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Abstract

Surfactant-stabilised palladium nanoclusters with an average diameter of about 7.3 nm (determined by XRD) are used as catalysts in
propylene hydrogenation. Experiments performed in an isothermal batch reactor (T = 308 K), with total pressures in the range 0.25–9.0 bar
and with initial hydrogen molar ratios varying between 0.05 and 0.40, provide a further insight on the reaction kinetics. It is shown that a
Langmuir–Hinshelwood rate equation well represents the reaction data, which mechanism involves competitive adsorption of the reagents,
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ith dissociation of hydrogen on the catalyst surface, and where surface reaction is the limiting step. Nonlinear optimization of the
ata provided the kinetic parameters of the rate law (k = 5.569 mol g−1

Pd s−1; KH2 = 3.799× 10−2 bar−1 andKC3H6 = 0.996 bar−1), which is
alidated by integration of the mass balance in the batch reactor.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Nanoclusters have a significant potential as new types of
ore active and selective catalysts. Because of their size,
enerally less than 10 nm, they often display unique catalytic
roperties. Possible reasons for that are: (i) a large percentage
f nanoclusters metal atoms lies on the surface, and thus the
urface to volume ratio drastically increases; and (ii) surface
toms do not necessarily order themselves in the same way

hat those in the bulk do[1].
Nanoclusters are agglomerates of a few to a few thousand

toms. Some clusters of noble metals, e.g. Pd, Ag or Au, were
lready synthesized by reduction of the metal ions in solution.
he metal atoms form a cluster and an organic ligand (e.g.
urfactant, polymer) binds to the cluster surface. The ligand
hell stabilises the cluster and prevents its agglomeration,
ecause as soon as these nanoclusters come into contact with

∗ Corresponding author. Tel.: +351 22 508 1695; fax: +351 22 508 1449.
E-mail address:mendes@fe.up.pt (A.M. Mendes).

each other, they agglomerate to lower their surface en
[2,3].

Most studies concerning the catalytic activity of polym
stabilised nanoclusters have been conducted in solution
instance, nanoclusters impregnated in Al2O3 pellets showe
to be three times more active in cyclooctene hydrogen
than a comparable, commercially available, industrial c
lyst (5% Pd on Al2O3) [4]. A comparatively small number
studies has been undertaken to examine the catalytic ac
of metals in polymer-based nanocomposite materials i
presence of gaseous reagents, and some exceptions a
use in hydrogenation reactions[5,6].

Hydrogenation of olefins is an active subject of rese
and has been one of the most thoroughly studied che
processes[7,8]. In what concerns its mechanism, it has b
generally accepted that hydrogenation of olefins over tr
tion metal catalysts proceeds via an associative mecha
through�-alkyl intermediates, known as Houriuti–Pola
mechanism[9]. However, metals also tend to form ally
species by abstracting hydrogen from the olefin (dissoci
mechanism)[10].
385-8947/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2004.07.008
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Nomenclature

Cis concentration of the limiting reactanti at sur-
face conditions (mol m−3)

De effective diffusivity coefficient (m2 s−1)
Ki adsorption equilibrium constant for speciesi

(bar−1)
k rate constant for the overall hydrogenation re-

action (mol g−1
Pd s)

k′ rate constant for the surface reaction
(mol g2

Pds−1 sites−3)
m number of experimental data
M vacant active site
MSC model selection criterion
[M]T total concentration of active sites (sites g−1)
p number of fitting parameters
P total absolute pressure (bar)
Pi, Pj partial pressure of speciesi, j (bar)
ni number of moles of speciesi (mol)
n number of reactive moles (mol)
R gas constant (m3 bar mol−1 K−1)
Rp particle radius (m)
ri reaction rate for speciesi (mol g−1

Pd s−1)
robs observed reaction rate (mol g−1

Pd s−1)
T temperature (K)
t time (s)
V reactor volume (m3)
w mass of catalyst (g)
X advancement of the reaction (dimensionless)
Xmax maximum advancement of the reaction (di-

mensionless)
yi, yj molar fraction of speciesi, j (dimensionless)

