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Abstract

Sintering is an important deactivation mechanism for nickel-based steam-reforming catalysts. In this work, the effects of nicke
carrier surface area, and temperature on the nickel surface area are studied. The experiments are performed under simulate
conditions, i.e., in a mixture of steam and hydrogen (10:1) in the temperature range of 500–682◦C and at 30 bar total pressure. The data
analyzed using a simple model assuming spherical particles and a lognormal metal particle-size distribution with constant standard
It is also assumed that the sintering proceeds via crystallite migration and coalescence. The model predicts well the experime
surface area as a function of nickel loading, carrier surface area, temperature, and time. The model is also used to analyze da
literature. The model is discussed in the context of predicting metal surface areas of catalysts consisting of small metal particles o
supports.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Sintering is an important deactivation mechanism
many industrial catalysts. A good understanding of the
tering mechanism is crucial, both for predicting the ext
of deactivation by this mechanism and for designing c
lysts that maintain a high activity. Sintering is a comp
process, which may be influenced by many parameters
as temperature, chemical environment, catalyst compos
and structure, and support morphology.

An industrial process, for which sintering is important
steam reforming. In this process hydrocarbons are conve
into synthesis gas (CO, CO2, and H2):

CnHm + nH2O� nCO+
(
m

2
+ n

)
H2,

CH4 + H2O� CO+ 3H2,

CO+ H2O � CO2 + H2.

Modern steam-reforming units consist of a primary
former with an adiabatic prereformer upstream, which
duces the load of the primary reformer and minimizes
risk of sulfur poisoning and carbon formation in the p
mary reformer [1,2]. The primary reformer is operated

E-mail address: JSS@topsoe.dk.
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(03)00075-7
20–40 bar total pressure, high pressures of steam (st
to-carbon ratio of 1.5–4), and temperatures between 500
950◦C. The prereformer is operated adiabatically at 40
550◦C and 20–40 bar total pressure. In both the primary
former and the prereformer, nickel-based catalysts are c
monly used [1].

Nickel steam-reforming catalysts are subject to sev
deactivation mechanisms during reforming including c
ing, poisoning, and sintering. Metal particle growth via s
tering influences the resistance toward coking and poiso
by sulfur: Coking limits are affected by the nickel partic
size [1,2] and the ability for sulfur absorption is related
the nickel surface area [1,2]. Furthermore, the activity
pends on the nickel surface area. To predict the perform
of an industrial reformer, it is therefore necessary to mo
the rate of catalyst sintering.

Several studies on the sintering of nickel particles
reported in the literature [1–14]. The most important
rameters are the sintering temperature and the atmosp
over the catalyst. Increasing the temperature gives a fa
sintering and the presence of water accelerates the sint
process significantly [7]. The initial nickel particle-size d
tribution, support structure and morphology, and phase t
sitions of the support are also reported to affect the sinte
rate [3,7,8]. Alkali or alkaline-earth promoters on alumin
eserved.

http://www.elsevier.com/locate/jcat
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supported nickel catalysts have been observed to have
bilizing effect on the nickel surface area [14]. The effects
poisons such as sulfur in the steam-reforming feed gas
unknown.

It is well established that the rate of loss of metal surf
area during sintering of metal particles on a ceramic sup
is fast at first and then reaches an almost stable leve
7,10–13]. The loss of metal surface area is well descr
mathematically by a power-law expression [3,5–7],

(1)−dANi

dt
= kAnNi,

whereANi is the nickel surface area as a function of ti
and k is the decay rate constant. The experimentally
tablished values ofn are generally 7 or higher, at least f
temperatures up to 700◦C [7]. It should be noted that 2 mu
to be added to the values ofn reported in [7] to get then
value used here.

The aim of this work is to study the behavior of the nic
surface area of supported catalysts during sintering an
vestigate the effects of nickel loading, support area, and
perature. In this work, a simple model, which describes
surface area of nickel catalysts supported on a ceramic
port as a function of the total surface area, the nickel load
the temperature, and the time, is presented. The mod
tested against the data obtained here and selected lite
data.

2. Experimental

Eight experimental steam-reforming catalysts were u
in the sintering experiments reported here. The cata
were prepared using three different supports: catalyst 1
taining 22 wt% Ni was supported on a 24 m2/g (BET
area) MgAl2O4 spinel support; catalysts 2–4 consisted o
15 m2/g (BET area) MgAl2O4 spinel support to which wa
added 16.5, 19.3, and 23.1 wt% Ni; and catalysts 5–8 w
supported on a 50 m2/g (BET area) Zr-doped MgAl2O4
spinel support containing 8, 15, 25, and 30 wt% Ni. The
alysts were reduced in H2 at 500◦C for 2 h and passivate
overnight immediately after reduction at 50◦C in a mixture
of 1 v/v% air in N2 followed by 2 h in 1 v/v% O2 in N2 be-
fore they were removed from the reactor. Prior to sinter
the catalysts were reactivated by reduction in H2 at 500◦C
for 2 h.

Two sets of sintering experiments were performed. In
first set of experiments, all catalysts were sintered isot
mally. In the second set of experiments samples of catal
were sintered at various temperatures in the tempera
range of 520–682◦C. The detailed sintering conditions a
given in Table 1.

