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Abstract

In this paper new kinetic results obtained in the two step tin anchoring process are summarized. In this tin anchoring
process the key step is the controlled surface reaction (CSR) between tin tetraalkyl and hydrogen adsorbed over platinum. In
this study the focus was laid on the influence of the duration of tin anchoring on the type of surface organometallic species
formed. The results of temperature programmed decomposition (TPD) of surface organometallic species in a hydrogen
atmosphere indicated that at the beginning of tin anchoring, i.e. at low tin coverage, one of the main surface species is
Sn(GHs)4 strongly adsorbed into platinum. As the surface reaction proceeded the amount of tin anchored increased and
the strongly adsorbed form of Sn{s)4 was transformed into surface species with general formula of $ty)fa_»),
and {Sn(GHs)a—» [SN(GHs)a]}. This behavior has been well-demonstrated on different supported platinum catalysts at
relatively low [Sn}/Pt ratios ([Sn}/Pt < 2). Under this condition monolayer tin coverage can be achieved, i.e. the ratio of
Snanci{Pts in the formed alloy type supported Sn-Pt catalysts is around 0.4-0.5.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction selective in different hydrogenation reactiof4,
12-17,19,23,26,29,31,32In the hydrogenolysis of

1.1. Surface organometallic chemistry of tin fatty acid esterq11,17] in hydrocarbon reactions

tetraalkyls andn-alkane reforming5-8], in low temperature CO

oxidation[9,10].

Controlled surface reactions (CSRs) between The use of tin tetraalkyls in CSRs gives a definite
hydrogen adsorbed on transition metals and tin guaranty that both the amount and the location (land-
tetraalkyls [1-10] or surface organometallic chem- ing site) of tin can be controllef@,28,32] The control
istry (SOMC) [11-27] are widely used to prepare Of the environment of tin requires that the rate of ad-
tin modified supported bimetallic catalysts. Most sorption of tin tetraalkyls onto the support has to be
of these studies were related to supported rhodium much less then that of the anchoring type surface re-
[11,14-18,25] and platinum catalysts[1-10,13, ~ action (1). For example, the use of Sat)Cl> for
20-33] The bimetallic catalysts obtained after mod- modification of Pt/AbO3 catalysts resulted in uncon-
ification with tin appeared to be highly active and trolled introduction of tin into the support, due to its

high rate of adsorptiofil]. The surface chemistry in-
"+ Corresponding author. Tek:36-1-325-7747: volved in the modification of supported platinum cat-

fax: +36-1-325-7554. alysts strongly depended on the [§ff; ratio ([Sn},
E-mail address: joemarg@chemres.hu (J.L. Margitfalvi). is the initial amount of tin used in the tin anchoring
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step, P4 is the total number of surface Pt atoms). At that experimental conditions used in our studies were
relatively low [Sn}/Pts ratios ([Sn}/Pts < 2) the not favorable for this side reaction, the initial concen-
anchoring reaction of tin tetraalkyls can be described tration of tin tetraethyl was relatively low, it was in

by the following equatiorj1,2,28} the range of 0.51-3.55mM, and the duration of tin
PtH, + SnRy — Pt-SnR4_., + xRH 1) anch_orlng was short (less than 1h). _
PSC It is necessary to mention that in the case of

Sn-Rh/AbO3 and Sn-Rh/SiQ catalysts prepared
by SOMC [18] the formation of tin anchored onto
the rhodium was also exclusive under identical ex-
perimental conditiong[Sn(n-C4Hg)4]o = 22.3 and
50.2mM for alumina and silica supported catalysts,
respectively, solvent n-heptane, reaction tempera-
ture = 25°C, reaction time= 20 h). The formation
of detectable amount g£Si—O-Snf-C4Hg)3 surface
complex was observed only after 15h of reaction at
90°C upon using high concentration of tin precursor
compound (50.2 mM)18].