Greek letters
α fitting parameter of model 2
β fitting parameter of model 2
ξ extent or degree of advancement of the reaction

(mol)
νi stoichiometric coefficient for speciesi
ρc density of the catalyst pellet (g cm−3)
Φs experimental parameter, analogous to Weisz

Prater modulus (dimensionless)

Subscripts
I inert species (argon)
i species present in the reactor, i.e. H2, C3H6,

C3H8 or inert
j reactant species present in the reactor, i.e. H2

or C3H6
o initial conditions

In the case of ethylene hydrogenation, several mecha-
nisms have been proposed in the literature[8,11]. For in-
stance, Zaera and̈Ofner [8] suggested a simple Langmuir
model that considers competitive adsorption between hy-
drogen and ethylene. Hydrogen adsorbs dissociatively and
the rate-limiting step is the hydrogenation of the ethyl in-
termediate with adsorbed surface hydrogen[8]. Propylene
hydrogenation has not been studied so extensively as ethy-
lene hydrogenation, and most of the works have been focused
on the use of a platinum catalyst[12–15]. For both reactions,
the kinetics and mechanisms are far from being settled, par-
ticularly over a Pd catalyst, which is widely used in industrial
practice in hydrogenation reactions.

As most of the hydrogenations take place at tempera-
tures below 200◦C, or even at room temperature, a polymeric
catalytic membrane reactor (PCMR) can advantageously be
used. But to have access to the parameters governing the
separation and the chemical reaction kinetics in a continu-
ous PCMR, independent experiments should ideally be per-
formed. Thus, in the present study, the kinetic parameters
of propylene hydrogenation are determined using palladium
nanoclusters, which show no mass transport resistances. This
data will be important for subsequent modelling of the pro-
cess in a PCMR and, besides, give more insight concerning
kinetics over metal nanoclusters, which is a recent and inno-
v
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ative topic in catalysis.

. Experimental

.1. Catalysts preparation

The nanostructured palladium clusters were stabi
sing the surfactant tetraoctadecylammonium bromidn-
C18H37)4N+Br− [2], whose preparation procedure
eported elsewhere[16,17]. For immobilising these nanopa
icles in a porous support (polyester textile), 17.0–20.0
f the powder-catalyst, containing 15.71% Pd (w/w),
ispersed in THF (p.a. Merck) at a concentration of 0.2
wPd/w). Ultrasound was used for a better dispersion.
rop of the suspension was then released in each squ
previously defined grid (0.6 cm× 0.6 cm) over the porou

extile support (5.4 cm× 4.2 cm).

.2. Catalysts characterization

The average diameter of the surfactant-stabilised p
ium clusters was measured using X-ray diffraction (XR

n a Ditral Siemens D5000 apparatus, employing Cu K� radi-
tion. The powder was pressed into a squared support
1 cm) and the average diameter was calculated usin

ragg Brentano geometry.
The active surface area of the clusters was obta

rom the CO adsorption isotherm, which was determine
08 K using the gravimetric method in the pressure rang
–100 mbar.
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The palladium-containing samples were also analysed
by scanning electron microscopy (SEM) using a Jeol JSM-
6301F apparatus, in conjunction with energy dispersive X-ray
spectroscopy (EDS) with a Noran-Voyager equipment, both
operating at 20 keV. The specimens were firstly processed by
means of a Jeol JFC 1100 ion sputtering device for fine gold
coating of the surface, to provide stability and conductivity
under the electron beams.