The experimental setup used for these experiments
operated at a total pressure of 30 bar and at high partial
sures of steam. All the parts of the system with high pa
pressures of steam could be heated. The temperature
-

-

e

-

-

e

Table 1
Sintering conditions

Catalyst number H2O:H2 Total pressure Temperature Tim

2–4 10:1 30 bar 500◦C 664 h
1, 5–8 10:1 30 bar 500◦C 700 h

1 10:1 30 bar 520–682◦C 700 h

gas in the catalyst bed was measured by a movable the
couple in a small tube through the center of the reactor.
diameter and the length of the reactor are approximate
and 100 cm, respectively. The catalyst samples were ke
small stainless-steel nets. The bottom of the nets covere
cross section of the reactor and fitted over the internal tub
the reactor. The catalyst samples were situated at the bo
of the nets. The length of the part of the reactor contain
nets was 25–30 cm.

The surface areas (BET) of some of the catalysts w
determined by nitrogen adsorption using a Quantachr
MONOSORB apparatus. The measured values were nor
ized to standard temperature and pressure in accordanc
the ASTM standard for a single-point determination of
BET surface areas [15]. The surface area of the internal s
dard was measured daily giving a standard deviation of
than 2%.

The sulfur chemisorption capacity was used to ob
the nickel surface area relative to a reference sample
which a relative surface-averaged nickel-particle diam
can be derived. Chemisorption of sulfur was carried
in a separate reactor according to Rostrup-Nielsen and
workers [1,2] using a mixture of H2S/H2 until saturation.
Under these experimental conditions, the Ni surface are
proportional to the sulfur capacity. The sulfur uptake o
catalyst was determined by oxidation of chemisorbed su
at high temperature and the amount of SO2 that is liberated
was measured by infrared detection. The chemisorptio
sulfur is discussed in more detail by Alstrup et al. [16].

The nickel surface areas obtained by this method h
recently been compared to those acquired by hydro
chemisorption [2] and anomalous small angle X-ray s
tering (ASAXS) [13]. Hydrogen and sulfur chemisorpti
gives approximately the same active surface areas.
nickel surface areas determined by ASAXS and su
chemisorption are proportional, but ASAXS gives sligh
higher surface areas probably because parts of the n
crystallites cannot be probed by sulfur (or hydrogen) du
wetting of the support by nickel.

The relative nickel surface area,ANi , is converted to a
relative surface-averaged nickel particle diameter,d̄s, by [1]

(2)d̄s = const.
XNi

ANi
,

whereXNi is the fractional nickel loading (Ni wt%/100).
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Fig. 1. Relative nickel surface areas after long sintering times (> 600 h)
of catalysts supported on MgAl2O4 with various surface areas plotte
as a function of the nickel wt%. The sintering conditions were 500◦C,
H2O:H2 = 10:1, and 30 bar total pressure. The lines are fitted to the
using Eq. (25). See text for details.

3. Results

In the following, the results obtained in the two sets
sintering experiments are given. The first set of experim
was performed to determine the dependence of the n
surface area on the support area and nickel loading. C
lysts 1–8 were studied and the relative nickel surface a
obtained after 664 h (catalysts 2–4) and 700 h (catalys
5–8) of sintering are plotted in Fig. 1. Since the loss rate
the nickel surface area after 664 h of sintering is low, th
is no correction applied for this difference in sintering tim
Using the time dependence of the nickel surface area in
model derived below, the loss of surface area of catalysts
from 664 to 700 h is calculated to be 2%. It therefore see
reasonable to neglect this factor in the following.

The data in Fig. 1 show that the nickel loading and
carrier surface area affect the nickel surface area after si
ing. In Fig. 2, the relative nickel surface area after sinter
is plotted as a function of the area of the carrier at 22 w
Ni. The data in Fig. 2 for the 50 m2 g−1 and the 15 m2 g−1

carriers were obtained by linear interpolation of the two d
points with higher and lower nickel loading than 22 wt% N
It can be concluded from Fig. 2 that the nickel surface a
ANi , after sintering depends only weakly on the surface a
of the carrier,Acar, namely by the carrier surface area in t
order of 0.3 ± 0.1. The reason for this rather surprising
weak dependence ofANi on Acar can be understood whe
the sintering is assumed to proceed via particle migra
and coalescence as discussed in detail below.

The dependence of the nickel surface area on the tem
ature was studied in the second set of experiments. S
samples of catalyst 1 were placed at different positions f
the top to the bottom of the reactor and heated in 30 bar o2
to a temperature of about 450◦C at the entrance and abo
650◦C at the exit of the catalyst bed. After the temperat
was stabilized, hydrogen and then steam were allowed
l
-

-

-

Fig. 2. Log10 of the relative nickel surface areas at 22 wt% nickel after lo
sintering times (> 600 h) of catalysts supported on MgAl2O4 plotted as
a function of log10 of the surface area of the carrier. The sintering conditi
were 500◦C, H2O:H2 = 10:1, and 30 bar total pressure. The data points
the 50 and 15 m2 g−1 carriers were obtained by interpolation. See text
details.

