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Abstract

Carbon nanofiber-supported platinum catalysts with a narrow and stable platinum particle size distribution (1–2 nm) were prepared, one
with a considerable amount of oxygen support surface groups (PtCNF, 2.8 acidic O atoms/nm2) and one with a much smaller amount
(PtCNF973, 0.06 acidic O atoms/nm2). Their catalytic performance was compared in a series of liquid-phase cinnamaldehyde hydrogenation
experiments at 383 K using hydrogen pressures of 2.8–6.8 MPa and a cinnamaldehyde concentration in the range 14–345 mol/m3. These
results showed a different hydrogen dependency of the reaction rate for the two catalysts, demonstrating a change in the adsorption of
hydrogen on platinum. Using a single-site model including both Langmuir–Hinshelwood kinetics and mass transfer effects we found
that the intrinsic reaction rate increased up to a factor of 120 with the removal of the oxygen-containing surface groups. Also the
adsorption constants increased significantly, indicating that adsorption on PtCNF973 is stronger than on PtCNF. These results suggest that
hydrogenation is assisted by adsorption of the benzene ring of cinnamaldehyde on the non-polar CNF support surface after removal of
the oxygen-containing groups.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The selective hydrogenation of�,�-unsaturated aldehy-
des to unsaturated alcohols is a key step especially in the
preparation of various fine chemicals and is often used in the
literature as a sensitive test reaction (seeKluson and Cer-
veny, 1995; Ponec, 1997; Coq and Figueras, 1998; Gallezot
and Richard, 1998; Hajek et al., 2003). Important factors
influencing the activity and selectivity are amongst others,
the active metal, the catalyst support properties, the metal
particle size and the presence of promoters such as a sec-
ond metal or alkaline solutions. A very commonly used cat-
alyst system for this type of reactions is platinum supported
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on graphitic carbon (Coq and Figueras, 1998; Giroir-Fendler
et al., 1988; Coq et al., 1993; Kumbhar et al., 1995; van de
Moesdijk and Bosma, 1988).

Our study of a series of carbon nanofiber (CNF)-
supported platinum catalysts (Toebes et al., 2004a) and
earlier work on Ru/CNF catalysts (Toebes et al., 2003)
have shown a continuous trend in activity and selectiv-
ity in the liquid-phase hydrogenation of cinnamaldehyde
with decreasing numbers of oxygen-containing support
surface groups. The observed rate of cinnamaldehyde
conversion was enhanced by a factor of 22 (Ru) and 25
(Pt) as the number of acidic oxygen-groups per nm2 de-
creased from 2.8 to 0.06, mainly due to a strong increase
in hydrogenation rate of the C&C bond. Only a slight
increase in C&O bond hydrogenation rate was observed,
resulting in a large shift in selectivity towards hydro-
cinnamaldehyde.
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A possible explanation for the change in catalytic prop-
erties involves an indirect support effect on catalysis via
the electronic state of the metal particles. The density of
states of the metal particles may shift to a higher bind-
ing energy with decreasing electron richness of the support
atoms, which influences the catalytic behavior (Ramaker et
al., 2001; Koningsberger et al., 2003; Mojet et al., 1999).
However, we have shown with XPS and H2-chemisorption
that with the Pt/CNF catalytic system the electronic proper-
ties of the platinum particles do not change to a large extent
with varying numbers of oxygen-containing groups (Toebes
et al., 2004a). Therefore, it is not likely that the changes in
catalytic performance with decreasing numbers of oxygen-
containing support groups are primarily brought about by
an electronic effect.

An alternative explanation for a support effect on the cat-
alytic performance can be found in its involvement in the
catalytic action. An extreme example of this is bifunctional
catalysis, in which sites on the support are responsible for
a part of the catalytic conversion. A case in point is alkane
hydro-isomerization with a metal-loaded acidic zeolite. The
metal particles exhibit hydrogenation/dehydrogenation ac-
tivity, whereas the acidic sites of the support exhibit iso-
merization and cyclization properties. Burch and Flambard
were the first describing a more subtle, so-called interfacial
metal–support interaction (Burch and Flambard, 1982a,b).
They observed that titania-supported nickel particles exhib-
ited a fifty times higher specific activity for the formation of
methane from CO/H2 than silica-supported nickel catalysts
due to active sites at the metal–titania interface. Also with
gold on titania catalysts the metal–support interface plays
an essential role in the CO oxidation by O2. In this reaction
probably oxygen adsorbs on oxygen vacancy sites in the ti-
tania surface while CO adsorbs on gold (Haruta et al., 1993;
Grunwaldt and Baiker, 1999). For CO2/CH4 reforming over
zirconia-supported platinum catalysts,Bitter et al. (1997)
proposed that CO2 is activated on the support by formation
of carbonate species that react with methane adsorbed on
platinum.

We studied to what extent oxygen-containing surface
groups on CNF influence the catalytic performance of CNF-
supported noble metal catalysts in the hydrogenation of cin-
namaldehyde. We found that at increasing treatment temper-
atures of Pt/CNF, the CNF surface changes gradually from
polar to non-polar due to the removal of oxygen-containing
surface groups, which might affect the adsorption location
or mode of the organic compound and thus the role of the
support in the reaction. We have used kinetic modeling to
explore the impact of the support on the catalytic action.