2.3. Catalytic experiments

The hydrogenation kinetics of propylene to propane was
studied in a jacketed batch cylindrical reactor (V = 0.55×
10−3 m3; i.d. = 8.2 cm;h = 10.5 cm), to which a pressure
sensor (Druck-PMP 4000 Series—2 or 10 bar, absolute) and
a thermocouple were attached. All the gases admitted to the
stainless-steel reactor were supplied by Praxair (propylene
99.5%, hydrogen 99.999% and argon 99.999%) and were
previously mixed in a jacketed tank, which was connected
to the reactor through an on–off valve. Both pressure his-
tory and temperature were monitored along the runs, be-
ing recorded in a computer at a frequency of 0.1 s−1. The
porous support containing the Pd nanoclusters catalyst was
attached to a magnetic bar (with a cross shape and stirring
at 600 rpm), and this assembly was inserted into the batch
r
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using the support and the magnetic bar, and showed neither
catalytic activity nor adsorption of reagents.

The parameters of the rate law were obtained by solving a
nonlinear least squares problem using a commercial statistics
software (JMPTM). For integration of the mass balances, the
time-dependent equations were solved using LSODA[21].

In order to evaluate if internal resistances to mass transfer
were significant within the nanostructured palladium clus-
ters, due to the presence of the surfactant, well-known in-
traparticle transport criteria were used[22]. First, to assess
the effective diffusivity coefficients, some experiments were
carried out in which 3.0 g ofn-(C18H37)4N+Br− powder
(supplied by Sigma–Aldrich; assay: >98%) was used and the
uptake curves determined, through the volumetric method.
The experiments have shown that, for all gases consid-
ered, the amounts adsorbed are negligible and equilibrium
is reached almost instantaneously (ca. 1 s). Comparison of
these curves with a mass balance for spherical particles gave
us an estimate for the effective diffusivity coefficient (De
∼ 2.6 × 10−7 m2 s−1), assuming 1% deviation from a flat
concentration gradient. The following parameter was then
evaluated for the maximum particle size found (ca. 20�m,
see below):Φs = ((robsρcR

2
p)/(DeCis)), which expresses the

ratio of chemical reaction rate to diffusive flux (robs is the
observed reaction rate;ρc ∼ 1.8 g cm−3 is the density of the
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Palladium oxide formed on the catalyst surface due t

xposition was removed by admitting 1.0 bar of hydro
nto the reactor, leaving for 20 h, and then evacuating w
otary vacuum pump (maximum vacuum of 10−3 mbar). This
rocedure was repeated twice, as recommended by Sa
l. [18], and was followed by dilution in argon and a fi
vacuation. Using the experimental procedure describe
roducible runs were achieved in most of the experime
onditions. However, at high pressures (P > 4 bar), some de
ctivation of the catalyst was noticed. In that case, a
upport was prepared with fresh catalyst.

It is known that under catalytic conditions with par
ressures above the deci-Pascal range, and around

emperature, the hydrogenation of small olefins occu
he presence of carbonaceous deposits (alkylidynes),
s spectator species that just block the metal surface

7,19,20]. In our experimental conditions, it is expected t
he surface might be saturated with propylidyne deposits
uch surface coverage should not change under typic
erimental conditions. Otherwise, activity decay would
oticed in subsequent experiments.

In the catalytic runs, hydrogen molar ratios in the ra
.05–0.40 were used, at an initial total pressure of 1.0 b
et of experiments where the initial total pressure was
ed between 0.25 and 9.0 bar (absolute) was also perfo
t equal composition ((yH2)o = 0.10 and (yC3H6)o = 0.35).
oth the fraction of inert (argon) and the temperature w

he same in all runs: 0.55 and 308 K, respectively. Exp
ents were repeated at least three times, randomly, and

eproducible within±5%. Blank runs were also performe
t

atalyst pellet, obtained by He pycnometry;Rp is the radius o
he particle; andCis is the concentration of the limiting rea
ant at surface conditions). Both the Weisz[23] and Hudgins
24] criteria were applied, after fitting different power-l
inetics to our data. These criteria were always verifiedΦs
ufficiently small), thus supporting that internal mass tran
esistances are negligible, and so the hydrogenation rea
roceeds in kinetic regime.

The possible existence of external resistances to
ransfer was also evaluated. For that, different rotation sp
ere employed during the experiments. Changing the

ion speed from 0 up to 600 rpm did not change the rea
ate, thus evidencing that external mass transfer effects
bsent.

