modified sol-gel was raised under 1% fHe [40 cn? (STPYmin] with a
technique. The nickel and lanthanide precursors (Aldrich) ramp rate of 10C/min to 800°C and held for 5 min. The
used were in nitrate form. For the aluminum precursor, alu- desorbed species from the catalyst surface were monitored
minum tri-secbutoxide (ATB; Aldrich) was used. Ethanol using an HP5890-MS Engine 5989A gas chromatography-
(Alfa Aesar; 130 crd) was used as the solvent. The fol- mass spectrometer (GC-MS) unit under He carrier gas.
lowing sol—gel variables were controlled during the syn-  TGA-TPR experiments were performed in a Perkin-
thesis: nickel content, 20 wt%,; lanthanide content, 2 wt%; Elmer TGA7 system. Catalysts were reduced in situ un-
H>O/ATB molar ratio, 3.6; and pH of the resulting gels, der 20% H/N, at 600°C for 2 h, followed by cooling
4.8. First, ATB was placed in ethanol and stirred. Then the to 250°C under N. The reaction mixture [gHs/H2O/Ny,
aqueous solutions with the desired amounts of lanthanide30 cn? (STPYmin] with H»O/C molar ratios ranging
and nickel were added dropwise into the suspension usingfrom 0.1 to 0.3 was subsequently introduced to the re-
a syringe pump at a flow rate of 0.5 &min. The aque- duced catalysts. The temperature program was as follows:
ous lanthanide nitrate solution was added first, followed by 1 min at 250¢C, 10°C/min ramp rate to 750C, and
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5 min at 750°C. Sequential temperature-programmed cok- 100 w
ing/gasification/hydrogenation of catalysts was conducted

with a Shimadzu GC-MS QP-5050. Before spectra col- § 30 ;w
lection, the catalysts were reduced in situ under the 20% % i
H2/N2 catalyst at 600C for 2 h. The coking was then per- E 60 -

formed by exposing the catalysts to 2%Hg/He at 500°0C E s

for 1 h, followed by cooling to room temperature under He. § 49 [ %[ _ Ni-La
Temperature-programmed gasification (TPG) experimentsZ 220

were initiated by raising the catalyst temperature under 2% O 20 | f’ 10

H,O/He with a ramp rate of 10C/min to 800°C. After £ )

cooling to room temperature, temperature-programmed hy- Ni-only Ni-La Ni-Ce Ni-Yb @
drogenation (TPH) experiments were performed with 10% 0 ' ' '

Hy/He. TPH profiles were collected while heating the cata- 0 5 10 15 20

Time on stream (h)

lysts with a ramp rate of 10C/min to 800°C.
2.3. Reaction studies

The steady-state reaction experiments were performed
using a fixed-bed flow stainless steel react%Jrir(ch o.d.).
The reaction conditions were as follows: 500-5360 H,O/
C = 1.3-2.7, and GHS\- 124,000-248,000 1. Before
the reaction, catalysts were reduced in situ under 2Q# 4
[50 cn® (STPYmin] at 600°C for 2 h. The feed stream
consisted of @Hg, H,O, and N as a diluent. The effluent
from the reactor was analyzed using an automated Shimadzt
GC-14A equipped with flame ionization and thermal con-
ductivity detectors. Separations were performed under Ar .
using two columns, a Porapak Q (12><1‘t?13 inch, stainless Time on stream (h)
steel, 80/100 mesh) and Molecular Sieve 13X (& % inch Fig. 1. GHg conversion as a function of time on stream: {aj= 500°C,
stainless steel, 60/80 mesh). A GOW-MAC 069-50 ruthe- H,0/C = 1.3, GHSV= 124,000 i%; (b) T = 550°C, H,0/C = 1.3,
nium methanizer operated at 380 was used with the flame GHSV = ;86,000 1. The activity loss of the same set of catalysts is
ionization detector for the sensitive determination of CO as S"OWn as insets.
low as 10 ppm. Carbon and hydrogen balances were close ) o
to 100% (£5%). Conversion, yield, and activity loss were To ensure that the system did not approach equilibrium-

40
30|
20|

Ni-only

CsHs conversion (%)

20

Activity loss (%)