Often a first-order rate law has been used to model the
cinnamaldehyde hydrogenation experiments, however, this
simple rate equation did not describe the cinnamaldehyde
kinetics satisfactorily (Galvagno et al., 1991; Poltarzewski
et al., 1986; Cerveny et al., 1996; Zhang et al., 1998; Marchi
et al., 2003). Tronconi et al. (1990), Neri et al. (1997)
andVergunst et al. (2001)provide a more extensive kinetic

model for this complex reaction.Tronconi et al. (1990)and
Neri et al. (1997)studied the effect of temperature using
Langmuir–Hinshelwood kinetics. They assumed that adsorp-
tion of reactants and products is reversible and competitive
while hydrogen is activated on a different site and does not
compete with the organic compounds. The rate-determining
step is considered to be the reaction between atomic hydro-
gen and the adsorbed organic compound. A two-site model
is assumed, one type of site for hydrogenation of the car-
bonyl bond (C&O) and another type of site for olefinic bond
(C&C) hydrogenation. They found that other models (using
one type of site only or using competitive hydrogen adsorp-
tion) gave less satisfactory results.Vergunst et al. (2001)
compared three different kinetic models for the hydrogena-
tion of cinnamaldehyde over Pt/C/monolithic catalysts. A
single-site and a two-site model with the surface reactions
as rate-controlling steps were unable to fit the experimental
data satisfactory. They concluded that a single-site model in
which both adsorption, surface reaction and desorption are
all rate determining steps gives the best results. However,
the effect of hydrogen pressure and initial cinnamaldehyde
concentration on the activity and selectivity could not be in-
cluded in the model successfully.

In the current study two CNF-supported platinum cata-
lysts with small and uniform metal particles (1–2 nm) were
investigated, one with a considerable amount of oxygen sup-
port surface groups (PtCNF) and one with a much smaller
amount (PtCNF973). Their catalytic performance was mea-
sured in the liquid-phase hydrogenation of cinnamaldehyde
in a semi-batch reactor at 383 K. Kinetic models were used to
fit the experimental results obtained with varying concentra-
tions of cinnamaldehyde ([CALD]0 = 14–345 mol/m3) and
hydrogen pressures (PH2 =2.8–6.8 MPa). Reaction rate con-
stants for the different steps and adsorption constants were
derived from the model fits taking into account internal dif-
fusion limitation with the most active catalyst PtCNF973. An
explanation for the enhanced activity and shifted selectivity
with decreasing oxygen-containing surface groups based on
the kinetic modeling results is proposed.

2. Experimental

2.1. Carbon nanofiber growth

For the growth of CNF a 20 wt% Ni/SiO2 catalyst was
prepared by homogeneous deposition precipitation (HDP)
as described byVan Dillen et al. (1977)using silica (De-
gussa, Aerosil 200), nickel nitrate (Acros) and urea (Acros).
After filtering the catalyst precursor was dried at 393 K and
calcined in static air at 873 K (heating rate 5 K/min) for
2 h. One gram of the Ni-catalyst precursor was placed in a
quartz reactor. Prior to the fiber growth the Ni-catalyst pre-
cursor was reduced in situ for 2 h in a stream of a mixture
of H2 (80 mL/min) and N2 (320 mL/min) at 1 bar and 973 K
(heating rate 5 K/min). Next, the CNF were grown at 823 K
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in a mixture of CO (80 mL/min), H2 (28 mL/min), and Ar
(292 mL/min) for 24 h. A more detailed description of the
growth catalyst and the growth of the CNF can be found
elsewhere (Toebes et al., 2002). The CNF were refluxed for
1 h in a 1 M KOH solution in order to remove the silica
support. For activation by surface oxidation and removal of
nickel, the CNF were refluxed in concentrated nitric acid for
2 h and washed thoroughly with demiwater.

2.2. Synthesis carbon nanofiber-supported platinum
catalyst

Platinum (intake 5 wt%) was deposited on the fibers ac-
cording to a homogeneous deposition precipitation method.
To an acidified suspension (pH= 3) of 5 g CNF in 250 mL
demi-water heated up to 363 K under inert atmosphere,
0.41 g urea (Acros) and 0.52 g Pt(NH3)4(NO3)2 (Aldrich)
were added under vigorous stirring. The pH of the slurry
was monitored, to follow the process and to indicate its
completeness. After 18 h the loaded CNF were filtered and
washed thoroughly with demiwater, dried at 353 K in an N2
flow and reduced in flowing H2 at 473 K for 1 h (heating
rate=5 K/ min). Next the samples were exposed to air at RT.

A sample of the freshly reduced catalyst (PtCNF) was
heat-treated in an N2 flow for 2 h at 973 K (PtCNF973),
to remove (part of) the oxygen-containing groups from the
CNF surface.

2.3. Catalytic experiments

The liquid-phase hydrogenation of cinnamaldehyde was
studied in a 500 mL stirred semi-batch reactor equipped with
a sample port, a reagent injection port, gas inlet and vent.

The catalyst samples (0.2 g), consisting of spherical cata-
lyst particles with an average radius of 60�m as determined
on the basis of SEM images, were re-reduced ini-propanol
(220 mL) at 383 K and 2.8 MPa H2 pressure for 30 min in
the autoclave (1500 rpm) prior to the introduction of cin-
namaldehyde (CALD) (0.40–10.0 g= 14–345 mol/m3).
All reactions were conducted at 383 K using total pressures
of 3.0, 5.0 and 7.0 MPa(g). These total pressures result, after
correction for the vapor pressure of iso-propanol at 383 K,
in hydrogen partial pressures of 2.8, 4.8 and 6.8 MPa. Also
experiments with the two primary products, hydrocin-
namaldehyde (HALD) and cinnamyl alcohol (CALC), were
performed at 383 K and a hydrogen pressure of 4.8 MPa.
Samples of the reaction mixture (1–1.5 mL) were withdrawn
periodically and analyzed on a gas chromatograph (Hewlett
Packard 5890 Series with autosampler) using an HP5 cap-
illary column (30 m× 0.32 mm; 0.25�m film thickness).