. Results

.1. Catalysts characterization

Data from XRD analyses indicated that the average d
ter of the surfactant-stabilised palladium clusters is 7±
.0 nm, corresponding to a surface area of about 68 m2 g−1

Pd
assuming spherical Pd nanoparticles). The active su
rea of this sample was obtained from CO chemisorption
mount of carbon monoxide adsorbed on the Pd surfac
alculated from the plateau of the isotherm, which evide
hat the monolayer capacity of Pd is 4.53× 10−5 mol g−1 of
ample. Assuming that 0.5 CO/Pds is the average maximu
overage over the exposed palladium[25], the active surfac
rea in the nanostructured palladium clusters is 27 m2 g−1

Pd
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Fig. 1. SEM micrographs of the original nanostructured Pd powder-catalyst (A) and after immobilisation in the textile support (B), both at a magnification of
350×.

(metallic dispersion of 6.1%). This active surface area is sig-
nificantly different from the surface area computed consid-
ering the diameter obtained by XRD. This might indicate
that not all sites are active or the chemisorption stoichiom-
etry is not the assumed one. Anyway, these methods should
not be directly compared as they use different approaches
to obtain the average sizes of the particles populations
[26].

Both the size and the active surface of palladium were
determined in a sample before dispersion in THF, i.e. in the
unsupported catalyst. Because the mass of Pd used in the tex-
tile support is very small, those parameters were not evaluated
in the supported sample.

SEM/EDS techniques were used to evaluate if the pro-
cedure adopted to immobilise the nanostructured palladium
clusters in the textile support affects the structure or size
of the catalyst aggregates and, eventually, removed the sur-
factant shell, thus leading to the possible Pd nanoclus-
ters agglomeration. SEM analyses were performed for the
powder-catalyst before (Fig. 1A) and after immobilisation
(Fig. 1B). One can see that the size of the aggregated clus-
ters on the support is retained, with the biggest particles be-
ing in both cases about 20�m in diameter. Besides, EDS
analysis showed the existence of Br (due to the surfac-
tant used) in the immobilised samples and also proved the
e tech-
n the
P were
f s in a
p

3.2. Catalytic experiments

As above-mentioned, experiments performed in the batch
reactor provided total pressure versus time curves, what al-
lowed us to compute the reaction rates. For that, the following
concepts were used: (i) extent or degree of advancement of a
reaction,ξ, defined as[27,28]

ξ = ni − nio

νi

(1)

whereni andnio are the mole number of speciesi present in
the reactor at instantt and at the initial instant, respectively,
andνi is the stoichiometric coefficient for speciesi (so that
it is positive for products and negative for reagents); and (ii)
normalised advancement:

X = ξ

no

(2)

whereno is the total number of reactive moles at the beginning
of the run. Using these concepts, and assuming ideal gas
behaviour for the gaseous mixture, it can be easily deduced
that

X = 1 − P/Po

1 − yIo
(3)

T ns
( a, ad-
v
r

xistence of Pd inside the particles. Therefore, the
ique used to immobilise the catalyst does not liberate
d clusters from the shell. Palladium nanoclusters

ound to be arranged inside surfactant particles as seed
omegranate.
he total fraction of inert gas,yIo , was kept constant in all ru
0.55). Thus, from experimentally recorded pressure dat
ancement results are easily calculated withEq. (3). Reaction
ates, per weight of catalyst, were computed usingEq. (4),
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Fig. 2. Effect of the initial hydrogen molar fraction in the initial rates of propylene hydrogenation (Po = 1.0 bar;yIo = 0.55;T = 308 K) (—: experimental
values). The bar errors for the mean values were obtained for a 95% confidence level (t distribution), using at least three experimental results. The solid line
corresponds to the model fitting and dashed lines are the confidence curves (for a 95% confidence level).

which was deduced from a mass balance to the batch reactor.

r = PoV (1 − yIo )

wRT

dX

dt
(4)

In this equation,w denotes the mass of catalyst used andV
the reactor volume.

