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Abstract Poisoning of platinum catalysts by sulphur
compounds is a significant problem that prevents their
application in untreated gas streams. We introduce a novel
concept to circumvent the poisoning problem by encapsu-
lating individual platinum nano-particles with silica layers
that act as selective membranes. Greatly enhanced sulfur
tolerance for sufficiently dense illustrates the potential of
our approach to design noble metal catalysts that survive in
sulphur containing gas streams.
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1 Introduction

The synthesis of particles with well-defined properties is
important for the development of new materials. Recently,
much effort has been devoted to the controlled synthesis of
various metal particles in the nano and micrometer size
range [1, 2]. Well-defined colloidal noble metal particles
not only display chemical stability, but may also have high
electrical conductivity and catalytic activity [3]. Their large
surface area and high surface activity make these small
particles excellent catalysts and photo catalysts for many
organic reactions [4, 5].

Platinum colloids are frequently prepared by reduction
of platinum compounds with IV and II valence with
sodium borohydride [6]. Depending on synthesis tech-
niques and on the kind of reactants, particles with various
properties can be generated [7]. In the field of catalysis
platinum nano-particles are widely applied for the hydro-
genation of organic species [8, 9]: at the laboratory scale
for the enantioselective hydrogenation of fine chemicals
[10, 11] and, at the production scale, for the hydrogenation
of unsaturated hydrocarbons [12]. For catalysis at longer
time scales a serious problem is poisoning of the catalyst,
usually by sulphur compounds [13]. To enhance the life
span of the catalyst the options are either to remove the
sulphur based species from the reaction gas mixture [14] or
to change the properties of the catalyst. Increasing the
acidity of the support using zeolites, resulting in electron
deficiency of the metal and consequently a lower metal
surface interaction, as well as applying Pd-Pt alloys [15],
has been reported to increase catalyst lifetime [16].
Moreover, the preparation of metal-based composite
materials, via the self-assembly of inorganic—organic sys-
tems like reverse micelles, was found to be efficient to
obtain catalysts with an enhanced resistance against
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aggregation and sintering [17-22]. The methods proved to
be efficient in the Pt-silica systems as well [23].

Here we investigate a different approach namely to
deposit a porous silica layer on the platinum surface with
the idea to block the poison, or at least to substantially
reduce its diffusion rate towards the catalyst, whereas
ideally hydrogen diffuses much faster to the platinum
surface. Hydrogen spill over to the silica outer layer will
enable continuation of toluene hydrogenation in the sul-
phur containing gas stream. To achieve shape selectivity
between H, and H,S is quite challenging, as their kinetic
diameters are rather similar with 0.289 and 0.36 nm,
respectively. However, dense silica layers on membranes
with typical pore sizes of ~0.4 nm have been reported to
have good selectivity between hydrogen and methane [24].
Since these molecules have a similar small size difference,
selectivity between H, and H,S caused by a silica shell on
Pt catalyst is a feasible option.

We propose two ways to deposit a silica layer on plat-
inum colloids. The first strategy is to polymerize silica onto
surface-modified platinum colloids. We investigate two
types of surface modification, namely (i) platinum colloids
stabilised with polyvinylpyrrolidone (PVP), a well known
stabiliser for metal colloids that enhances the affinity for
silica, and (ii) platinum colloids modified with various
functionalised triethoxysilanes. The added functionality of
the silane can be chosen to achieve good affinity for plat-
inum. The ethoxy groups can be further hydrolysed toge-
ther with growth of the silica layer via the Stober method
[25]. The second strategy to obtain silica-covered Pt par-
ticles is (i) start with silica spheres prepared via the Stdber
synthesis, (i) modify the silica with various functional
triethoxysilanes to enhance the affinity for platinum, (iii)
precipitate platinum colloids directly on the surface of
silica particles, (iv) grow a silica layer on the metal parti-
cles employing hydrolysis of tetraethoxysilane (TEOS).