Ni-only Ni-La Ni-Ce Ni-Yb (b)
1 1

0 5 10 15 20

defined as follows: limited regi_me_, GHSV was increased at higher temperatures.
As shown inFig. 1a, at 5000C and 124,000 ht, the 20%
% C3Hg conversion= (mol of carbon converted Ni—2% Ce/AbOs3, and 20% Ni—2% Yb/AIO3 catalysts ex-
; hibited increased propane conversion, whereas the 20% Ni—
/total mol of carbon in the fegdk 100 2% La/AlLO3 and 20% Ni/AbO3 catalysts showed similar
% H yield= (2 x mol of H; produced SR activity. The C-containing products from propane SR are
/total mol of hydrogen in the feg@d 100, CO, COQ, and CH,, with CO, the main product. The distrib-

ution of C-containing products is little affected by lanthanide

promotion under these reaction conditions. More important,
/% initial C3Hg conversion| x 100 the addition of lanthanide elements leads to significantly im-
proved catalyst stability, as evidenced by a smaller percent-
age of activity loss. At 500C, the loss of catalytic activity

% activity loss= [1 — (% steady-state £§Hg conversion

3. Resultsand discussion increases in the following order: Ni—-Yb/#D3 (7%) < Ni—
Ce/AlLO3 (12%) < Ni—La/Al,03 (19%) < Ni/Al ,03 (23%).

3.1. Catalytic activity and stability for propane SR Increased activity loss becomes more evident with in-
creasing reaction temperature, possibly due to more severe

3.1.1. Effect of lanthanide addition catalyst deactivation by sintering and coke formation, as

Lanthanide-promoted sol-gel 20% Nip&; catalysts shown inFig. 1b. Interestingly, the highest propane conver-
were evaluated with regard to activity and stability in pro- sion is achieved with the 20% Ni—2% Yb/AD3 catalyst at
pane SR at 500-55€. The feed percentages in these exper- 500°C, whereas the 20% Ni—2% Ce/&3 catalyst is the
iments were @Hg/H>O/N> = 1/4/95. Propane conversion best-performing catalyst with regard to catalytic activity and
and percent activity loss data (inset) are presentédgnl stability at 550°C. It is conceivable that a beneficial effect
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100

of cerium addition on improved coking resistance is more @)
pronounced at elevated temperatures, thus resulting in more 90
stable catalysts. The use of cerium oxide as a promoter or
support mixed with other metal oxides (i.e., &, O2) to 80
develop high-performance catalysts for hydrogen production ;\3 70 -
has been reported previoud®,9,15-19] Significantly in- =~ )
creased catalytic activity and stability result from enhanced E 60 20% Ni-2%6 Ce/AL;0,
reducibility and reduced carbon accumulation on the active g 50 L
sites due to the high oxygen storage capacity of cerium ox- &
ide. S 40 +

Our TPR and H chemisorption studies showed that the ﬁ
SR activity of sol-gel Ni/A}Os catalysts is related to cata- % 30
lyst reducibility and nickel surface argk3]. Adding cerium 20 L 20% NVAL O3
results in greater reduction of nickel species and larger nickel
surface area compared with ytterbium (or lanthanum) pro- 10 +
motion. Thus in this paper we primarily report the deactiva- 0 ) , ,
tion characteristics of sol-gel Ni-Ce/A; catalysts.

1.0 1.5 2.0 2.5 3.0

3.1.2. Effect of HO/C ratio .

The effect of BO/C ratio on catalytic performance of H,O/C ratio
the 20% Ni/AbO3 and 20% Ni—2% Ce/AlO3 catalysts in 70
propane SR was investigated at 38 and 248,000 ht. ® 209 NVALO3
The H,O/C ratio was varied in the range of 1.3-2.7 by 60 a A

keeping the propane flow rate constant at & ¢8TP)min.
As shown inFig. 2a, GHg conversion increases with in-

creasing HO/C ratio. An increase in catalytic activity is = S0 -

more evident with the 20% Ni—2% Ce/D; catalyst; 47 &

and 99% GHg conversion were obtained a8/C ratios § 40 2006 Ni-206 Ce/ALO;
of 1.3 and 2.7, respectively. A significant improvement in =

catalyst stability is apparent at highep®/C ratios when E’ 30 b

cerium is present in the catalystSifi. 2b]. In contrast, the ]

improved catalyst stability of the 20% Ni/AD3 catalyst is é 20

barely noticeable with increasing,B®/C ratios. At 550C
and BO/C = 2.7, the 20% Ni—2% Ce/AD3 catalyst lost
only 1% of its initial activity (time on stream [TOS} 1 h) 10 +
after steady state was reached, whereas the 20% JU4AI
catalyst had a 62% activity losEig. 3 shows plots of i
formation rate at 550C as a function of TOS observed with
the 20% Ni/AbOs and 20% Ni—2% Ce/AlOs catalysts at 1.0 1.5 2.0 2.5 3.0
different HLbO/C ratios. A decline in K formation rate is .

