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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. Ammonia NH3-TPD analysis
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howed that the surface of both catalysts was populated with weak Lewis acid sites though a higher site concentration was fo
igh-pH catalyst. TEM images further revealed an eggyolk profile for the catalyst impregnated at pH 2 with metal species loca
article interior; while in the catalyst synthesised at pH 8, the impregnant metal is concentrated around the external surface of t
RD analysis of the catalysts before and after reduction indicates that the basic catalyst was more difficult to reduce probably becau
etal aluminate content. This was further confirmed by the lower degree of reduction shown for this catalyst during the thermog
PR–TPO runs. Solid-state kinetic data of the catalyst calcination, reduction and oxidation conformed with the Avrami–Erofeev
articular, the ratios of the associated kinetic rate constants for calcination and oxidation parallel those obtained for the deactivatiom
eforming constants, respectively, in both catalysts. Thus, it may be possible to have an a priori knowledge of the comparative re
eactivation 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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. Introduction

Although the formation of metallic phases possessing
ctive sites is primarily determined by calcination variables,

he amount of metal ions adsorbed and depth of penetration
nto the support pores are controlled during impregnation[1].
s impregnation pH level drops below the isoelectric point

ISP) of the support material, the surface charge becomes
redominantly positive and vice versa. The mobility and
eposition of these ions to form dispersed phase on the sur-

ace are therefore largely influenced by solution acidity.

∗ Corresponding author. Tel.: +61 2 9385 5268; fax: +61 2 9385 5966.
E-mail address:a.adesina@unsw.edu.au (A.A. Adesina).

The importance of optimum impregnation profiles is p
ticularly critical to the design of steam reforming cataly
To be sure, for industrial applications where operational
ditions would permit mass transfer dominance, it is desir
to have impregnation carried out so that the catalytic in
dients are deposited as close as possible to the exterior
catalyst pellet. On the other hand, for kinetically contro
reaction, uniform distribution profile of the impregnated
alyst is required[2].

Santacesaria et al.[3] indicated aluminium dissolutio
arising from chemical attack is responsible for the crea
of adsorption sites. Displaced aluminium may also be
adsorbed along with the metal ions onto the surface.
mixed adsorption process further enhances the metal ad
tion rate, but may contribute to formation of metal alumin

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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at the oxide surface[4]. According to Olsbye et al.[5], reac-
tions at the solid–liquid interface due to pH change can be
described by:

(i) Protonation of the surface

Al–OH + H+ ↔ Al–OH2
+ at low pH (1)

Al–OH + OH− ↔ Al–O− + H2O at high pH (2)

(ii) Dissolution of alumina

Al2O3 + 6H+ ↔ 2Al3+ + 3H2O at low pH (3)

Al2O3 + 2OH− + 3H2O ↔ 2Al(OH)4
− at high pH

(4)

In our previous work[6], Co-Ni/Al2O3 prepared by wet
impregnation had been successfully employed to effect steam
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
p

2

tru-
d
p eat-
m ring
s eated
a with
a ount
o the
s and
m ither
3
l nch-
t lurry
w olid
w er,
E a
s olid
w
a nd
s

ecure
t . A
M BET
s -
t ing
t rface

area and particle size as well as NH3 heat of desorption and
acid strength, respectively. H2 uptake was performed at 373 K
following outgassing with the He at 873 K for 2 h. The ammo-
nia TPD runs also involved sample outgassing at 573 K for
30 min in helium flow, followed by adsorption using 0.4%
NH3/He for 1 h at 423 K. The desorbed ammonia concentra-
tion was monitored by a thermal conductivity detector during
heating in helium flow to 973 K at various heating rates of
10, 15, 20 and 25 K min−1. Microscopic images were also
obtained by transmission electron microscopy (TEM) using
Hitachi H-7000, while XRD measurement was recorded on a
Philips X’pert system using Ni-filtered Cu K� (λ = 1.542Å)
at 40 kV and 30 mA. Thermogravimetric runs were conducted
on a ThermoCahn TG-2121 TGA unit. Approximately 0.1 g
of uncalcined specimen was initially loaded into the sample
boat. The calcination experiment was performed using high-
purity air at 55 ml min−1. Double-cycle reduction–oxidation
(TPR–TPO–TPR–TPO) runs were also carried out with the
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 (N2) treatment at 423 K for 1 h to remove moisture
and other possible impurities. During the cycle, all gas flows
were maintained at 55 ml min−1 using composition of 50%
H2/N2 for TPR and high-purity air for TPO. Heating was
performed at 5 K min−1 to 973 K and maintained there for
1
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. Experimental details

