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Abstract

Sintering is an important deactivation mechanism for nickel-based steam-reforming catalysts. In this work, the effects of nickel loading,
carrier surface area, and temperature on the nickel surface area are studied. The experiments are performed under simulated industric
conditions, i.e., in a mixture of steam and hydrogen (10:1) in the temperature range of 500-&82 at 30 bar total pressure. The data are
analyzed using a simple model assuming spherical particles and a lognormal metal particle-size distribution with constant standard deviation.
It is also assumed that the sintering proceeds via crystallite migration and coalescence. The model predicts well the experimental nickel
surface area as a function of nickel loading, carrier surface area, temperature, and time. The model is also used to analyze data from the
literature. The model is discussed in the context of predicting metal surface areas of catalysts consisting of small metal particles on ceramic
supports.
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1. Introduction 20-40 bar total pressure, high pressures of steam (steam-
to-carbon ratio of 1.5-4), and temperatures between 500 and
Sintering is an important deactivation mechanism in 950°C. The prereformer is operated adiabatically at 400—
many industrial catalysts. A good understanding of the sin- 550°C and 20—40 bar total pressure. In both the primary re-
tering mechanism is crucial, both for predicting the extent former and the prereformer, nickel-based catalysts are com-
of deactivation by this mechanism and for designing cata- monly used [1].
lysts that maintain a high activity. Sintering is a complex Nickel steam-reforming catalysts are subject to several
process, which may be influenced by many parameters suctyeactivation mechanisms during reforming including cok-
as temperature, chemical environment, catalyst compositioning' poisoning, and sintering. Metal particle growth via sin-

and structure, and support morphology. tering influences the resistance toward coking and poisoning

An mdfustrlgl prlocigs, for Wh'cr:' 2nter|nt? IS important, Is y sulfur: Coking limits are affected by the nickel particle
steam reforming. In this process hydrocarbons are converted;; [1,2] and the ability for sulfur absorption is related to

into synthesis gas (CO, GOand Hp): the nickel surface area [1,2]. Furthermore, the activity de-

_ m pends on the nickel surface area. To predict the performance
Cablm +2H20=0CO+ < 2 + n>H2’ of an industrial reformer, it is therefore necessary to model
CHz + H,0O = CO+ 3Hy, the rate of catalyst sintering.
CO+ Hy0 = COy + Ha. Several studies on the sintering of nickel particles are

reported in the literature [1-14]. The most important pa-
Modern steam-reforming units consist of a primary re- rameters are the sintering temperature and the atmosphere
former with an adiabatic prereformer upstream, which re- gyer the catalyst. Increasing the temperature gives a faster
duces the load of the primary reformer and minimizes the gintering and the presence of water accelerates the sintering
risk of sulfur poisoning and carbon formation in the pri- 5-cess significantly [7]. The initial nickel particle-size dis-
mary reformer [1,2]. The primary reformer is operated at gy tion, support structure and morphology, and phase tran-
sitions of the support are also reported to affect the sintering
E-mail address: JSS@topsoe.dk. rate [3,7,8]. Alkali or alkaline-earth promoters on alumina-
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supported nickel catalysts have been observed to have a stafable 1
bilizing effect on the nickel surface area [14]. The effects of Sintering conditions
poisons such as sulfur in the steam-reforming feed gas arecatalyst number ~ LO:H,  Total pressure  Temperature  Time

unknown. 2-4 1011 30 bar 500C 664 h
It is well established that the rate of loss of metal surface 1,5-8 10:1 30 bar 500C 700 h
area during sintering of metal particles on a ceramic support 1 101 30 bar 520-682C 700 h

is fast at first and then reaches an almost stable level [3—
7,10-13]. The loss of metal surface area is well described

mathematically by a power-law expression [3,5-7],
dA gas in the catalyst bed was measured by a movable thermo-
Ni

—— L — kA, (1) couple in a small tube through the center of the reactor. The

dr diameter and the length of the reactor are approximately 4
where Ay is the nickel surface area as a function of time and 100 cm, respectively. The catalyst samples were kept in
and k is the decay rate constant. The experimentally es- small stainless-steel nets. The bottom of the nets covered the
tablished values ot are generally 7 or higher, at least for cross section of the reactor and fitted over the internal tube in
temperatures up to 70C [7]. It should be noted that 2 must  the reactor. The catalyst samples were situated at the bottom
to be added to the values ofreported in [7] to get the of the nets. The length of the part of the reactor containing
value used here. nets was 25-30 cm.

The aim of this work is to study the behavior of the nickel The surface areas (BET) of some of the catalysts were
surface area of supported catalysts during sintering and in-determined by nitrogen adsorption using a Quantachrome
vestigate the effects of nickel loading, supportarea, and tem-\ONOSORB apparatus. The measured values were normal-
perature. In this work, a simple model, which describes the jzed to standard temperature and pressure in accordance with
surface area of nickel catalysts supported on a ceramic supthe ASTM standard for a single-point determination of the
portas a function of the total surface area, the nickel loading, BT syrface areas [15]. The surface area of the internal stan-

the temperature, and the time, is presented. The model isyarg was measured daily giving a standard deviation of less
tested against the data obtained here and selected literaturg, o, 204

data. The sulfur chemisorption capacity was used to obtain

the nickel surface area relative to a reference sample from
which a relative surface-averaged nickel-particle diameter
can be derived. Chemisorption of sulfur was carried out

, ) ) in a separate reactor according to Rostrup-Nielsen and co-
Eight experimental steam-reforming catalysts were used, s [1,2] using a mixture of ¥8/H, until saturation.