seen over both catalysts at lowes®) C ratios, possibly due H,0/C ratio
to catalyst deactivation by coke formation. A$®)/C = 2.7, Fig. 2. Effect of HO/C ratio on catalytic activity and stability of 20%
the 20% Ni/AbO3 catalyst still exhibited a pronounced re- Ni/Al ;03 and 20% Ni—2% Ce/AlO3 catalysts in propane steam reform-
duction in H formation rate during the first 15 h, whereas ing: (a) GGHg conversion, (b) activity loss [reaction conditions: 5%
the Ni-Ce catalyst exhibited very stable performance. Re- *(CaHa) =6 cm (STPymin, GHSV=248,000 1],

action results indicated that high,8/C ratio coupled with

cerium promotion was very effective in enhancing catalytic features that are assigned tNwith Ni2pz/2 and Ni2p1/2

activity as well as preventing activity loss. binding energies at 855.8 and 873.3 eV, respectively, and to
Ni® with Ni2p3/2 and Ni2p; > binding energies at 852.7 and
3.2. Deactivation characteristics of sol-gel catalysts 870.2 eV, respectivelj20-23] The signal of N&* species
is likely to be due to NiAbO4, although the possibility of
3.2.1. Reoxidation of metallic nickel sites a NiO phase cannot be excluded, because the Kiding

Fig. 4 shows the Ni2 region of XPS of sol-gel 20%  energies for these two species are very close tog¢il3ér
Ni/Al ;03 catalysts promoted with 2 wt% La, Ce, and Yb The Ni2pz/, signal corresponding to Rif is accompanied
after being exposed to the propane SR reaction medium atby a broader peak located at 860.8 eV because of a strong
500°C for 20 h. The Nig spectra of the catalysts exhibit shake-up procesg4]. Deconvolution of the Ni2 spec-
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g
:§ 3 r Fig. 4. Ni2p X-ray photoelectron spectra of reduced catalysts after being
ﬁ 2 L exposed to the propane steam reforming atmosphere &G0 20 h.
1 -
Table 1
0 : ' ' Comparison of the ratio of XPS peak areg, /(A% + AZ]) of the cata-
0 5 10 15 20 lysts before and after 20-h propane steam reforming
Time on stream (h) Catalyst AR /(A% + ARD
Pre-reaction Post-reaction Change
Fig. 3. Hp formation rate at 550C as a function of time on stream for (reduction) (%)
0, i 0, i—20,
(a) 20% Ni/AbO3 and (b) 20% Ni—2% Ce/AlO3. 20% Ni/ALO; 051 a1 ~20
20% Ni—2% La/AbO3 0.51 046 -10
tra was performed by the Gaussian—Lorentzian curve-fitting 20% Ni-2% Ce/A03 055 047 -15
20% Ni—2% Yb/AbO3 0.54 047 -13

method to determine the peak areas for obtaining relative
surface concentrations of nickel species. The spectra were
deconvoluted using the constraints of equal spin-orbit split- 3 2 2. Ni sintering

ting of Ni2p peaks (17.5 eV), with the height ratio of The sintering of Ni crystallites in lanthanide-promoted
Ni2p3/2 and NiZp1/2 held constant at 2.0 (theoretical value) sol—gel 20% Ni/AbO3 catalysts during reduction was stud-
and the full width at half-maximum of these peaks being jed from a determination of the mean Ni crystallite size by in
equal. The ratio of peak area; /(A + AR/) is used to  sjtu XRD. The XRD patterns of the 20% Ni-2% Yb40s
illustrate the degree of reduction before and after reaction. catalyst during reduction under 5%, are shown in

