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Abstract

Carbon nanofiber-supported platinwatalysts were studied to establish the influeoicéae support surface composition on their perfor-
mance in the liquid-phase hydrogenation afr@amaldehyde. By acid—base titration, XPSj aiGA-MS, the number fooxygen-ontaining
surface groups was determined in oxidized carbon nanofiber samples and in platinum catalysts pretreated at 473-973 K. TEM, EXAFS,
and H-chemisorption studies showed the presence of a narrow and stable platinum particle-size distribution (1-2 nm). The overall catalytic
activity increased by a factor of 25 after treatment at 973 K, which is tentatively related to the decreasing amount of oxygen of the carbon
fibers. With XPS and b-chemisorption experiments carried out at 308 K no clear evidence was found for a change in the electronic structure
of the platinum particles induced by the oxygen-containing groups present on/in the surface of the carbon nanofibers. A linear decrease of the
hydrogenation activity with an increase of the number of acidic groups on the carbon nanofiber support was found. Therefore, it is suggested
that hydrogenation is assisted by adsorption of cinnamaldehyde on the carbon support after removal of the oxygen-containing surface groups
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction nium catalysts gave rige selectities of 20—30%46]. With
activated carbon-supported ruttiem catalysts selectivities
The selective hydrogenation af 8-unsaturated aldehy-  upto 30-40% have been obtaing®]. Often the increased
des to unsaturated alcohols is a key step especially in theselectivity toward the unsaturated alcohol is explained in
preparation of various fine chemicdds-4]. In the literature terms of transfer ofr-electrons from the graphitic planes
often noble metals supported on titania and graphitic carbonto the metal particlef7,11,14] In this way the charge den-
are used either with or without a promoter, to obtain a high sity on the metal increases, enhancitjg, backbonding and
alcohol selectivity[1,3,5-9] Recently several publications thus increasing the probability for the<® bond hydro-
have appeared in which carbon nanofibers (CNF) or multi- genation.
walled carbon nanotubes (MWNT) are examined as catalyst  Earlier we reported on the influence of oxygen-containing
support[10]. For this type of reactions promising results surface groups in the liquid-phase hydrogenation of cin-
were found. For example, in the liquid-phase hydrogena- namaldehyde using CNF-supported ruthenium catal¥sis
tion of cinnamaldehyde with MWNT-supported ruthenium | that study we used well-defined Ru/CNF catalysts with
catalysts[7,11,12] selectivities to cinnamyl alcohol up to  highly dispersed and uniform ruthenium particles of 1—
92% have been observed, whereas alumina-supported ruthes nm. A clear trend was observed in activity and se-
lectivity with the number of oxygen-containing surface
~* Corresponding author, Fax: +31-30-2511027. groups. The rate of cinnamaldehyde conversion was en-
E-mail addressk.p.dejong@chem.uu.nl (K.P. de Jong). hanced by a factor of 22 after removal of the major-
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ity of the surface oxygenates which was mainly due to Table 1
a strong increase in the hydrogenation rate of theCC Sample codes, loadings, and peetiment conditions of the various CNF-

bond supported platinum catalysts

A possible explanation for a direct effect of the oxygen- Sample X'-F?Ifding (wi%) Gas'l;has,e !"eﬁt treatment
containing surface groups can be found in the adsorption prereduction In 2
of the organic reactarjil6-18] After increasing treatment EISEE”S ?;% ‘473 K ~
temperatures, the CNF surface gradually changes fro.m'po-ptc,\,,:573 36 473K 573 K
lar to nonpolar due to the removal of the oxygen-containing ptcNF773 3.6 473K 773K
surface groups. This change in polarity might change the PICNF973 3.6 473K 973K

preferential adsorption mode of cinnamaldehyde and en- 2 np, not prereduced in the gas-phase.

able adsorption of the reactaon the CNF support, thereby

influencing the activity andedectivity. An alternative ex- 2. Experimental

planation implies the indirect influence of the oxygen-

containing groups on catalysis via the electronic state of 2.1. Synthesis carbon nanofiber-supported platinum

the metal. This model is based on the work of Konings- catalyst

berger and co-workers and concerns the interaction between

small (< 2 nm) metal particles and oxidic suppoft9®-21]} ~Carbon nanofibers were grown froma/€0 over a
With decreasing electron richness of the support oxygen NI/SIOz catalyst as described [@5]. _

atoms, the density of states (DOS) and the Fermi level of  Platinum (intake 5 wt%) was deposited on the fibers ac-
the metal particles shift to a higher binding energy. This ef- cordingto a H_DP method. To an acidified suspension (pH 3)
fect has been observed with XPS, FTIR, and XAFS. For of 5 g'CNF N 250h ml demiwater heated up to 363 K
carbon-supported noble metal catalysts this model suggestsr'“;m:l\ler mel\rltoatmo:l[(aj _erhe, 0.41 %durga (QC“’?) and 052 9
that lower amounts of (more electronegative) oxygen in the {(NFg)a(NOs)2 (Aldrich) were added under vigorous stir

b ; Id give rise t h in the electroni ring. The pH of the slurry was monitored, to follow the
carbon support would give rise to a change in the electronic process and to indicate its completeness. After 18 h the
structure of the metal.

