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Abstract

Bimetallic alumina supported Co-Ni catalysts were prepared by impregnation under low (2) and high (8) pH values. Support dissolution due
to acid attack appeared to be responsible for the low BET surface area for catalyst obtained at pH 2. However, this low-pH catalyst possesses
higher dispersion and superior metal surface area. This is ascribed to the charged-induced migration of metal cations towards the grain centre
where adsorption sites are located as a result of the formation of positively charged alumina surface at low pH. Ammadmd ldHalysis
showed that the surface of both catalysts was populated with weak Lewis acid sites though a higher site concentration was found on the
high-pH catalyst. TEM images further revealed an eggyolk profile for the catalyst impregnated at pH 2 with metal species located in the
particle interior; while in the catalyst synthesised at pH 8, the impregnant metal is concentrated around the external surface of the particle.
XRD analysis of the catalysts before and after reduction indicates that the basic catalyst was more difficult to reduce probably because of higher
metal aluminate content. This was further confirmed by the lower degree of reduction shown for this catalyst during the thermogravimetric
TPR-TPO runs. Solid-state kinetic data of the catalyst calcination, reduction and oxidation conformed with the Avrami—Erofeev model. In
particular, the ratios of the associated kinetic rate constants for calcination and oxidation parallel those obtained for the deactivation and stea
reforming constants, respectively, in both catalysts. Thus, it may be possible to have an a priori knowledge of the comparative reaction and
deactivation behaviour of different catalysts from the temperature-programmed kinetics of their nascent solid states.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The importance of optimum impregnation profiles is par-
ticularly critical to the design of steam reforming catalysts.
Although the formation of metallic phases possessing To be sure, for industrial applications where operational con-
active sites is primarily determined by calcination variables, ditions would permit mass transfer dominance, itis desirable
the amount of metal ions adsorbed and depth of penetrationto have impregnation carried out so that the catalytic ingre-
into the support pores are controlled during impregndtipn dients are deposited as close as possible to the exterior of the
As impregnation pH level drops below the isoelectric point catalyst pellet. On the other hand, for kinetically controlled
(ISP) of the support material, the surface charge becomesreaction, uniform distribution profile of the impregnated cat-
predominantly positive and vice versa. The mobility and alyst is required2].
deposition of these ions to form dispersed phase on the sur- Santacesaria et aJ3] indicated aluminium dissolution
face are therefore largely influenced by solution acidity. arising from chemical attack is responsible for the creation
of adsorption sites. Displaced aluminium may also be re-
adsorbed along with the metal ions onto the surface. This
* Corresponding author. Tel.: +61 2 9385 5268: fax: +61 2 9385 5966.  Mixed adsorption process further enhances the metal adsorp-
E-mail addressa.adesina@unsw.edu.au (A.A. Adesina). tion rate, but may contribute to formation of metal aluminates
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at the oxide surfacpt]. According to Olsbye et al5], reac- area and particle size as well as flkkat of desorption and
tions at the solid-liquid interface due to pH change can be acid strength, respectivelyyldptake was performed at 373 K
described by: following outgassing with the He at 873 K for 2 h. The ammo-
nia TPD runs also involved sample outgassing at 573K for

(1) Protonation of the surface 30 min in helium flow, followed by adsorption using 0.4%

Al-OH + H* < AI-OH,™ atlowpH 1) NHs/He for 1 h at 423 K. The desorbed ammonia concentra-
_ _ ) tion was monitored by a thermal conductivity detector during
A=OH + OH™ « Al-0™ +H20 athigh pH (2)  neating in helium flow to 973K at various heating rates of
(ii) Dissolution of alumina 10, 15, 20 and 25K mint. Microscopic images were also
N 3t obtained by transmission electron microscopy (TEM) using
Al203+6H™ « 2AI°" +3H,0 atlow pH ®) Hitachi H-7000, while XRD measurement was recorded on a

Philips X’pert system using Ni-filtered Cu(x = 1.542,&)
at40kV and 30 mA. Thermogravimetric runs were conducted
on a ThermoCahn TG-2121 TGA unit. Approximately 0.1 ¢
of uncalcined specimen was initially loaded into the sample
boat. The calcination experiment was performed using high-
purity air at 55 mlmirt. Double-cycle reduction—oxidation

In our previous worK6], Co-Ni/Al,O3 prepared by wet . .
impregnation had been successfully employed to effect steamt | PR-TPO-TPR-TPO) runs were also carried out with the