As shown inTable 1 a decrease il /(AY; + AJ]) ratio is Fig. 5 The pre-calcined catalyst is relatively amorphous, as
seen after exposure to the propane SR atmosphere comparegyidenced by broad peaks at room temperature. The possi-
with freshly reduced prereaction catalysts. This is likely ple crystalline phases are NiO, Ni&b,, andy-Al,03. No
caused by coke deposition over’Nites. However, a partial  ytterbium-related crystalline phases were detected, suggest-
oxidation of metallic nickel sites during the reaction cannot ing that Yb species could be well dispersed on the alumina
be ruled out, because the Nidinding energies for NiAO4 support or could exist within the nickel oxide matrix unde-
and NiO are very close. The decrease in #fg /(A% + tectable by XRD. As the reduction temperature is increased
Aﬁi‘) ratio over Ni-only catalyst (20%) is much higher than to 450°C, a metallic Ni phase starts to appear. The diffrac-
that (10-15%) over lanthanide-promoted catalysts. tion lines of Ni(111), (200), and (220) grow in intensity with
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Ni(111) lanthanides, located on the catalyst surface, could act as a
“spacer” by inhibiting Ni crystallites to form larger particles
during reduction. BET surface area measurements show that
the addition of lanthanides results in increased surface area.
The BET surface area of a freshly calcined 20% Nid
catalyst is 209 rfyg, whereas catalysts promoted with 2%
lanthanides have BET surface areas of 278-384gmit is

also possible that a substantial fraction of lanthanides could
be present inside the nickel crystallites. Topsge ¢Ré].re-

':'{ ported that the existence of strain created by the occluded
& Al>03 phase in the iron lattice led to a shift of the equilib-
% rium iron particle size toward smaller particles, and as a re-
< sult, the presence of alumina in ammonia-synthesis iron cat-
£ 500 °C alysts inhibited the growth of iron particles. Similarly, lan-
thanides could also cause strain in the nickel lattice, which is
450°C subsequently responsible for the formation of smaller nickel
crystallites after reductiorkig. 6 displays the XRD patterns
WMMM of the 20% Ni/AbOs and 20% Ni—2% Ce/AlO3 catalysts
reduced at 700C. «-Al 203 was used as an internal standard
RT to investigate a change in the lattice parameter of the metal-
T T T lic Ni phase when cerium is added in sol—-gel 20% Ni®4
ALO5(311) AlLO4(400) AlLO,(440) catalysts. The peak maxima of Ni(111) and (200) diffraction
T T T T T T T T y lines of the 20% Ni—2% Ce/ADs3 catalyst shift to lower
30 40 50 60 70 80 diffraction angles (&) than those of the unpromoted sam-
20 ple. The calculated lattice parameters are 3.5239 A in the

_ _ , _ 20% Ni/Al,O3 catalyst and 3.5278 A in the 20% Ni—2%
Fig. 5. In situ XRD patterns of 20% Ni-2% Yb/#D3 catalysts during Cel/ALO3 catalyst reduced at 70C. Note that the lattice
1 0,
reduction under 5% biN. parameter of pure nickel, obtained from the ICDD PDF data-
base (PDF 4-850), is 3.5238 A. This suggests that cerium
E";‘fb'etzf tuction ¢ t kel oystallte diameter (nm) of could be embedded in the nickel lattice, thus preventing the
€eCt ol reduction temperature on nickel crystallite diameter (nm) o . .
growth of Ni crystallites.

lanthanide-promoted sol—gel 20% Ni catalysts . . . . .
P . It is known that sintering is an important cause of de-

Catalyst Reduction temperaturtd) activation of Ni-based catalysts under SR conditions. The
500 600 700 sintering process can be affected by many parameters, in-
20% Ni/Al203 14 16 18 cluding temperature, chemical environment, catalyst compo-
0, i—20, .y
gg;’ m: gof’ tae’/AAigff g E ﬂ sition and structure, and support morpholdgy—29] The
o Ni-2% 3 . . . . .
20% Ni~2% Yb/ALO3 11 12 13 sintering rate of Ni crystallites was enhanced considerably

by high temperature and the presence of water in the feed
gas[12,30] Type of support also plays a role in the ther-
further increase in reduction temperature up to “00In mal stability of active metal phase, thus affecting the sinter-
situ XRD results indicate that high reduction temperatures ing process. Nickel was found to be much more stable on
(>500°C) are necessary to reduce nickel species to a metal-alumina compared with silica in a hydrogen atmosphere at
lic state due to a strong interaction of nickel oxide with 700°C, due in part to a stronger metal-support interaction
the alumina support. Nickel crystallite diameters of different for Ni/Al 203 catalyst430].