Our previous work on RU/CNELS] has not been con loaded CNF were filtered and washed thoroughly with demi-
clusive whether electronic or adsorption effects are predom-ﬁ?t;rﬁge}g f{;tr i5h3(lr<,;2t%gi:ﬂ;wé i??nzﬁ?_uﬁggtlphgzvgﬁg
inant in steering catalysis. A fundamental study of the elec- ples were exposed to air at RT.
tronic properties of the ruthenium particles was hampered | order to obtain different concentrations of oxygen-
by among others the overlap of the carbon and ruthenium containing surface groups on the CNF, samples of the freshly
peaks in XPS. For platinum more precise XPS measure-reduced catalyst were heat-treated in gnflsw for 2 h at
ments can be carried out while;Hthemisorption can be 573,773, and 973 R3]. The catalyst samples together with
related to earlier results. The study of metal-support inter- their identification codes are listed Table 1
action with oxidic supports has largely been performed with
platinum catalyst§19-21] 2.2. Catalyst characterization

To gain more insight in the nature of the distinct influence o o
of oxygen-containing surface groups, here we report on the The numbers of acid sites of thg oxidized CNF after the
influence of these groups in CNF-supported platinum cata- Various hgat treatmentg weretdrmined by standard acid—
lysts in the liquid-phase hydrogation of cinnamaldehyde. base titrations as descnbec{BS]: The total number of ther-
This investigation is performed on well-defined Pt/CNF cat- mally removable oxygen-containing groups was determined
alysts with metal particles of 1-2 nm with a narrow particle- by '-I'rr?eAC[lz\lsl,:].supporte d platinum catalysts were examined in
size distribution anq a tunable ampunt of support ;urfacea Philips CM-200 FEG TEM and a Tecnai 20 FEG TEM
oxygen. A well-defined catalyst with small and uniform both operated at 200 kV. After suspending in ethanol under
met‘f"' particles is needed to enable .observation Of. the elecrasonic vibration, samples were brought onto a holey car-
tronic support effect at alf22]. In this paper we discuss

-~ bon film on a copper grid.
the characteristics of the CNF and the type and number of  p\5tinum loadings were determined by means of XRF

oxygen-containing surface groups present after activation o 5 phjlips PW 1480. Before analysis the PUCNF sam-
and heat treatment inNWith XPS and H-chemisorption  ples were pressed into a tablet using a methyl methacrylate
experiments we investigate whether the catalytic perfor- pinder.

mance of the Pt/CNF system is related to an electronic effect, XPS analyses were performed on a Fisons ESCALAB
similar to that described for oxide-supported catalysts. The 2101-XL and a Vacuum Generators XPS system as described
influence of the oxygen groups on the adsorption of the re- earlier[23].

actant on the CNF support is dealt with in the accompanying  Hydrogen-chemisorption measurements were performed
paper. using a Micromeritics ASAP 2010C. Each sample was dried
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in He at 393 K for 1 h, and reduced in flowing Kflow rate Data for phase shifts and backscattering amplitudes for
=50 ml/min STP) at 473 K for 2 h, heating rate 5Kin. Pt—Pt and Pt—C were obtained from FEFF7 and FEFF8 cal-
After reduction the samples were degassed for 2 hat P& culations, respectively, anchlibrated by the experimental
at the reduction temperature in order to remove chemisorbeddata of Pt foil and [REPt(CN)] - 1.5H,0O. Data analysis
hydrogen and water. The isotherms were measured at 308 Kof the CNF-supported platinum catalysts was performed by
The presented JPt ratios are based on the amounts ad- multiple shell fitting using the difference file techniqueRn
sorbed at zero pressure found by extrapolation of the linearspace (16 < R < 3.2 A) with the XDAP code using botk!

part of the isotherm. Calculations have been made with the andx3 weighting[27,28]

total amount of adsorbed hydrogen, because XAFS results of The variances of the magnitude and imaginary part of the

Oudenhuijzen et al. with PUADs catalysts unambiguously  Fourier transforms of fit and data were calculated according
show that also “weakly” bonded hydrogen is chemisorbed ,

and must be taken into accolgd]. Estimated average par-
ticle sizes and dispersions are based on spherical geometry

and an adsorption stoichiometry of/Pits = 1. The average JIFTogelR) — FTZXp(R)]ZdR

Variance=

Pt particle sized, was calculated from JIFTgp(R)12dR
6M ps;
dD = 1021&;5, with FT" = FT[k" x (k)]. In this study the statistical signif-
pmeta icance of a contribution has been checked by a comparison
whered is the average platinum particle size (nnf),is of the amplitude ofFit) ; with the noise level present in the
the dispersion (HPt), M is the atomic weight (Pt= difference file.