the reactor such that a H2O:H2 ratio of 10:1 was obtaine
and the flow of nitrogen was switched off. The temperat
was then increased to reach the desired temperature ran
500–700◦C. The temperature at the position of each cata
sample was carefully measured using the movable the
couple inside the inner tube of the reactor. These condit
were kept constant for 700 h. After shutdown, the rela
nickel surface areas of the catalyst after 700 h of sinte
were determined by sulfur chemisorption. The data are p
ted in Fig. 3 as a function of 1000/RT whereT (K) is the
temperature at the position of the catalyst sample. As s
from this figure, the temperature is a very important para
ter for the nickel surface areas of aged catalysts. In addi
the logarithm of the nickel surface areas depends almos
early on 1000/RT and the data are analyzed by an Arrhen
type expression,

(3)ANi(T )=A∞
Nie

−Ea/RT ,

Fig. 3. Log10 of the relative nickel surface areas of catalysts contain
22 wt% nickel supported on a 24 m2 g−1 MgAl2O4 carrier plotted as
a function of the measured temperature at the position of the catalyst
ple. The catalysts were sintered for 700 h in an atmosphere with a s
to hydrogen ratio of 10:1 and 30 bar total pressure. The line is a fit o
Arrhenius type expression to the experimental data. See text for detail
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whereANi(T ) is the nickel surface area as a function
the temperature after 700 h of sintering,A∞

Ni is the nickel
surface area atT = ∞ after 700 h of sintering, andEa is
the apparent Arrhenius energy for the loss of nickel s
face area of the used catalysts. A value for this Arrhe
energy of−49± 7 kJ/mol is obtained. This Arrhenius en
ergy is related to the activation energy for diffusion of nic
atoms and the concentration of “free” nickel add-atoms
the surface of the nickel particles as discussed below.
BET areas of the catalyst sintered at the highest and the
est temperatures were measured and the loss of surfac
during sintering was determined to be 43 and 17%, res
tively. This loss of surface area may be caused by los
carrier surface area as well as nickel surface area. If
assumed that the loss in BET area is due to a decrea
the surface area of the carrier and that the BET area
the catalyst samples at intermediate temperatures can b
termined by interpolation using an expression analogou
expression [3],ABET(T )=A∞

BETe−Ea/RT , then the it is pos
sible to correct the data in Fig. 3. The nickel surface ar
ANi,corrected, the samples would have had if the BET are
were stable, are obtained from the observed nickel sur
area,ANi,observed, by the following expression:

(4)
ANi,corrected

ANi,observed
=

(
ABET(fresh)

ABET(T )

)n
.

Using n = 0.3 as found experimentally above an appar
Arrhenius energy for the plot in Fig. 3 of−45 kJ/mol is de-
rived. If the theoretical value ofn = 0.14 determined late
is used, then the Arrhenius energy for the plot in Fig. 3
−47 kJ/mol. From these values, an apparent Arrhenius
ergy of−46± 8 kJ/mol for the plot in Fig. 3 is reported.

4. Discussion

In this section, a simple model is derived describing
metal surface area of supported catalysts as a functio
time, temperature, surface area of the carrier, and n
loading. Four assumptions will be made to simplify the v
complex problem of sintering of metal particles on cera
supports. The four assumptions include: (i) the particle
distribution (PSD) of the metal particles is lognormal; (ii) t
sintering mechanism is particle migration and coalesce
(iii) the effect of the carrier is only to separate the metal p
ticles; and (iv) the average metal particle diameter can
used to describe the sintering of the metal particles. Th
assumptions are discussed in detail below. Finally, the
dictions of the model are compared with the experime
data obtained in this work and with selected data from
literature.

4.1. Particle-size distribution

It is assumed in the following that the metal partic
size distribution is lognormal. Several authors have stu
a

n
f
-

f

;

metal particle size distributions [2–6,10–13,17–20] and
served that metal particle sizes are in most cases lognorm
distributed after sintering at moderate temperatures (a
< 700◦C) [2–5,10,13,17–20]. The standard deviation of
lognormal PSDs were found to be 1.32 ± 0.12 and inde-
pendent of time [20]. The rate of sintering at a given se
experimental conditions depends on the initial metal par
size distribution as discussed by Richardson and Crum
and Wanke [21]. It may prove difficult to obtain the PSD
the fresh catalyst with sufficient precision to calculate
initial rate of sintering and quantitative comparisons of
time development of the metal areas or the average m
particle diameters of different catalysts reported in the
erature. For some catalysts, especially catalysts with
metal loading under mild sintering conditions, the sinter
is slow and almost constant. In this case, the initial sinter
which depends on the properties of the fresh catalyst, is o
ously crucial. These complications may make a fundame
understanding of the phenomena of sintering difficult. Fo
nately, lognormal PSDs are often developed after a perio
sintering and the sintering proceeds with this distribution
with increasing average diameter. In some cases the pa
sizes are lognormally distributed already at the beginnin
the sintering experiment [4,5,10,13,17–20]. With lognorm
PSDs with constant standard deviation, the sintering is f
described by an average metal particle size or the metal
and this will be used to obtain the model below.

4.2. Sintering mechanism

Generally, two mechanisms are proposed for the sin
ing of metal particles on ceramic supports: atom migra
(Ostwald ripening) and particle migration (coalescen
Ostwald ripening refers to the process where metal at
are emitted from one metal particle and captured by
other metal particle. In the coalescence process, the par
themselves move over the support and collide to form la
particles. The driving force for both processes is the sur
energy. In both these processes, sintering slows down
time.