:/Ueizeprse;gt;rr;rc;gu;ﬁgetﬂgzndtisﬁerfgr?trfudp;c?rrti: ;r:zlycsat‘tflé/z;sUnder these experimental conditions, the Ni surface area is
- o N o proportional to the sulfur capacity. The sulfur uptake of a
taining 22 wt% Ni was supported on a 24°ng (BET catalyst was determined by oxidation of chemisorbed sulfur

area) MgAbO, spinel support; catalysts 2—4 consisted of a : -
: . at high temperature and the amount of,S@at is liberated
15 n¥/g (BET area) MgAJO, spinel support to which was was measured by infrared detection. The chemisorption of

0, i —
added 16.5, 19.3, and 23.1 wt% Ni; and catalysts 5-8 WeT€ sulfur is discussed in more detail by Alstrup et al. [16].

supported on a 50 frig (BET area) Zr-doped MgAD, . . )
spinel support containing 8, 15, 25, and 30 wt% Ni. The cat- The nickel surface areas obtained by this method have
recently been compared to those acquired by hydrogen

alysts were reduced in4ht 500°C for 2 h and passivated hemi ion 121 and | I le X
overnight immediately after reduction at %0 in a mixture ¢ gmlsorptlon [2] and anomalous small angle -ray S_Cfﬂ'
of 1 v/v% air in Ny foliowed by 2 h in 1 yv% O, in N be- tering (ASAXS) [13]. Hydrogen and sulfur chemisorption

fore they were removed from the reactor. Prior to sintering, gives approximately the same active surface areas. The

the catalysts were reactivated by reduction inat 500°C nickel surface areas determined by ASAXS and sulfur
for 2 h. chemisorption are proportional, but ASAXS gives slightly
Two sets of sintering experiments were performed. In the Nigher surface areas probably because parts of the nickel
first set of experiments, all catalysts were sintered isother- Crystallites cannot be probed by sulfur (or hydrogen) due to
mally. In the second set of experiments samples of catalyst 1Wetting of the support by nickel.
were sintered at various temperatures in the temperature The relative nickel surface aredyi, is converted to a
range of 520—682C. The detailed sintering conditions are ~relative surface-averaged nickel particle diametgrby [1]
given in Table 1.
The experimental setup used for these experiments was._ XNi
operated at a total pressure of 30 bar and at high partial pres<s = constA—Ni, (2)
sures of steam. All the parts of the system with high partial
pressures of steam could be heated. The temperature of thevhereXy; is the fractional nickel loading (Ni wt%d.00).

2. Experimental
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Fig. 1. Relative nickel surface areas after long sintering time$@0 h)

of catalysts supported on Mg#D, with various surface areas plotted
as a function of the nickel wt%. The sintering conditions were BD0
H>0:Hy, = 10:1, and 30 bar total pressure. The lines are fitted to the data
using Eq. (25). See text for details.

3. Results

In the following, the results obtained in the two sets of

sintering experiments are given. The first set of experiments
was performed to determine the dependence of the nickel

surface area on the support area and nickel loading. Cata

lysts 1-8 were studied and the relative nickel surface areas
obtained after 664 h (catalysts 2—4) and 700 h (catalysts 1,

5-8) of sintering are plotted in Fig. 1. Since the loss rate of
the nickel surface area after 664 h of sintering is low, there
is no correction applied for this difference in sintering time.

Using the time dependence of the nickel surface area in the
model derived below, the loss of surface area of catalysts 2—4

from 664 to 700 h is calculated to be 2%. It therefore seems
reasonable to neglect this factor in the following.
The data in Fig. 1 show that the nickel loading and the

carrier surface area affect the nickel surface area after sinter-4; (1) = AR e Fa/RT

ing. In Fig. 2, the relative nickel surface area after sintering
is plotted as a function of the area of the carrier at 22 wt%
Ni. The data in Fig. 2 for the 50 fig~! and the 15 rag—?!
carriers were obtained by linear interpolation of the two data
points with higher and lower nickel loading than 22 wt% Ni.
It can be concluded from Fig. 2 that the nickel surface area,

Ani, after sintering depends only weakly on the surface area

of the carrier,Acar, Nnamely by the carrier surface area in the
order of Q3+ 0.1. The reason for this rather surprisingly
weak dependence ofnj on Acar can be understood when
the sintering is assumed to proceed via particle migration
and coalescence as discussed in detail below.