19509 g/moal), psite is the platinum surface site density

(12.5 Pt atomgnn?), pmetaithe metal density (21.45gn),

and N the Avogadro constant (822 x 10°° mol~1) giving ~ 2.4. Catalytic experiments
d =1.13/D (nm)[25].

Liquid-phase hydrogenation of cinnamaldehyde was stud-
ied in a 500-ml stirred semibatch reactor equipped with a

sample port, reagent injection port, gas inlet, and vent.
XAFS spectra at the Ptj.edge were taken at the HA- The catalysts (0.2 g) were (re)-activated in suspension

SYLAB (Hamburg, Germany) synchrotron beamline X1.1, ;. i-propanol (220 ml) at 383 K with kiat a total pres-

equipped with a Si(311) double-crystal monochromator. The ¢ ;. of 3.0 MPa (hydrogen partial pressure 2.8 MPa) for
monochromator was detuned to 50% of the maximum inten- 54 .- in the stirred autoclave (1500 rpm) prior to the in-

sity to avoid higher harmonics present |n-th.e X-ray bea”.‘- troduction of cinnamaldehyde (3.0 g). All reactions were
The measurements were done in transmission mode using, ocuted at 383 K using a total pressure of 5.0 MPa (hy-
gnzgf;/arir:]btirs ffililsetda\rI]v(;tg anofggi/m'i)r(lutj;i ;Oegc?:s iaorriijs a drogen partial pressure 4.8 MPa). Samples were withdrawn
tion ch(;mber The ener Xt)f the Xo-ra beam was calibrated periodically and analyzed on a gas chromatograph (Hewlett-
b . L gy Y o~ " Packard 5890 Series with autosampler) using an HP5 capil-
y using a Pt foil between the second and third ionization lary column (30 mx 0.32 mmx 0.25 pm i.d.)
chamber. . i, e .
The powdered catalysts were diluted with boron nitride After the hydrogenation experiments the changes in plat-
inum particle size of the spent catalysts were investigated

and pressed into a self-supporting wafer (calculated to have™ . o I
an absorbance of 2.5) mounted in a stainless-steel in situ celiVith TEM. For PICNF to PtCNF973 no significant modifica-

equipped with Be windows. The samples were re-reduceqgion in size and shape of the platinum particles was observed.
in situ at 473 K for 30 min (5 Kmin) in flowing Hp and The platinum particles in PtCNFnp, however, had sintered to

cooled down in an Wlatmosphere. The reduced samples are 2-10 nm during the reaction under the rather severe condi-
considered to be fully covered with hydrogen and are further tions (4.8 MPa i and 383 K).

2.3. XAFS experiments

denoted by (RED). Next the EXAFS data for the &dge To investigate whether theatalysts became irreversibly

were collectedT = 77 K). deactivated, three consecutieperiments with one catalyst
Extraction of the EXAFS data from the measured ab- batch of PtCNF were executed. Between the runs the cata-

sorption spectra was performed with the XDAP c¢28]. lyst was washed repeatedly with isopropanol and dried. The

Three scans were averaged and the preedge was subtracteiftivity of the catalysts in the three runs was comparable,
using a modified Victoreen curve. The background was sub- thus proving the absence of irreversible deactivation.
tracted employing cubic spline routines with a continuously ~ Duplicate experiments were performed with both PtCNF
adjustable smooth parametBiormalization was performed and PtCNF973 showing rates and selectivities to the various
by dividing the data by the edge step at 50 eV after the ad- products to be within an error margin of around 5%, indicat-
sorption edge. ing excellent reproducibility.
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Table 2
Number of oxygen atomy&m? on CNF surface as a function of treatment tempeeatigtermined with acid—base titration, XPS, and TGA-MS
Sample Titration XPS TGA-MS

Number of O atomg O/C atomic O atomg Weight loss O atomg

acid sitgnm? nné ratio nmé (%) nm?
CNFox 14+01 28+0.2 0.069 %+14 5.7 98+0.8
CNFox, 573 Kin N 1.0+0.1 20+£02 0.038 53+ 0.8 3.7 63+ 0.5
CNFox, 773 Kin N 0.2+0.02 04+0.04 0.032 44407 3.3 56+ 0.5
CNFox, 973 Kin N ~0.03+0.003 006+ 0.01 0.017 23+03 1.8 30+0.3
PtCNFnp 0.044 A4+0.9 51 77+0.6
PtCNF 0.038 B8+08 3.8 65+ 0.5
PtCNF573 0.037 3408 3.7 62+ 0.5
PtCNF773 0.026 B5+05 2.7 45+ 0.5
PtCNF973 0.016 2+03 15 26+0.3
3. Resultsand discussion up to 1-3 groupgn¥, as earlier proposed by Boehm and

as we found by titration, seem to be more reali$86].

