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a b s t r a c t

Catalytic performance of styrene–divinylbenzene copolymer-supported platinum catalyst of high
crosslinking degree and high surface area was studied in reactions of hydrosilylation of allyl chloride,
1-octene and 1-butene. The catalyst has shown considerably greater stability of catalytic activity than
classical active carbon-supported catalyst. In experiments on repeated use of catalysts, the decrease in
catalytic activity for hydrosilylation of liquid double bond-containing compounds proceeding in the pres-
vailable online 6 January 2011

eywords:
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ydrosilylation

ence of the copolymer-supported and carbon-supported platinum was considerably smaller in the case
of the former catalyst. Bimetallic Pt–Cu catalyst on polymeric support appeared to be considerably less
active than monometallic catalyst.

© 2010 Elsevier B.V. All rights reserved.
lkenes
llyl chloride

. Introduction

The addition of silane containing Si–H bond to multiple bonds,
alled hydrosilylation, is the most important way of synthesis
f organofunctional silanes which have found many commercial
pplications, among others as adhesion promoters for inorganic
aterial–polymer systems and modifiers of mineral surfaces [1,2].

articularly important representatives of this group of compounds
re 3-chloropropyltrichlorosilane and its alkoxy derivative. Most
f the research work on hydrosilylation has been performed in
omogeneous catalytic systems in the presence of transition metal
omplexes [3–6] or in heterogenized catalytic systems in the pres-
nce of the above complexes immobilized on surfaces of polymers
7,8], whereas only a small number of papers were devoted to
ydrosilylation carried out in typical heterogeneous catalytic sys-
ems by using supported metals in their elemental form as catalysts
3–6,9]. However, it is worth to add that commercial process of
ynthesis of 3-chloropropyltrichlorosilane, which is the key pro-

ess in the production of the whole family of silane coupling
gents, is carried out on carbon-supported platinum catalysts.
asy separation of reaction products from catalyst, which is a
ell-known advantage of heterogeneous catalysis, has encour-

∗ Corresponding author. Tel.: +48 606 11 99 20.
E-mail address: fiedorow@amu.edu.pl (R. Fiedorow).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.11.079
aged us to search for a supported metal catalyst which would
be characterized by both good activity and high selectivity as
well as by capability of being used several times or for a pro-
longed time-on-stream without significant loss of main product
yield.

2. Experimental

2.1. Preparation of catalysts

The support used in this study was styrene–divinylbenzene
(SDB) copolymer of particle size 0.3–0.8 mm (Aldrich). Catalysts
1%Pt/SDB and 1%Pt + 0.2%Cu/SDB were prepared by incipient wet-
ness technique using chloroformic solutions of platinum(II) and
copper(II) acetylacetonates (Ventron) as metal precursors. Reduc-
tion of the precursors was carried out in hydrogen flow (50 ml/min)
for 3 h at 160 ◦C (the preparation of 1%Pt/SDB catalyst) or 280 ◦C
(the preparation of 1%Pt + 0.2%Cu/SDB catalyst). Commercial cata-
lyst (Degussa) containing 1 wt% platinum on active carbon (1%Pt/C)
was used for the sake of comparison.
2.2. Characterization of catalysts

Low-temperature nitrogen adsorption isotherms were deter-
mined on an ASAP 2010 sorptometer (Micromeritics). Hydrogen
chemisorption measurements were determined on the same

dx.doi.org/10.1016/j.cattod.2010.11.079
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:fiedorow@amu.edu.pl
dx.doi.org/10.1016/j.cattod.2010.11.079
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Table 1
Surface area and pore size of catalysts and supports.

Sample Surface area
(m2/g)

Average pore
diameter (nm)

Pore volume
(cm3(STP)/g)

SDB (no treatment) 1172 2.6 0.77
SDB after 3 h in CHCl3 1151 2.6 0.74
SDB after 3 h at 280 ◦C 1031 2.7 0.68
1%Pt/SDB 1120 2.6 0.73
1%Pt/SDB + 0.2%Cu/SDB 987 2.7 0.66
Active carbon support (C) 1281 1.9 0.61
1%Pt/C 1206 1.9 0.57
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Fig. 1. Simplified scheme of reactions.

nstrument at 35 ◦C. Calculations of platinum particle size were per-
ormed assuming spherical shape of the metal particles according
o the formula given in Ref. [10].