3. Results and discussion

3.1. CNF-supported platinum catalysts

The metal loading of the PtCNF and PtCNF973 catalysts
as determined with XRF was found to be 3.6 wt%. InFig. 1

Fig. 1. TEM images of 3.6 wt% CNF-supported platinum catalysts (A)
PtCNF and (B) PtCNF973.

TEM images of PtCNF and PtCNF973 are shown. The plat-
inum particles of PtCNF are small (1–2 nm) and homoge-
neously distributed over the support surface. For PtCNF973
the platinum particles are slightly larger, ranging from 1 to
3 nm. From H2-chemisorption measurements, platinum dis-
persions of 0.79 and 0.49 were derived corresponding with
an average particle size of 1.4 nm for PtCNF and 2.3 nm for
PtCNF973. EXAFS data of PtCNF confirm the TEM and
H2-chemisorption results; from the measured coordination
number of 5.2, an average particle size of 1.0 nm could be
calculated. TEM examination of the spent catalysts demon-
strated that during the hydrogenation experiment no signif-
icant change in the platinum particle size and distribution
had occurred. Although a slight increase in average plat-
inum particle size is observed after heat treatment at 973 K
it is highly unlikely that this change in particle size is the
main cause of the large increase in activity and the shift in
selectivity. First of all, we have demonstrated that a con-
tinuous trend was observed in the activity with decreasing
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numbers of acidic oxygen groups while the average particle
sizes of the catalysts treated at 573 and 773 K were simi-
lar to the platinum particle size found with PtCNF (Toebes
et al., 2004a). Secondly, a particle size effect is unlikely to
bring about such huge changes in catalytic performance.

The amount of oxygen present on the CNF support and the
Pt/CNF catalysts after the different treatments was assessed
using XPS and TGA-MS. With the unloaded supports also
acid–base titrations were performed to establish the num-
ber of carboxylic sites at the exterior surface of the CNF.
PtCNF contains a total number of 6 O atoms/nm2 while the
number of acidic sites corresponds to 2.8 O atoms/nm2. All
techniques showed a lower total number of oxygen (2.4 O
atoms/nm2) and a much lower number of acidic oxygen-
containing groups (0.06 O atoms/nm2) on the catalyst after
treatment in nitrogen at 973 K. Our elaborate investigations
on the size of the platinum particles of the Pt/CNF catalysts
and change in number of (surface) oxygen groups with the
pretreatment can be found elsewhere (Toebes et al., 2004a,b).

3.2. Catalytic results

3.2.1. General
Typical concentration-time plots of cinnamaldehyde hy-

drogenation experiments with both PtCNF and PtCNF973
under standard reaction conditions (103 mol/m3 CALD,
hydrogen pressure 4.8 MPa,T = 383 K) are displayed in
Fig. 2. Especially for the most active catalyst (PtCNF973)
the consecutive reaction is evident, i.e., the primary prod-
ucts HALD and CALC are hydrogenated to hydrocinnamyl
alcohol (HALC). From the decrease in the concentration of
CALD with time an initial activity was calculated. Under
standard reaction conditions for PtCNF the initial activity
is 1.9 mmol min−1 g−1

cat and for PtCNF973 14.9 mmol min−1

g−1
cat. TOFs of, respectively, 0.23 and 3.3 s−1 were found,

calculated as mole CALD hydrogenated per mole of plat-
inum surface atom per second. The increased activity of
PtCNF973 is mainly caused by a large increase in HALD
formation rate as can be seen inFig. 2. Apparently the rate
of hydrogenation of the C&C bond is strongly enhanced
when most of the oxygen-containing groups are removed
from the CNF surface. The selectivities towards CALC and
HALD determined at 60% conversion are 37% and 32% for
PtCNF and 8% and 74% for PtCNF973, respectively.

To investigate whether the catalysts became irreversibly
deactivated, three consecutive experiments with one batch
of catalyst PtCNF were executed. Between the runs the
catalyst was washed repeatedly with iso-propanol and
dried. The activity of the catalysts in the three runs
was comparable, thus proving the absence of irreversible
deactivation.

3.2.2. InfluenceH2 pressure
Fig. 3 displays the effect of hydrogen pressure on the ac-

tivity of PtCNF ([CALD]0 = 103 mol/m3) and PtCNF973

Fig. 2. Cinnamaldehyde conversion ([CALD]0=103 mol/m3) and product
distribution as function of time on stream obtained at 383 K and a hydrogen
pressure of 4.8 MPa over (A) PtCNF and (B) PtCNF973.

([CALD]0 = 345 mol/m3). From a comparison of the ac-
tivities measured at 2.8 and 4.8 MPa for PtCNF it may
be concluded that the rate is almost pressure independent,
which might indicate that for this pressure range and cata-
lyst hydrogen is not involved in the rate-determining step.
However, the activity at a hydrogen pressure of 6.8 MPa is
significantly higher, which point to a hydrogen order> 0.
For PtCNF973 the influence of the hydrogen pressure is
more pronounced, however, the order in hydrogen is< 1.
The precise orders in hydrogen cannot be established from
these data, for that more experiments would be required.
The difference in hydrogen adsorption behavior is taken into
account in our model by using for PtCNF and PtCNF973
orders in hydrogen of 0 and 0.5, respectively. With both cat-
alysts no influence of the hydrogen pressure on the selectiv-
ities was observed.