Al,03 4+ 20H™ +3H,0 <> 2AI(OH)4~ athigh pH
(4)

reforming under low steam-to-carbon (S:C) feed condition

(S:C<2). In this study, we examined the role of pH of the

impregnating solution on the physicochemical attributes of
the catalyst, its steam reforming activity as well as resilience
to deactivation under conditions, which deliberately favoured
modest carbon deposition. We therefore considered two lim-
iting pH values of 2 and 8 since causticisation of the alumina

same instrument to investigate reducibility and re-oxidation
characteristics of the oxide phases present after calcination.
The temperature-programmed run was always preceded with
inert gas (N) treatment at 423 K for 1 h to remove moisture
and other possible impurities. During the cycle, all gas flows
were maintained at 55 mlmirt using composition of 50%

H2/N2 for TPR and high-purity air for TPO. Heating was

performed at 5K mint to 973K and maintained there for
1h.

Activity tests were performed in a fluidised bed system.
The detailed rig set-up and operating conditions have been
described in an earlier publicatidi@]. The reactor typi-

For the catalyst preparation, alumina (Norton, USA) extru- cally contained 1 g of catalyst and reduced in pure hydrogen
dates were initially crushed to sizes of 180250 and (200 mImin 1 NTP) at 873 K for 2 h. The reforming reaction
pre-treated in a furnace at 1073 K for 6 h. This thermal treat- was carried out using propane as hydrocarbon substrate for
mentwas carried out to ensure morphological stability during 6 h at 773 K. Inert helium gas was used as diluent to maintain
subsequent application. One hundred grams of the pre-treatedonstant total gas flow to the reactor at 400 mimdirCoking
alumina was then charged into a 500 ml beaker filled with resilience of these catalysts was assessed under the stoi-
approximately 250 ml of deionised water. Calculated amount chiometric feed ratio (i.e. S:C =1) since conventional steam
of cobalt nitrate (Sigma—Aldrich, USA) was added into the reforming runs required S:C > 2 to avoid coking. The product
slurry and kept at 303 K by a hot-plate. pH was adjusted and stream was analysed using a Shimadzu TCD gas chromato-
maintained throughout the 3 h stirring process using either graph (model 8A). Carbon content in the spent catalysts was
3.0 M HNO; (for pH 2) or 6.0 M NH;OH (for pH 8). The pH then determined using a Shimadzu Solid Sample Module
level and temperature were monitored using a TPS Bench-SSM-5000A coupled to Total Organic Carbon (TOC) Ana-
top pH meter equipped with a temperature probe. The slurry lyzer 5000A.
was dried for 12h in an oven at 393K. The dried solid
was further impregnated with nickel nitrate (May & Baker,

England) solution to yield desired Ni loading following a 3. Results and discussion

similar procedure and drying protocol. The resulting solid
was calcined at 973K for 5h at 5 Kmi# in air supplied

at 200 ml mirrL. Finally, the calcined solid was crushed and
sieved to 212-25Qm. The two types of catalysts were characterised using liquid

Various characterisation techniques were used to secureN, adsorption at 77 K, bl chemisorption and temperature-
the intrinsic properties of the prepared catalysts. A programmed NH desorption to obtain surface area, pore
Micromeritics Autochem 2910 unitwas used to measure BET volume, metal dispersion and particle diameter as well as
surface areas by nitrogen adsorption at 77 K.cHemisorp- surface acidity and strength since these innate physiochemi-
tion and NH-TPD experiments were also carried out using cal attributes have a bearing on catalyst performance. As may
the same instrument to measure dispersion, metallic surfacebe seen fronTable 1 the acid catalyst (Catalyst A) has signif-

proceeds rapidly at pH > 10.

2. Experimental details

3.1. Catalyst characterisation
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Table 1

Physicochemical properties

Catalyst A (pH 2) B (pH 8) =

BET (mg™ 1) 10862 16233 5

Pore volume (mlg?) 0.444 Q702 g

Pore diameter (A) 1287 15472 lc_>

Dispersion (%) B2 387

Metal surface area (frg~1) 7.52 517

Metal particle diameter (nm) 194 2607

Heat of desorption (k{ {nol‘ K1 40.19 4133 400 500 600 700 800 900 1000
NH3 desorbed¢molg=-) 1.409 1555 Temperature (K)

Fig. 1. NHs-TPD spectra.