The methodology adopted to deduce the rate law for
propylene hydrogenation over the palladium nanoclusters,
under isothermal conditions, was the method of initial rates,
firstly proposed by Yang and Hougen[29]. The analysis pro-

F hydro ).
T e levelt distri ponds
t 95% co

posed by Yang and Hougen, i.e. the graphical evaluation of
the effect of some initial operating conditions (namely to-
tal pressure or reaction mixture composition) over the initial
rates, still shows to be a useful tool in kinetic modelling, and
can save much time and effort.

First, the initial rates of propylene hydrogenation under
different initial compositions of the reaction mixture (propy-
lene to hydrogen ratio) were determined at 1.0 bar. Obviously,
initial rates were obtained from the slopes ofXversust curves
for initial instant (seeEq. (4)). The plot shown inFig. 2points
ig. 3. Effect of the initial total pressure in the initial rates of propylene
he bar errors for the mean values were obtained for a 95% confidenc

o the model fitting and dashed lines are the confidence curves (for a
genation ((yH2)o : (yC3H6)
o

= 0.10 : 0.35;T= 308 K) (—: experimental values
(bution), using at least three experimental results. The solid line corres
nfidence level).
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to a mechanism where surface reaction is the limiting step
[29], which is in agreement with previous works[30]. More
recently, Zaera and̈Ofner[8] found, using a molecular beam
technique at low temperatures and ultra high vacuum, that a
competition exists between ethylene and hydrogen for surface
sites. They addressed that an increase of hydrogen adsorbed
at the surface of the catalyst increases the initial hydrogena-
tion rate, and that a further increase in the surface coverage
by hydrogen leads to a slower amount of adsorbed ethylene
[8]. Fig. 2 also shows that at high hydrogen concentrations,
the initial rate decreases, possibly due to the mentioned com-
petitive adsorption. Such competition leads to a decrease in
the number of sites available for propylene adsorption, and
consequently in the reaction rate.

The effect of total pressure in the initial hydrogenation rate
is illustrated inFig. 3. Once again, the graphical methodology
proposed by Yang and Hougen[29] indicates, from the shape
of the curve, and taking also into account data fromFig. 2,
that both hydrogen and propylene adsorb on the catalyst, with
surface reaction as the limiting step. However, it is not pos-
sible to definitely state if dissociation occurs or not because
the expected maximum that appears for dissociative adsorp-
tion is not very clear inFig. 3, although it seems to exist.
Nevertheless, the dissociative adsorption of hydrogen on the
catalyst surface was considered in the proposed mechanism
b ta, as
m non
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l
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Table 1
Kinetic parameters of propylene hydrogenation over palladium nanoclusters
(T = 308 K)

Parameter Value

k (mol g−1
Pd s−1) 5.569

KH2 (bar−1) 3.799× 10−2

KC3H6 (bar−1) 0.996

rate of propane formation is given by

rC3H8 = kKH2KC3H6PH2PC3H6

(1 + √
KH2PH2 + KC3H6PC3H6)

3
(8)

wherek = k′[M]3T (k′ is the rate constant for the surface re-
action (7)) andKi andPi represent the adsorption equilib-
rium constant and partial pressure for speciesi, respectively.
This rate equation evidences the competitive adsorption of
both reagents with dissociation of hydrogen on the catalyst
surface, which follows the Houriuti–Polanyi mechanism[9].
However, these authors suggest the involvement of two active
sites for adsorption of the olefin.

Öfner and Zaera[8] reported a competitive adsorption for
Pt (1 1 1) sites between di-�-bonded ethylene molecules and
hydrogen. This di-�-bonded is a strongly bonded state of ad-
sorption of ethylene that at saturation evolutes to a weakly
bonded state (�-bonded ethylene), which is the state that is
hydrogenated[8]. More recently,Öfner and Zaera[33] also
reported an adsorption mechanism at high coverages of ethy-
lene which involves this�-bonded adsorption. After an initial
interaction with the few metal atoms left exposed by an im-
perfect monolayer, a collective rearrangement of the neigh-
bouring molecules occurs, leading to a new compressed layer
(the above-mentioned weakly bonded state). This supports
the involvement of one single site, not two, for adsorption of
t

ar
r own
i our
m e
l el
a ters
a of
t sion
v

that
t sur-
f ticu-
l not
p ium
n lene
h n the
v rried
o yed
w

ology
a ction
ecause it provides the best fit to the experimental da
entioned below. Besides, this is a well-known phenome
hich occurs on metallic surfaces and widely reported in

iterature[31,32].