3.2.3. Influence initial CALD concentration
In Fig. 4 the initial hydrogenation rates measured at

4.8 MPa and 383 K for both catalysts are plotted versus the
initial CALD concentration ([CALD]0). First, especially
for PtCNF973, a strong increase in the initial activity with
increasing [CALD]0 is observed which levels off at higher
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Fig. 3. Effect of hydrogen pressure on cinnamaldehyde conversion at
383 K over (A) PtCNF ([CALD]0 = 103 mol/m3) and (B) PtCNF973
([CALD]0 = 345 mol/m3).

Fig. 4. Effect of initial CALD concentration on initial activity at 383 K
and hydrogen pressure of 4.8 MPa for PtCNF and PtCNF973.

concentrations. This, again, is in accordance with LH ad-
sorption kinetics, in which at low reactant concentrations
the fractional occupancy of the catalyst surface increases

linearly with the concentration in the solution and, with this,
the activity. At higher reactant concentrations, however, the
surface is almost fully occupied and the activity becomes
independent of [CALD]0.

The results collected inFig. 5show that not only the activ-
ity but also the selectivity is a function of the initial CALD
concentration. For PtCNFSCALC (Fig. 5A) increases with
increasing CALD concentration at the expense ofSHALD
(Fig. 5B) andSHALC (not shown). With PtCNF973SCALC
(Fig. 5C) is very small and practically independent of the
initial CALD concentration. Nevertheless,SHALD (Fig. 5D)
changes drastically with [CALD]0: the higher the initial
CALD concentration, the higherSHALD , although, beyond
a CALD concentration of 173 mol/m3 no further increase
in SHALD is observed. In literature a shift in selectivity for
the CALD hydrogenation is ascribed to a change in adsorp-
tion mode with varying initial CALD concentration (Berger
et al., 2001; Gallezot and Richard, 1998). At high concen-
trations the CALD molecules are supposed to adsorb per-
pendicular to the platinum surface with the aromatic rings
in a parallel arrangement, thereby enhancing the hydrogena-
tion rate of the carbonyl group. At low initial CALD the
molecules are supposed to adsorb flat on the surface. For
PtCNF an increase inSCALC is observed with increasing
[CALD] 0, which is in agreement with this model. However,
in our study very small platinum particles are used, making
the parallel arrangement of CALD molecules on the metal
surface less probable. For PtCNF973, furthermore,SCALC
does not change and mainlySHALD is increasing with the
[CALD] 0. The shift inSHALD is in the other direction, as one
would expect from the model with the changing adsorption
arrangement.An alternative explanation for the shift in selec-
tivity with the concentration has been proposed byNijhuis
et al. (2003)who ascribed the dependency of the selectivi-
ties on the initial reactant concentration for the selective hy-
drogenation of 3-methyl-1-pentyl-3-ol to internal diffusion
limitation of the organic reactant at the lowest concentra-
tions. In case internal diffusion limitations of the organic
reactant occur with PtCNF973 than an increased production
of the final product HALC can be expected at the expense
of CALC and HALD due to higher local concentrations of
the intermediate products within the catalyst particles es-
pecially when using low [CALD]0. This is in agreement
with our results, making transfer problems very likely for
PtCNF973.

3.2.4. Gas–liquid diffusion limitation
In the type of autoclave used, with a self inducing stir-

rer at 1500 rpm, a conservative estimate for the G–L mass
transfer rate of hydrogen iskLa = 0.1 s−1 (Ramachandran
and Chaudhari, 1992). With a hydrogen concentration of
260 mol m−3 (PH2 = 4.8 Mpa; Young et al., 1981), a hy-
drogen transfer rate of about 26 mol m−3 s−1 can be ob-
tained. The highest measured rate is 0.31 mol m−3 s−1. It can
be calculated that in this case the bulk liquid would be 99%
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Fig. 5. Effect of initial CALD concentration on CALC and HALD selectivities for PtCNF (A) and (B) and PtCNF973 (C) and (D) (T = 383 K and
PH2 = 4.8 MPa).

saturated with hydrogen, making G–L mass transfer limita-
tion highly unlikely.

3.2.5. Intra-particle diffusion limitation
We stated as a possibility that the observed influence of

the initial CALD concentration on the product selectivities
could point towards internal diffusion limitations, especially
with PtCNF973 since this catalyst is much more active than
PtCNF. To evaluate the presence of internal diffusion limi-
tations, we use the Weisz–Prater number

� = ��2 = �prv,obsd
2
p

36Deffcs

(
n + 1

2

)
< 0.15. (1)

In Table 1 the parameters used for the calculations are
given. The diffusion coefficients for the organic compounds
and hydrogen were estimated using the approximation
method of Wilke and Chang (Wilke and Chang, 1955)
and the effective diffusion coefficient (Deff ) was calcu-
lated according toDeff = (�p/�)D (Table 1). In view of
the Langmuir–Hinshelwood type of kinetics Weisz–Prater
numbers were calculated for both an order of 0 and an
order of 1.