For the catalyst preparation, alumina (Norton, USA) ex
ates were initially crushed to sizes of 180–250�m and
re-treated in a furnace at 1073 K for 6 h. This thermal tr
ent was carried out to ensure morphological stability du

ubsequent application. One hundred grams of the pre-tr
lumina was then charged into a 500 ml beaker filled
pproximately 250 ml of deionised water. Calculated am
f cobalt nitrate (Sigma–Aldrich, USA) was added into
lurry and kept at 303 K by a hot-plate. pH was adjusted
aintained throughout the 3 h stirring process using e
.0 M HNO3 (for pH 2) or 6.0 M NH4OH (for pH 8). The pH

evel and temperature were monitored using a TPS Be
op pH meter equipped with a temperature probe. The s
as dried for 12 h in an oven at 393 K. The dried s
as further impregnated with nickel nitrate (May & Bak
ngland) solution to yield desired Ni loading following
imilar procedure and drying protocol. The resulting s
as calcined at 973 K for 5 h at 5 K min−1 in air supplied
t 200 ml min−1. Finally, the calcined solid was crushed a
ieved to 212–250�m.

Various characterisation techniques were used to s
he intrinsic properties of the prepared catalysts
icromeritics Autochem 2910 unit was used to measure

urface areas by nitrogen adsorption at 77 K. H2 chemisorp
ion and NH3-TPD experiments were also carried out us
he same instrument to measure dispersion, metallic su
h.
Activity tests were performed in a fluidised bed syst

he detailed rig set-up and operating conditions have
escribed in an earlier publication[7]. The reactor typi
ally contained 1 g of catalyst and reduced in pure hydr
200 ml min−1 NTP) at 873 K for 2 h. The reforming reacti
as carried out using propane as hydrocarbon substra
h at 773 K. Inert helium gas was used as diluent to mai
onstant total gas flow to the reactor at 400 ml min−1. Coking
esilience of these catalysts was assessed under the
hiometric feed ratio (i.e. S:C = 1) since conventional st
eforming runs required S:C > 2 to avoid coking. The prod
tream was analysed using a Shimadzu TCD gas chro
raph (model 8A). Carbon content in the spent catalysts

hen determined using a Shimadzu Solid Sample Mo
SM-5000A coupled to Total Organic Carbon (TOC) A

yzer 5000A.

. Results and discussion

.1. Catalyst characterisation

The two types of catalysts were characterised using l
2 adsorption at 77 K, H2 chemisorption and temperatu
rogrammed NH3 desorption to obtain surface area, p
olume, metal dispersion and particle diameter as we
urface acidity and strength since these innate physioc
al attributes have a bearing on catalyst performance. As
e seen fromTable 1, the acid catalyst (Catalyst A) has sign
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Table 1
Physicochemical properties

Catalyst A (pH 2) B (pH 8)

BET (m2 g−1) 108.62 162.33
Pore volume (ml g−1) 0.444 0.702
Pore diameter (A) 128.97 154.72

Dispersion (%) 5.62 3.87
Metal surface area (m2 g−1) 7.52 5.17
Metal particle diameter (nm) 17.94 26.07