Thermogravimetric analysis was performed on a Setaram ther-
obalance Setsys 12 in argon flow (purity 99.999%, 30 cm3/min) at

eating rate of 10 ◦C/min.
Temperature programmed reduction with hydrogen (TPRH2)

as conducted on a Chemisorb 2705 instrument (Micromerit-
cs) in the stream of the mixture of H2 (10%) and Ar (90%) using

TCD detector. The flow rate of the mixture was 30 cm3/min,
emperature increase rate 10 ◦C/min and sample weight
0 mg.

A D8 advance diffractometer (Bruker) was used to obtain
RD patterns. Platinum content in catalysts after their use in
ydrosilylation of allyl chloride and 1-octene with trichlorosi-

ane was determined on a Varian Vista-MPX spectrometer
ICP-OES).

.3. Reactions studied

Trichlorosilane (>99%) was purchased from Unisil Ltd., Tarnów

nd subjected to distillation under argon prior to use. Allyl chloride
Zachem, Poland) of >98% purity was also distilled before being
sed. 1-octene (Fluka), 1-butene (Aldrich), methyldichlorosilane
Fluka), dimethylchlorosilane (Fluka) and benzene (POCh, Poland)
ere used as received.

0,0 0,2 0,4 0,6 0,8 1,0
200

250

300

350

400

450

500

550

600

650

700

750

800

850

900

0 5045403530252015105

0,00

0,02

0,04

0,06

0,08

0,10

0,12

0,14

po
re

 v
ol

um
e,

 c
m

3 /g
*n

m

pore diameter, nm

vo
lu

m
e 

ad
so

rb
ed

, c
m

3 /g

relative pressure, p/p0

Fig. 2. Low-temperature nitrogen adsorption–desorption isotherms and pore s
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Fig. 3. TG and DTG curves of Pt/SDB catalyst.

The addition of trichlorosilane to allyl chloride and 1-octene as
well as the addition of methyldichlorosilane and dimethylchlorosi-

◦
lane to 1-octene was carried out at 60 C for 3 h in batch reactors in
the form of headspace vials sealed with silicon/PTFE septa and alu-
minum crimp seals. The reactors were loaded with catalysts in the
amount corresponding to 2 × 10−4 mol of Pt per 1 mol of trichlorosi-
lane. Hydrosilylation of allyl chloride was carried out in benzene
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ize distributions (inserts) for 1%Pt/SDB (left) and 1%Pt/C (right) catalysts.
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olvent (volume ratio of reactants to benzene was 1), whereas that
f 1-octene without a solvent. Reaction products were analyzed on
Perkin–Elmer Auto System XL gas chromatograph using a DB-5

apillary column of 30 m in length and 0.53 mm in diameter. When

atalytic performance during repeated use of a catalyst was inves-
igated, the post-reaction mixture was removed by using a syringe
nserted through headspace vial septum and benzene or 1-octene
in the case of hydrosilylation of allyl chloride and 1-octene, respec-
ively) was injected several times in order to wash the catalyst and
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Fig. 5. X-ray diffraction patterns of 1%P
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then reactants were introduced to begin the next run of reaction.
Hydrosilylation of 1-butene was performed at 140 ◦C in a flow

reactor (40 cm in length, 1 cm in diameter, catalyst load: 1 g) by
passing 1-butene (10 ml/min) through a thermostated saturator
filled with trichlorosilane. Reaction products were analyzed in the
way described above.

Schemes of the reactions studied are shown below (Fig. 1).

3. Results and discussion

Strongly hydrophobic nature of the SDB support [11] and good
solubility of acetylacetonates in chloroform were the reason for
employing the latter compound as a solvent for metal precursors.
This choice required, however, the determination of chloroform
effect on the texture of SDB resin. The styrene–divinylbenzene
copolymer used in our study was distinguished by very well-
developed porosity as evidenced by its high surface area and pore
volume (Table 1). From textural point of view, the SDB resin differs
from activated carbon used in our study as a support in the 1%Pt/C
catalyst, although their common feature is that both of them are
characterized by high surface area of about 1200 m2/g (Table 1).