The dependence of the nickel surface area on the temper-
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Fig. 2. Log g of the relative nickel surface areas at 22 wt% nickel after long
sintering times £ 600 h) of catalysts supported on M@&), plotted as

a function of log g of the surface area of the carrier. The sintering conditions
were 500°C, HpO:H, = 10:1, and 30 bar total pressure. The data points for
the 50 and 15 Fﬁg‘l carriers were obtained by interpolation. See text for
details.

the reactor such that a)@:H, ratio of 10:1 was obtained

and the flow of nitrogen was switched off. The temperature
was then increased to reach the desired temperature range of
500-700C. The temperature at the position of each catalyst
sample was carefully measured using the movable thermo-
couple inside the inner tube of the reactor. These conditions

were kept constant for 700 h. After shutdown, the relative
nickel surface areas of the catalyst after 700 h of sintering
were determined by sulfur chemisorption. The data are plot-
ted in Fig. 3 as a function of 100&T whereT (K) is the
temperature at the position of the catalyst sample. As seen
from this figure, the temperature is a very important parame-
ter for the nickel surface areas of aged catalysts. In addition,
the logarithm of the nickel surface areas depends almost lin-
early on 100QRT and the data are analyzed by an Arrhenius
type expression,
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ature was studied in the second set of experiments. Seven

samples of catalyst 1 were placed at different positions from
the top to the bottom of the reactor and heated in 30 bapof N
to a temperature of about 48Q at the entrance and about
650°C at the exit of the catalyst bed. After the temperature

Fig. 3. Logg of the relative nickel surface areas of catalysts containing
22 wi% nickel supported on a 24%g~1 MgAl,04 carrier plotted as

a function of the measured temperature at the position of the catalyst sam-
ple. The catalysts were sintered for 700 h in an atmosphere with a steam
to hydrogen ratio of 10:1 and 30 bar total pressure. The line is a fit of an

was stabilized, hydrogen and then steam were allowed intoArrhenius type expression to the experimental data. See text for details.
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where Ani(T) is the nickel surface area as a function of metal particle size distributions [2—6,10-13,17—20] and ob-
the temperature after 700 h of sinteringgy; is the nickel served that metal particle sizes are in most cases lognormally
surface area af' = oo after 700 h of sintering, and, is distributed after sintering at moderate temperatures (about
the apparent Arrhenius energy for the loss of nickel sur- < 700°C) [2-5,10,13,17-20]. The standard deviation of the
face area of the used catalysts. A value for this Arrhenius lognormal PSDs were found to be32 4 0.12 and inde-
energy of—49+ 7 kJ/mol is obtained. This Arrhenius en-  pendent of time [20]. The rate of sintering at a given set of
ergy is related to the activation energy for diffusion of nickel experimental conditions depends on the initial metal particle
atoms and the concentration of “free” nickel add-atoms on size distribution as discussed by Richardson and Crump [3]
the surface of the nickel particles as discussed below. Theand Wanke [21]. It may prove difficult to obtain the PSD for
BET areas of the catalyst sintered at the highest and the low-the fresh catalyst with sufficient precision to calculate the
est temperatures were measured and the loss of surface arggitial rate of sintering and quantitative comparisons of the
during sintering was determined to be 43 and 17%, respec-time development of the metal areas or the average metal
tively. This loss of surface area may be caused by loss of particle diameters of different catalysts reported in the lit-
carrier surface area as well as nickel surface area. If it is erature. For some catalysts, especially catalysts with low
assumed that the loss in BET area is due to a decrease ifetal loading under mild sintering conditions, the sintering
the surface area of the carrier and that the BET areas ofjs slow and almost constant. In this case, the initial sintering,
the catalyst samples at intermediate temperatures can be deyhich depends on the properties of the fresh catalyst, is obvi-
termined by interpolation using an expression analogous to gysly crucial. These complications may make a fundamental
expression [3]AgeT(T) = Ajzre “/KT thentheitis pos-  ynderstanding of the phenomena of sintering difficult. Fortu-
sible to correct the data in Fig. 3. The nickel surface areas, nately, lognormal PSDs are often developed after a period of
ANi, corrected the samples would have had if the BET areas gintering and the sintering proceeds with this distribution but
were stable, are obtained from the observed nickel surfaceyit increasing average diameter. In some cases the particle

area,Ani, observed DY the following expression: sizes are lognormally distributed already at the beginning of

Ani corrected  ( AseT(fresh \” the sintering experiment [4,5,10,13,17-20]. With lognormal

AN" — ( o= ) (4) PSDs with constant standard deviation, the sintering is fully
1, observe

) ) described by an average metal particle size or the metal area
Usingn = 0.3 as found experimentally above an apparent ang this will be used to obtain the model below.
Arrhenius energy for the plotin Fig. 3 ef45 kJ/mol is de-

rived. If the theoretical value of = 0.14 determined later
is used, then the Arrhenius energy for the plot in Fig. 3 is

—47 kJmol. From these values, an apparent Arrhenius en- ) ]
ergy of —46+ 8 kJ/mol for the plot in Fig. 3 is reported. . Generally, twq mechanisms are proposed for thg sm.ter-
ing of metal particles on ceramic supports: atom migration

(Ostwald ripening) and particle migration (coalescence).
4. Discussion Ostwald ripening refers to the process where metal atoms
are emitted from one metal particle and captured by an-