3.1. Characterization of the CNF support An explanation for this discrepancy can be found in the as-

sumption that oxygen atoms are not exclusively present at

The CNF are of the fishbone type, i.e., with the graphite the surface, but also are built in the subsurface (2-3 nm)
planes oriented at an angle twetcentral axis and the fibers ~ graphene sheef81,32] TGA-MS up to 1123 K was used to
interwoven into porous bodies. After removal of the growth establish the number of thermally removable oxygen atoms
catalyst and the activation treatment with nitric acid for 2 h from the surface and the bulk of the CNF. Also TGA-MS re-
the nonmicroporous fibers exhibited a specific surface areasults show the presence of oxygen-containing groups in the
of 177 n?/g. X-ray diffraction and TEM images demon- oxidized CNF and the partial removal of these groups with
strated that the graphite-like structure of the CNF had not increasing heat treatment. The number of oxygen atoms as
been affected during activation. From SEM and TEM micro- determined using XPS andGA-MS is comparable when
graphs an average fiber diameter of 25 nm could be derivedthe error margins are taken into account. From these results
with a narrow diameter distribution. itis concluded that oxygen is not present throughout the car-

As stated earlier the activation procedure in nitric acid is bon support, but is mainly located in the outer 2-3 nm of
carried out to introduce various types of oxygen functional the fibers with 2-30% present in acidic groups at the exte-
groups on the CNF and to remove nonencapsulated nickelrior surface, i.e., accessible for titration. It is noted that with
from the growth catalyst. TEM images show that the remain- increasing treatment temperature the ratio of (acidic oxygen
ing nickel (< 0.5 wt%, XRF analysis) is encapsulated by at exterior)(total oxygen) drops largely. For a more detailed
graphitic envelopes, thus preventing interference in cataly- investigation on the effect of oxidation and subsequent ther-
sis. mal treatment of CNF we refer {@3].

Table 2lists the number of acid sites Kp < 7.5) of
oxidized CNF treated at different temperatures ip & 3.2. Characterization of the CNF-supported platinum
determined by titration, as well as the number of oxygen catalysts
atomgnn? calculated from XPS and TGA-MS results. Af-
ter activation and drying of the CNF 1.4 acid sjtes? The metal loading of the PtKIF catalysts as established
were present. Heat treatment resulted in a gradual removalwith XRF was 3.6 wt% T{able 1. TPR results (not shown)
of the majority of the acidic oxygen-containing groups to of the freshly loaded sample mh@nstrated that all catalysts
0.03 acid sitegnn? after treatment at 973 K. XPS mea- were completely reduced at 473 K. Therefore all catalysts
surements were done to establish the amount of oxygen inwere reduced at this temperature. PtCNFnp was only re-
the outer layer of 2—3 nm of the CNF. After oxidation and duced in situ at 383 K preceding the catalytic experiments,
drying an Q' C atomic ratio of 0.069 was found. A grad- to maintain a support oxygen concentration as large as pos-
ual decrease in the A& ratio from 0.069 to 0.017 with  sible.
increasing heat-treatment temperature was observed. Using The amount of support oxygen still present on the plat-
a model the @C ratios can be converted into a number of inum catalysts after the diffent treatments is assessed using
oxygen atomgnn? [29]. These resultsTable 2 show that XPS and TGA-MS Table 2. Unfortunately, titration exper-
fibers oxidized in HNQ@ for 2 h contain 9.6 O atonjsn?. iments could not be performed, since the presence of plat-
Since oxygen-containing surface groups often contain oneinum interfered with the measurements. This table shows
or two oxygen atoms, this implies that about 5-10 oxygen- that due to the application of platinum on the CNF the aver-
containing surface groups would be present when it is as-age number of oxygen atogan? has decreased from about
sumed that all oxygen is located at the outer surface. Values9.7 (CNFox) to about 6.9 (PtCNFnp). A more detailed inves-
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20 nm

Fig. 1. TEM images of CNF-supported platim catalysts after reduction (PtCNF).