Average pore diameter of the former (2.6 nm) is in the lower
range of mesopores and the shape of nitrogen adsorption isotherm
(Fig. 2, left) indicates that both micro- and mesopores contribute
to the total porosity of SDB polymer-supported catalyst, whereas
the latter is a microporous solid of average pore diameter equal to
1.9 nm and has nitrogen adsorption isotherm of type I (Fig. 2, right),
according to IUPAC classification of isotherms [12]. In the case of the
active carbon-supported catalyst, its pore size distribution is shifted
towards smaller diameters compared to Pt/SDB. A 3-h contact of
the SDB resin with chloroform results in a small decrease in sur-

face area (by less than 2%), while 3-h heating at 160 ◦C after contact
with CHCl3 causes loss of surface area by 4.4%. The highest decrease
in surface area (by 15.8%) was observed after reduction of metal
acetylacetonates for 3 h at 280 ◦C. Therefore we can conclude that
the porous system of SDB resin is quite resistant to heating at 160 ◦C,

60 70 80 90

67,4 81,3
85,7

le, o

t/SDB catalyst and SDB support.
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Table 2
Results of hydrogen chemisorption measurements on catalysts studied.

Catalyst 1%Pt/SDB 1%Pt/C

Platinum dispersion (%) 8.0 67.0
Average crystallite size (nm) 5.0* 1.7
Metallic surface area (m2/g) sample 0.2 1.7
Total volume of hydrogen adsorbed

(cm3(STP)/g)
0.047 0.385

Volume of irreversibly adsorbed
hydrogen (cm3(STP)/g)

0.006 0.198

Volume of reversibly adsorbed
hydrogen (cm3(STP)/g)

0.041 0.187

reduction in the OTCS yield, appeared to be by 13% greater for
1%Pt/C, which again points to a higher stability of catalytic activ-
ity of SDB-supported catalyst (Fig. 7). This arises a question about
the origin of gradual deactivation of the catalysts, therefore to
2 A. Wawrzyńczak et al. / Ca

.e., the temperature at which platinum(II) acetylacetonate decom-
oses to platinum metal in flowing hydrogen, but heating at 280 ◦C
reduction temperature of copper(II) acetylacetonate) results in the
ollapse of some pores. It is likely that at the latter temperature,
ragments of some pore walls begin to be removed from the poly-

er which is reflected by faster TG curve dropping at about 300 ◦C
Fig. 3). On the ground of thermogravimetric analysis of another
DB sample, Wu and Chang [11] concluded that it was stable below
00 ◦C and suggested that the application of Pt/SDB catalyst should
e limited to 160 ◦C for extra margin of safety against textural dam-
ge. The peak on DTG curve (Fig. 3) that appears at 439 ◦C indicates
he maximum rate of mass loss, but onset of the copolymer decom-
osition occurs clearly below the mentioned temperature. Thus it
an be concluded that the temperature of Pt/SDB catalyst prepara-
ion (160 ◦C) and catalytic reaction temperatures (60 and 140 ◦C)
re safe for the above catalyst, whereas reduction temperature of
he mixture platinum(II) and copper(II) acetylacetonates at 280 ◦C
an be too high.

Temperatures of reduction of platinum(II) and copper(II) acety-
acetonates to metals (160 and 280 ◦C, respectively) were chosen
n the ground of TPRH2 profiles of the above metal precursors.
he profile of Pt(acac)2 is characterized by the presence of clearly
arked large peak at 144 ◦C. The peak is quite narrow – its onset

emperature is 140 ◦C and the return to baseline occurs at 160 ◦C
Fig. 4). After supporting Pt(acac)2 on SDB, the profile changed,