Heat of desorption (kJ mol−1 K−1) 40.19 41.33
NH3 desorbed (�mol g−1) 1.409 1.555

icantly lower surface area and pore volume (108.62 m2 g−1

and 0.444 ml g−1, respectively) than Catalyst B (prepared at
pH 8). This change in textural properties may be due to pore
blockage of the alumina support pores by relatively large
metal particles or an indication of bulk phase morphological
modification as a result of acid or base attack during metal
impregnation. As H2 uptake measurements later revealed, the
crystallite size in Catalyst A was smaller than that produced
on Catalyst B and it would therefore seem that the lower
surface area and pore volume obtained in low-pH catalyst
is attributable to structural changes in the alumina support
during the metal impregnation. We posit that alumina disso-
ciation arising from acid attack at pH 2 was responsible for the
decrease in total surface area and pore volume during catalyst
preparation as suggested by Eq.(3). On the other hand, caus-
ticisation of the alumina support via Eq.(4) was negligible at
pH 8 due to the nearly equilibrated charge transfer between
the alumina surface and the surrounding solution since the
isoelectric point (IEP) of alumina is reportedly located at pH
8.2 based on electrophoretic study of�-alumina suspensions
by Heise and Schwarz[1]. It is noteworthy that the BET area
and pore volume of pure�-alumina reported as 181 m2 g−1

and 0.808 ml g−1, respectively[8] are closer to those of the
high-pH catalyst.

H2 chemisorption data at 373 K revealed that the metal
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Fig. 1. NH3-TPD spectra.

orption peaks below 673 K suggests that the surface of both
catalysts is primarily populated by weak Lewis acid sites.
This qualitative inference is supported by the nearly identical
NH3 heat of desorption (40–41 kJ mol−1) estimated for the
catalysts as seen inTable 1. Even so, the modest difference in
amount of NH3 desorbed (ca. 0.15�mol g−1) is a reflection of
the higher concentration of oxide species present in Catalyst
B. It is well known that in multicomponent oxide systems,
the interface between two different metal oxides represents
centres of significant acidity. In the present catalyst formu-
lation, it appears that nearly identical types of oxides (NiO,
Co3O4, NiCo2O4, CoAl2O4 and/or NiAl2O4) were formed
under both high and low pH albeit with different concentra-
tions.

Additional information from TEM images (cf.Fig. 2) of
the reduced catalysts also show that the metal species were
located further inside the particle centre in Catalyst A – a phe-
nomenon commonly referred to as eggyolk profile – while in
Catalyst B, the metal appeared to be deposited closer to the
particle exterior. This observation has also been seen for a
similar catalyst prepared by Geus and van Veen[12]. Scan-
ning electron micrographs of the catalyst specimens exhibited
in Fig. 3 also confirmed the smaller particle size and finer
metal dispersion associated with Catalyst A.

In Fig. 4 are plotted the X-ray diffractograms of the two
catalysts before and after reduction. In the unreduced state,
b l
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h and
m talyst.
ispersion on the acid catalyst was higher (5.62%) tha
atalyst B (3.87%) with associated metal particle size 1
nd 26.07 nm, respectively. The superior metal dispersi
atalyst A may be due to better mobility and deeper pen

ion of the aqueous metal nitrate ions into the porous alu
upport at low pH. Indeed, studies by Chen et al.[4] and Mieth
nd Schwarz[9] using nickel salt in alumina matrix also le
redence to this interpretation.

The type and strength of acid site(s) on the catalyst are
nfluenced by the pH of the impregnating solution. NH3-TPD
pectra for both catalysts shown inFig. 1 revealed a singl
road peak located at 590 K (for Catalyst A) and 600 K
atalyst B). Desorption peak temperature,TD, greater tha
73 K is symptomatic of a strong acid site[10] while the value
f the heat of desorption,−�HD, helps to determine the ty
f acid site. Bronsted acid sites are generally characteris
�HD in the range 125–145 kJ mol−1 [11] while Lewis sites
ossess much lower−�HD-value. The location of the de
oth catalysts revealed strong peak intensities for CoA2O4
2θ = 36.7◦) and NiAl2O4 (37◦ and 44.8◦). Modest amount
f spinel-type NiCo2O4 (31◦ and 36.6◦), Co3O4 (31.2◦ and
6.8◦) and NiO (43.2◦) are also apparent. Consistent w
H3-TPD data, the basic catalyst contained higher con