In this section, a simple model is derived describing the other metal particle. In the coalescence process, the particles
metal surface area of supported catalysts as a function ofthemselves move over the support and collide to form larger
time, temperature, surface area of the carrier, and nickel particles. The driving force for both processes is the surface
loading. Four assumptions will be made to simplify the very €nergy. In both these processes, sintering slows down with
complex problem of sintering of metal particles on ceramic time.
supports. The four assumptions include: (i) the particle size ~ According to Grangvist and Buhrman [17-20] and Wyn-
distribution (PSD) of the metal particles is lognormal; (i) the blatt and Gjostein [22], Ostwald ripening results in a
sintering mechanism is particle migration and coalescence;particle-size distribution, which has a tail toward the small
(iii) the effect of the carrier is only to separate the metal par- particles and a steep slope toward the larger particle sizes.
ticles; and (iv) the average metal particle diameter can be A recent computer simulation [23] confirms these character-
used to describe the sintering of the metal particles. Theseistics of the size distribution from Ostwald ripening. How-
assumptions are discussed in detail below. Finally, the pre-ever, Fuentes and Salinas-Rodriguez [24] recently found that
dictions of the model are compared with the experimental mathematically under certain conditions, Ostwald ripening
data obtained in this work and with selected data from the also gives rise to PSDs that look similar to lognormal dis-

4.2. Sintering mechanism

literature. tributions casting some doubt on whether the particle-size
distribution can be used to discriminate between various
4.1. Particle-size distribution sintering mechanisms. However, further work is needed to

verify that Ostwald ripening results in particle-size distri-
It is assumed in the following that the metal particle- butions, which look lognormal, when reasonable physical
size distribution is lognormal. Several authors have studied parameters are chosen.
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It is interesting to compare the measurements of particle- assumed to proceed via particle migration and coalescence
size distributions done together with measurements of theand particle migration is taken as the rate-determining step
nickel surface area as a function of time. The surface areaas opposed to the coalescence process.
as a function of timeAyi, may be fitted by gower law ex-
pression [3,5-7,13,25], Eq. (1). As previously discussed the
experimentally observed powersf; (n) are generally 7 or
higher at least for temperatures up to 7@7,25] when the
samples are kept in their reduced state. When the particle- In the following, the carrier is considered only as a sur-
size distributions and the decay kinetics of the surface areaface with a certain surface area where the metal particles are
were measured simultaneously, lognormal particle-size dis-situated. This means that the bindings between the carrier
tributions were found and (> 8) which indicates that par-  and the metal particles are weak and have no influence on the
ticle migration and coalescence are responsible for sinteringmetal PSDs. The interaction between the carrier and metal

4.3. Carrier

in these cases [3,5,6,13]. particles has been discussed by Wynblatt and Gjostein [22]
At higher temperatures>( 700°C), other particle-size  and Hughes [25]. Wetting of the support by the metal re-
distributions are observed and with lower valuesnoin duces sintering but most pure metal-ceramic substrate sys-

Eq. (1) pointing toward another sintering mechanism [5,6,13].tems show only a weak wetting [29] with contact angles
Lower values ofn indicate that atomic migration is the around 80-100 For simplicity the metal particles are as-
dominant sintering mechanism [22,25] supporting the con- sumed to be spherical in the following. However, it should
clusions of earlier theoretical work that atomic migration be noted that adsorbants in some chemical systems have a
gives rise to particle-size distributions with a tail toward the significant impact on the ability of metallic particles to wet
small particle sizes and an abrupt cutoff at large particle di- a support as observed for the &nO system [30].
ameters. The pore structure and the morphology of the carrier will
Support for the view that the particle migration and co- pe ignored. It is therefore assumed that the metal particles
alescence sintering mechanism are dominating at moderatg.gn always find room for development. This assumption is
temperatures was reported recently [26]. Hansen et al. [26]supported by the recent work by Sehested et al. [10] who
observed migration and coalescence of ruthenium particleshayve found that the mobility of the metal particles deter-
at a BN (boron nitride) support at 50Q using in situ  mined their size in the sintered catalyst rather than the pore
electron microscopy. Energy considerations also support thesjze  However, it should be noted that Richardson and co-
conclusion that particle migration and coalescence are dom-orkers [3,11] found a significant effect of the pore system
inating sintering at moderate temperatures while atomic mi- 5, sintering, and sintering models that take the pore struc-

gration is the sintering mechanism at high temperatures. ;e of the carrier into account have been published [31-33].
The energy required to move a metal atom from a metal

particle to the surface of the support is high—about the ) ]

same as the heat of sublimation of metals [25], for exam- 4-4. Average particle diameter

ple, 427 kJ mot! for Ni [27]—while the adsorption of metal

atoms on ceramic carriers is generally assumed to be of the  Finally, it is assumed that it is possible to use the aver-

van der Waals type and therefore small [25]. The activation age particle diameter to describe the changes of the PSD.
energy for sintering via atomic migration in steam reform- This hypothesis is built on the previous assumption that the
ing may decrease by nickel atoms binding to absorbantspsps are lognormal and that the standard deviations of the
such as oxygen atoms or OH radicals. However, the forma- gistributions are constant. It has been reported that the PSD
tion energy of, for_ example, nickel add-atoms on a nickel keeps its lognormal shape during sintering [10,13,17-20].