lanthanide-promoted 20% Ni/AD3 catalysts were calcu-

lated from line broadening of the Ni(200) diffraction line 3.2.3. Coke formation

using the Scherrer equatif@26] and are listed ifTable 2 Ni Our reaction results indicate that the introduction of lan-
crystallite diameter of the catalysts increases with increasingthanide elements in sol-gel 20% Nif&3 catalysts signif-
reduction temperature. Compared with unpromoted catalyst,icantly enhances SR activity and stability. It is likely that
Ni crystallites are much smaller in lanthanide-promoted cat- lanthanide promotion strongly affects the coking process un-
alysts at all reduction temperatures. This suggests that theder SR conditions, thus improving the catalyst resistance to

presence of lanthanide elements in sol-gel NiY cata- coking. To investigate the nature and amount of carbona-
lysts helps form smaller NiO matrices and then retards the ceous species formed on the surface during reaction, TPO
growth of nickel crystallites during reduction. and TEM were performed with the 20% Ni/ADs and 20%

The stabilizing effect of lanthanides to prevent Ni sin- Ni—-2% Ce/AbOs catalysts after 20 h propane SR. TGA-
tering is associated with a surface phenomenon in which TPR experiments were conducted to determine the temper-
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@ Ni (111)

Intensity (a.u.)

a-ALO; (113)

20%Ni’/AL O3

20%Ni-2%Ce/Al, O3

42 43 44 45 46
20
)
Ni (200)

a-ALO; (024)
20%N]/A1203 a

Intensity (a.u.)

20%Ni-2%Ce/AL O,

S0 s1 52 33 54
20

Fig. 6. Comparison of XRD patterns of 20% Ni#03 and 20% Ni—2%
Ce/Al,O3 catalysts reduced at 70C: (a) 2 = 42—-46, (b) 20 = 50-54.

at 500°C, H,O/C = 1.3 are shown irFig. 7. TPO profiles

of carbon deposited on both catalysts were similar. Primar-
ily, two peaks were observed, indicative of two types of
carbonaceous species with different reactivities toward ox-
idation. A low-temperature peak at 360 can be assigned

to monoatomic carbon, which is highly reactive and easily
oxidized from the nickel surfad®,31-34] A larger peak at
640°C may be due to filamentous carbon, which is more sta-
ble and oxidizes at higher temperatufds5-37} However,

the possibility that the carbon is deposited on the alumina
support, which could also be burned off at higher temper-
atures, cannot be ruled out. Although the temperatures at
which the CQ is eluted from the surface were identical for
the two catalysts, the amount of G@volution from the
oxidation of carbon deposited on the 20% Np@k cata-

lyst was much higher than that on the Ce-promoted catalyst,
suggesting that much greater carbon deposition on Ni-only
catalysts. As displayed in the inset, the amounts of carbon
deposited, obtained by integrating the TPO curves, were
1.7 and 0.2 mgm? on the 20% Ni/AbOs and 20% Ni—2%
Ce/AlLOg3 catalysts, respectively. The amount of carbon de-
posited on the catalyst was reduced by approximately 90%
on cerium promotion. Furthermore, the formation of carbon
filaments is markedly suppressed when cerium is present, as
indicated by a lower ratio of high-temperature (84 to
low-temperature (360C) peak areas.

The effect of cerium as a promoter in coke minimiza-
tion can be attributed to its unique properties as an oxygen
carrier. The redox properties of ceria and the high labil-
ity of lattice oxygen are among the most important factors
contributing to the catalytic reactivity of CeQn oxida-
tion reactiong[38]. Under SR conditions, the presence of
cerium could accelerate the reaction of steam with adsorbed
species on the nickel surfaf®. Subsequently, surface car-
bon species are quickly converted to products, decreasing
the accumulation of carbon deposits on the catalysts.

3.2.5. TEM experiments

TEM was conducted to further characterize the structure
of carbon deposited on the 20% Nif/s; and 20% Ni—
2% Ce/AbO3 catalysts after 20 h propane SR at 3@0
As shown inFig. 8 there is clear evidence of significant
amounts of carbon filaments covering nickel particles on un-
promoted catalyst. Most of these filaments exhibited some
degree of curvature, possibly due to an unequal diffusion of
graphitic carbon through nickel particl§39]. Conversely,
no carbon filaments were seen on post-reaction 20% Ni—2%
Ce/AlLbO3 catalyst. This indicates that carbon deposition is
greatly suppressed by the addition of cerium in Ni2d

ature of coking initiation. In addition, coking studies were catalysts. The nickel particles remained relatively small (10—
performed using sequential temperature-programmed cok-15 nm diameter) and were homogeneously distributed. The

ing/gasification/hydrogenation experiments.