The Weisz–Prater numbers (�) were calculated for hy-
drogen and CALD in the reaction performed under standard
conditions (T = 383 K, PH2 = 4.8 MPa). In these calcula-

Table 1
Weisz–Prater numbers (�) for hydrogen and CALD in the reaction
performed under standard conditions (T = 383 K, PH2 = 4.8 MPa and

[CALD]0 = 14 mol/m3) with PtCNF and PtCNF973 and the parameters
used for the calculations

Parameter PtCNF PtCNF973

� (kg/m3) 1100 1100
rw,obs (mol/(kgcats)) 0.007 0.132
dp (m) 120× 10−6 120× 10−6

�p 0.47 0.47
� 2 2
Deff,CALD (m2/s) 2.0 × 10−9 2.0 × 10−9

Deff,H2 (m2/s) 8.4 × 10−9 8.4 × 10−9

cCALD (mol/m3) 14 14
cH2 (mol/m3) 260 260
n 0–1 0–1
SBET (m2/g) 186 186

�CALD 0.05–0.11 1.1–2.1
�H2 0.0007–0.0013 0.013–0.027

tions the initial CALD concentration was used at which
internal diffusion limitation is most probable ([CALD]0 =
14 mol/m3). The results for both catalysts are given in
Table 1. For PtCNF and PtCNF973 the Weisz–Prater num-
bers for hydrogen are smaller than 0.15, indicating the
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absence of internal diffusion limitations. For CALD, on
the other hand, using PtCNF a value close to 0.15 was
found. Using PtCNF973 a value larger than 0.15 was
obtained, pointing towards internal mass transport ef-
fects. These calculations are only an indication since the
limit of 0.15 is not strict and the calculations are partly
based on roughly estimated parameters. Therefore, intra-
particle mass transfer is taken into account in the kinetic
modeling.

3.3. Kinetic modeling

The kinetic experiments were modeled using the Athena
Visual Workbench package (v. 8.0, Stewart & Asso-
ciates Engineering Software). Based on the concentration–
time results (Fig. 2) and the activity versus initial CALD
concentration plot (Fig. 4) LHHW (Langmuir–Hinselwood–
Hougen–Watson) kinetics were chosen, which is in agree-
ment with literature (Tronconi et al., 1990; Neri et al., 1997;
Vergunst et al., 2001). We assumed that hydrogen adsorp-
tion is dissociative and non-competitive with the organic
molecules (i.e., on a separate site) and follows a Langmuir
type of adsorption behavior. Amongst othersTronconi et al.
(1990)andNeri et al. (1997)found that this gave the best
results. For PtCNF973 an experimental order in hydrogen of
approximately 0.5 is observed. This order of 0.5 implies that
the rate-determining step (r.d.s.) involves a reaction with one
adsorbed hydrogen atom that originates from dissociative
adsorption of molecular hydrogen. For the PtCNF catalyst
the experiments pointed towards an order in hydrogen close
to 0, meaning that over this catalyst the reaction is almost
independent of the hydrogen concentration. By using a large
hydrogen adsorption constant (KH ) in the kinetic model an
order in hydrogen of zero is simulated, while using a much
smallerKH will result in an order in hydrogen of 0.5. These
values forKH result in pseudo reaction orders of the model
in agreement with the experimentally observed reaction
orders.

Both a single- and a two-site model were investigated. In
the single-site model C&C and C&O are hydrogenated on
the same type of site and in the latter model two different
types of sites for C&C and C&O hydrogenation are used.
The best results were obtained with the single-site model,
therefore we focused on this type of model for fitting our
data. Other kinetic rate expressions (e.g. competitive hydro-
gen adsorption and a model for PtCNF973 without internal
diffusion limitation) were also explored, but these expres-
sions did not lead to satisfactory results.

Summarizing, the assumptions made to derive our kinetic
model are:

• LH adsorption type kinetics.
• Only one type of site for the organic molecules is present.

The hydrogenation of C&C and C&O occurs at the same
site.

Fig. 6. The adsorbed species in the cinnamaldehyde hydrogenation model.

• The surface reactions are rate determining, adsorption and
desorption are considered to be in quasi-equilibrium.

• Hydrogen shows dissociative adsorption that is not com-
petitive with the organic reactants.

• Hydrogenation reactions using the primary products have
shown that reactions are irreversible as is found in the
literature (Vergunst et al., 2001; Gallezot and Richard,
1998).

• Spherical catalyst particles of uniform size.
• No G–L mass transfer limitations.
• R.d.s: reaction between an adsorbed organic species and

one adsorbed hydrogen atom.

A scheme of the adsorbed species considered is depicted
in Fig. 6. Since adsorption and desorption steps are in quasi-
equilibrium a simplified reaction scheme can be utilized
(Fig. 7).

According to the assumptions described above we have
defined the reaction rate of the hydrogenation of CALD to
HALD (reaction (1)) as

r1 = k1	CALD	H . (8)

The number of active sites is included in the rate constant.
From Eq. (3) of the scheme (Fig. 7) it follows that

KH = 	2
H

	2
#cH2

→ 	H = 	#
√

cH2KH

and with	# + 	H = 1 this results in

	H =
√

cH2KH

1 + √
cH2KH

. (9)

And from Eq. (4) we can derive

KCALD = 	CALD

	∗cCALD
	CALD = cCALDKCALD	∗ (10)

Eqs. (5), (6) and (7) give, respectively,

	HALD = cHALDKHALD	∗ (11)

	CALC = cCALCKCALC	∗ (12)

	HALC = cHALCKHALC	∗. (13)

The site balance is as follows:

	∗ + 	CALD + 	HALD + 	CALC + 	HALC = 1. (14)
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Fig. 7. Relevant reactions of the proposed kinetic model.