surface (Ni(111)) is only of the order of 111 Adol [28] Granqvist and Buhrman [20] determined the standard devia-
which is apparently much lower than that of the formation on of the lognormal PSDs to be32+ 0.12. The following

of metal atoms on a carrier as discussed above. Even withiteqrals over lognormal PSDs of the particle diameter in the
a significant stabilization of the metal atoms on the carrier power ofn, (d"), are helpful in the derivation of the model.

by absorbants, impurities, or defects, it is still expected that

the activation energy for the atomic migration mechanism is o

much higher than for particle migration and coalescence. " n d
In conclusion, the experimental data suggest that particle< )= / 4" fin(d) d('” 5)

migration and coalescence is the main sintering mechanism —00

at low temperatures<{ 700°C for Ni) while atomic migra- - ) ;
tion is the dominant sintering mechanism at high tempera- ~ _ d / (exp(ln i_))
tures. It should also be noted that Singgyticle migration™ (@m)°®In(o) J. d

nostwald ripeningin EQ. (1), Ostwald ripening will be rela-

tively more important after longer periods of sintering. In the 1 d\? d -
model derived below, sintering is for reasons of simplicity p(_ZInz(a) <|” ;) >d(|n ;) =ad", (5)




422

whered is the number averaged particle diametelis the
standard deviation of the lognormal distribution;
In(d/d)

. 2
fLN(d)=meXp(_o'5( In(o) ) >

is the number of particlegn in a logarithmic size interval
d(n(d)); anda = exp(0.5n2In?(0)) is a constant dependent
onn. Hence, the integrals over lognormal PSDs of functions
proportional to the particle diameter in the powenofd”)
equal the average diameter in the powerndfmes a con-

J. Sehested / Journal of Catalysis 217 (2003) 417-426

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

If Xme is the fractional mass of metal in gram metal per
gram of catalyst, then the number of particles per gram cat-
alyst, ccat, is given by

Ccat= const (10)

e
PMeda’
whered is the average particle diameter angk is the den-

sity of the metal. The number of particles per square meter

stant. For example, the surface averaged diameter and thef the carrierccar, may be obtained from

total volume of the metal particles are calculated by

3 @ exp(3In?(0))d®
surface= <d2> - exp(%‘ |n2(a))d_2
= exp<g In2(0)>d ~1.21d, (6)
T T ool 2020 )33 & 0 7473
Vo= 6(d )= 6exp<2In (0)>d 0.74d°, (7)
wheno = 1.32.

4.5. Derivation of model

With these simplifications, the model for the time de-
velopment of the average metal particle diameter and the
metal area is derived. Following Ruckenstein and Pulverma-
cher [34], the rate of collision,d; (s 1), of a particlej with
a diameter ofd; with particlesk W|th a diametew;, in the
logarithmic size interval d i@y ) is given by

d®; = constDy; dc; = constDy;ccarfin (di) dIn(dy), (8)

whereccyr is the total number of metal particles per square
meter of the carrier anfd; is the relative diffusion constant
for particles of diameterd, andd;:

Dyj = Dy + D;. (9)

dcy is the number of particles per square meter of diameter
dy in the diameter interval d (@), and “const.” will be used

in the following as an arbitrary constant, which may vary
from equation to equation.

Uncertainty exists of whethewd; can be considered pro-
portional to Dy; dck. Ruckenstein and Pulvermacher [34]
were not able to derive a time-independent expression of
“const.” in two dimensions. They had to introduce a second
time scale denoteé which was short compared to the sin-
tering timer. Ruckenstein and Pulvermacher considered the
parameteer]e/R2 whereRy; = ri + r; is the sum of the

particle radii. They found thatwhetDk]O/R2 > 1,“const.”
in Eq. (8) is nearly a time-independent constant This is the
case wher is chosen to be so large thEt,Je/R >1
and so small thab fulfills the condition6 « . Interest-
ingly, Chandrasekhar [35] obtained an expressiondfon
three dimensions which is independent of time as long as
the distance between the particles is much longer than the

Xwme
pve(1— XMe)Aca|d3 ’

whereAcqr is the surface area of the carrier per gram of the
carrier. Making the integration of Eq. (8) over thearticles,

an equation forp; is obtained assuming that the diffusion
constantDy;, is a sum of two functions that are proportional
to d}! andd}?, respectivelyDy; = D(d}) + D(d}?),

Ccar= const (11)

(0.¢]
d
oF (s—l) = CONStccar / Dy; fin(dy) d In(f)
—00
whered; is the rate of coII|S|on of a particlg with a diam-

eterd;. The total number of particle collisions per gram of
catalystq§ (s~1g~1), may be calculated from Eq. (13)

(12)

@ (S_lg_l):Ccat/ ¢j(S_l)fLN(dj)d|n<7j>

= ConStCCa[C(;arD(d_n). (13)

If two particles of diameterd; andd; collide and coagulate
the resulting particle will have a diameter 013 +d3H)3,
The average increase in the average dlameter for one colli-
sion in N particles is obtained from
_ g)

L1

d.
X fin <dj>d<ln ;-’)fm (d) d(ln %)
d('ﬂ—-j>fLN(dk)d<|nd_f>
7T a3+ d3)1/3 i
//( >f|_N(dj)
d('” )fLN(dk)d<|n—>

(Nd —dj — di + (d} + d)3
N-1

A(d)

(N —2)d + (d3 +
N-1

3\1/3
d?