3.2.4. TPO experiments
TPO profiles of carbon deposited on the 20% N@4
and 20% Ni—2% Ce/AlO3 catalysts after 20 h propane SR

morphology of a filament obtained with the 20% Ni®l3
catalyst is shown ifrig. 9. A nickel particle is seen at the tip

of the carbon filament. Deformation of the nickel particle oc-
curred on carbon filament formation, causing a pear-shaped
appearanc¢40,41] Moreover, the diameter of the carbon
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—e20%NV/ALO; —&—20% Ni-2% Ce/aLO, 040

640°C Peak area
Carbon formation (g C/m?) 360 °C Peak area

CO,; intensity (a.u.)

Fig. 7. TPO profiles of carbon deposited on 20% NpBs and 20% Ni—2% Ce/AlO3 catalysts. Calculated carbon formation rates and ratios of 360 and
640°C peak areas are shown as insets.

20%Ni/AlL O, 20%Ni-2% Ce/ALO;

Fig. 8. TEM images of carbon deposited on catalysts after 20 h propane steam reforming over 2080N\aitAd 20% Ni—2% Ce/AlO3 catalysts.

filament formed on the unpromoted sample was about 8-3.2.6. TGA-TPR experiments

10 nm, roughly the same as that of the Ni particle at the tip  As previously discussed, TPO and TEM results clearly
of the carbon filament. This finding suggests that the size indicate adding cerium to sol-gel 20% Nif83 catalysts

of nickel particles determines the width of carbon filaments. considerably improves resistance to coking. A TPR (i.e., SR
The growth of carbon filaments was observed previously of hydrocarbons) coupled with TGA was performed to in-
with nickel particle sizes in the 10-60 nm ran@®]. It is vestigate the coking resistance of Ni-based catalysts. The
intuitive that nickel particles located at the filament tips may introduction of small amounts of MofJ0.5-2 wt%)[42,43]
remain immobile and not contribute to SR activity, caus- or K»O [44] into Ni-based catalysts was reported to increase
ing rapid catalyst deactivation, as observed with the 20% the coking initiation temperature when steam ratio was in-
Ni/Al .03 catalyst. The morphology of carbon deposited on creased, which implies improved coking resistance.

the 20% Ni—2% Ce/AlO3 catalyst is quite different than that The H,O/C ratios in TGA experiments were smaller than
of carbon filaments formed on unpromoted catalyst. Carbon those used in steady-state reaction experiments, to acceler-
is seen to spread around a nickel particle that remains on theate the coking process. The effect of®)C ratio on the
alumina support surface. weight changes on reduced 20% Ng8k and 20% Ni—2%
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20%Ni/ALO,

Fig. 9. The morphology of carbonaceous species on 20% NDARnd 20% Ni—2% Ce/AlO3 catalysts after propane steam reforming.

Ce/AlLO3 catalysts during the TPR of propane with steam is 120 20% N/ALO,

shown inFig. 10 The weight increase due to coke formation
during propane SR on Ce-promoted catalyst was less pro- 100
nounced than that on unpromoted catalyst at all steam ratios & -

——H,0/C=0.1
—A—H,0/C=02
-8-H,0/C=03

R
At H20/C ratio= 0.1, a 77% weight increase was obtained % 80
with the 20% Ni—2% Ce/AlO3 catalyst at 750C, compared ] I
with a 102% weight increase on unpromoted catalyst. The g 60 -

amount of carbon deposited decreased with increasing stean.s
ratio, suggesting that more coke was gasified at higher con—.‘gJ
centrations of steam on both catalysts; moreover, an increaseg 40
in steam ratio caused an increase in coking initiation temper- = -
ature. As listed infable 3 a pronounced increase in coking 20 |
initiation temperature is clearly seen when cerium is present L
in sol-gel Ni/AbOj3 catalysts. In addition, the beneficial ef- 0 ) . \
fect of cerium promotion is more evident at higher steam
ratios.