Fig. 2. TEM images of CNF-supported platinum cgst after reduction and heat treatment i (W) PtCNF573, (B) PtCNF773, and (C and D) PtCNF973.

tigation on the relation between the oxygen groups and the Table 3

metal loading can be found elsewh¢§88]. Subsequent re- TEM ar?ddh):d:_ogen chterlnistorption results at 308 K on the different CNF-
. . supported platinum catalysts
duction and heat treatments resulted in a further gradual de PP P Y

crease in the amount of support oxygen to ultimately around S2MP'e dT(ﬁm) Hz chemisorption
2-3 oxygen atom@n? for PtCNF973, very similar to the Irreversible Total Hirr/ Hiot
values observed with unloaded CNF. H/Pt d(m) H/Pt d(nm)
- - : PICNF 12 037 31 079 14 0.45
In Fig. 1 two .represen'Fatlve TEM images of PtCNF are PIGNFS73  1-2 063 18 106 11 0.60
shown. The platinum particles are small and homogeneouslypicne773 1-2 033 35 074 15 0.42

distributed over the CNF surface. The particle-size distri- PtCNF973  1-3
bution is very narrow; particles of 1-2 nm are observed.

The average particle size and/Pt ratio calculated from After reduction the platinum catalysts were treated in N
hydrogen-chemisorption data are presentedahle 3 Us-

at573, 773, and 973 K to remove part of the support oxygen-
ing the total amount of adsorbed hydrogen&tof 0.79 an

containing groups. From the TEM imagddds. 2A-2D) it
average platinum particle size of 1.4 nm was calculated for is clear that treatment at 573 and 773 K did not affect the

PtCNF. platinum particle size, while treatment at 973 K resulted in a

0.21 5.4 0.49 2.3 0.43
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Fig. 3. (A) The EXAFS raw datak weighted,Ak = 3-14 A) of PtCNF (RED). (B) The acesponding Fourier transformé} weighted, Ak = 3—-14 A) of
the EXAFS raw data (solid line) and the total fit (dotted line).

smallincrease in particle size. ig. 2Dthe graphene sheets  Table 4
of the fishbone CNF covered with some platinum particles Fit parameters of EXAFS spectra\k, 3-14 AL, AR, 1.6-3.2 A) and
are visible. Hydrogen-chemisorption resuﬂ'alole 3 show variances for model spectra of PtCNF (RED) and PtCNF773 (RED)

an unexpected and up to now unexplained increase/PtH  Catalyst ~ Scatter N RMA)  Ac2(A%) AEq k! variance
from 0.79 for PtCNF to 1.06 for PtCNF573. After treatment (reatment) +10% +002A £5% (&) (%)

at 773 and 973 K KPt ratios of 0.74 and 0.49 were found, +10% Im. Abs.
indicating average particle sizes of 1.5 and 2.3 nm, respec-PtCNF C(0y 07 202 20x107% 12 039 014

tively, thereby confirming TEM results. (RED) C(O) 16 265 22x10°% -03

- . —3
EXAFS was used as an additional method to determine Pt 52 277 11x107 21

the structural parameters of the platinum particles in PtCNF ptcNF773 c(@y 03 201 13x10% 32 034 012
and PtCNF773Fig. 3A shows the experimental EXAFS (RED) C(O) 20 262 14x1072 15

data (! weighted, Ak = 3—-14 A1) of PtCNF (RED) in Pt 55 276  16x103 13

a hydrogen atmosphere. The signal to noise ratié at

4.4 A~ amounts to approximately 150 on both the PICNF a1y \which is typical for metallic platinum particles in a
and the PICNF773 spectra, showing the data to have an exygrogen atmosphefd4]. The Pt—Pt coordination numbers
cellentquality. found are 5.2 (PtCNF) and 5.5 (PtCNF773). This shows
The corresponding™ Fourier transform of the raw  ihat in both samples very small Pt particles with an av-
EXAFS data of PtCNF (RED) is displayed kig. 3B. This erage size of around 1 nm are presf8%,36] The other
is a typical example of the Fourier transform of small sup- parameters of PtCNF and PtCNF773 differ only slightly
ported platinum particles using" weighting. It contains o not at all. A full EXAFS study dealing with the struc-
both Pt-Pt and Pt-C(O) contributions. In this study, the {re of the metal-support interface in the PUCNF cata-
separation of Pt-C and Pt-O contributions is not carried |ysts, the shortening of the Pt-C distance upon evacua-
out, because it is difficult to khtify O and C as different  {jon and the role of oxygenentaining groups in stabiliz-

backscatterers since they are neighboring elements in theng the platinum particles is published in a separate pa-
Periodic Table. The sum of Pt-C and Pt-O contributions per(37).