ost likely due to interactions between the precursor and the sup-
ort. The peak became broader and its flat maximum shifted to
15 ◦C, however, it descended to the baseline only at about 180 ◦C
Fig. 4). At about 200 ◦C the profile began to ascend again and a small
road peak appeared with a maximum at 230 ◦C. On the ground
f TPRH2 of Pt(acac)2/SDB it was concluded that hydrogen con-
umption proceeds in two stages: (1) reaction with Pt(acac)2 (the
arge peak at a lower temperature), and (2) reaction at a higher
emperature with products of partial decomposition of platinum
cetylacetonate (small peak with maximum at 230 ◦C). Although
he platinum precursor was not fully reduced at 160 ◦C, a com-
arison of peak areas brings to the conclusion that the amount of
nreduced platinum(II)-containing species is very small. A similar
onclusion can be drawn on the ground of X-ray diffraction pat-
erns (Fig. 5) which point to the presence of Pt0 as proved by a
ery good agreement between reflections recorded for the catalyst
ample and those for platinum reference material. An additional
eflection that requires a comment is the weak signal at 31.6◦ 2�
hich can be a result of changes occurring in the polymeric support
uring decomposition of platinum precursor in hydrogen flow. The
DB resin is an amorphous material as indicated by the absence of
eflections in the 2� range of 10–90◦ (Fig. 5), except for a small
eak at about 40◦ 2� that probably originates from the diffrac-
ion of X-ray radiation on the sample holder. However, a small
mount of platinum species other than metallic platinum parti-
les can be present, even though they remained undetected by
-ray technique. Another evidence that the reduction to Pt0 took
lace at 160 ◦C, was provided by hydrogen chemisorption exper-

ments (Table 2). On the surface of SDB copolymer platinum is
resent in the form of considerably larger crystallites than those
n the surface of active carbon where platinum dispersion is over
times higher than on the former catalyst. The volume of irre-

ersibly bound hydrogen, i.e., that which remains on platinum
articles after evacuation of catalyst sample at the same temper-
ture at which chemisorption experiment was carried out, and
ts ratio to reversibly bound hydrogen are considerably higher in

he case of Pt/C catalyst (Table 2). Large contribution of hydrogen
eversibly adsorbed to the total amount of hydrogen adsorbed on
t/SDB catalyst can suggest that the surface of this catalyst can be
artly covered with carbonaceous species formed from the acety-

acetonate precursor of platinum. If there is a relationship between
Ratio of irreversible hydrogen to
reversible hydrogen

0.146 1.059

* Calculated from XRD line broadening.

the strength of hydrogen chemisorption and that of substrates
of hydrosilylation reactions, then one can suppose that weaker
chemisorption observed on Pt/SDB contributes to better perfor-
mance of copolymer-supported catalyst. However, this is not the
only factor influencing catalytic activity for hydrosilylation and this
problem will be discussed later.

The performance of SDB-supported platinum catalyst was stud-
ied in several hydrosilylation reactions and compared to that of
active carbon-supported platinum catalyst. We have chosen Pt/C
as a reference catalyst because it found a commercial application
and kinetics and mechanism of hydrosilylation of allyl chloride
with trichlorosilane were described by Marciniec et al. [13], who
deduced kinetic equation derived from catalytic model by assuming
quasi-stationary concentrations of adsorbed substrates and des-
orption of products. In hydrosilylation of allyl chloride, the activity
of 1%Pt/SDB during the first two runs was lower than that of the
active carbon-supported catalyst of the same metal loading. How-
ever, in the next three runs the yield of the reaction main product,
i.e., 3-chloropropyltrichlorosilane (CPTS), was maintained on the
level of 70% in the case of 1%Pt/SDB catalyst, whereas in that of
1%Pt/C a progressing decrease in the CPTS yield was observed. The
activity of 1%Pt/SDB catalyst appeared to be very stable during all
five runs and, beginning from the third run, it surpassed that of
carbon-supported catalyst (Fig. 6).

Somewhat similar situation was observed in another hydrosi-
lylation reaction proceeding in the liquid phase, i.e., the addition
of trichlorosilane to 1-octene yielding octyltrichlorosilane (OTCS).
Although in this case the yield of OTCS was initially roughly the
same, later the extent of catalyst deactivation, expressed by the
Fig. 6. The effect of repeated use of the same catalysts sample in the reaction of
trichlorosilane addition to allyl chloride.
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ig. 7. Results obtained when using the same catalyst sample in subsequent runs
f 1-octene hydrosilylation.

nswer it analyses for platinum content in the catalysts after five
uns (i.e., after 15 h in the reaction medium) were performed
n an inductively coupled plasma optical emission spectrometer.
esults of the analyses were quite similar for the both catalysts.
latinum contents in the Pt/SDB catalyst after its use in reac-
ions of trichlorosilane with allyl chloride and 1-octene were
.78 and 0.77%, respectively, while in the Pt/C catalyst 0.79 and
.80%, respectively. This means that about one fifth of platinum
as leached, which should reflect upon catalytic activity, but in

pite of comparable loss of platinum, the effect of the decrease
n the activity was greater in the case of active carbon-supported
atalyst.