250 350 450 550 650 750
T (°C)

3.2.7. Sequential temperature-programmed

: e . 120
cok|pg/gasmcatlon/hydrogenatlon | 20% Ni-2% Ce/ALO,

Initially, catalysts were exposed to 2%g3ldg/He at
500°C to accelerate carbon deposition as a result of hy- 100
drocarbon dissociation, forming GHragments, which are
coke precursors produced during propane SR. Then TPG of
carbon deposited with 2% 3®/He and TPH of the resid-
ual carbon species with 10%HHe were conductedkig. 11
shows the changes in the concentrations of various carbon-.
containing species in propane decomposition. Compared
with the 20% Ni/AbOs catalyst, the intensity of propane
increased with TOS more noticeably over the 20% Ni—2%
Ce/AlLOg3 catalyst. It appears that propane-cracking activity
to form CH, fragments was lower in Ce-promoted catalyst
than in unpromoted catalyst, leading to lower accumulation
of cgrbon species on the patalyst surface. Mo_reover, the _for- 250 350 450 550 650 750
mation of CH, and G species started at approximately 3 min T ¢C)
and increased rapidly. However, after 6 min, a decrease in
CHy concentration was accompanied by an increasezin C Fig. 10. Effect of steam ratio on the coking initiation temperature during
species signal, suggesting that the catalysts gradually losepropane steam reforming over 20% Nig&lz and 20% Ni-2% Ce/AlO3
their cracking activity with TOS. In addition, CO, GQand catalysts.

——H,0/C=0.1
—A—H,0/C=02
—8-H,0/C=03

(%e)

mmcrease

Weight
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Table 3 20%NI/ALO; ¢ x0.04
Effect of steam/carbon ratio on coking initiation temperatd@)(on 20% 2 3
Ni/Al ;03 and 20% Ni—2% Ce/AlO3 catalysts
Catalyst HO/C ratio
0.1 0.2 0.3
20% Ni/Al,O3 430 465 485
20% Ni—2% Ce/A$O3 486 557 598

H,O were not detected within 1 h of propane decomposition
at 500°C.

TPG profiles of carbon deposited after propane decom-
position are shown ifrig. 12 It is seen that gasification of
carbon deposited with 2%4@/He resulted in the formation
of CO and CQ. A decline in BO concentration is accom-
panied by CO and Cg&evolution. CQ formation from the
oxidation of carbon deposits occurs preferentially at lower CsHg
temperature than CO formation. This suggests that the gasi- . . , ‘ l
fication of carbon deposits on nickel may be thermodynam- ' ' ' ' '
ically controlled. When the catalyst temperature is held at 0 10 20 30 40 S0 60
800°C, the intensity of CO evolution decreases, whereas
the H,O concentration rises abruptly with the presence of
the CQ signal. The combined peak area under the CO and
COy, evolution curves of the 20% Ni—2% Ce/l&)3; cata- 20%N1-2% Ce/Al, 05
lyst is considerably smaller than that of the 20% N®4
catalyst, indicating that there is much less accumulation of
carbon species from propane decomposition when cerium is
present in sol-gel Ni/AlO3 catalysts. In addition, a small,
broad CQ peak is seen below 40, due to the gasifica-
tion of surface carbon on nickel crystallites in both catalysts.
In contrast, the filamentous carbon located at the rear of
nickel particles is more difficult to gasify, because it needs to "
diffuse back to the nickel surface. This suggests that the gasi-
fication of carbon deposits occurs on the nickel surface, as
reported in the literatur@l5—-47] A decline in the CO signal
observed with an increase in,8 concentration at 80TC
implies that the gasification reaction is complete once the
carbon species diffuse back to the nickel surface. Our results
also show that back-diffusion of carbon to the nickel surface
is the rate-determining step of the gasification mechanism, as
reported by Trimn{48]. In case of steam gasificationp@
is believed to dissociatively adsorb on the surface of nickel @ 10 20 30 40 S0 60
particles to form mobile surface oxygen species, which fur-
ther react with carbon atoms to form CO andLCOur TPG
profiles show that the 20% Ni—2% Ce/3 catalyst exhib- Fig. 11. Changes in the concentrations of various carbon-containing species
ited a higher gasification temperature (57) than the 20% as a function of time on stream in propane decomposition af 606ver
Ni/Al ,03 catalyst (535C). The carbon diffusion rate pos- 20% Ni/Al03 and 20% Ni-2% Ce/AlO catalysts.
sibly could be suppressed due to decreased mobility of car-
bonaceous species on the incorporation of cerium in nickel carbon could not completely diffuse back to the nickel sur-
particles. face during the gasification experiments, possibly because

After the TPG experiments, the catalysts were cooled to carbon dissolution in nickel particles had reached an equi-
room temperature under He. TPH experiments were thenlibrium state. The hydrogenation of this “residual” carbon
conducted with 10% bHe to further characterize carbon species started at approximately 3&8Dand was complete at
species left in the nickel crystallites after steam gasification. 800°C on both catalysts. The peak maxima of £&hd G
As displayed inFig. 13 TPH profiles exhibited peaks of species appeared at 650 and 7Z0Q respectively. Further-
CH4 and G species over both catalysts, indicating that some more, the peak area integrated under the curves of &id

Intensity (a.u.)