Combining (9)–(13) in the site balance equation results in

	∗ = 1

1 + cCALDKCALD + cHALDKHALD + cCALCKCALC + cHALCKHALC
. (15)

Using Eqs. (8)–(10) the rate expression for the hy-
drogenation of CALD to HALD (reaction (1)) can be
derived

r1 = k1(cCALDKCALD	∗)	H . (16)

And with (9) and (15) this results in

r1 = k1cCALDKCALD

(1 + cCALDKCALD + cHALDKHALD + cCALCKCALC + cHALCKHALC)

√
cH2KH

1 + √
cH2KH

. (17)

Analogously, the rate expressions of the hydrogenation of
CALD to CALC (reaction (2)), HALD to HALC (reaction
(3)) and CALC to HALC (reaction (4)) are

r2 = k2cCALDKCALD

(1 + cCALDKCALD + cHALDKHALD + cCALCKCALC + cHALCKHALC)

√
cH2KH

1 + √
cH2KH

, (18)

r3 = k3cHALDKHALD

(1 + cCALDKCALD + cHALDKHALD + cCALCKCALC + cHALCKHALC)

√
cH2KH

1 + √
cH2KH

, (19)

r4 = k4cCALCKCALC

(1 + cCALDKCALD + cHALDKHALD + cCALCKCALC + cHALCKHALC)

√
cH2KH

1 + √
cH2KH

. (20)

The catalytic experiments have indicated that for
PtCNF973 internal diffusion limitation is present; therefore
we have included a term in our model for the diffusion of

reactants and products in the catalyst particle. The differ-
ential equation for diffusion combined with reaction in a
spherical catalyst particle is

�c

�t
= D

(
�2c

�z2 + 2

z

�c

�z

)
− rx . (21)

Equations are solved in a spherical coordinate system
(with radiusz), for hydrogen and the organic reactant and

products (each with their appropriate diffusivity). The reac-
tion raterx , in which x is one of the organic compounds, is
defined for CALD asr1 + r2, for HALD as −r1 + r3, for
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CALC as−r2 + r4 and for HALC as−r3 − r4. The corre-
sponding boundary conditions are:

z = 0 → �c

�z
= 0, (22)

z = rp → c = cs . (23)

For hydrogen the bulk concentration is assumed to re-
main constant. The change in the bulk concentrations of the
organic reactants/products is equal to the flux in/out of the
catalyst particles. This can be described by the following
differential equation for CALD:

�cx

�t
= − 3

rp

ccat

�cat
Dx

�c

�z

∣∣∣∣
z=rp

(24)

with for all equations as starting values

t = 0, cH2 = cH2,sat, cx = cx,0.

The differential equations were numerically solved and
fitted to the experimental observations. The parameters that
were fitted to the experiments are:k1, k2, k3, k4, KCALD,
KHALD , KCALC, KHALC. Using PtCNF theKH was assumed
large (1.0×103) to represent the observed zero order in hy-
drogen and for PtCNF973 a smallKH (1.0×10−4) was used
to simulate the observed order in hydrogen of 0.5. In the ex-
periments no inhibition of HALC was observed. To reduce
the number of parameters, therefore the adsorption of the fi-
nal product (HALC) was assumed to be zero. The diffusion
coefficients for the organic compounds and for hydrogen
used in the model amounted toDeff,CALD = 2× 10−9 m2/s
and Deff,H2 = 8 × 10−9 m2/s. A set of nine (PtCNF973),
respectively, eleven (PtCNF) experiments were modeled si-
multaneously to determine the rate parameters and adsorp-
tion constants. The first two experimental points were not
used for the fitting, since because of the high initial rate the
relative uncertainty in the GC-analyses was considered too
large as a result of small uncertainties in the sampling time.
Consequently, the time axis was shifted by 3–5 min. Weigh-
ing factors were used in the fitting inversely proportional to
[CALD] 0 so that all experiments were taken into account in
the fitting process equally.

Some of the resulting fits (including the experimental
data) for PtCNF are plotted inFig. 8. FromFig. 8 it can be
concluded that the model fits the experimental data fairly
well. In Fig. 9part of the fit results of PtCNF973 are plotted.
In the experiment using 14 mol/m3 CALD, the reactant is
so rapidly converted that only the primary products (CALC
and HALD) and the final product (HALC) are apparent in
Fig. 9a. Also for this catalyst the fits are satisfactory.

The rate constants and adsorption constants of reactants
and products are given inTable 2. The sum of the residual
squares that is also shown inTable 2gives information about
the quality of the fit. Since the values are almost the same,
the quality of the fits for PtCNF and PtCNF973 are compa-
rable. From this table it is clear that changes of two to three

Fig. 8. Experimental and model results of some of the cinnamaldehyde
hydrogenation reactions over PtCNF (T = 383 K). Line: Fitted according
to the model, dotted line is CALC. Markers: Experimental data� CALD,
� HALD, � CALC and∗ HALC.

orders of magnitude in reaction rate constants are obtained
from the model for PtCNF and PtCNF973. For these param-
eters the 95% confidence intervals are given, demonstrating
that these changes in the reaction rate constants are highly
significant.
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Fig. 9. Experimental and model results of some of the cinnamaldehyde
hydrogenation reactions over PtCNF973 (T =383 K). Line: Fitted accord-
ing to the model, dotted line is CALC. Markers: Experimental data�
CALD, � HALD, � CALC and∗ HALC.

However, it is difficult to directly compare the reaction
rate constants for the two catalysts, since they have a strong
correlation with the adsorption constants, which are also
changing. Therefore, a better comparison is made by calcu-
lating the intrinsic reaction rates from these parameters ac-

cording to Eqs. (17)–(20). These intrinsic rates for selected
process conditions are given inTable 3. When comparing
the results obtained, especially the differences inr1 andr2
are striking.r1 increases by a factor of about 120 with the
removal of most of the oxygen groups from the CNF andr2
increases by a factor of around 9.r3 andr4 also increase, it
is to a lower extent.