icantly lower surface area and pore volume (108.62nt

and 0.444 ml g, respectively) than Catalyst B (prepared at orption peaks below 673 K suggests that the surface of both
pH 8). This change in textural properties may be due to pore catalysts is primarily populated by weak Lewis acid sites.
blockage of the alumina support pores by relatively large This qualitative inference is supported by the nearly identical
metal particles or an indication of bulk phase morphological NHz heat of desorption (40—41 kJ md)) estimated for the
modification as a result of acid or base attack during metal catalysts as seenrable 1 Even so, the modest difference in
impregnation. As Huptake measurements later revealed, the amount of NH desorbed (ca. 0.35mol g~ 1) is a reflection of
crystallite size in Catalyst A was smaller than that produced the higher concentration of oxide species present in Catalyst
on Catalyst B and it would therefore seem that the lower B. It is well known that in multicomponent oxide systems,
surface area and pore volume obtained in low-pH catalyst the interface between two different metal oxides represents
is attributable to structural changes in the alumina support centres of significant acidity. In the present catalyst formu-
during the metal impregnation. We posit that alumina disso- lation, it appears that nearly identical types of oxides (NiO,
ciation arising from acid attack at pH 2 was responsible for the CozO4, NiC0204, CoAlO4 and/or NiALO4) were formed
decrease in total surface area and pore volume during catalystinder both high and low pH albeit with different concentra-
preparation as suggested by E2). On the other hand, caus- tions.

ticisation of the alumina support via Ed@) was negligible at Additional information from TEM images (cfig. 2) of

pH 8 due to the nearly equilibrated charge transfer betweenthe reduced catalysts also show that the metal species were
the alumina surface and the surrounding solution since thelocated further inside the particle centre in Catalyst A—a phe-
isoelectric point (IEP) of alumina is reportedly located at pH nomenon commonly referred to as eggyolk profile —while in
8.2 based on electrophoretic studyyeélumina suspensions  Catalyst B, the metal appeared to be deposited closer to the
by Heise and Schwai]. It is noteworthy thatthe BET area  particle exterior. This observation has also been seen for a

and pore volume of purg-alumina reported as 1814g—1 similar catalyst prepared by Geus and van VE&tj. Scan-
and 0.808 mlgl, respectively[8] are closer to those of the  ning electron micrographs of the catalyst specimens exhibited
high-pH catalyst. in Fig. 3 also confirmed the smaller particle size and finer

H> chemisorption data at 373K revealed that the metal metal dispersion associated with Catalyst A.
dispersion on the acid catalyst was higher (5.62%) than on In Fig. 4 are plotted the X-ray diffractograms of the two
Catalyst B (3.87%) with associated metal particle size 17.94 catalysts before and after reduction. In the unreduced state,
and 26.07 nm, respectively. The superior metal dispersion inboth catalysts revealed strong peak intensities for GOAI
Catalyst A may be due to better mobility and deeper penetra- (26 = 36.7) and NiALOy4 (37° and 44.8). Modest amounts
tion of the aqueous metal nitrate ions into the porous alumina of spinel-type NiCg@O,4 (31° and 36.6), Co304 (31.2 and
supportatlow pH. Indeed, studies by Chen gdland Mieth 36.8) and NiO (43.2) are also apparent. Consistent with
and Schwarf9] using nickel salt in alumina matrix also lend NH3-TPD data, the basic catalyst contained higher concen-
credence to this interpretation. tration of the metal aluminate (CofD4 and NiAl,O4). Com-

The type and strength of acid site(s) on the catalyst are alsoparison of the XRD spectra between the oxide and reduced
influenced by the pH of the impregnating solution. NFHPD catalysts shows that upon reduction, the NiOg Co304
spectra for both catalysts shownhig. 1revealed a single  and NiO phases were totally converted to metallic phases Co
broad peak located at 590 K (for Catalyst A) and 600K (for (44.2 and 51.5) and Ni (44.5 and 51.8). There was also a
Catalyst B). Desorption peak temperatufg, greater than  significant decrease in the peak intensity for the metal alumi-
673 Kis symptomatic of a strong acid dit®] while the value nates (2 =37°). Further inspection reveals that the extent of
of the heat of desorptiors; AHp, helps to determine the type  reduction was higher in Catalyst A than Catalyst B. This is
of acid site. Bronsted acid sites are generally characterised byconsistent with previous chemisorption analysis, which gave
—AHp inthe range 125-145 kJ moli [11] while Lewis sites higher B uptake and hence percent metal dispersion and
possess much lower AHp-value. The location of the des- metal surface area in the acid catalyst than the basic catalyst.
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A

Fig. 2. TEM micrographs for reduced Catalysts A (pH 2) and B (pH 8).