ration of the metal aluminate (CoAl2O4 and NiAl2O4). Com-
arison of the XRD spectra between the oxide and red
atalysts shows that upon reduction, the NiCo2O4, Co3O4
nd NiO phases were totally converted to metallic phase
44.2◦ and 51.5◦) and Ni (44.5◦ and 51.8◦). There was also
ignificant decrease in the peak intensity for the metal al
ates (2θ = 37◦). Further inspection reveals that the exten
eduction was higher in Catalyst A than Catalyst B. Th
onsistent with previous chemisorption analysis, which g
igher H2 uptake and hence percent metal dispersion
etal surface area in the acid catalyst than the basic ca
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Fig. 2. TEM micrographs for reduced Catalysts A (pH 2) and B (pH 8).

3.2. Thermogravimetric fingerprinting

The thermal characteristics of the solid catalysts were
examined with temperature-programmed calcination, reduc-
tion and oxidation. Analysis of the solid-state reaction kinet-
ics provides information on the stability of the various oxide
and reduced phases present in each catalyst and are therefor
related to their performance under steam reforming condi-
tions.

Fig. 5 shows the complete thermal cycle (double
TPR–TPO sequence) for both catalysts. The weight
derivative–temperature profiles shown inFig. 6 highlight

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 492 K to
yield metal oxides (NiO, NiCo2O4 and Co3O4). A second,
although relatively small shoulder observed at the higher
temperature (520 K), 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). The H2 reduction 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 Ni2O3 (a small XRD-amorphous
species)[6], while the large broader peak at about 655 K
is assigned to the dominant metal oxide phase containing
mainly NiO, Co3O4, NiCo2O4 and the highest temperature
peak at 968 K is due to the reduction of the metal aluminate
phase. It is 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
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f small quantities of Ni2O3 (shoulder at 493 K) and a larg
roader peak at 716 K assigned to the reduction of the m
etal oxides is clearly seen in curves (g and h). The

hift of this peak from 655 (in the first reduction cycle)
16 K (in the second reduction cycle) is a reflection of
hange in composition of the constituent metal oxides u
e-oxidation of the Co0 and Ni0 species back to NiO, Co3O4,
oO and NiCo2O4 in curves (e and f). The slight hump
73 K in both (g and h) suggests additional reduction o
etal aluminate phase left over from the first reduction

. In the final stage of the thermal treatment, catalysts
gain re-oxidised (TPO II). The spectra represented by c
i and j) practically mirrored the behaviour in (e and f) s
esting reproducibility of the same composite oxide ph
here is, however, a right-shift in peak temperature to a
40 K (from the previous 495 K for (e and f)) probably d

o the variation in the metal oxide composition.
Table 2displays the percent weight change at each s

f the thermal treatment and the corresponding exte
onversion (in parenthesis). It is apparent that Cataly
s generally easier to reduce and oxidise than Cataly
n the double-cycle TPR–TPO although both were es
ially fully decomposed during the calcination stage. S
team reforming conditions present a variable mixtur
educing and oxidising conditions, it seems that Cataly
ould yield a more stable performance in the long term e
ially, since the extent of conversion in both reducing
e-oxidising conditions are almost identical as seen bet
PR II (70.2%) and TPO II (69.6%) inTable 2.
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Fig. 3. SEM images for reduced Catalysts A (pH 2) and B (pH 8) under: (i) 100× magnification and (ii) 1000× magnification.

Fig. 4. XRD diffractograms of unreduced and reduced catalysts.

Fig. 5. Weight profiles of TPR–TPO–TPR–TPO runs.