In our earlier studies it has been demonstrated that
the form of the TPD curves of PSC or MLSOS is com-
pletely different[29,32] The characteristic feature of
PSC is the lack of TPD peaks above T@as shown
in Fig. 1. The TPD curves obtained at low S561/Pts
ratios were deconvoluted into three major TPD peaks
at 20, 40 and 75C [32]. It should be emphasized that

In reaction (1) hydrogen adsorbed on platinum (ftH
reacts with tin tetraalkyls resulting in the formation
of a primary surface complexes (PSC).

At high [Sn],/Pts ratio ([Sn}/Pt > 2) the surface
chemistry is more complex leading to the formation of
both coordinatively unsaturated surface species and to
multilayered surface organometallic species (MLSOS)
[7,8,29]

Under condition of tin anchoring parallel to the for-
mation of ethane ethylene was also formed in very
small amoun{30,31] The formation of ethylene was
relatively more pronounced at high conversions, i.e.
under condition of hydrogen deficiency. No ethylene
has been formed in the presence of hydrogen added
[29,32] In the present study the formation of ethylene
was around twenty times less than that of the ethane
thus the formation of ethylene will not be discussed.

Surface reaction (1) is considered as the first step
of the two-step tin anchoring process leading to the
formation of alloy type supported Sn-Pt catalysts. The
second step of this process is the temperature pro-
grammed decomposition (TPD) of PSC in a hydrogen
atmosphergl,2,28] This reaction leading to the for-
mation of alloy type Sn-Pt catalysts can be written as
follows:

50

40

30
Pt-SnRa_y) + (4 — x)H2/2 — Pt-Snt-(4 — x)RH

)
Upon comparing Si@ and ALOs supported Pt cata-
lysts it has been observed that under identical experi-
mental condition ([S(C2H5)4]o = 25.3 mM, solvent
= benzene, reaction temperature50°C, reaction
time = 2h) the tin precursor compound reacts with
the surface OH group of alumirj@,8], while no such Y
side reaction was evidenced on sili@®]. However, 0 100 200 300
it should be emphasized that the rate of this side reac- temperature, °C
tion is much slower than that of the tin anchoring one
[7,8,29]. Characteristic feature of this side reaction is Fig. 1. The influence of the [Sg/Pt ratio on the decomposition of

. . anchored tin organometallic complexes under monolayer coverage.
the appearance of TPD peaks in the high temperatureCatalyst type PtL. #) [Snk/Pk = 025, San/Pk — 0.07;

region, i.e. about 250 and 34Q for alumina[7,8] (@) [Sn]o/Pt = 0.42, Shincr/Pt = 0.12; (M) [Sn]o/Pt = 1.58,
and silica[29], respectively. It should be mentioned  Srunc/Pts = 0.39.

20

10

amount of ethane, mol/g x 10-6
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in all of our earlier studie§7—10,29—-32}the duration
of tin anchoring prior to the decomposition of PSC
formed in a hydrogen atmosphere was about 2 h

315

complexes[7,29,32] (i) by analysis of the liquid
phase for tin tetraethyB3].
The first step of tin anchoring, i.e. the reaction of tin

The aim of the present study is to characterize PSC tetraethyl with hydrogen adsorbed on Pt (Bti¥as in-

formed at the very beginning of tin anchoring when
the coverage of Pt by PSC is relatively low. We be-
lieve that this approach shall provide new information
about the elementary steps involved in anchoring of
tin tetraalkyls onto platinum.

2. Experimental part

In this study three different supported platinum

vestigated under argon atmosphere atGin deoxy-
genated tiophene-free benzene using a 75 stired
glass reactor equipped with rubber septum to take sam-
ples both from gas and liquid phases. In the tin anchor-
ing step the solvent volume was 10 ml and the amount
of the parent supported Pt catalysts was 1 g. Reaction
(1) was started by injection of tin tetraethyl and was
monitored by determining the amount of hydrocarbons
(ethane and ethylene) formed. The [§R)s ratios
were in the range of 0.1-1.9. The above conditions, as

catalysts were investigated. Characteristic features of well as the short reaction time used are not favorable
these catalysts (Ptl, Pt2 and Pt3) are summarized infor surface reactions with the involvement of surface