3.2. Thermogravimetric fingerprinting

important fingerprints of the solid phases during each stage
of the thermal treatment for the two catalyst types. It is evi-
dent that from curves (a and b) that the main metal nitrate
decomposition during calcination took place about 492K to
yield metal oxides (NiO, NiCgO4 and C@QO4). A second,
although relatively small shoulder observed at the higher
temperature (520K), is indicative of the decomposition of
the aluminium nitrate back to the alumina since nitric acid
attack occurs to some extent during wet chemistry. Conse-
quently, this shoulder is somewhat more prominent at pH
2. Beyond these decomposition temperatures, the oxide cata-
lysts remained practically stable up to 973 K. The rather sharp
and narrow peak for the basic catalyst suggests that the nitrate
decomposition rate was higher than in Catalyst A (which has
a broader and shorter peak). Thgtdduction spectra for the
two catalysts depicted by curves (c and d) exhibit multiple
peaks at 493, 655 and 968 K. The lowest temperature peak
represents the reduction of 03 (a small XRD-amorphous
species)[6], while the large broader peak at about 655K
is assigned to the dominant metal oxide phase containing
mainly NiO, CgOg4, NiC0204 and the highest temperature
peak at 968 K is due to the reduction of the metal aluminate
phase. Itis interesting that upon re-oxidation (profiles (e and
f)) in air, the catalyst was restored to the initial oxidation
state produced from direct calcination of the parent nitrate as
evidenced by a single large peak at about 495 K. During the
second temperature-programmeglrilduction, the presence
of small quantities of NiO3 (shoulder at 493 K) and a larger
broader peak at 716 K assigned to the reduction of the major
metal oxides is clearly seen in curves (g and h). The right
shift of this peak from 655 (in the first reduction cycle) to
716 K (in the second reduction cycle) is a reflection of the
change in composition of the constituent metal oxides upon
re-oxidation of the Cband NP species back to NiO, G4,
CoO and NiCg0Qy in curves (e and f). The slight hump at
973K in both (g and h) suggests additional reduction of the
metal aluminate phase left over from the first reduction TPR
I. In the final stage of the thermal treatment, catalysts were
againre-oxidised (TPO Il). The spectrarepresented by curves
(i and j) practically mirrored the behaviour in (e and f) sug-
gesting reproducibility of the same composite oxide phase.
There is, however, a right-shift in peak temperature to about
540K (from the previous 495K for (e and f)) probably due
to the variation in the metal oxide composition.

Table 2displays the percent weight change at each stage
of the thermal treatment and the corresponding extent of

The thermal characteristics of the solid catalysts were conversion (in parenthesis). It is apparent that Catalyst A
examined with temperature-programmed calcination, reduc-is generally easier to reduce and oxidise than Catalyst B
tion and oxidation. Analysis of the solid-state reaction kinet- in the double-cycle TPR-TPO although both were essen-
ics provides information on the stability of the various oxide tially fully decomposed during the calcination stage. Since
and reduced phases present in each catalyst and are therefosteam reforming conditions present a variable mixture of
related to their performance under steam reforming condi- reducing and oxidising conditions, it seems that Catalyst A

tions.

would yield a more stable performance in the long term espe-

Fig. 5 shows the complete thermal cycle (double cially, since the extent of conversion in both reducing and
TPR-TPO sequence) for both catalysts. The weight re-oxidising conditions are almost identical as seen between

derivative—temperature profiles shown Hig. 6 highlight

TPR 11 (70.2%) and TPO Il (69.6%) ifiable 2
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Fig. 3. SEM images for reduced Catalysts A (pH 2) and B (pH 8) under: (ixI®@agnification and (ii) 2000 magnification.
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Fig. 4. XRD diffractograms of unreduced and reduced catalysts.
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Fig. 5. Weight profiles of TPR-TPO-TPR-TPO runs.

Based on the thermogravimetric analysis (TGA) profiles,
the transient solid conversiam, during each solid-state reac-
tion was obtained from:
g= YT w (5)

Wi — wf
wherew is the instantaneous weight; the initial weight
andws is the final weight. Thex—t profiles (not shown) have
the characteristic sigmoid shape indicating that the kinetic
data may be analysed in terms of the reaction-rate controlling
Avrami—Erofeev (A—E) moddlL3]. The associated reaction
rate constantls, for each stage (calcination, reduction and
oxidation) of the TGA cycle, may be obtained from thté
order Avrami—Erofeev model given by,

—In[A—a))¥" =kst, 2<n<4 (6)