Time (min)

Intensity (a.u.)

Time (min)
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Fig. 12. TPG profiles of carbon deposited following propane decomposition.

C, species was lower with the 20% Ni—2% Ce/Bg cata- appearance of curved carbon filamerigy( 8 may be af-

lyst than with the 20% Ni/AlO3 catalyst. The lesser amount fected by the relative rates of nucleation of carbon filaments
of carbon species obtained with Ce-promoted catalyst sug-and of carbon diffusion through nickel, as well as the differ-
gests that carbon dissolution is hindered when cerium is ence in diffusional path lengths on the metal—-carbon inter-

added into nickel catalysts. face. A pear-shaped appearance with tiny segments of nickel
particle evidenced by dark spots on the filam&tg(9) may
3.2.8. Coking models during SR result from the particle deformation occurring as the carbon

Based on information obtained from characterization filament grows. Snoeck et g40] reported that the metal—
results, coking models during propane SR over sol-gel SUpport interaction must be overcome to lift the particle at
Ni/Al,03 and Ni-Ce/ApO3 catalysts are proposed simi- Places where no carbon extrusion occurs. Consequently, the
lar to those reported by Baker et §#9] and Snoeck et al. ~ pear shape forms as the nickel particle lifted away far from
[40,50] For Ni/Al,Os catalyst, the formation of carbon fil-  the support near the gas—metal interface.
aments is believed to cause rapid catalyst deactivation. The In contrast, the addition of cerium enhances the adsorp-
mechanism of carbon filament growth for propane SR on tion of water, resulting in higher concentrations of active
nickel involves various steps, including surface reactions, surface oxygen. The gasification of adsorbed carbon from
dissolution/segregation, carbon diffusion through nickel, and hydrocarbon fragments on the nickel surface is so efficient
precipitation[40,49-51] The decomposition of propane to that the surface carbon species can be quickly converted to
hydrocarbon fragments (i.e., GHind carbon atoms) occurs  products, thus decreasing the accumulation rate of carbon
initially on the nickel surface, as illustrated lig. 14. Car- depositg48]. In addition, the dissolution and diffusion of car-
bonaceous species further dissolve and diffuse through thebon species through nickel particles are greatly inhibited by
nickel particle, accompanied by precipitation at the rear of the incorporation of cerium. Thus the nucleation process to
the nickel particle with formation of a carbon filament. The form carbon filaments is retarded, due to the decreased mo-
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Fig. 13. TPH profiles of carbon following TPG. The inset shows the comparison of the peak areg @h@H species formed during TPH over 20%
Ni/Al ;03 and 20% Ni—2% Ce/AlO3 catalysts.
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Fig. 14. Coking models during propane steam reforming over MAland Ni—Ce/ApOg catalysts.

bility of carbon. TEM studies detected no carbon filaments supported on alumina in the SR of propane. The presence of
over Ni—-Ce/AbO3 catalyst after 20 h propane SR. Unlike lanthanide elements (i.e., La, Ce, and Yb) was found to sig-
Ni/Al 203 catalyst, nickel particles in Ce-promoted catalyst nificantly enhance catalytic activity and stability, due in part
remain on the alumina support rather than being strongly o the fact that lanthanides help inhibit both the growth of
lifted far from the support. Indeed, a small amount of carbon picye crystallites and the reoxidation of metallic nickel sites
species spreading out around nickel particles is seen WIthduring the reaction. Coke formation is likely a major cause
the presence of cerium, in contrast to carbon filaments of the - oo . . .
. . : of deactivation, as indicated by improved catalytic activity at
same diameter as nickel particles. . . .
higher stearmcarbon ratios. In particular, the catalysts pro-
moted with cerium remain highly active and stable for 20 h
4. Conclusions when excess steam is introd.uce-d. into the feed. Ij[ appears
that cerium promotion greatly inhibits carbon deposition due
This study has examined the effect of lanthanide pro- to enhanced water adsorption and effective gasification. Fur-
motion on catalytic performance of sol—gel nickel catalysts thermore, the incorporation of cerium prevents the formation
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of carbon filaments by reducing the dissolution and diffusion
of carbonaceous species through nickel particles.
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