. Discussion

From the experiments described, one can determin
inetic parameters of propylene hydrogenation over p
ium nanosized clusters. According to the findings m

ioned above, the reaction mechanism can be describ
he following steps:

2(g) + 2M � 2H M (5)

3H6(g) + M � C3H6 M (6)

3H6 M + 2H M
k′

−→ C3H8(g) + 3M (7)

q. (5)takes into account the dissociative adsorption of
rogen on palladium active sites (M), whileEq. (6)describe

he adsorption/desorption equilibrium for propylene. Fin
q. (7)describes the hydrogenation of adsorbed propyle
ropane. Assuming that the surface reaction is the lim
tep, and using the Langmuir–Hinshelwood (LH) form
ion [28,29], i.e. assuming that the total concentration of
ive sites [M]T is constant with a steady-state approxima
or Eqs. (5) and (6), it can be easily deduced that the ove
he olefin, similarly to the mechanism herein proposed.
The parameters ofEq. (8)were determined by a nonline

egression analysis, by fitting the rate law to the data sh
n Figs. 2 and 3. The parameters obtained according to

odel are shown inTable 1. Limits for a 95% confidenc
evel are also plotted inFigs. 2 and 3, showing a good mod
dhesion to the experimental values. However, paramek
ndKH2 are linked and the criterion used, minimization

he square residuals, did not allow to obtain high preci
alues for them.

A great advantage of using nanosized materials is
he surface to volume ratio increases drastically and the
ace atoms include an increasing fraction of the total par
ate volume with high defect structures. However, it was
ossible to compare the catalytic activity of the pallad
anoclusters with other works, as the majority of propy
ydrogenations are reported over platinum catalysts. I
ery few studies found where this hydrogenation was ca
ut over palladium, the experimental conditions emplo
ere out of the range herein adopted.
Based on the same experimental data, the method

dopted does not exclude other rate equations or rea
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Table 2
Initial reaction rate equations employed to fit the propylene hydrogenation data and corresponding model selection criterion values

Model no. (rC3H8)
o

Reference MSC

1
kKH2KC3H6(PH2)o(PC3H6)

o

(1 + √
KH2(PH2)o + KC3H6(PC3H6)

o
)
3

7.25

2
αKH2KC3H6(PH2)o(PC3H6)

o

(1 + KH2(PH2)o + KC3H6(PC3H6)
o
)2

+ βKH2KC3H6(PH2)o(PC3H6)
o

(1 + KH2(PH2)o)(1 + KH2(PH2)o + KC3H6(PC3H6)
o
)

[13] 7.16

3
kKH2KC3H6(PH2)o(PC3H6)

o

(1 + KH2(PH2)o + KC3H6(PC3H6)
o
)2

6.48

4 kKH2KC3H6(PH2)o(PC3H6)
o


−(1 + √

KH2(PH2)o) +
√

(1 + √
KH2(PH2)o)

2 + 4KC3H6(PC3H6)
o
[M]T

2KC3H6(PC3H6)
o




4

5.83

5
kKC3H6(PH2)o(PC3H6)

o

(1 + KC3H6(PC3H6)
o
)2

[35] 5.76

6
k
√

KH2(PH2)oKC3H6(PC3H6)
o

(1 + √
KH2(PH2)o + KC3H6(PC3H6)

o
)
2

[8] 5.47

7
kKH2(PH2)o(PC3H6)

o

(1 + √
KH2(PH2)o)

2
2.37

mechanisms. With this in mind, we decided to test different
promising reaction mechanisms. The following model selec-
tion criterion was adopted[34]:

MSC = ln

[ ∑m
i=1(roobs,i − roobs)

2∑m
i=1(roobs,i − rocal,i )

2

]
− 2p

m
(9)

wheremis the number of experimental points,p is the number
of fitting parameters androobs is the mean of the experimental

F t initia
( o = 0.5 etter
v

results. The MSC adopted gives higher values both for models
that fit better and for models with less number of parameters,
and therefore allows comparison of different models.