Table 2
Percent weight changes and extents of conversion for calcination and
TPR-TPO-TPR-TPO runs

Percent of weight change (%)

A (pH 2) B (pH 8)
Calcination 29154 (0.983) 3928 (1.000)
TPRI 5690 (1.000) 490 (0.824)
TPO | 3649 (0.655) 2700 (0.485)
TPRII 3911 (0.702) 247 (0.529)
TPOII 3874 (0.696) B57 (0.513)

The values in parenthesis indicate the extent of conversion.
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Fig. 6. Calcination and TPR-TPO-TPR-TPO weight derivative profiles.

wheret is time in hoursTable 3hosts theks-values for the
various Avrami—Erofeev models € 2, 3 and 4) considered.
The numbers in parenthesis are the releRfatoefficients

of the model. Due to the relatively small size of the low-
est temperature HTPR peak assigned to the s species,

the corresponding data were not fitted to Avrami—Erofeev
models; hence, Peaks 1 and 2 in the TPR stages belong to the
metal oxide phase (Peak 1) and the metal-support interaction
metal aluminate phase (Peak 2). In general, the qualitative
trend across row between the two Catalysts A and B is simi-
lar suggesting that the kinetic implications of the data are not
model-dependent. Although it appears that any of the three
Avrami—Erofeev models may be used to reasonably repre-
sent the solid-state reaction rate data, estimates frer8
seemed to be the most preferable (base®®nalues). In
agreement with the previous inference from the calcination

Table 3

Kinetic coefficients (h!) andR2-values using Avrami—Erofeev (A—E) model for calcination, TPR and TPO

TPOII

TPRII

TPOI

TPRI

Calcination

ninthe

6.306 (0.969) 15.590 (0.423) 2.489 (0.961) 2.736(0.952) 3.840(0.952) 4.112(0.920) 2.309 (0.971) 4.402(0.958) 2.200 (0.973) 2.239 (0.965) 21 (0:945.05.440 (0.935)
4.446 (0.985) 12.222 (0.508) 1.756 (0.983) 1.944 (0.977) 2.727 (0.982) 2.916(0.927) 1.607 (0.990) 3.132(0.982) 1.566 (0.990) 1.594 (0.983) 33 (0.966).23.075 (0.950)

3.471(0.981) 10.209 (0.520) 1.374(0.980) 1.524(0.977) 2.139(0.985) 2.285(0.905) 1.256 (0.984) 2.459 (0.945) 1.234(0.981) 1.256 (0.974) 32 (0:975).52.126 (0.957)

2

The numbers in parenthesis are Bfecoefficients.
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thermal spectra, the-value for Catalyst B is more than twice 0.50 -

its value for Catalyst A regardless of the kinetic model con- (.45 - *pH=2
sidered. However, theteduction rate constant during TPR 0.40 - mpH=8

is smaller than the nitrate decomposition rate constant. For— , .. |

Catalyst A, the ratio of the TPR kinetic constant to that of 9_“ el i

the calcinationKs tprks ca) for Peak 1 (the oxide phase) is & P%

about 0.40 while the corresponding ratio for the B-type is — °2° 1 7
about 0.16. This would suggest that the acid catalyst was %20

easier to reduce than the basic catalyst, although the actua 0151

kinetic constants for the two types of catalyst are nearly the  o.10 ‘ . . [ . |
same for each Avrami—Erofeev model. As earlier signalled G 1 “ 3 4 5 G

by XRD spectra, the metal aluminate phase (Peak 2) was Timis-gh-strean (n)

also partially reduced, the ratio of tlkgvalue for both cat-
alysts is essentially unity (1.07) irrespective of the model
used, corroborating the fact that the same species BIA However, Catalyst A with an initially lower conversion set-

f]md (?091204) dw_errhe redlg_ced_ in both catalysts ;?_S :](Rthat?] tled down to a constant conversion after about 2 h on-stream
ave indicated. These kinetic constants were higher than t t a level higher, after this period, than Catalyst B.

e
correspondin_g estimates-for Peak 1 since they were obtaineda From these data, it is possible to extract the steam reform-
from conversion data at higher temperature (973 K). By com- ing constantl’, and the deactivation coefficiett, using an