is denoted as Pt—C(O). The parameters used to fit the ex-

perimental EXAFS data of PtCNF (RED) and PtCNF773 3.3. Hydrogenation of cinnamaldehyde

(RED) are given inTable 4 As an examplerig. 3B en-

ables the comparison of the Fourier transforms of the raw  The hydrogenation of cinnamaldehyde can be presented

EXAFS data (solid line) and the fit (dotted line) of PtCNF by a simplified reaction pathway as shown Fig. 4. In

(RED) using the parameters listedTable 4 This compar-  this study the main by-products before complete conversion

ison demonstrates the excellent fit quality of all the EXAFS of cinnamaldehyde were cinnamyl isopropylether and the

data. The C(O) and Pt backscatterers were identified usingdi-isopropylacetal of hydronhamaldehyde. These products

the difference file technique. The variances in imaginary and form via a reaction between cinnamaldehyde or hydrocin-

absolute parts were used to determine the fit quality. Fits namaldehyde and the solvent isopropanol.

with variances below 1% have been considered to represent For PtCNF and PtCNF97Big. 5 shows, as a function

good models for the experimental data. of time, the molar composition of the reaction mixture for
The EXAFS results irifable 4show a Pt—Pt bond dis- cinnamaldehyde (CALD), the primary reaction products hy-

tance in PtCNF and PtCNF773 of 2.77 and 2.76 A, respec- drocinnamaldehyde (HALD) and cinnamyl alcohol (CALC),
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CH,OH
N pletely converted within 20 min. The difference in activity
will be dealt with in more detail below.

Cinnamyl alcohol Itis clear that the selectivities [selectiviK(%) = (moles
H, (CALC) H, .
/ \ Y (r)/moles CALD(0))x 100%] to the main products are
dependent on the catalyst. PtCNF produces cinnamyl alco-
S CH,OH hol and hydrocinnamaldehyde in comparable amounts. On
©Mo O/V the other hand, with PtCNF973 hydrocinnamaldehyde is the
main product. IrFig. 6the selectivities to cinnamyl alcohol
RS Ea h‘ / Hydrocimapy stcohel (CALC) and hydrocinnamaldehyde (HALD) are plotted as
= a function of the conversion [conversion (%)(1 — (moles
o CALD(r)/moles CALD(0)))x 100%] and inTable 5the se-
W lectivities at 60% conversion to the various reaction products
Hydrocinnamaldehyde and the two main byproducts are represented. For PtCNFnp
(HALD) ScaLc = 58% andSyalp = 22% is found. With increas-
Fig. 4. Reaction pathway of tHe/drogenation of cinnamaldehyde. ing treatment temperature the selectivity toward the alcohol

gradually declines and the selectivity to hydrocinnamalde-
hyde rises. For PtCNF973caLc = 8%, while Syalp =
and the secondary product hydrocinnamyl alcohol (HALC). 74%. Obviously the rate of €C hydrogenation of cin-
First of all, from these graphs the large difference in hydro- namaldehyde is strongly enhanced with heat treatment of
genation activity between PtCNF and PtCNF973 is strik- the catalyst, while the rate of hydrogenation of the@
ing. Using PtCNF after 600 min only 80% conversion is has only slightly increasedrig. 5 demonstrates, however,
obtained, while using PtCNF973 cinnamaldehyde is com- that the secondary hydrogenation of hydrocinnamaldehyde

PtCNF PtCNF973
100 100
—&— cinnamaldehyde (CALD)

80 —- hydrocinnamaldehyde (HALD) 80
s —A— cinnamyl alcohol (CALC) s

é 60 - ——hydrocinnamyl alcohol (HALC) | € 60
b=t s
H o

240 = 40
2 o
Q a

g- 5 20
20 o
3 o

0 T T T T T T 0 v T V‘
0 100 200 300 400 500 600 700 0 20 40 60 80 100 120
Time (min) Time (min)

Fig. 5. Cinnamaldehyde conversion and product distribution as fundfidime on stream obtained at 383 K and 4.8 MPa hydrogen over CNF-supported
platinum catalysts (A) PtCNF and (B) PtCNF973.