Densification of the resulting silica layers by a calci-
nation treatment after immobilisation on a silica carrier is
done at 500 °C. Catalytic evaluation of the samples before
and after deposition of the silica layer is performed by
using the toluene hydrogenation as a model reaction,
whereas sulphur resistance is measured for a gas stream
containing 6 ppm H,S.

2 Materials and Methods

2.1 Synthesis of Platinum Colloids

Hexachloroplatinum hydride, H,PtClg (1 mg/mL) in
hydrochloride acid (2 M) was found to be a suitable

compound for the synthesis of the platinum particles in a
redox reaction. Freshly double distilled water was used as

solvent in all cases. When ethanol or mixtures of ethanol
and water were tested as solvent, the redox reaction
appeared to run slower: the particle formation took several
days and did not lead to desirable results. As reductant
NaBH, solutions were used; two different concentrations
were applied in this work: 0.1 and 0.2 M. The NaBH,
solutions were freshly prepared for every synthesis. To
protect Pt particles against aggregation polyvinylpyrroli-
done (PVP, 10000) solution (0.3 g/L) was added. In a
typical synthesis 1 mL of Pt precursor solution were mixed
with 1 mL of PVP solution; 1 mL of NaBH, solution was
added all at once and the solution was not stirred during the
reaction. All the syntheses took place at room temperature.
Platinum dispersions were purified via several centrifuga-
tion steps (20000 rpm; Avanti J-20XP, Beckman Coulter)
and washing with EtOH until neutrality of solution was
achieved.

2.2 Platinum-Silica Core—Shell Particles

PVP stabilised platinum particles with a diameter of ca.
3 nm were used as substrate to prepare platinum-silica
core—shell particles. To obtain the silica covering of the
platinum colloids we made use of the Stober method, with
TEOS as silica precursor. The hydrolysis of TEOS took
place in a suspension of platinum particles in a H,O/EtOH
solution at different H,O/EtOH volume ratios in the range
2-40. Ammonia solution (29%) was used to catalyse the
hydrolysis reaction. The ratios between the water, ammo-
nia and ethanol were varied in a wide range. No differences
could be detected by adding TEOS slowly to the platinum
suspension or all at once. The Pt particles coated with silica
used for the catalytic test were prepared as follows: 10 mL
of 0.2 mg/mL platinum suspension was mixed with 3 mL
of 29% ammonia solution, then 60 pL of 10% ethanol
TEOS solution: was added. Platinum-silica core—shell
particles were purified by washing with EtOH and centri-
fugation until neutrality of the suspension was reached.

2.3 Platinum Decorated Silica Particles

Carrier silica particles with a diameter of about 350 nm
were synthesised in a mixture of 1750 mL freshly distilled
ethanol and 176 mL of ammonia solution (28.6%) to which
75 mL distilled TEOS was added via a funnel under the
fluid surface. The surface of the particles was modified by
hydrolysis of aminopropyltriethoxysilane (APTES), mer-
captopropyltri-ethoxysilane (MPTES) or diphenylpho-
sphinoethyltriethoxysilane (DPTES) as follows. 100 mL of
the carrier silica dispersion (14 mg/mL), 200 mL of etha-
nol, 1 mL of ammonia solution (28.6%) and 1 mL of
MPTES and APTES, respectively, were found to give good
results; in the case of DPTES 1.5 mL of the linker was
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added. Once the suspension of surface-modified silica was
purified by multiple centrifugations, the silica particles
were dispersed in water in which reduction of H,PtClg took
place by means of NaBH,4. 50 mL of coated silica disper-
sion in distilled water (3 mg/mL), 2 mL of hexachloro-
platinum hydride (1 mg/mL) in hydrochloride acid (2 M)
and 2 mL of 0.0l M sodium borohydride solution was
found to be the optimum composition for the one-pot
synthesis of platinum particles on silica spheres.