According to Granqvist and Buhrman [17–20] and Wy
blatt and Gjostein [22], Ostwald ripening results in
particle-size distribution, which has a tail toward the sm
particles and a steep slope toward the larger particle s
A recent computer simulation [23] confirms these charac
istics of the size distribution from Ostwald ripening. Ho
ever, Fuentes and Salinas-Rodriguez [24] recently found
mathematically under certain conditions, Ostwald ripen
also gives rise to PSDs that look similar to lognormal d
tributions casting some doubt on whether the particle-
distribution can be used to discriminate between var
sintering mechanisms. However, further work is neede
verify that Ostwald ripening results in particle-size dis
butions, which look lognormal, when reasonable phys
parameters are chosen.
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It is interesting to compare the measurements of part
size distributions done together with measurements of
nickel surface area as a function of time. The surface
as a function of time,ANi , may be fitted by apower law ex-
pression [3,5–7,13,25], Eq. (1). As previously discussed
experimentally observed powers ofANi(n) are generally 7 o
higher at least for temperatures up to 700◦C [7,25] when the
samples are kept in their reduced state. When the part
size distributions and the decay kinetics of the surface
were measured simultaneously, lognormal particle-size
tributions were found andn (� 8) which indicates that par
ticle migration and coalescence are responsible for sinte
in these cases [3,5,6,13].

At higher temperatures (> 700◦C), other particle-size
distributions are observed and with lower values ofn in
Eq. (1) pointing toward another sintering mechanism [5,6
Lower values ofn indicate that atomic migration is th
dominant sintering mechanism [22,25] supporting the c
clusions of earlier theoretical work that atomic migrati
gives rise to particle-size distributions with a tail toward
small particle sizes and an abrupt cutoff at large particle
ameters.

Support for the view that the particle migration and c
alescence sintering mechanism are dominating at mod
temperatures was reported recently [26]. Hansen et al.
observed migration and coalescence of ruthenium part
at a BN (boron nitride) support at 500◦C using in situ
electron microscopy. Energy considerations also suppor
conclusion that particle migration and coalescence are d
inating sintering at moderate temperatures while atomic
gration is the sintering mechanism at high temperatu
The energy required to move a metal atom from a m
particle to the surface of the support is high—about
same as the heat of sublimation of metals [25], for ex
ple, 427 kJ mol−1 for Ni [27]—while the adsorption of meta
atoms on ceramic carriers is generally assumed to be o
van der Waals type and therefore small [25]. The activa
energy for sintering via atomic migration in steam refor
ing may decrease by nickel atoms binding to absorb
such as oxygen atoms or OH radicals. However, the for
tion energy of, for example, nickel add-atoms on a nic
surface (Ni(111)) is only of the order of 111 kJ/mol [28]
which is apparently much lower than that of the format
of metal atoms on a carrier as discussed above. Even
a significant stabilization of the metal atoms on the car
by absorbants, impurities, or defects, it is still expected
the activation energy for the atomic migration mechanism
much higher than for particle migration and coalescence

In conclusion, the experimental data suggest that par
migration and coalescence is the main sintering mecha
at low temperatures (< 700◦C for Ni) while atomic migra-
tion is the dominant sintering mechanism at high temp
tures. It should also be noted that sincenparticle migration>

nOstwald ripening in Eq. (1), Ostwald ripening will be rela
tively more important after longer periods of sintering. In t
model derived below, sintering is for reasons of simplic
.

e

assumed to proceed via particle migration and coalesc
and particle migration is taken as the rate-determining
as opposed to the coalescence process.

4.3. Carrier

In the following, the carrier is considered only as a s
face with a certain surface area where the metal particle
situated. This means that the bindings between the ca
and the metal particles are weak and have no influence o
metal PSDs. The interaction between the carrier and m
particles has been discussed by Wynblatt and Gjostein
and Hughes [25]. Wetting of the support by the metal
duces sintering but most pure metal-ceramic substrate
tems show only a weak wetting [29] with contact ang
around 80–100◦. For simplicity the metal particles are a
sumed to be spherical in the following. However, it sho
be noted that adsorbants in some chemical systems h
significant impact on the ability of metallic particles to w
a support as observed for the Cu/ZnO system [30].

The pore structure and the morphology of the carrier
be ignored. It is therefore assumed that the metal part
can always find room for development. This assumptio
supported by the recent work by Sehested et al. [10] w
have found that the mobility of the metal particles det
mined their size in the sintered catalyst rather than the
size. However, it should be noted that Richardson and
workers [3,11] found a significant effect of the pore syst
on sintering, and sintering models that take the pore st
ture of the carrier into account have been published [31–

4.4. Average particle diameter

Finally, it is assumed that it is possible to use the av
age particle diameter to describe the changes of the P
This hypothesis is built on the previous assumption that
PSDs are lognormal and that the standard deviations o
distributions are constant. It has been reported that the
keeps its lognormal shape during sintering [10,13,17–
Granqvist and Buhrman [20] determined the standard de
tion of the lognormal PSDs to be 1.32±0.12. The following
integrals over lognormal PSDs of the particle diameter in
power ofn, 〈dn〉, are helpful in the derivation of the mode

〈
dn

〉 =
∞∫

−∞
dnfLN(d)d

(
ln
d

d̄

)