100 Cinnamyl alcohol 100 Hydrocinnamaldehyde
A B
90 - —%— PtCNFnp 90 -
—e—PtCNF

80 1 —=— PICNF300 80 1
~ 70- —A— PtCNF500 = 70
S ol —e—P{CNF700 e .
> >
b= =
2 50 2 501
° °
o 40 2 40
3 [
» 30 9?30

20 - 20 -

104 W‘:}A‘ 10

0 ; ; : . : 0 ; : . : :
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Conversion (%) Conversion (%)

Fig. 6. Selectivities of different CNF-supported Pt catalysts as gifimof conversion to (A) cinnamylleohol and (B) hydrocinnamaldehyde.
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Table 5 Table 6
Selectivity to cinnamyl alcohol, hydramamaldehyde, hydrocinnamyl! al- Initial activities, relative activities, and TOF for cinnamaldehyde hydro-
cohol, and two by-products forrmnamaldehyde hydrogenation with CNF-  genation with CNF-supported platinum catalysts at 383 K and a hydrogen
supported platinum catalysts determined at 60% conversion pressure of 4.8 MPa
Sample  ScaLc SHALD SHALc By-products Sample Initial activity Relative TOFR?
name (mol%) (mol%) (mol%) Cinnamy! Di-isopropylace- name (mmol/(min geat) activity? )
isopropyl- tal of hydrocin- PtCNFnp 060 10 n.d¢
ether namaldehyde PtCNF 19 32 0.23
PICNF 37 32 15 2 6 PICNF773 1 19 B
PICNF573 13 23 12 11 19 PICNF973 15 25 3
PtICNF773 13 61 17 1 2 a Results are given in mole CALD hydrogenated per mole of platinum
PtCNF973 8 74 18 0 0 surface atoms in the catalyst per second. The amount of platinum surface

atoms is calculated from the catalyweight, the metal loading, and the
H/Pt (total H) ratio.

to hydrocinnamyl alcohol is also much faster on PtCNF973; b Relative activity is the initial activity divided by the initial activity of
i.e., the G=O hydrogenation rat m ndent on the PIENFIp.

€., the G=0 hydrogenation rate seems dependent o € n.d., not determined because thgRi ratio is not known for this sam-
substrate molecule. ole.

Fig. 6 shows that the selectivities to the primary and sec-

ondary products depend on the conversion of cinnamalde-Table .
hyde. Beyond 5% COﬂ_VGI’SIC?I’I the selectivity of the he.at' Platinum 4%, and 4%,2 binding energies of the CNF-supported plat-
treated catalysts remains fairly constant. Another striking inum catalysts after reduction at 383 K determined by XPS using Gauss—
feature is the strong dependence of the amount of formedLorenzian peak fits

by-products with the treatment of the cataly3tlfle 9: Sample Ep (eV)

PtCNFnp, PtCNF773, and PtCNF973 produce only minor name Ptaf; Pt 4k
amounts of the |sopropanol ether and acetal, while PtCNF P{CNFNp — 762
(2 and 6%) and especially PtCNF573 (11 and 19%) form picnE 714 746
large amounts of these products. It is well known that these PtCNF573 714 747
type of reactions aracid-catalyzefB8]. Therefore, itis ex- ~ PICNF773 n 747

pected that with increasingeht treatment of the catalyst PICNFOT73 6 746

and thus with decreasing support acidity the amount of by-
products drops. However, the low amount of by-products apparent. In contrast, with PtCNF973 the increase in activ-
formed using PtCNFnp is unexpected. ity is such that diffusion of the organic compounds in the
Although the data show many interesting phenomena, in catalyst bodies limits the reaction rg89]. From the latter
this paper we mainly focus on the effect of the oxygen- calculation the ratio of the intrinsic activity of PtCNF and
containing groups on the strongly enhanced activity for PtCNF973 is much larger than the factor of 8 in observed
C=C hydrogenation in cinnamaldehyde. From the decreaseactivitie.
in the concentration of cinnamaldehyde with tintég 5
initial activities were calculated for all samples. These val- 3.4. Electronic structure of platinum
ues are given infable 6together with the relative activ-
ity compared to the activityof PtCNFnp and the related The hydrogenation results presented here using the Pt/
TOF. BothFig. 5 and Table 6show the clear differences CNF catalysts and the results reported in an earlier study
in catalytic behavior as a function of treatment tempera- on RUCNF catalyst§15] show that the catalytic behav-
ture of the catalysts. With ineasing treatment temperature ior of CNF-supported noble metals is strongly dependent
a strong increase in the total activity was found. The ob- on the heat treatment and thus on the amount of oxygen
served activity of PtCNF973 was almost 25 times larger groups present in/at the support surface. In order to inves-
than that of PtCNFnp and alrsb8 times larger than that tigate whether the oxygen-containing groups influence the
of PtCNF. The TOFs differ even somewhat more due to electronic properties of the platinum particles, we executed
a small increase in mean particle size in PtCNF973. This XPS and H-chemisorption measurements. Using XPS a
increase in total activity is mainly caused by a large in- shift in platinum binding energy is expect¢@1,40] and
crease in hydrocinnamaldehyde formation as can be con-with hydrogen chemisorption thEstrong/ Hotal ratio should

cluded fromFig. 5. change if a large electronic effect of the support is effec-
Calculations of the Weisz—Prater criterion of PtCNF and tive [41].
PtCNF973 and calculated condration profiles in the cata- In Table 7the platinum 44,, and 4§, binding energies

lyst particles of these catalysts using a kinetic model, which are displayed as determined for the CNF-supported platinum
includes mass transfer inside the catalyst particles, demon-catalysts after reduction using Gauss—Lorenzian peak fits.
strate that with PtCNF internal diffusion limitations are not For metallic platinum, binding energies of 70.944) and
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Fig. 7. Relative total activity for cinnamadtiyde hydrogenation as a function of the amount afiagroups (A) and as a function of the amount of oeyg
(XPS) on the CNF-supported platinum catalysts (B).