To deposit a thin layer (5—10 nm) of silica on the plat-
inum decorated silica particles, the purified platinum dec-
orated silica particles (0.65 g) were dispersed in 208 mL of
EtOH and 98 mL of NH,OH, next adding 1.09 mL of
TEOS. The outer silica layer can be densified in a further
hydrolysis step in an acidic environment. 5 pL. of TEOS
was added to a suspension of silica decorated particles
(1 g/100 mL) in ethanol containing 1% of concentrated
HCI solution (37%). The particles were then recovered
after 24 h by centrifugation.

2.4 Particle Characterisation

The size and morphology of the particles were character-
ised by TEM imaging (Figs. 1, 2, 3, 4, 5, 6, 7 and 8). A
drop of suspension was deposited on a polymer coated
copper grid. The samples were analysed by means of a
Tecnai 10 (100 kV). The mean size of the particles was
calculated on the basis of the measurement of at least 300
particle sizes via Analysis Image Processing program.

2.5 Immobilization of Colloids on Silica

Colloidal suspensions containing 10 mg PVP stabilised
platinum colloids were added to an aqueous suspension
containing 2 g of a wide pore silica support and stirred for
18 h. After centrifugation, the silica powders were dried
over night at 50 °C, followed by a 2 h drying step at

120 °C to be finally calcined at 500 °C for 2 h. The
resulting powders were pressed at 2000 bars, crushed and
sieved for the toluene hydrogenation test.

2.6 Toluene Hydrogenation Testing

Catalytic performances were evaluated for hydrogenation
of toluene to methylcyclohexane (MCH) in a plug flow
reactor at atmospheric pressure after a reduction treatment
at 400 °C for 1 h in pure hydrogen. After cooling to 50 °C
the hydrogen was saturated with toluene at 16 °C leading
to a 1.8 v/v% concentration of toluene in hydrogen and fed
to the reactor. Activity and selectivity of the catalysts were
measured with quantitative mass spectrometry (MS) in the
temperature window from 50 to 325 °C after a stabilisation
period of 10 min at each temperature. In order to calculate
the apparent activation energies Ln k was plotted versus
1/T in the conversion range of 2-40%. From this data the
E, was calculated from the slope of the linear part of the
graph.

The sulphur resistance of the catalysts was measured in
a separate experiment in the same plug flow reactor at
100 °C using 50 mg of catalyst. Once stable conversions
were obtained, H,S in Ar was added to the feed resulting in
a concentration of 6 ppm in the total flow of 25 mL/min.
Again MS was used to follow MCH, H,S and Ar evolution
in time. The time between detection of Ar and total dis-
appearance of MCH is defined as time till complete
deactivation.

3 Results and Discussion
3.1 Platinum Colloids

Many methods have been reported for the synthesis of
platinum colloids, most of which employ the reduction of

Fig. 1 TEM image of platinum particles formed with DPTES as stabilising agent. a [Pt] = 7 x 1073, [DPTES)/[Pt] = 1, [NaBH,4]/[Pt] = 200.
b [Pt] =7 x 1072, [DPTES]/[Pt] = 10, [NaBH,4]/[Pt] = 200. The aggregation increases by increasing the [DPTES]/[Pt] ratio
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Fig. 2 TEM image of platinum particles synthesised in the following
conditions: [Pt] = 1.60 x 107>, [NaBH,)/[Pt] = 7.8, [PVP]/[Pt] =
0.07. Stable platinum colloids are formed with an average radius of
2.8 &£ 0.7 nm