Catalytic performance of Pt/SDB and Pt/C was also com-
ared in hydrosilylation of 1-octene with methyldichlorisilane and
imethylchlorosilane. The yield of the former reaction product,

.e., octylmethyldichlorosilane (octyl-MeSiCl2), carried out in the
resence of 1%Pt/SDB, appeared to be almost twice as high as
hat proceeding in the presence of 1%Pt/C (Table 3). When the
econd methyl substituent at silicon atom was present in the reac-
ion substrate molecule, the yield of octyldimethylchlorosilane
octyl-Me2SiCl) obtained on polymer-supported catalyst was still
igh, whereas active carbon-supported catalyst showed no activity
Table 3).

The stability of catalytic activity of SDB-supported Pt catalyst
anifested itself even more clearly in hydrosilylation of 1-butene

o butyltrichlorosilane (BTCS). It results from Fig. 8 that the above
atalyst practically maintained its activity after doubling time-
n-stream, while the yield of BTCS on active carbon-supported
atalyst decreased almost by a factor of 2 with the extension
f time-on-stream from 4 to 8 h. Recent reports on promoting
ffect of copper and some other metals observed in hydrosilyla-
ion of different compounds [14,15] were the reason for including
imetallic platinum–copper catalyst in our study. Unfortunately,

%Pt–0.2%Cu/SDB catalyst appeared to be considerably less active
or the addition of trichlorosilane to 1-butene than monometallic
%Pt/SDB catalyst (Fig. 8). The difference in the catalytic perfor-
ance of carbon- and oxide-supported Pt–Cu catalysts [14,15]

nd SDB-supported Pt–Cu catalyst results probably from already

able 3
he performance of Pt/SDB and Pt/C catalysts in hydrosilylation of 1-octene with
imethylchlorosilane and methyldichlorosilane.

Catalyst Octyl-MeSiCl2 Octyl-Me2SiCl

Yield (%) Selectivity (%) Yield (%) Selectivity (%)

1%Pt/SDB 89 100 83 100
1%Pt/C 48 100 0 –

0 ◦C, 3 h, [CH2–CH–]:[HSi]:[cat] = 1.1:1:2 × 10−4.
Fig. 8. The effect of time-on-stream on the activity of SDB- and active carbon-
supported metallic catalysts for hydrosilylation of 1-butene.

mentioned textural changes occurring in the latter case during
reduction at 280 ◦C. It is also likely that the temperature of 280 ◦C
that appeared to be too high for the stability of SDB porous sys-
tem was, however, too low to result in the effective interaction
between platinum and copper. Therefore, contrary to carbon- and
oxide-supported Pt–Cu catalysts [14,15], which were reduced at a
considerably higher temperature, no synergistic effect of the two
metals was observed.

A comparison of platinum particle sizes (Table 2) with average
pore diameter (Table 1) brings to a conclusion that in the case of
Pt/SDB platinum is located on external surface of the catalyst (at
least to a large extent) which makes the access of reactants to the
metal particles easy and in such a case vigorous stirring of reac-
tion mixtures virtually eliminated diffusion limitations. However,
in the case of Pt/C, internal diffusion problem does exist and this
fact makes Pt/SDB catalyst better from the point of view of practice.
A direct comparison between Pt/SDB and Pt/C catalysts and giv-
ing one clear reason for the differences observed in their catalytic
performance are difficult because a number of factors can influ-
ence their catalytic behavior. The crucial one seems to be metal
particle size, but such factors as support reactivity (SDB has no
functional groups on its surface), its hydrophobicity, textural prop-
erties, strength of substrate chemisorption, etc., can play some role
as well.

4. Conclusion

Although hydrosilylation can by catalyzed by metals supported
on a number of different supports, the preferred support, both in
the open and patent literature, was active carbon. Results of this
study permit the conclusion that SDB copolymer makes also a very
good support material since Pt/SDB catalyst was more active for
some hydrosilylation reactions than Pt/C catalyst.
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[9] A. Wawrzyńczak, R. Fiedorow, Education in advanced chemistry, in: B.
Marciniec (Ed.), Organic and Polymer Synthesis and Catalysis, vol. 10, Wyd.
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