74.3 eV (4§,2) have been reported2]. The results show
that in PtCNF, PtCNF573, PtCNF773, and PtCNF973 the
platinum binding energy is equal for all samples and around  In Fig. 7Athe relative total activity is plotted versus the
71.4 and 74.6 eV, respectively, indicating that there is a shift amount of acidic oxygen-containing groyps’ of the var-

of 0.3-0.5 eV compared to the binding energies of bulk plat- ious CNF supports. Because titrimetric determination of the
inum, probably due to the size of the metallic particles. The acidic groups on the P/CNF catalysts could not be effec-
binding energy of PtCNFnp is slightly shifted to higher val- tuated due to the interfering action of platinum, we used

ues, as ionic Pt species are present because of the mild rethe values found with the unloaded CNF support ($ae
duction conditions. ble 2). An almost linear relation, especially for the PtCNFnp

With oxidic supports change of the electron richness 0 PICNF773 catalysts, is obsed between the total activ-
of the support oxygen atoms was found to influence the ities and the concentration of acidic oxygen groups of the
metal binding energies of noble metal particles, i.e., higher SUPPOrt. When only few acidic groups are present the activ-
binding energies when applied on supports with a rela- ity is high qnd with increasing surface acidity the activities
tively low oxygen electron density. Mojet et al., for in- d.rop.The Ilng_between PtCNE773 and PtCN.F973 is dotted,
stance, found a shift in binding energies of about 1.4 eV since the gct|\{|ty megsqred using PtCNF97f?' IS influenced by
for both Pd 3¢2 and Pd 3¢/ in a PA/LTL with a K/Al internal diffusion I|m_|t§1t|on. Besides the acidic groups also
atomic ratio ranging from 0.55 to 1.1[@0]. Our results, other oxygen-containing §qrface groups are present on the
however, indicate that the varying concentrations of oxy- CNF surface. Therefore, iRig. 7B the relative total activ-

gen groups on the carbon support do not give rise to these|t|es are plotted versus the number of oxygen atqms. For
o . N ) . the number of oxygen atoms the values found with XPS

large shifts in platinum binding energies as determined . o

with XPS are used. The correlation between activity and oxygen con-

In Table 3the Hir/ Hio ratios of the various PUCNE centration is not as clear as between the activity and the

catalysts are given. Oudenhuijz¢#l] observed that for Eg?gf trhgf:;cigji::cosxup%c:—tcingﬁl grorlézsyssi?%%tﬂl]iieglir] i
small LTL-supported platinum particles the hydrogen cov- Y9 g group y

d plati hvd bindi ¢ th d d proportional to the total amount of oxygen on/in the fibers.
erage and platinum-nydrogen binding streng €Pend ONtpage curves suggest that catalysis is directly influenced by
the support properties. For the various Pt/CNF catalysts

: the acidic oxygen-containing groups at the exterior surface
no clear trend can be observed in thiong/ Hotal 1a- of the CNF support. The strong increase in activity could
tIOS.. ) ) ) . be brought about by the removal of these support surface
_ Since we did not observe changes in the platinum bind- 4,05 A model in which the hydrogenation is assisted by
ing energy and K chemisorption we think that changes  5qsorption of the cinnamaldehyde on the CNF support after
in electron density of the CNF support by partly remov- emgval of the oxygen surface groups is suggested. A full ki-
ing the oxygen groups are much smaller than the changeshetic analysis of a series of cinnamaldehyde hydrogenation

in the electron density in oxidic-supported catalysts with, experiments underpins the effects of substrate adsorption on
for example, varying iAl ratios. These small changes in  the support on catalysj89].

electronic properties are not revealed with XPS and H
chemisorption. However, in haccompanying paper differ-
ences are apparent in the order in hydrogen for the hydro-4. Conclusions
genation of cinnamaldehydeh@&refore, minor changes in
the electronic properties of the platinum particles that are
still important for catalysis cannot be excluded.

3.5. Oxygen content of the support

Well-defined carbon nanofiber-supported platinum cata-
lysts were prepared with a narrow size distribution, and a
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