Pt II, Pt IV compounds, organic as well as inorganic. It is
also possible to prepare platinum colloids in reverse
micelles systems; drawbacks are a low yield and the dif-
ficult purification of the platinum sols. In this work we
perform the reduction of H,PtCly by NaBH, in aqueous
media; addition of ethanol slows down the redox reaction
and particle formation too much (several days). Platinum
particles easily aggregate in water so it is necessary to
perform their synthesis in presence of a suitable stabilising
agent. In anticipation of the covering with silica we
investigated two stabilising agents: DPTES and PVP. The
ability of the phosphine moiety of DPTES to bind to noble
metals is well documented [26, 27]. The use of DPTES
modifies the surface of the particles such that silanol
groups are exposed. This indeed allows to deposit a silica
shell onto the platinum particles via hydrolysis of TEOS.
Also PVP is a well-known stabilising agent for metal
particles that also enhances the affinity of silica for the
metal surface [28-30]. The reaction has been conducted at
different concentrations of Pt and with different Pt/NaBH,
and Pt/DPTES ratios. The synthesis at low DPTES con-
centration leads to aggregated particles. Aggregated parti-
cles were also obtained by increasing the DPTES/Pt ratio
(Fig. 1). This is probably due to the fact that the reduction
reaction and the hydrolysis of DPTES occurs simulta-
neously; the hydrolysis and condensation reaction lead to
the interconnection of DPTES molecules and of the bonded
platinum particles. Using PVP as stabiliser it turns out to be
possible to synthesise stable, discrete Pt colloids with a
diameter below 5 nm. The average particle size is a weak
function of Pt/PVP ratio and generally falls in the 2—4 nm
range. The optimum amounts of reactants were found to
be 2 mL of hexachloroplatinum hydride (1 mg/mL) in

200 nm

Fig. 3 TEM images of platinum silica core/shell particles. a-b
0.2 mg/mL platinum suspension: 10 mL, 29% ammonia solution:
3 mL, 10% TEOS solution: 60 pL. Effect of high ionic strength on
the coating process

hydrochloride acid (2 M) and 4 mL of 0.02 M of sodium
borohydride. 2.0 mL PVP solution in water (0.3 g/100 mL)
was added to the solvent before addition of the reductant to
stabilise the platinum particles and to prevent the aggre-
gation. PVP (MW 10000) was found to be the best suitable
stabilising agent for this synthesis. The use of PVP poly-
mers with higher molecular weights lead to a much longer
formation time of the platinum particles. The PVP stabi-
lised platinum particles (2.8 £ 0.7 nm) used for coating
with silica are shown in Fig. 2.

3.2 Platinum-Silica Colloids

The covering of platinum colloids via hydrolysis of TEOS
in a suspension of platinum particles in an ethanol-
ammonia mixture works well. The synthesis conditions,
however, must be tailored very carefully: in particular the
ionic strength (i.e. the ammonia concentration) must be
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Fig. 4 TEM images of platinum silica core/shell particles. a-b
0.2 mg/mL platinum suspension: 10 mL, 29% ammonia solution:
1.5 mL, 10% TEOS solution: 10 pL. x6 times. Silica shell surrounds
many platinum particles. ¢ The white arrow indicates the actual Pt
colloids. The heating, due to the electron beam, is responsible for the
slightly lighter features (silica protrusions) on the overall particles due
to the evolution of residual ethoxy groups present in the silica

adjusted such that it is sufficient to lower the electrostatic
barrier between the platinum particles and the forming
silica nuclei (allowing them to deposit on the surface of
platinum particles), but not too high otherwise the platinum
particles aggregate. Figure 3 shows the typical result when
the ionic strength of the suspension is too high and the
hydrolysis process too fast. The Pt colloids aggregated
during the fast hydrolysis and they were entrapped in the

@ Springer

Fig. 5 TEM image of carrier silica particles. 117 mL EtOH, 11.7 mL
NH,OH, 5 mL TEOS

Fig. 6 TEM image of platinum (10/650 mg) decorated silica parti-
cles. 50 mL of coated silica dispersion in distilled water (3 mg/mL),
2 mL of H,PtClg (1 mg/mL) in hydrochloride acid (2 M), 2 mL of
0.01 M NaBH,4

silica matrix. Better results were obtained by adding TEOS
slowly. Via this method we obtain core—shell colloids with
a 30 nm silica shell and 5-10 platinum particles as a core
(Fig. 4). With both the methods we obtained core—shell
particles with several platinum particles in the core. Only
the latter sample was further characterized from the
catalysis point of view.