Zarlskon, thd;s.—vr?lueﬁ for hcalcn;atl?]n steopl) obtained at aIEOUt appropriate reaction-deactivation model from the generalised
93 K were hig e_:rt ant ose_or_t Q.HE uction (at 655K) expressions derived in our previous pafief]. For a well-
because of the different chemistries involved. Subsequent re-

idati howed that the reduced | b mixed reactor, such as a fluidised bed reformer, the pertinent

oxi ation (TPO ) showe ¢ -att- e reduced cata ysts.may € model for propane reforming under low S:C ratio is:

reinstated to the original oxidation state as may be inferred

fromthe re-appearance of the TPO peak at about 495 K. How- 1 1 kg
- = — 4 —

ever, theks-values for both catalysts were now much smaller ( Cag 1) k't Kt

(<40%) than those obtained for oxide produced from nitrate \ €A

decomposition. This again suggests that the observed ratQNhereCAo andC, are feed and instantaneous propane con-
constants is not a simple first-order parameter depending centrations, respectively, whitéis the reactor space-time. A
only on temperature but also a function of the solid history. i of the data to this model yielded the estimates summarised
This is a testament to the complex mechanisms involved in i, Taple 4 Not surprisingly, Catalyst B has a higher (19.8)
solid-state reactions making direct application of concepts yaaction velocityK, than Catalyst A (10.3). However, the

in homogenous reaction fraught with dangers. Indeed, they yalue for the basic catalyst is also bigger than in the acid
S-shaped conversion-time profiles observed during the ther'catalyst. Since is a composite rate constant for both pure
mal treatment of the catalysts here suggest that the solid—state}})ropane reforming and the associated dehydrogenation (to
reactions (for each stage) indicate that multiple steps, such a/ield carbon), alower value &f for Catalyst A is also an indi-
formation and growth of nuclei, agglomeration, dislocation cation of lower carbon deposition rates and hence, reduced
and pointdefects, are involved in the solid transformation pro- geactivation ratekq. Even so, the carbon-resilience attribute
cess. The second TPR revealed only a single peak (716 K) ang,s Catalyst A is seen from the highkfkq ratio of about 157
here again, thés-values are nearly identical for both types  compared to 34 for Catalyst B. Since TEM image of this cata-
of catalysts confirming that similar oxide phases were being |yt revealed that metal deposition occurred primarily around
reduced. In particular, these estimates are only marginally (e pore mouth, blockage due to carbon lay-down would be
different from those for the first TPR profile. Kinetic analy- more severe as the metal sites for hydrocarbon adsorption
sis of the second TPO run also provided Kyestimates in  \youId be more readily accessible than in Catalyst A with bet-
the last two columns ofable 3 Although these values aré  ter metal dispersion. Indeed, the initially higher conversion
somewhat bigger than the corresponding values for TPO I, oy catalyst B is consistent with this explanation since hydro-

Fig. 7. Propane conversion profiles.

()

the qualitative similarity is obvious. carbon conversion on the freshly reduced and more accessible
3.3. Steam reforming performance Table 4
Estimates of deactivatioky, and reformingk’, parameters
Fig. 7 shows the time-on-stream behaviour of the two Catalyst

catalysts under steam reforming conditions at a steam-to-
carbon (S:C) ratio=1, which permits simultaneous carbon -
deposition. It is clear from these transient conversion dataks (€™ 0.066 0580
that although Catalyst B exhibited a higher average conver- t//("s geat: ) 103 198

. . . . e ks (Lgcat™™) 15685 341
sion within the first 3 h, it lacked stability in the long term.

A(pH 2) B (pH 8)




48 K.M. Hardiman et al. / Journal of Molecular Catalysis A: Chemical 239 (2005) 41-48

metal sites on the particle exterior have precedence over metalong-term stability. The ratio of the propane steam reforming
sites more uniformly distributed within the support interior reaction rate constants for both catalysts was nearly identical
(as in Catalyst A). However, as carbon build-up continues to the solid-state kinetic constant obtained from TPO analy-
conversion would drop more quickly because of rapid loss of sis. Similar trend was also observed for the calcination kinetic
metal sites, whereas the more uniformly dispersed metal sitesconstant and the deactivation coefficient suggesting that the
in Catalyst A would maintain a steadier conversion level due solid-state kinetic parameters from temperature-programmed
to relatively low carbon coverage. In particular, the larger treatmentmay signal the relative behaviour between different
crystallite size associated with Catalyst B presents a morecatalysts during actual reaction and eventual activity loss.
suitable geometrical configuration for dehydropolycondensa-
tion of surface CH species to naphthalenic carbon polymers
responsible for site blockage and loss in steam reforming Acknowledgements
activity. Thus, both in terms of location (distribution on the
support) and metal particle size, Catalyst B has the greater 1he financial support of this work by the Australian
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