Based on the thermogravimetric analysis (TGA) profiles,
the transient solid conversion,α, during each solid-state reac-
tion was obtained from:

α = wi − w

wi − wf
(5)

wherew is the instantaneous weight,wi the initial weight
andwf is the final weight. Theα–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) model[13]. The associated reaction
rate constant,ks, for each stage (calcination, reduction and
oxidation) of the TGA cycle, may be obtained from thenth
order Avrami–Erofeev model given by,

− ln [(1 − α)]1/n = 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 29.154 (0.983) 35.028 (1.000)
TPR I 5.690 (1.000) 4.590 (0.824)
TPO I 3.649 (0.655) 2.700 (0.485)
TPR II 3.911 (0.702) 2.947 (0.529)
T

T

PO II 3.874 (0.696) 2.857 (0.513)

he 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 hours.Table 3hosts theks-values for the
various Avrami–Erofeev models (n= 2, 3 and 4) considered.
The numbers in parenthesis are the relevantR2-coefficients
of the model. Due to the relatively small size of the low-
est temperature H2-TPR peak assigned to the Ni2O3 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 fromn= 3
seemed to be the most preferable (based onR2-values). In
agreement with the previous inference from the calcination Ta
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thermal spectra, theks-value for Catalyst B is more than twice
its value for Catalyst A regardless of the kinetic model con-
sidered. However, the H2 reduction rate constant during TPR
is smaller than the nitrate decomposition rate constant. For
Catalyst A, the ratio of the TPR kinetic constant to that of
the calcination (ks,TPR/ks,cal) for Peak 1 (the oxide phase) is
about 0.40 while the corresponding ratio for the B-type is
about 0.16. This would suggest that the acid catalyst was
easier to reduce than the basic catalyst, although the actual
kinetic constants for the two types of catalyst are nearly the
same for each Avrami–Erofeev model. As earlier signalled
by XRD spectra, the metal aluminate phase (Peak 2) was
also partially reduced, the ratio of theks-value for both cat-
alysts is essentially unity (1.07) irrespective of the model
used, corroborating the fact that the same species (NiAl2O4
and CoAl2O4) were reduced in both catalysts as XRD data
have indicated. These kinetic constants were higher than the
corresponding estimates for Peak 1 since they were obtained
from conversion data at higher temperature (973 K). By com-
parison, theks-values for calcination step obtained at about
493 K were higher than those for the H2 reduction (at 655 K)
because of the different chemistries involved. Subsequent re-
oxidation (TPO I) showed that the reduced catalysts may be
reinstated to the original oxidation state as may be inferred
from the re-appearance of the TPO peak at about 495 K. How-
ever, thek -values for both catalysts were now much smaller
( trate
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Fig. 7. Propane conversion profiles.

However, Catalyst A with an initially lower conversion set-
tled down to a constant conversion after about 2 h on-stream
at a level higher, after this period, than Catalyst B.

From these data, it is possible to extract the steam reform-
ing constant,k′, and the deactivation coefficient,kd, using an
appropriate reaction-deactivation model from the generalised
expressions derived in our previous paper[14]. For a well-
mixed reactor, such as a fluidised bed reformer, the pertinent
model for propane reforming under low S:C ratio is:

1(
CA0
CA

− 1
) = 1

k′τ′ +
(

kd

k′τ′

)
t (7)

whereCA0 andCA are feed and instantaneous propane con-
centrations, respectively, whileτ′ is the reactor space-time. A
fit of the data to this model yielded the estimates summarised
in Table 4. Not surprisingly, Catalyst B has a higher (19.8)
reaction velocity,k′, than Catalyst A (10.3). However, the
kd-value for the basic catalyst is also bigger than in the acid
catalyst. Sincek′ is a composite rate constant for both pure
propane reforming and the associated dehydrogenation (to
yield carbon), a lower value ofk′ for Catalyst A is also an indi-
cation of lower carbon deposition rates and hence, reduced
deactivation rate,kd. Even so, the carbon-resilience attribute
of Catalyst A is seen from the higherk′/kd ratio of about 157
compared to 34 for Catalyst B. Since TEM image of this cata-
l und
t d be
m ption
w bet-
t sion
o dro-
c ssible