3.3 Platinum Decorated Silica Carriers

To fix noble metal particles onto silica carriers (Fig. 5), the
carriers were coated with various linkers containing hetero-
atoms with high affinity and for platinum. The concentra-
tions of the silica spheres, coating agent, ammonia solution
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200
Fig. 7 TEM image of platinum (10/650 mg) decorated silica parti-
cles. 50 mL of coated silica dispersion in distilled water (3 mg/mL),

2 mL of H,PtClg (1 mg/mL) in hydrochloride acid (2 M), 2 mL of
0.01 M NaBHy, 2.0 mL PVP solution in water (0.3 g/100 mL)

and ethanol were varied to obtain optimum results. APTES
and DPTES were used as coating reactants. Once the sus-
pension of coated silica was purified by multiple centrifu-
gations, the silica was dispersed in water in which
reduction of H,PtClg took place using of NaBH,. Despite
reports on the irreversible adsorption of single platinum
particles on inorganic fibers [31], we observed here that the
reduction reaction without any stabilising agent leads to the
formation of aggregated particles on the surface of the
silica particles (Fig. 6). To deposit non-aggregated plati-
num particles it is necessary to make use of PVP, 2.0 mL
PVP solution in water (0.3 g/100 mL). In this way we can
decorate silica particles (diameter = 350 nm) with plati-
num particles less than 5 nm in size. The use of DPTES,
the linker containing a phosphorous atom with a strong
affinity to platinum, is the most effective to fix platinum
particles on the modified silica surface (Fig. 7). Next we
succeeded in depositing a thin layer (5-10 nm) of silica on
the platinum decorated silica particles. The purified plati-
num decorated silica particles (0.65 g) were dispersed in
208 mL of EtOH and 98 mL of NH,OH, then 1.09 mL of
TEOS was added (Fig. 8), and in a further step we densi-
fied the outer silica layer (Fig. 9) as described in Sect. 2.3.
A summary of the major characteristics of the samples
which catalytic activity was tested is reported in Table 1.

3.4 Catalysis Tests
3.4.1 Toluene Hydrogenation
In Fig. 10 the MCH formation as a function of temperature

is shown for the different samples under study. The activity
of the uncoated platinum colloids was very high and

a)

200 nm

20 nm

Fig. 8 TEM image of platinum decorated silica particles covered
with 10 nm silica layer. a—¢ (0.65 g) of platinum decorated silica
particles were dispersed in 208 mL of EtOH and 98 mL of NH,OH,
then 1.09 mL of TEOS was added

reached complete conversion at 120 °C. The activity of the
silica-coated colloids was lower and reached highest con-
version of 28% at 150 °C. Apparently in the process of
coating active platinum sites became blocked by silica or
were otherwise lost for the reaction. From Fig. 4 sintering
of Pt colloids seems to have taken place, which would
explain the lower activity as well. Pt colloids directly
immobilized on silica performed slightly better with 32%
conversion at 150 °C, a value that dropped to only 16%
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L

Fig. 9 TEM image of densified platinum decorated silica particles
covered with 5 nm silica layer. 5 pL of TEOS was added to a
suspension of silica decorated particles (1 g/100 mL) in ethanol
containing 1% of concentrated HCI solution (37%)

after decoration with silica, once again showing the effect
of the coating step on activity, although less pronounced. It
has be noted that for this catalysts system no Pt sintering
was apparent. After densification of the silica layer an
activity of 60% at 150 °C was obtained, suggesting no
negative effect of the coating step for this sample. How-
ever, the Pt loading of this catalyst was 1.25 wt%,
2.5 times higher than for the other catalysts under study. If
this activity difference is taken into account it once again
appears that coating with silica has reduced the activity for
the toluene hydrogenation at both 100 and 150 °C.