The increases in intrinsic reaction rate can be caused by
an increase in the catalyst activity, by an increase of the
total number of active sites since this is included in the
reaction rate constants, or by a combination of the two. Also
a significant increase in the various adsorption constants is
found going from PtCNF to PtCNF973. This indicates that
after heat treatment the nature of the active sites has changed
due to the removal of oxygen-containing groups. A working
hypothesis based on the modeling results that can explain
these differences in reaction rate and adsorption constants
will be discussed in the last paragraph.

In Fig. 5A an increasingSCALC with increasing conversion
for PtCNF catalyzed reactions was observed. Our model can-
not describe these results perfectly, since the kinetics used
can only give rise to selectivities for CALC and HALD that
decrease with increasing conversion. The observed behavior
is an indication of either different sites for the carbonyl and
olefinic bond hydrogenation, a change in the catalytic sur-
face during the reaction, or changing modes of adsorption.
It is, however, beyond the scope of this paper to investigate
this behavior in detail, since the description of the model
is sufficiently good to make an evaluation of the support
effect.

3.3.1. Concentration profiles in the catalyst particle
Using the parameters of the model we report the calcu-

lated concentrations profiles inside the catalyst particles in
the course of the various cinnamaldehyde hydrogenation ex-
periments (Figs. 10a–d). InFigs. 10c and d the concentration
profiles of H2 of around 260 mol/m3 have been omitted.
For both PtCNF and PtCNF973 the hydrogen concentra-
tion throughout the particle remains practically constant. In
PtCNF973 during reaction large concentration gradients of
the organic compounds exist, especially when low [CALD]0
are used, giving rise to internal transport limitations. The
concentration profiles of PtCNF973 can also explain the shift
in selectivities with [CALD]0 as shown inFig. 5D. If a low
[CALD] 0 is used internal diffusion limitation results in ac-
cumulation of HALD in the catalyst particle. Because of the
higher concentration this leads to large amounts of the sec-
ondary product HALC and a relatively lowSHALD . If, how-
ever, a larger [CALD]0 is taken, internal transport limitation
is less pronounced and HALD gradients are absent over the
catalyst particle giving rise to a largeSHALD . In Fig. 10d
the concentration profiles in a PtCNF particle are shown af-
ter 5 min reaction time when started with 14 mol/m3 CALD.
The concentration profiles here are much flatter than in
Fig. 10c, demonstrating that with catalyst PtCNF internal
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Table 2
The values of the estimated parameters in the kinetic models

Parameter Units PtCNF PtCNF973

95% confidence interval 95% confidence interval

k1 mol/(m3
cats) 2.0 1.7–2.3 1600 1400–1800

k2 mol/(m3
cats) 3.3 3.0–3.6 210 150–280

k3 mol/(m3
cats) 34 29–39 260 170–350

k4 mol/(m3
cats) 1.5 1.1–1.9 16 1.6–30

KCALD m3/mol 0.21 18
KHALD m3/mol 0.0078 5.7
KCALC m3/mol 0.21 18
KHALC m3/mol 0 0
KH m3/mol 1000 1.0 × 10−4

SSRES 8.9 × 104 1.0 × 105

SSRES= Sum of squared residuals.

Table 3
Intrinsic reaction rates calculated from the modeled kinetic parameters
(cH2 = 260 mol/m3, cx = 103 mol/m3, T = 383 K)

Intrinsic reaction rate PtCNF PtCNF973
(mol/(m3

cats))

r1 1.9 220
r2 3.2 29
r3 15 36
r4 1.4 2.2

diffusion limitation is hardly apparent. It should be noted
that for batch-experiments these concentration profiles are
dynamically changing in time, and that at the start of the
experiments these concentration profiles as a result of mass
transfer limitation are most steep. The reaction of 5 min
shown inFig. 10 is at an intermediate stage for the fastest
reaction (50% conversion for PtCNF973), For PtCNF973 in-
ternal diffusion limitation implies that the observed activity
is much lower than the intrinsic activity. This is confirmed
by ratios up to 120 in the intrinsic reaction rates found us-
ing kinetic modeling, much larger than the factor 8 of the
observed reaction rates of PtCNF973 versus PtCNF.

3.4. Support effects on catalytic performance

In part I of our study (Toebes et al., 2004a) on the in-
fluence of the oxygen-containing support surface groups on
the performance of CNF-supported platinum catalysts in the
hydrogenation of cinnamaldehyde we demonstrated that the
amount of oxygen in the support does not influence the
electronic state of the supported platinum to a large ex-
tent. Therefore, we concluded that the changes in catalytic
properties are not primarily induced by an electronic effect
(Toebes et al., 2004a). Our kinetic investigation reveals that
with the removal of the oxygen from the graphite-like sup-
port the intrinsic reaction rates increase with a factor up to
120. It is difficult to discriminate whether this increase orig-
inates from an increase in the number of active sites or from

an increase in intrinsic activity. This is because the reaction
rate constants include the total number of active sites. H2-
chemisorption measurements and TEM demonstrate that the
number of platinum sites is slightly smaller with PtCNF973,
so it is impossible that an increase in the number of platinum
active sites accounts for the strong increase in the reaction
rate constants. However, if adsorption of the organic reac-
tant with PtCNF973 can occur on the carbon support then
the total number of adsorption sites may be enhanced. Nev-
ertheless, it is unlikely that the total number of adsorption
sites is increased by a factor of> 100. Therefore, we tenta-
tively assign the increase in intrinsic reaction rates to both
an increase in the total number of adsorption sites and an
increase in the intrinsic activity.