= d̄n

(2π)0.5 ln(σ )

∞∫
−∞

(
exp

(
ln
d

d̄

))n

(5)× exp

(
− 1

2

(
ln
d

¯
)2)

d

(
ln
d

¯
)

= ad̄n,

2 ln (σ ) d d
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colli-
whered̄ is the number averaged particle diameter;σ is the
standard deviation of the lognormal distribution;

fLN(d)= 1

(2π)0.5 ln(σ )
exp

(
−0.5

(
ln(d/d̄)

ln(σ )

)2)

is the number of particlesdn in a logarithmic size interva
d(ln(d)); anda = exp(0.5n2 ln2(σ )) is a constant depende
onn. Hence, the integrals over lognormal PSDs of functi
proportional to the particle diameter in the power ofn, 〈dn〉
equal the average diameter in the power ofn times a con-
stant. For example, the surface averaged diameter an
total volume of the metal particles are calculated by

d̄surface= 〈d3〉
〈d2〉 = exp

(9
2 ln2(σ )

)
d̄3

exp
(4

2 ln2(σ )
)
d̄2

(6)= exp

(
5

2
ln2(σ )

)
d̄ ≈ 1.21d̄,

(7)Vp = π

6

〈
d3〉 = π

6
exp

(
9

2
ln2(σ )

)
d̄3 ≈ 0.74d̄3,

whenσ = 1.32.

4.5. Derivation of model

With these simplifications, the model for the time d
velopment of the average metal particle diameter and
metal area is derived. Following Ruckenstein and Pulver
cher [34], the rate of collision, dΦj(s−1), of a particlej with
a diameter ofdj with particlesk with a diameterdk in the
logarithmic size interval d ln(dk) is given by

(8)dΦj = const.Dkj dck = const.Dkj ccarfLN(dk)d ln(dk),

whereccar is the total number of metal particles per squ
meter of the carrier andDkj is the relative diffusion constan
for particles of diametersdk anddj :

(9)Dkj =Dk +Dj .
dck is the number of particles per square meter of diam
dk in the diameter interval d ln(dk), and “const.” will be used
in the following as an arbitrary constant, which may va
from equation to equation.

Uncertainty exists of whether dΦj can be considered pro
portional toDkj dck. Ruckenstein and Pulvermacher [3
were not able to derive a time-independent expressio
“const.” in two dimensions. They had to introduce a sec
time scale denotedθ which was short compared to the s
tering timet . Ruckenstein and Pulvermacher considered
parameterDkj θ/R2

kj , whereRkj = rk + rj is the sum of the

particle radii. They found that whenDkj θ/R2
kj � 1, “const.”

in Eq. (8) is nearly a time-independent constant. This is
case whenθ is chosen to be so large thatDij θ/R2

ij � 1
and so small thatθ fulfills the conditionθ 
 t . Interest-
ingly, Chandrasekhar [35] obtained an expression forΦ in
three dimensions which is independent of time as long
the distance between the particles is much longer than
e

radii of the particles. Here, “const.” is assumed to be a ti
independent constant.

If XMe is the fractional mass of metal in gram metal p
gram of catalyst, then the number of particles per gram
alyst,ccat, is given by

(10)ccat= const.
XMe

ρMed̄3
,

whered̄ is the average particle diameter andρMe is the den-
sity of the metal. The number of particles per square m
of the carrier,ccar, may be obtained from

(11)ccar= const.
XMe

ρMe(1−XMe)Acard̄3
,

whereAcar is the surface area of the carrier per gram of
carrier. Making the integration of Eq. (8) over thek particles,
an equation forΦj is obtained assuming that the diffusi
constant,Dkj , is a sum of two functions that are proportion
to dnk anddnj , respectively,Dkj =D(dnk )+D(dnj ),

Φj
(
s−1) = const.ccar

∞∫
−∞

DkjfLN(dk)d ln

(
dk

d̄

)

(12)= const.ccar
(
D

(
dnj

) +D(
d̄n

))
,

whereΦj is the rate of collision of a particlej with a diam-
eterdj . The total number of particle collisions per gram
catalyst,Φ (s−1 g−1), may be calculated from Eq. (13)

Φ
(
s−1 g−1) = ccat

∞∫
−∞

Φj
(
s−1)fLN(dj )d ln

(
dj

d̄

)

(13)= const.ccatccarD
(
d̄n

)
.

If two particles of diametersdj anddk collide and coagulate
the resulting particle will have a diameter of(d3

j + d3
k )

1/3.
The average increase in the average diameter for one
sion inN particles is obtained from

!(d̄)=
∞∫

−∞

∞∫
−∞

(
(Nd̄ − dj − dk + (d3

k + d3
j )

1/3

N − 1
− d̄

)

× fLN(dj )d

(
ln
dj

d̄

)
fLN(dk)d

(
ln
dk

d̄

)

=
∞∫

−∞

∞∫
−∞

(
(N − 2)d̄ + (d3

k + d3
j )

1/3

N − 1
− d̄

)
fLN(dj )

× d

(
ln
dj

d̄

)
fLN(dk)d

(
ln
dk

d̄

)

=
∞∫

−∞

∞∫
−∞

(
(d3
k + d3

j )
1/3 − d̄

N − 1

)
fLN(dj )

× d

(
ln
dj

¯
)
fLN(dk)d

(
ln
dk

¯
)

d d
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N − 1

∞∫
−∞

∞∫
−∞

((
d3
k

d̄3
+ d3

j

d̄3

)1/3

− 1

)
fLN(dj )

(14)× d

(
ln
dj

d̄

)
fLN(dk)d

(
ln
dk

d̄

)
.