Table 1 Summary of the samples details reported in this work

Subsequently we calculated the apparent activation ener-
gies of the catalysts in order to relate the silica effect to
possibly changes in catalytic regime by eg. hydrogen spill-
over catalysis.

The E, of the samples under study is listed together with
conversions at 100 and 150 °C in Table 2 below. Only
small differences in activation energy were obtained for the
uncoated samples compared to the coated, but not densified
samples (43—47 kJ/mol). This indicates that the same type
of catalysis is taking place for these catalysts and that the
active platinum surface is accessible for both toluene and
hydrogen. In the introduction we mentioned that hydro-
genation reactions on a platinum colloid covered with a
dense silica layer might still be possible if hydrogen spill
takes place. In that instance we would expect a change in
the rate-limiting step and a different apparent activation
energy. This is definitely not the case for these catalyst and
apparently the silica layer is not dense enough and toluene
and hydrogen are still able to reach the metal surface. In
order to proof this further a catalyst was prepared in which
the silica layer was densified according to the procedure
described at the end of Sect. 2.3. For this catalyst a higher
activation energy of 60 kJ/mol was obtained, suggesting a
change in the rate-limiting step and potentially higher
tolerance for H,S.

3.4.2 Sulphur Tolerance
Each catalyst was loaded again and after activation sub-

jected to a toluene hydrogen stream at 100 °C. Once stable
conversion was reached, the 6 ppm H,S in Ar was added

Sample TEM Silica thickness (nm) Catalytic test
Uncoated Pt Fig. 2 - Yes
Si coated Pt 1 Fig. 3 30 Yes
Si coated Pt 2 Fig. 4 20-50 No
Uncoated Pt decorated on SiO, Fig. 7 - Yes
SiO, coated Pt decorated on SiO, Fig. 8 5 Yes
Densified SiO, coated Pt decorated on SiO, 5 Yes

Table 2 Activity level at 100 and 150 °C, together with apparent activation energy calculated from the data

Conversion at

Conversion at Apparent activation Time till complete

100 °C (%) 150 °C (%) energy (kJ/mol) deactivation (min)
Uncoated Pt 58 100 47 9
Si coated Pt 7 28 43 6
Uncoated Pt decorated on SiO, 7 32 43 9
SiO; coated Pt decorated on SiO, 5 16 47 5
Densified SiO, coated Pt decorated on SiO, 7 59 60 502
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—#— Uncoated Pt

100 1| —o-si coated Pt

—#— Uncoated Pt decorated on silica

80 - | ™ Si coated Pt decorated on silica

—&— Densified Si coated Pt decorated on silica
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Temperature (C)

Fig. 10 Toluene to methylcyclohexane conversion versus tempera-
ture for uncoated and silica decorated platinum colloids

1.2 1

Normalized MS signal

0:00 0:03 0:07 0:10 0:14 0:18 0:21 0:25
Time (min)

Fig. 11 Methylcyclohexane formation in time after H,S in Ar was
added to the feed for silica coated Pt colloids

to the feed. Figure 11 shows for the silica-coated colloids
the evolution in time of mass 34, 40 and 98, that corre-
spond to H,S, Ar and MCH, respectively. Directly with
detection of Ar a decline in the MCH level is apparent.
3 min later H,S appears; at that moment the conversion to
MCH has dropped already by 50%. About 3 min later no
MCH is detected anymore, whereas H,S levels are still
increasing. Similar deactivation patterns are found for all
samples under study; time between Ar break-through and
complete deactivation is reported in Table 2. Now it is
clear that all catalysts except the densified sample deac-
tivated quickly without any measurable beneficial effect of
the silica layer. To the contrary, the silica-coated samples
deactivated even faster compared to the uncoated samples.
However, for a fair comparison the initial activity of the
catalysts has to be taken into account. Comparing the
conversions at 100 °C it is clear that Si coated Pt sample
had a eight times lower activity compared to Uncoated Pt
to start with. Time till complete deactivation was 8 and
6 min, respectively, indicating slightly delayed deactiva-
tion by sulphur for the silica-coated sample. For the Pt
decorated on silica samples the difference in stability
against deactivation is in the same order as the initial
activity difference, showing no positive effect of sil-
ica coating. The reason for the different behaviour of

silica-coated samples is probably related to the differences
in the silica layer thickness.

