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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.

Keywords Catalyst poisoning � Silica membranes �
Platinum and silica colloids

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

Present Address:
V. R. Calderone

Van’t Hoff Institute for Molecular Sciences, University of

Amsterdam, Nieuwe Achtergracht 166, 1018 WV Amsterdam,

The Netherlands

e-mail: v.r.calderone@uva.nl

G. L. Bezemer � G. Bakker � C. Steurs

Shell Technology Centre Amsterdam, Grasweg 31, 1031 HW

Amsterdam, The Netherlands

e-mail: Leendert.Bezemer@shell.com

G. Bakker

e-mail: Geert.Bakker@shell.com

C. Steurs

e-mail: Chantal.Steurs@shell.com

J. Schütz-Widoniak � A. P. Philipse (&)

Van’t Hoff Laboratory for Physical and Colloid Chemistry,

Debye Institute, Utrecht University, Padualaan 8, 3584 CH

Utrecht, The Netherlands

e-mail: a.p.philipse@uu.nl
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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 H2 and H2S 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 H2 and H2S 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 Stöber method

[25]. The second strategy to obtain silica-covered Pt par-

ticles is (i) start with silica spheres prepared via the Stöber

synthesis, (ii) 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 H2S.

2 Materials and Methods

2.1 Synthesis of Platinum Colloids

Hexachloroplatinum hydride, H2PtCl6 (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

NaBH4 solutions were used; two different concentrations

were applied in this work: 0.1 and 0.2 M. The NaBH4

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 NaBH4 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 Stöber method, with

TEOS as silica precursor. The hydrolysis of TEOS took

place in a suspension of platinum particles in a H2O/EtOH

solution at different H2O/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 lL 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 H2PtCl6 took

place by means of NaBH4. 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 0.01 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 NH4OH, next adding 1.09 mL of

TEOS. The outer silica layer can be densified in a further

hydrolysis step in an acidic environment. 5 lL of TEOS

was added to a suspension of silica decorated particles

(1 g/100 mL) in ethanol containing 1% of concentrated

HCl 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

Ea 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, H2S 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, H2S 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 9 10-5, [DPTES]/[Pt] = 1, [NaBH4]/[Pt] = 200.

b [Pt] = 7 9 10-5, [DPTES]/[Pt] = 10, [NaBH4]/[Pt] = 200. The aggregation increases by increasing the [DPTES]/[Pt] ratio
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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 H2PtCl6 by NaBH4 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/NaBH4

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

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

Fig. 2 TEM image of platinum particles synthesised in the following

conditions: [Pt] = 1.60 9 10-3, [NaBH4]/[Pt] = 7.8, [PVP]/[Pt] =

0.07. Stable platinum colloids are formed with an average radius of

2.8 ± 0.7 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 lL. Effect of high ionic strength on

the coating process
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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

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

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 lL 96 times. Silica shell surrounds

many platinum particles. c 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

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

NH4OH, 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 H2PtCl6 (1 mg/mL) in hydrochloride acid (2 M), 2 mL of

0.01 M NaBH4
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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 H2PtCl6 took place using of NaBH4. 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 NH4OH, 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

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%

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 H2PtCl6 (1 mg/mL) in hydrochloride acid (2 M), 2 mL of

0.01 M NaBH4, 2.0 mL PVP solution in water (0.3 g/100 mL)

Fig. 8 TEM image of platinum decorated silica particles covered

with 10 nm silica layer. a–c (0.65 g) of platinum decorated silica

particles were dispersed in 208 mL of EtOH and 98 mL of NH4OH,

then 1.09 mL of TEOS was added
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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.

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 Ea 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 H2S.

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 H2S in Ar was added

Fig. 9 TEM image of densified platinum decorated silica particles

covered with 5 nm silica layer. 5 lL of TEOS was added to a

suspension of silica decorated particles (1 g/100 mL) in ethanol

containing 1% of concentrated HCl solution (37%)

Table 1 Summary of the samples details reported in this work

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 SiO2 Fig. 7 – Yes

SiO2 coated Pt decorated on SiO2 Fig. 8 5 Yes

Densified SiO2 coated Pt decorated on SiO2 5 Yes

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

Conversion at

100 �C (%)

Conversion at

150 �C (%)

Apparent activation

energy (kJ/mol)

Time till complete

deactivation (min)

Uncoated Pt 58 100 47 9

Si coated Pt 7 28 43 6

Uncoated Pt decorated on SiO2 7 32 43 9

SiO2 coated Pt decorated on SiO2 5 16 47 5

Densified SiO2 coated Pt decorated on SiO2 7 59 60 502
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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 H2S, Ar and MCH, respectively. Directly with

detection of Ar a decline in the MCH level is apparent.

3 min later H2S appears; at that moment the conversion to

MCH has dropped already by 50%. About 3 min later no

MCH is detected anymore, whereas H2S 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: H2S 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 H2S

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 H2 and H2S 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 H2 and H2S.

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 H2PtCl6 with NaBH4

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.
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