Above observations and considerations are the basis for a
model which can explain the enhanced activity for the high
temperature treated catalyst. InFig. 11 a schematic repre-
sentation of our working hypothesis is depicted. It is as-
sumed that on a CNF-supported platinum catalyst with a
large amount of oxygen-containing surface groups (PtCNF)
adsorption and dissociation of hydrogen and adsorption of
the organic reactants all have to take place on the platinum
particles. In other words the adsorption of CALD on the po-
lar carbon surface is weak. On the platinum particles hydro-
genation sites are present and apparently the hydrogenation
of CALD on the platinum is rather difficult.

On the other hand, when hardly oxygen groups are present
(PtCNF973), reactant molecules adsorb with the benzene
ring on the non-polar surface of the carbon nanofibers. Hy-
drogen dissociation in all cases has to take place on the plat-
inum particles. However, the organic reactants adsorbed in
the vicinity of the platinum particles might easily and rapidly
react with the hydrogen atoms adsorbed on the metal, re-
sulting in an increased hydrogenation activity. So, hydro-
genation is probably assisted by the CNF support due to
adsorption of the substrate molecules on the surface. Theo-
retical calculations on the optimal geometrical configuration
of CALD on the CNF surface, (Delbecq and Sautet, 2003),
are needed to further study this proposition. Measurements
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Fig. 10. Calculated concentration profiles in catalyst particles during cinnamaldehyde hydrogenation reaction performed at 383 K and a hydrogen pressure
of 4.8 MPa (0= center of catalyst particle; 1= outside).

Fig. 11. Schematic representation of CALD adsorption explaining the enhanced activity for the CNF-supported platinum catalyst after the removal ofthe
majority of the oxygen-containing groups, by support-assisted catalysis.

of the heat of adsorption of CALD on the two catalysts can
contribute to this discussion too.

Finally, the experiments with various hydrogen pressures
have displayed the difference in hydrogen dependency
(PtCNF order in hydrogen of almost 0, PtCNF973 order in
hydrogen of around 0.5) for the two catalysts, probably orig-
inating from a difference in the platinum-hydrogen adsorp-

tion strength. Although we could not find clear evidence for
changes in electron properties of the platinum particles by
partly removing the oxygen groups of the CNF support with
XPS and H2-chemisorption (Toebes et al., 2004a), it could
not be fully ruled out that minor changes in the electronic
properties are still important for catalysis by influencing the
adsorption strength and mode of hydrogen on platinum.
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4. Conclusions

Carbon nanofiber (CNF)-supported platinum catalysts
with different concentrations of oxygen-containing surface
groups on the support were employed to study the influence
of these groups on the performance in the liquid-phase
hydrogenation of cinnamaldehyde. The activity in this re-
action was found to be strongly dependent on the amount
of oxygen in/on the CNF support. The observed overall
activity increased by a factor of 8 after removal of the ma-
jority of the oxygen groups by treatment at 973 K in inert
atmosphere. The results showed a different hydrogen de-
pendency for the two catalysts, demonstrating a change in
the adsorption of hydrogen on platinum. Moreover, it was
found that for PtCNF973 internal diffusion limitation of the
organic compounds occurred, giving rise to an observed
activity that is at least an order of a magnitude smaller than
the intrinsic activity and gives rise to shifts in selectivity.

As results of our earlier study demonstrated that the
amount of oxygen in the support does not influence the
electronic state of the supported platinum to a large extent,
we concluded that the changes in catalytic behavior are not
primarily caused by an electronic effect. Using a single-site
model based on Langmuir–Hinshelwood kinetics and tak-
ing into account mass transfer constraints with respect to
the organic compounds we found that the intrinsic reaction
rates increase up to a factor of 120 when the oxygen groups
are removed from the CNF surface. Also the adsorption
constants increased significantly, indicating that adsorp-
tion of cinnamaldehyde on PtCNF973 is stronger than on
PtCNF. These results suggest that hydrogenation is assisted
by adsorption of the benzene ring of cinnamaldehyde on
the non-polar CNF support surface after removal of the
oxygen-containing groups.

Notation

a mass transfer area per reactor volume,
m2/m3

reactor
c concentration, mol/m3

ccat catalyst concentration, kg/m3
reactor

cs bulk concentration, mol/m3
reactor

dp catalyst particle diameter, m
D diffusion coefficient of diffusing compound in

liquid, m2/s
Deff effective diffusivity, m2/s
k reaction rate constant, mol/(m3 s)
kL mass transfer constant, m/s
K adsorption equilibrium constant for compound

on catalyst, m3/mol
n reaction order, dimensionless
r reaction rate, mol/(m3cats)
rp radius of the catalyst particle, m

rw,obs observed reaction rate, mol/(s kgcat)
SBET surface area determined by N2-physisorption,

m2/g
t time, s
z radial position in catalyst particle, m

Greek letters

�p porosity of particle
	 fractional occupation, dimensionless
�cat catalyst density, kg/m3cat
�p catalyst particle density, kg/m3

� porosity
� Weisz–Prater number

Subscripts

∗ empty site
cat catalyst
CALD cinnamaldehyde
CALC cinnamyl alcohol
H2 molecular hydrogen
HALC hydrocinnamyl alcohol
HALD hydrocinnamaldehyde
s bulk
sat saturation
x organic compound
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