As retardation of poisoning by silica was at most modest
for the examples discussed so far, we can thus infer that
silica layers in this study generally are not dense enough to
prevent poisoning: H,S can thus diffuse into the pores and
reaches the platinum surface.

Further proof for this hypothesis comes from the coated
sample with a densified silica layer. Here an increase in
sulphur tolerance of 100 times compared to the not den-
sified samples was found. After correcting for higher Pt
loading a 40 times better sulphur resistance remains. This
shows that the idea of nano membranes of silica sur-
rounding individual platinum particles can only work if
proper densification of the silica layer is provided. How-
ever, even after the densification step, still deactivation
took place. For this two possible explanations can be given.
Firstly, it is possible that the majority of the pores are in the
~0.4 nm region as found for dense silica membranes, but
that some bigger pores are still present through which H,S
can diffuse, be it at slower pace. Alternatively one could
argue that even if all pores are in the desired small range a
much better shape selectivity of H, and H,S than needed
for membrane applications would be necessary to prevent
deactivation. As a first approximation the increased sulphur
tolerance can be compared to a perm selectivity of 40,
which is impressive given the membrane layer thickness of
only 5-10 nm. For future work the focus should be on the
development of thicker and still more dense silica layers to
further enhance of shape selectivity between H, and H,S.
Present results show that toluene hydrogenation can take
place on a silica-covered surface and that large improve-
ments in sulphur tolerance are possible using deposition of
very thin silica layers on individual platinum particles.

4 Conclusions

Various platinum-silica composite colloids were synthe-
sized and tested as catalysts for the hydrogenation of aro-
matics compounds. PVP stabilised platinum particles can
be obtained by the reduction of H,PtCls with NaBH,
aqueous solutions, with controlled particle diameter in the
range of 2-4 nm, and a size polydispersity below 25%.
Platinum-silica core—shell particles with more than one
platinum colloid in the core can be obtained; the shell
thickness can be adjusted for values of about 20 nm and
larger. Silica particles (radius 350 nm) can be decorated
with platinum colloids with size below 5 nm, where the
silica is modified with DPTES or APTES to increase the
affinity between silica and platinum particles. DPTES was
found to be most effective to fix the platinum particles on
the modified silica surface. The Pt IV reduction process
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should take place in presence of PVP to avoid the exag-
gerate growth of the particles up to ca. 50 nm. Platinum
colloids were successfully immobilised on a silica carrier
and showed activity in the toluene hydrogenation reaction.
Uncoated platinum colloids showed the highest activity
and due to the coating a significant amount of activity
was lost, partly due to sintering of Pt. Catalysts with an
undensified silica layer showed only modest resistance to
sulphur poisoning, indicating that the silica layer was either
incomplete or not dense enough. A densification of the
silica layer resulted in an increase in the apparent activa-
tion energy as the rate-limiting step now changes in the
hydrogen spill over regime. Sulphur tolerance was greatly
enhanced for the catalyst with the densified silica layer,
showing the potential of the current strategy to design
noble metal catalysts that can survive in sulphur streams.