8\3

—67>fLN(dj)

X

X

Q.|| &‘
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i [T d3 d}?’ 173 where faddatom iS the coverage of add-atoms at a Ni(111)
“N_1 / / ((ﬁ + ﬁ) - 1) fin(d)) surface. According to Bengaard [28]; is activated by ap-
—00 —00 proximately 111 kdmol and this energy contributes to the

Y

i dy overall activation energy of the sintering process.
J
X d(ln 7>fLN(dk)d<|n j) (14) In atmospheres that do interact with the nickel sur-

face, the equilibrium between gas-phase species and sur-

The integrals have been solved by numerical integration face species may chanae the eneraies of metal add-species
and it can be shown that they are equal to a constant inde- P Y 9 9 P '

pendent ofd. Hence, the increase in the average diameterthereby changing the abundance and the mobility of the

per collision,Ad, in a large number of particles], is given species responsible for the mass transport at the surface of
by Y " the metal particles. Adsorption of OH to a nickel dimer in

a Ni(111) surface reduces the energy of formation by ca.

d 87 kJ mol1 [28]. This species may therefore be much more

N-—1 ~ constﬁ. (15) abundant at the surface on the nickel particles than nickel
pdd-atoms when high pressures of steam are present in the

A(d) = const

The average increase in the average particle diameter afte ,
one particle collision in 1 g of catalyst is obtained by substi- &{mosphere over the catalyst. Another example of the im-

tution of N by ceatin Eq. (15). The unit oAd is in this case portgnce of the atmosphere over a supported catalyst was
(gm). Using Egs. (13) and (15), it is now possible to calcu- published by Handa and Matthews [37]. These authors stud-

late the increase in particle average diameter as a function ofi€d the sintering of Pt particles on ADs in the presence of
time per gram of catalyst: He, Hp, and Q experimentally and theoretically. The behav-

ior in an @ atmosphere as compared to in a&imosphere

d(d - d _ ; ! .
(d) —OAWd) = const—ccalccarD(d”) was described by rapid loss of Pt atomsfrom the Pt particles,
dt Ccat slow transport at the surface of the carrier, and low proba-

D(d") Xme (16) bility of incorporation of Pt atoms into the Pt particles. It
= const —. i
ove(L— Xie) Acard? is clear from these examples that the atmosphere has a very

- _ _ important effect on the rate of sintering. However, it is not
If D(@") is known, an expression fad(d))/dr can be  within the scope of this paper to go into detail regarding the

derived. According to Gbeersr[’ﬁg]iéglhe diffusion coefficient influence of the atmosphere on the rate of sintering.

for spherical metal particles), , is related to the dif- For spherical particles and with add-atoms as the dom-
fusion coefficient for metal atoms on the particle surfae,  inating mass transport species at the particle surface,
by psehericaladdatom ., e introduced into Eq. (16) to obtain

particle Ni

_ 4 an expression fofd(dyi))/dr,
pPheeA_ 4.818D <%> , (17) |

. . . . d(dni) Dni X i
whered is the diameter of the metal particle anglis the T - COﬂStWKL (21)
atomic diameter of the metal, which for nickel is 2.3 A. In (1= Xni) Acardy

the following, the discussion will be concentrated on nickel \yhere o\ andag are included in the constant. It is inter-

particles on a ceramic support. _ esting to compare the dependenceédifini))/dt ondyi, ob-
Eq. (17) is true in an inert atmosphere and if all surface tained from Eq. (21), to the results reported by Wymblatt and
atoms contribute to the mass transport at the surface of theGjostein [22] and Ruckenstein and Pulvermacher [34]. By

particle. However, in an atmosphere, which does not inter- ,merical integration of particle-size distributions, Rucken-
act with the surface, add-atoms are expected to dominate theiein and Pulvermacher found kinetic expressions for the

surface transport. The diffusion constant for spherical parti- sintering process. There authors found that if the diffusion
cles, when add-atoms are responsible for the mass transport o osicient for the metal particles depends ég in the

atthe particle surface, is given by power of—p then (d(dni))/dt depends ody; in the power
at of —p — 2. Hence, ifDy; is proportional to&,]i“, the nu-
DESRR = 4-818Daddatom<d—3> K1, (18) merical solutions including the particle-size distribution per-
formed by Ruckenstein and Pulvermacher [34] predict that
where Daddatom iS the diffusion coefficient of an add-atom (d(dni))/dr is proportional tai—®. This is the same depen-

on a nickel surface and is the equilibrium constant for  yence of(d(dni))/dr on dni as obtained here, which gives