Table 2shows the models considered, ranked by the MSC
value. Model 2 was proposed by Rogers et al. and takes
into account competitive and noncompetitive adsorption of
the reagents at the catalyst surface[13]. Model 3 is a LH
equation for a mechanism with surface reaction between ad-
sorbed species controlling, but without hydrogen dissocia-
ig. 4. Advancement of the reaction as a function of time for differen
yH2)o = 0.15 ( ),(yH2)o = 0.30 (�), (yH2)o = 0.40 (©), (Po = 1.0 bar;yI

isualization). The solid line is the model fit by the integral method.
l compositions of the reaction mixture: (yH2)o = 0.05 (♦), (yH2)o = 0.10 (�),
5; T = 308 K; the number of experimental points was reduced for a b
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Fig. 5. Advancement of the reaction as a function of time for different initial total pressures:Po = 0.50 bar (+),Po = 1.0 bar (�), Po = 3.5 bar (×) ((yH2)o :
(yC3H6)

o
= 0.10 : 0.35; T = 308 K; the number of experimental points was reduced for a better visualization). The solid line is the model fit by the integral

method.

tion. Model 4 is based on the Houriti–Polany mechanism[9],
with adsorption of the olefin in two sites. Model 5 was adapted
for the present reaction and was first proposed by Borodzinski
and Cybulki[35] for the selective hydrogenation of acetylene.
Model 6 is also a LH equation that considers the bimolecular
shock between the adsorbed propylene and the first hydrogen
atom, followed by the addition of the second hydrogen atom.
Finally, model 7 is the Rideal–Eley mechanism. However, the
best model after using the MSC adopted is model 1, which is
proposed in the present work.

For validation of both the proposed rate law and the kinetic
parameters determined by the nonlinear regression, the inte-
gral method was used[28]. For that,Eq. (4)was integrated
using the rate law shown inEq. (8)and the kinetic parameters
from Table 1. Assuming once again ideal gas behaviour, the
hydrogen and propylene partial pressures in the rate equation
were substituted from their dependence on the advancement
of the reaction.

Pj = Po[yjo − (1 − yIo )X] (10)

Figs. 4 and 5show the plots of some experimental and theo-
retical curves. In all cases, integration of the mass balance de-
scribes quite reasonably the experimental advancement data.
Although conversion of the limiting reactantj was always
complete, the advancement curves tend to a maximum value
w

X

F
t ,
t e
s

5. Conclusions

In the present paper, the kinetics of propylene hydrogena-
tion was studied under isothermal conditions using palladium
nanosized clusters as catalyst. Because metal nanoclusters are
not stable, as they quickly grow and/or fuse together into mi-
crometric aggregates, surfactant-stabilised Pd nanoparticles
were used. The technique used to immobilise the catalyst
nanoparticles in a textile support, which involves dispersion
in a THF solvent, does not affect the structure and dimen-
sions of the catalyst aggregates, for which mass transport
resistances are negligible. Besides, SEM/EDS analyses also
showed that clusters do not lose their surfactant shell upon
such treatment.

Although it was not possible to determine the active sur-
face area of the supported catalyst before and after the hydro-
genation reaction, it is reasonable to assume that it possibly
remains unchanged, once reaction rates were quite repro-
ducible.