Acknowledgments We kindly thank Dr. Anne-Sophie Millerioux
and Dr. Marije Nijkamp for immobilisation of the Pt colloids on silica
and doing initial experiments. We thank Dr. Herman Kuipers and
Dr. Donald Reinalda for their interest in this work and SenterNovem
(Dutch Ministry of Economic Affairs) for financial support.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

1. Bezemer GL, Bitter JH, Kuipers HPCE, Oosterbeek H, Holewijn
JE, Xu XD, Kapteijn F, van Dillen AJ, de Jong KP (2006) J Am
Chem Soc 128:3956

2. Cushing BL, Kolesnichenko VL, O’Connor CJ (2004) Chem Rev
104:3893

3. Burda C, Chen X, Narayanan R, El-Sayed MA (2005) Chem Rev
105:1025

@ Springer

W

e}

10.
11.
12.
13.

14.
15.

16.
17.

18.
19.
20.

21.
22.

23.
24.
25.
26.
217.
28.

29.
. Graf C, Vossen DLJ, Imhof A, van Blaaderen A (2003) Langmuir

31.

. Roucoux A, Schulz J, Patin H (2002) Chem Rev 102:3757
. Johnson BFG (2003) Top Catal 24:147
. Duff DG, Edwards PP, Johnson BFG (1995) J Phys Chem

99:15934

. Yu YT, Zhang QH, Xu BQ (2004) Prog Chem 16:520
. Chen CW, Serizawa T, Akashi M (1999) Chem Mater 11:1381
. Mei Y, Sharma G, Lu Y, Ballauff M, Drechsler M, Irrgang T,

Kempe R (2005) Langmuir 21:12229

Baiker A (1997) J Mol Catal A Chem 115:473

Baddeley CJ (2003) Top Catal 25:17

Fujikawa T, Idei K, Ebihara T, Mizuguchi H, Usui K (2000) Appl
Catal A Gen 192:253

Bartholomew CH, Agrawal PK, Katzer JR (1982) Adv Catal
31:135

Song C, Ma XL (2003) Appl Catal B Environ 41:207

Navarro RM, Pawelec B, Trejo JM, Mariscal R, Fierro JLG
(2000) J Catal 189:184

Song C (1999) Am Chem Soc Symposium Series 738:381
Kong TSA, Yu KMK, Tsang SC (2006) J Nanosci Nanotechnol
6:1167

Yu KMK, Yeung CMY, Thompsett D, Tsang SC (2003) J Phys
Chem B 107:4515

Yu KMK, Thompsett D, Tsang SC (2003) Chem Commun
13:1522

Yu K, Wu Z, Zhao Q, Li B, Xie Y (2008) J Phys Chem C
112:2244

Lee J, Park J, Song H (2008) Adv Mater 20:1523

Arnal P, Comotti M, Schiith F (2006) Angew Chem Int Ed
45:8224

Joo S, Park J, Tsung C, Yamada Y, Yang P, Somorjai G (2009)
Nature Mater 8:126

Nijmeijer A (1999) PhD thesis, University of Twente

Stober W, Fink A, Bohn E (1968) J Colloid Interface Sci 26:62
Amiens C, Decaro D, Chaudret B, Bradley JS, Mazel R, Roucau
C (1993) J Am Chem Soc 115:11638

Schmid G, Maihack V, Lantermann F, Peschel S (1996) J Chem
Soc Dalton Trans 589

Teranishi T, Hosoe M, Tanaka T, Miyake M (1999) J Phys Chem
B 103:3818

Sun YG, Xia YN (2002) Science 298:2176

19:6693
Marzan LL, Philipse AP (1994) Colloid Surf A 90:95



	Design of Colloidal Pt Catalysts Encapsulated by Silica Nano Membranes for Enhanced Stability in H2S Streams
	Abstract
	Introduction
	Materials and Methods
	Synthesis of Platinum Colloids
	Platinum--Silica Core--Shell Particles
	Platinum Decorated Silica Particles
	Particle Characterisation
	Immobilization of Colloids on Silica
	Toluene Hydrogenation Testing

	Results and Discussion
	Platinum Colloids
	Platinum--Silica Colloids
	Platinum Decorated Silica Carriers
	Catalysis Tests
	Toluene Hydrogenation
	Sulphur Tolerance


	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