The integrals have been solved by numerical integra
and it can be shown that they are equal to a constant i
pendent ofd̄. Hence, the increase in the average diam
per collision,!d̄ , in a large number of particles,N , is given
by

(15)!(d̄)= const.
d̄

N − 1
≈ const.

d̄

N
.

The average increase in the average particle diameter
one particle collision in 1 g of catalyst is obtained by sub
tution ofN by ccat in Eq. (15). The unit of!d̄ is in this case
(g m). Using Eqs. (13) and (15), it is now possible to cal
late the increase in particle average diameter as a functio
time per gram of catalyst:

d(d̄)

dt
=Φ!(d̄)= const.

d̄

ccat
ccatccarD

(
d̄n

)

(16)= const.
D(d̄n)XMe

ρMe(1−XMe)Acard̄2
.

If D(d̄n) is known, an expression for(d(d̄))/dt can be
derived. According to Gruber [36], the diffusion coefficie
for spherical metal particles,Dspherical

p , is related to the dif-
fusion coefficient for metal atoms on the particle surface,D,
by

(17)D
spherical
p = 4.818D

(
a0

d

)4

,

whered is the diameter of the metal particle anda0 is the
atomic diameter of the metal, which for nickel is 2.3 Å.
the following, the discussion will be concentrated on nic
particles on a ceramic support.

Eq. (17) is true in an inert atmosphere and if all surfa
atoms contribute to the mass transport at the surface o
particle. However, in an atmosphere, which does not in
act with the surface, add-atoms are expected to dominat
surface transport. The diffusion constant for spherical pa
cles, when add-atoms are responsible for the mass tran
at the particle surface, is given by

(18)Dadd-atom
particle = 4.818Dadd-atom

(
a4

0

d4

)
K1,

whereDadd-atom is the diffusion coefficient of an add-ato
on a nickel surface andK1 is the equilibrium constant fo
the following reaction:

(19)Ni(111)+ Nibulk � Ni add-atom on Ni(111).

Hence,K1 is given by

(20)K1 = θadd-atom
,

1− θadd-atom
-

r

f

rt

whereθadd-atom is the coverage of add-atoms at a Ni(11
surface. According to Bengaard [28],K1 is activated by ap
proximately 111 kJ/mol and this energy contributes to th
overall activation energy of the sintering process.

In atmospheres that do interact with the nickel s
face, the equilibrium between gas-phase species and
face species may change the energies of metal add-sp
thereby changing the abundance and the mobility of
species responsible for the mass transport at the surfa
the metal particles. Adsorption of OH to a nickel dimer
a Ni(111) surface reduces the energy of formation by
87 kJ mol−1 [28]. This species may therefore be much m
abundant at the surface on the nickel particles than ni
add-atoms when high pressures of steam are present i
atmosphere over the catalyst. Another example of the
portance of the atmosphere over a supported catalyst
published by Handa and Matthews [37]. These authors s
ied the sintering of Pt particles on Al2O3 in the presence o
He, H2, and O2 experimentally and theoretically. The beha
ior in an O2 atmosphere as compared to in a H2 atmosphere
was described by rapid loss of Pt atoms from the Pt partic
slow transport at the surface of the carrier, and low pro
bility of incorporation of Pt atoms into the Pt particles.
is clear from these examples that the atmosphere has a
important effect on the rate of sintering. However, it is n
within the scope of this paper to go into detail regarding
influence of the atmosphere on the rate of sintering.

For spherical particles and with add-atoms as the d
inating mass transport species at the particle surface,D =
D

spherical,add-atom
particle,Ni can be introduced into Eq. (16) to obta

an expression for(d(d̄Ni))/dt ,

(21)
d(d̄Ni)

dt
= const.

DNiXNi

(1−XNi)Acard̄
6
Ni

K1,

whereρNi and a0 are included in the constant. It is inte
esting to compare the dependence of(d(d̄Ni))/dt on d̄Ni, ob-
tained from Eq. (21), to the results reported by Wymblatt
Gjostein [22] and Ruckenstein and Pulvermacher [34].
numerical integration of particle-size distributions, Ruck
stein and Pulvermacher found kinetic expressions for
sintering process. There authors found that if the diffus
coefficient for the metal particles depends ond̄Ni in the
power of−p then(d(d̄Ni))/dt depends on̄dNi in the power
of −p − 2. Hence, ifDNi is proportional tod̄−4

Ni , the nu-
merical solutions including the particle-size distribution p
formed by Ruckenstein and Pulvermacher [34] predict
(d(d̄Ni))/dt is proportional tod̄−6. This is the same depen
dence of(d(d̄Ni))/dt on d̄Ni as obtained here, which give
confidence to the equation derived above for(d(d̄Ni))/dt ,
Eq. (21), and the ability of this equation to predict the eff
of nickel loading, the carrier surface area, and the temp
ture.

Before comparing model predictions with experimen
data, Eq. (21) is integrated and an expression for the ni
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surface area is derived:

(22)d̄7
Ni − d̄7

Ni,0 = const.
DNiXNi t

(1−XNi)Acar
K1.