T
E

k
k
k

s
<40%) than those obtained for oxide produced from ni
ecomposition. This again suggests that the observed
onstantks is not a simple first-order parameter depend
nly on temperature but also a function of the solid hist
his is a testament to the complex mechanisms involve
olid-state reactions making direct application of conc
n homogenous reaction fraught with dangers. Indeed
-shaped conversion–time profiles observed during the
al treatment of the catalysts here suggest that the solid

eactions (for each stage) indicate that multiple steps, su
ormation and growth of nuclei, agglomeration, disloca
nd point defects, are involved in the solid transformation
ess. The second TPR revealed only a single peak (716 K
ere again, theks-values are nearly identical for both typ
f catalysts confirming that similar oxide phases were b
educed. In particular, these estimates are only margi
ifferent from those for the first TPR profile. Kinetic ana
is of the second TPO run also provided theks estimates in
he last two columns ofTable 3. Although these values a
omewhat bigger than the corresponding values for TP
he qualitative similarity is obvious.

.3. Steam reforming performance

Fig. 7 shows the time-on-stream behaviour of the
atalysts under steam reforming conditions at a steam
arbon (S:C) ratio = 1, which permits simultaneous ca
eposition. It is clear from these transient conversion

hat although Catalyst B exhibited a higher average co
ion within the first 3 h, it lacked stability in the long ter
yst revealed that metal deposition occurred primarily aro
he pore mouth, blockage due to carbon lay-down woul
ore severe as the metal sites for hydrocarbon adsor
ould be more readily accessible than in Catalyst A with

er metal dispersion. Indeed, the initially higher conver
n Catalyst B is consistent with this explanation since hy
arbon conversion on the freshly reduced and more acce

able 4
stimates of deactivation,kd, and reforming,k′, parameters

Catalyst

A (pH 2) B (pH 8)

d (s−1) 0.066 0.580
′ (L s−1 g cat.−1) 10.3 19.8
′/kd (L g cat.−1) 156.85 34.1
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metal sites on the particle exterior have precedence over metal
sites more uniformly distributed within the support interior
(as in Catalyst A). However, as carbon build-up continues
conversion would drop more quickly because of rapid loss of
metal sites, whereas the more uniformly dispersed metal sites
in Catalyst A would maintain a steadier conversion level due
to relatively low carbon coverage. In particular, the larger
crystallite size associated with Catalyst B presents a more
suitable geometrical configuration for dehydropolycondensa-
tion of surface CHx species to naphthalenic carbon polymers
responsible for site blockage and loss in steam reforming
activity. Thus, both in terms of location (distribution on the
support) and metal particle size, Catalyst B has the greater
propensity to carbon-induced deactivation.

Interestingly, post-mortem solid sample TOC analysis also
confirmed that while Catalyst A has a carbon content of 44%,
Catalyst B used under exactly the same S:C ratio possessed
56%. Furthermore, although both catalysts exhibited nearly
identical solid H2 reduction rate constants, since under steam
reforming the catalyst tends to get oxidised, it is somewhat
revealing that the ratio of the TPO oxidation rate constants
(ks,TPO,B/ks,TPO,A) for both catalysts is approximately the
same as the pseudo steam reforming constant,k′

B/k′
A (i.e.

2 and 1.8, respectively). Equally interesting, the ratio of the
calcination rate constant between B and A—also parallels
the deactivation rate coefficient ratio for the two catalysts.
T tiva-
t it is
p ance
u ture-
p

4

nifi-
c up-
p tivity
a cat-
a dis-
p hile
t eam
r e of
s cated
o with
a etter

long-term stability. The ratio of the propane steam reforming
reaction rate constants for both catalysts was nearly identical
to the solid-state kinetic constant obtained from TPO analy-
sis. Similar trend was also observed for the calcination kinetic
constant and the deactivation coefficient suggesting that the
solid-state kinetic parameters from temperature-programmed
treatment may signal the relative behaviour between different
catalysts during actual reaction and eventual activity loss.
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