the following reaction: confidence to the equation derived above (d¢dy;))/dr,
Ni(111) + Nipuk = Ni add-atom on Ni111). (19) Eq. '(21), and .the ability Of'thIS equation to predict the effect
of nickel loading, the carrier surface area, and the tempera-
Hence,K1 is given by ture.
Baddatom Before compqring model predictions Wit.h experimental
Ky = 1~ Oacaaton (20) data, Eq. (21) is integrated and an expression for the nickel
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surface area is derived: In this case, a fit of Eq. (1) to the experimental data will
S Ni XNt result in very high values ot. A third reason for the ex-
dyi — dyio = const —— ———Ki. (22) perimentally observed high values mfcould be the effects
( B Ni)Acar of the carrier. Certain particle sizes may fit into the cavities
From this equatiody; can be isolated: in the carrier, thereby lowering the surface energies [31-33],
K Dr Xt 17 which may increase the valuesmofn some situations.
dni = <const 1DNi ANi? il o) ’ (23) Low values ofn are normally observed for sintering
(1— XNi)Acar ’ at high temperatures and are normally accompanied by
_ K?“D,?,-}“X%il“tal“ changes in the particle-size distributions to non-lognormal
dni ~ const (1— Xnj)0144014 - (24) distributions. This is attributed to a change in the sintering

) ) o mechanism from particle migration and coalescence at low
Expression (24) is a good approximation for Eq. (23) temperatures to atom migration (Ostwald Ripening) at high
when the averaged nickel particle diameter is increased byemperatures as discussed previously.

more than 40% compared to that of the fresh catalyst. Inthis e dependencies of the nickel surface area on the nickel

case, constK M DRMXR4O) /(1 — Xni)® 1A% = loading, the carrier surface area, and the temperature are now
9.5dni,0. If the increase inln; compared to the initial stage  examined. According to Eq. (25), the nickel surface area is
is less than that, weaker dependencieggfon Xni, Acar, proportional toA%14x%86(1 — X014, The dependence of
and: will be found. From Eq. (24) an equation for the nickel  the nickel surface area on the surface area of the carrier is
surface area can be derived: given in Fig. 2. It is shown in Fig. 2 thaty; is proportional

to A23*01 which is close to the dependence predicted by
Eq. (25) ofA%14. This surprisingly weak dependenceAy
X1 — Xni)014A214 on Acar can therefore be rationalized theoretically. The rea-

ANi = T ccad = constX nidy

~ Ni
~ const Kf.14Dﬁ.i14to.14 (25) son for the stronger dependenceAyf; on Acar Observed
experimentally compared to that obtained theoretically may
4.6. Discussion of the model and comparison with be that some particles are trapped in cavities in the carrier
experimental data with high surface area.

The effect of the nickel loading ody; predicted by

The equations above are now explored and it is discussedEd- (25) is also in good agreement with experimental data.
how they correspond to the experimental data obtained hereln Fig. 1, the predictions of the nickel surface area of the
and to literature data on sintering of metal particles on ce- catalysts supported on 15 and 56 gn* are plotted as a
ramic supports. Several interesting features arise from thisfunction of Xni. As seen from the figure, the fitted trends in
simple model. the stable sulfur capacity are in very good agreement with

First, the time dependence of the nickel surface area isthe observed trends. The reason for the relatively strong de-
discussed. The nickel surface area is proportional to the timependence of the nickel surface area on the nickel loading
in the order of—0.14 in Eq. (25). Most of the data in the lit-  and the weak dependence on the surface area of the carrier

erature were analyzed using the power-law expression givencan be understood physically as follows. The mobility of the

previously, nickel particles is strongly dependent on the diameter of the
nickel particles. Eq. (13) predicts that the average collision

_ m = kAL, (1) probability per gram depends dﬁf; and linearly on the dif-
dr fusion coefficient of the nickel particles. Eq. (18) shows that

and values ofn are reported. A reaction order for the for spherical particles, the diffusion coefficient of nickel par-
time of —0.14 corresponds ta = 8. The values reported ticles depends on the average nickel particle diameter in the
for n in the literature can be obtained from the review of power of —4. Increasing the surface area of the carrier or
Bartholomew [7]. For supported nickel catalysts, values of  decreasing the nickel loading increases the average distance
in the range 3—15 with an average of 8.6 have been reportecbetween the nickel particles. However, since the mobility of
and for supported platinum catalysts, values of 2—14 with the particles depends strongly on the particle size, the in-
an average of 7.2 were given. These values are close to therease in the distance between the particles will only result
value of 8 predicted by Eq. (25). One explanation for the in a small reduction of the nickel particle size after sinter-
high values of: could be that faceting of the metal particles ing. Only a small increase in the particle size is necessary to
may retard the sintering process and lead to higher valuesdecrease the mobility of the particles so much that it com-
of n [22]. As discussed in previous work, large nickel par- pensates for the decreased distance between the particles. In
ticles show facetting [10]. Another explanation for the high conclusion, the strong effect oty of the nickel loading and
values ofn could be that the initial metal particle-size distri- the weak effect of the carrier surface area are a consequence
butions of the freshly prepared catalysts are narrow leadingof the strong dependence of the mobility of the particles on
to fast initial sintering followed by a plateau of slower sinter- the particle diameter. Obviously, a limit that depends on the
ing when lognormal particle distributions have been reached. surface area of the carrier exists at very high nickel loadings,
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. . 3
where the nickel particles are so close that they are almost,_ ® 750°C