From this equation̄dNi can be isolated:

(23)d̄Ni =
(

const.
K1DNiXNi t

(1−XNi)Acar
+ d̄7

Ni,0

)1/7

,

(24)d̄Ni ≈ const.
K0.14

1 D0.14
Ni X

0.14
Ni t

0.14

(1−XNi)0.14A0.14
car

.

Expression (24) is a good approximation for Eq. (2
when the averaged nickel particle diameter is increase
more than 40% compared to that of the fresh catalyst. In
case, const.(K0.14

1 D0.14
Ni X

0.14
Ni t

0.14)/((1 − XNi)
0.14A0.14

car ) =
9.5d̄Ni,0. If the increase ind̄Ni compared to the initial stag
is less than that, weaker dependencies ofd̄Ni onXNi , Acar,
andt will be found. From Eq. (24) an equation for the nick
surface area can be derived:

ANi = πccatd̄
2
Ni = const.XNi d̄

−1
Ni

(25)≈ const.
X0.86

Ni (1−XNi)
0.14A0.14

car

K0.14
1 D0.14

Ni t
0.14

.

4.6. Discussion of the model and comparison with
experimental data

The equations above are now explored and it is discu
how they correspond to the experimental data obtained
and to literature data on sintering of metal particles on
ramic supports. Several interesting features arise from
simple model.

First, the time dependence of the nickel surface are
discussed. The nickel surface area is proportional to the
in the order of−0.14 in Eq. (25). Most of the data in the li
erature were analyzed using the power-law expression g
previously,

(1)−dANi

dt
= kAnNi,

and values ofn are reported. A reaction order for th
time of −0.14 corresponds ton = 8. The values reporte
for n in the literature can be obtained from the review
Bartholomew [7]. For supported nickel catalysts, valuesn
in the range 3–15 with an average of 8.6 have been rep
and for supported platinum catalysts, values of 2–14 w
an average of 7.2 were given. These values are close t
value of 8 predicted by Eq. (25). One explanation for
high values ofn could be that faceting of the metal particl
may retard the sintering process and lead to higher va
of n [22]. As discussed in previous work, large nickel p
ticles show facetting [10]. Another explanation for the h
values ofn could be that the initial metal particle-size dist
butions of the freshly prepared catalysts are narrow lea
to fast initial sintering followed by a plateau of slower sint
ing when lognormal particle distributions have been reac
e

In this case, a fit of Eq. (1) to the experimental data w
result in very high values ofn. A third reason for the ex
perimentally observed high values ofn could be the effect
of the carrier. Certain particle sizes may fit into the cavi
in the carrier, thereby lowering the surface energies [31–
which may increase the values ofn in some situations.

Low values ofn are normally observed for sinterin
at high temperatures and are normally accompanied
changes in the particle-size distributions to non-lognor
distributions. This is attributed to a change in the sinter
mechanism from particle migration and coalescence at
temperatures to atom migration (Ostwald Ripening) at h
temperatures as discussed previously.

The dependencies of the nickel surface area on the n
loading, the carrier surface area, and the temperature are
examined. According to Eq. (25), the nickel surface are
proportional toA0.14

car X
0.86
Ni (1−XNi)

0.14. The dependence o
the nickel surface area on the surface area of the carr
given in Fig. 2. It is shown in Fig. 2 thatANi is proportional
to A0.3±0.1

car , which is close to the dependence predicted
Eq. (25) ofA0.14

car . This surprisingly weak dependence ofANi
onAcar can therefore be rationalized theoretically. The r
son for the stronger dependence ofANi on Acar observed
experimentally compared to that obtained theoretically m
be that some particles are trapped in cavities in the ca
with high surface area.

The effect of the nickel loading onANi predicted by
Eq. (25) is also in good agreement with experimental d
In Fig. 1, the predictions of the nickel surface area of
catalysts supported on 15 and 50 m2 g−1 are plotted as a
function ofXNi . As seen from the figure, the fitted trends
the stable sulfur capacity are in very good agreement
the observed trends. The reason for the relatively strong
pendence of the nickel surface area on the nickel loa
and the weak dependence on the surface area of the c
can be understood physically as follows. The mobility of
nickel particles is strongly dependent on the diameter of
nickel particles. Eq. (13) predicts that the average collis
probability per gram depends on̄d−6

Ni and linearly on the dif-
fusion coefficient of the nickel particles. Eq. (18) shows t
for spherical particles, the diffusion coefficient of nickel p
ticles depends on the average nickel particle diameter in
power of−4. Increasing the surface area of the carrie
decreasing the nickel loading increases the average dis
between the nickel particles. However, since the mobility
the particles depends strongly on the particle size, the
crease in the distance between the particles will only re
in a small reduction of the nickel particle size after sint
ing. Only a small increase in the particle size is necessa
decrease the mobility of the particles so much that it c
pensates for the decreased distance between the partic
conclusion, the strong effect onANi of the nickel loading and
the weak effect of the carrier surface area are a consequ
of the strong dependence of the mobility of the particles
the particle diameter. Obviously, a limit that depends on
surface area of the carrier exists at very high nickel loadi
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where the nickel particles are so close that they are alm
touching each other. In this case, the nickel surface are
longer increases with the nickel loading.