The method of initial rates was adopted to establish the
reaction mechanism. Although this approach does not ex-
clude other reaction schemes, it was found that experi-
mental rate data are coherent with a LH mechanism that
involves competitive adsorption between reactants for the
catalyst surface, with dissociative adsorption of hydrogen,
a re-
s
h fin
a

rea-
s tion,
w near
r

hich depends on the initial conditions.

max = yjo

(1 − yIo )
(11)

or instance, inFig. 4, the curves for (yH2)o = 0.05 or 0.40
end both toXmax = 0.111, while for (yH2)o = 0.15 or 0.30
he limit value is 0.333. InFig. 5, all the curves tend to th
ameXmax value (0.222).
nd where surface reaction is the limiting step. The
ults agree with a Houriuti–Polanyi mechanism[9], but
ere it is involved one single site, not two, for ole
dsorption.

The corresponding LH rate equation represents very
onably the experimental data of propylene hydrogena
ith the kinetic parameters being determined by nonli

egression analysis.
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For validation of both the proposed rate law and the kinetic
parameters obtained, the integral method was used. Upon
integration of the mass balance, one can conclude that the
theoretical and experimental advancement curves agree very
well for various sets of experiments.

The rate law of propylene hydrogenation herein deter-
mined is crucial for subsequent modelling of a polymeric
catalytic membrane reactor, which contains the palladium
nanoclusters in the polymeric matrix of the membrane. It is
remarkable that the reaction rate determined showed good
response when comparing the simulated versus experimen-
tal data obtained in the PCMR, and this will be the aim of a
future publication.
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[11] A.V. Zeigarnik, R.E. Vald́es-Ṕerez, O.N. Temkin, Langmuir 14 (16)

(1998) 4510–4516.
[12] R. Campostrini, G. Carturan, R.M. Baraka, J. Mol. Catal. 78 (1993)

169–179.
[13] G.B. Rogers, M.M. Lih, O.A. Hougen, AIChE J. 12 (2) (1966)

369–377.
[14] G. Cocco, R. Campostrini, M.A. Cabras, G. Carturan, J. Mol. Catal.

94 (1994) 299–310.
[15] W.E. Stewart, R.H. Shabaker, Y.T. Lu, Chem. Eng. Sci. 43 (8) (1988)

2257–2262.
[16] M.T. Reetz, W. Helbig, J. Mol. Catal. A: Chem. 116 (16) (1994)

7401–7402.
[17] M.T. Reetz, M. Winter, R. Breinbauer, T. Thurn-Albrecht, W. Vogel,

Chem. Eur. J. 7 (5) (2001) 1084–1094.
[18] C. Sachs, A. Pundt, R. Kircheim, M. Winter, M.T. Reetz, D. Fritsch,

Phys. Rev. B 64 (7) (2001) 5408–5417.
[19] T.P. Beebe, J.T. Yates Jr., J. Am. Chem. Soc. 108 (4) (1986) 663–671.
[20] R.J. Koestner, M.A. Van Hove, G.A. Somorjai, J. Phys. Chem. 87

(2) (1983) 203–213.
[21] L.R. Petzold, A.C. Hindmarsh, LSODA, Computing and Mathemat-

ics Research Division, Lawrence Livermore National Laboratory,
1997.

[22] J.B. Butt, Reaction Kinetics and Reactor Design, second ed., Marcel
Dekker, Inc., New York, 1999.

[23] P.B. Weisz, Z. Physik. Chem., Neue Folge 11 (1957) 1.
[24] R.R. Hudgins, Chem. Eng. Sci. 23 (1) (1968) 93–94.
[25] S.D. Jackson, N.J. Casey, J. Chem. Soc. Faraday Trans. 91 (18)

(1995) 3269–3274.
[26] F. Delannay, Characterization of Heterogeneous Catalysts, Marcel

[ nc-
aris,

[ sign,

[ 157.
[ 543–

[
[ ium

d

[ 983.
[
[

[1] J.D. Aiken III, R.G. Finke, J. Mol. Catal. A: Chem. 145 (199
1–44.

[2] M.T. Reetz, W. Helbig, S.A. Quaiser, U. Stimming, N. Breuer,
Vogel, Science 267 (1995) 367–369.
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