touching each other. In this case, the nickel surface area nog ;5 |
longer increases with the nickel loading. .
The temperature dependence of the nickel surface aree
obtained from Eg. (25) is determined by the activation en-
ergy for diffusion on a nickel atom at the nickel surface,
i.e., the temperature dependence/nf; and the energy of
formation of a transport species at the surface of the nickel ¢
particles. In Fig. 3 the nickel surface areas of a nickel catalyst & , ; |
supported on 24 &g~! MgAl,O4 obtained after 700 h of &
sintering in a gas mixture containing®:H, = 10:1, 30 bar 0
total pressure, and a temperature of 520-632re plot-
ted. When analyzed by an Arrhenius expression [Eq. (3)], Tma (h)
the apparept Arrhenius energy derived fr9m the nickel sur- Fig. 4. Relative nickel particle diameters obtained from sulfur chemisorp-
face areas is-(46+ 8) kJ/mol. The negative value Shows tjon plotted as a function of the sintering time (filled symbols). The data
that the nickel surface area is lower at higher temperatureswere taken from Rasmussen et al. [13]. The sintering was performed at am-
as observed. bient pressure and4#0:H, = 1:1. Four sintering temperatures were used:
Values of the diffusion coefficient of nickel add-atoms 500, 575, 650, and 75CC. Lines are connecting the data ok_)tained using a
over nickel planes, along edges and kinks and descendingfﬁ?nﬁzlrzt;{: gliigt?gf d?tzigpen symbols represent a fit to the exper-
from a step at a nickel surface, and an ascending motion of ' '
edge nickel atoms have been reported [38—41]. Calculationsin Fig. 4. The data point obtained after sintering at 825s
show that the barrier for add-atom migration is lower than i

diffusion of surface vacancies [38]. The activation energies excluded from the figure because another sintering mech-
o S ' 91€S anism is expected to be activated at this temperature [13].
of diffusion are within 5—-200 kdmol [38-41]. However, as e . T
. . k . A modification of Eq. (23) was fitted to the data in Fig. 4:
discussed previously, the barrier toward formation of the sur-
face transport species as add-atoms is high—of the order of g; const /7
<_e—Ea/RTt + 1)

111 k¥mol [28]. This barrier must be included in the expres- m = Acar

e diam
n

650°C

® 575°C
@ s00°C

nickel particP

0 20 40 60 80 100 120

(26)

sion of the effective diffusion constant for particle diffusion.
For add-atoms the lowest diffusion barrier is observed for ~ The two fitted parameters are const. a@ngdand the fitted

the diffusion over Ni(111). The highest barriers were deter- data points are given as open symbols in Fig. 4. The BET ar-

mined at very high temperatures to be up to 200dI [38],  €as per gram of carrier (') were used as values faiar

which is not really relevant for this study. However, the in- in the fit. As seen from the figure, the fit to the data is good.

teresting barrier is the barrier for the slowest step in the The obtained constants are constexp(47.18) g~—th~*

transport process at the surface of the nickel particles. ThisandEa = 332 k¥mol. 0.143E5 = 47 ky/mol should be com-

is presumably the transport process with the highest barrier.pared with the apparent Arrhenius energy of the plot in

Liu and Adams [40] calculated a barrier of 129 kibl for Fig. 3. There is good agreement between the apparent Ar-

diffusion of a nickel atom from a terrace down to a ledge rhenius energy obtained from Fig. £{= 47 kJ/mol) and

at a Ni(110) surface. Since nickel particles also have to ex- the one determined from the data in Fig.E& & 46 kJ/mol)

pose facets with higher surface energy than Ni(111) in order as well as the one derived by the theoretical considerations

to get the lowest possible total energy [42], some of the (Ea~ 34 kJmol) presented above.

nickel atoms on the surface of the nickel particle presum-

ably have to overcome the barrier of 129kabl. In Eq. (25),

the temperature dependence Af; for spherical particles 5. Conclusions

is given by K1Dni)~%143. Using an activation energy for

diffusion of 129 kJmol and an energy of formation of an The sintering of eight nickel steam-reforming catalysts

add-atom of 111 kimol, an Arrhenius energy foAy; of were studied under conditions similar to those used in an

—0.143(111+129 kJ/mol = —34 kJ/molis obtained. Con-  industrial reformer, i.e., in an atmosphere ofH, =

sidering the uncertainty in this estimate there is a reasonablel0:1 at 500C and 30 bar total pressure. Additional experi-

agreement with the-(46 &+ 8) kJ/mol determined experi-  ments were performed with a single reforming catalyst under

mentally. simulated, industrial steam-reforming conditions, i.e., in a
Finally, we analyze the average particle diameters calcu- mixture of steam and hydrogen (10:1) in the temperature

lated from the active surface areas reported by Rasmussemange 520-682C, and at 30 bar total pressure. The data

et al. [13] for an alumina-supported nickel catalyst sin- were analyzed using a simple model for the nickel surface

tered at ambient pressure using®H, = 1:1. The relative area derived assuming particle migration and coalescence as

surface-averaged nickel particle diameters obtained by sul-the rate-determining step and lognormal particle size dis-

fur chemisorption and Eq. (2) are plotted with filled symbols tributions and only weak interactions with the carrier. The
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