The temperature dependence of the nickel surface
obtained from Eq. (25) is determined by the activation
ergy for diffusion on a nickel atom at the nickel surfac
i.e., the temperature dependence ofDNi and the energy o
formation of a transport species at the surface of the ni
particles. In Fig. 3 the nickel surface areas of a nickel cata
supported on 24 m2 g−1 MgAl2O4 obtained after 700 h o
sintering in a gas mixture containing H2O:H2 = 10:1, 30 bar
total pressure, and a temperature of 520–682◦C are plot-
ted. When analyzed by an Arrhenius expression [Eq. (
the apparent Arrhenius energy derived from the nickel
face areas is−(46± 8) kJ/mol. The negative value show
that the nickel surface area is lower at higher temperat
as observed.

Values of the diffusion coefficient of nickel add-atom
over nickel planes, along edges and kinks and descen
from a step at a nickel surface, and an ascending motio
edge nickel atoms have been reported [38–41]. Calculat
show that the barrier for add-atom migration is lower th
diffusion of surface vacancies [38]. The activation energ
of diffusion are within 5–200 kJ/mol [38–41]. However, as
discussed previously, the barrier toward formation of the
face transport species as add-atoms is high—of the ord
111 kJ/mol [28]. This barrier must be included in the expre
sion of the effective diffusion constant for particle diffusio

For add-atoms the lowest diffusion barrier is observed
the diffusion over Ni(111). The highest barriers were de
mined at very high temperatures to be up to 200 kJ/mol [38],
which is not really relevant for this study. However, the
teresting barrier is the barrier for the slowest step in
transport process at the surface of the nickel particles.
is presumably the transport process with the highest ba
Liu and Adams [40] calculated a barrier of 129 kJ/mol for
diffusion of a nickel atom from a terrace down to a led
at a Ni(110) surface. Since nickel particles also have to
pose facets with higher surface energy than Ni(111) in o
to get the lowest possible total energy [42], some of
nickel atoms on the surface of the nickel particle presu
ably have to overcome the barrier of 129 kJ/mol. In Eq. (25),
the temperature dependence ofANi for spherical particles
is given by (K1DNi)

−0.143. Using an activation energy fo
diffusion of 129 kJ/mol and an energy of formation of a
add-atom of 111 kJ/mol, an Arrhenius energy forANi of
−0.143(111+129) kJ/mol= −34 kJ/mol is obtained. Con
sidering the uncertainty in this estimate there is a reason
agreement with the−(46± 8) kJ/mol determined experi
mentally.

Finally, we analyze the average particle diameters ca
lated from the active surface areas reported by Rasmu
et al. [13] for an alumina-supported nickel catalyst s
tered at ambient pressure using H2O:H2 = 1:1. The relative
surface-averaged nickel particle diameters obtained by
fur chemisorption and Eq. (2) are plotted with filled symb
f

n

Fig. 4. Relative nickel particle diameters obtained from sulfur chemis
tion plotted as a function of the sintering time (filled symbols). The d
were taken from Rasmussen et al. [13]. The sintering was performed a
bient pressure and H2O:H2 = 1:1. Four sintering temperatures were us
500, 575, 650, and 750◦C. Lines are connecting the data obtained usin
temperature of 650◦C and the open symbols represent a fit to the exp
mental data. See text for details.

in Fig. 4. The data point obtained after sintering at 825◦C is
excluded from the figure because another sintering m
anism is expected to be activated at this temperature
A modification of Eq. (23) was fitted to the data in Fig. 4:

(26)
d̄Ni

d̄Ni,0
=

(
const.

Acar
e−Ea/RT t + 1

)1/7

.

The two fitted parameters are const. andEa and the fitted
data points are given as open symbols in Fig. 4. The BET
eas per gram of carrier (m2 g−1) were used as values forAcar
in the fit. As seen from the figure, the fit to the data is go
The obtained constants are const.= exp(47.18) m2 g−1 h−1

andEa = 332 kJ/mol. 0.143Ea = 47 kJ/mol should be com
pared with the apparent Arrhenius energy of the plo
Fig. 3. There is good agreement between the apparen
rhenius energy obtained from Fig. 4 (Ea = 47 kJ/mol) and
the one determined from the data in Fig. 3 (Ea = 46 kJ/mol)
as well as the one derived by the theoretical considerat
(Ea ≈ 34 kJ/mol) presented above.

5. Conclusions

The sintering of eight nickel steam-reforming cataly
were studied under conditions similar to those used in
industrial reformer, i.e., in an atmosphere of H2O:H2 =
10:1 at 500◦C and 30 bar total pressure. Additional expe
ments were performed with a single reforming catalyst un
simulated, industrial steam-reforming conditions, i.e., i
mixture of steam and hydrogen (10:1) in the tempera
range 520–682◦C, and at 30 bar total pressure. The d
were analyzed using a simple model for the nickel surf
area derived assuming particle migration and coalescen
the rate-determining step and lognormal particle size
tributions and only weak interactions with the carrier. T
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dependence of the nickel surface area on the sintering
the nickel loading, the carrier surface area, and the temp
ture is predicted correctly by the model. The model increa
our fundamental understanding of the sintering phenom
but also provides a tool for predictions of metal surface a
of used supported catalysts.
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