Table 1 Silica Pt1 (3.0wt.% Pt) and alumina Pt2

(0.3wt.% Pt; 1.0wt.% CI) supported catalysts were
provided by Boreskov Institute of Catalysis (catalysts
InCat Pt-1 and InCat Pt-3, respectively). More details

OH groups of the support. The amount of hydrocar-
bons formed was determined by GC using a 3m long
Al>03 column at 100C. A correction was done for the
amount of ethane and ethylene dissolved in the solvent

about the preparation and some additional proper- used. The analysis of the liquid phase for tin tetraethyl

ties can be found elsewhefg,8,29,31,32] All these

during tin anchoring was accomplished by GC at

catalysts have been used in our earlier studies to 160°C using a 4m long Chromosorb WAW-DMCS

obtain Sn-Pt/Si@ [29,31,32]and Sn-Pt/AlO3 [7,8]
catalysts with high Sgc/Pts ratios.

The amount of tin anchored onto platinum
(SnancHPts ratio) was calculated using the H/Pt ratio
determined by chemisorption. Prior to the tin anchor-
ing step the alumina supported platinum catalysts
were re-reduced in a hydrogen atmosphere at°800
for 2h and cooled down to room temperature in hy-
drogen (flow rate= 30 cn#/min) followed by purging
with argon for 30 min. The silica supported Pt cata-
lyst was reduced at 30@ for 1 h. The high purity
argon (99.999vol.%) (Linde) was purified further to
remove traces of oxygen and water.

The tin anchoring process was monitored in two
ways: (i) by determination of hydrocarbons formed
(ethane and ethylene) both during the tin anchoring

column (inner diameter: 3mm) coated with 10 wt.%
Silicone DC 410. These results provided the sum of
reacted and adsorbed tin tetraethyl. The amount of
adsorbed tin tetraethyl was determined by analyzing
the washing solution obtained after washing out the
unreacted tin tetraalkyl from catalyst particl@8].

In this studies different Sn-Pt/AD3 and Sn-Pt/SiQ
catalysts have been prepared by varying the duration
of the first step of tin anchoring in the range of 4 and
120 min.

Reaction (2) was studied by TPD technique (heating
rate 5°C/min). This techniques can also be considered
as thermal programmed reaction (TPRe). However,
we consider that TPD gives a better characterization
of surface reaction (2), where decomposition of sur-
face species takes place. The temperature range used

step and the decomposition of surface organometallic in these experiments was 20-3%D. The products of

Table 1

Characteristic properties of supported Pt catalysts

Catalyst Support Precursor Pt (wt.%) H/Pt CO/Pt References
Pt1 SiQ [Pt(NH3)4]Cl, 3.0 0.52 n.a. [29,32]

Pt2 AlLO3 HoPtCls 0.3 0.34 0.36 [7]

Pt3 AlbO3 H,PtCh 0.3 0.34 0.70 [7]
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decomposition (gHg and GHj4) were analyzed by
GC (see details above). In TPD experiments special
care was taken (i) to use the same amount of sam-
ple in each series of experiments compare@.4 g),
(i) to prevent any contact of PSC formed with air or
moisture, (iii) to decompose PSC immediately after
the preparation.

The TPD peaks obtained in the decomposition

Catalysis A: Chemical 202 (2003) 313-326
3. Results and discussions

As it has already been mentioned earlier the tin
anchoring process is based on the surface reaction be-
tween hydrogen adsorbed on platinum or other noble
metals and tin tetraethyl (see reaction ([I)R2,7,29]
Typical kinetic curves of tin anchoring are shown
in Fig. 2 In all experiments the final tin coverage

step were integrated and deconvoluted. The position was below the monolayer. Upon increasing the initial
and the half width of each peak (in the rangedeh concentration of [Sn(gHs)4]o the initial rate of tin

and 12°C, respectively) was fixed for the subsequent anchoring increases significantly. At the very begin-
deconvolution. The stepwise appearance of the new ning the rate obeys zero order dependence. The lower

decomposition peaks was used in the consecutive
deconvolution procedure. The heights of the peaks

the initial concentration of [Sn(#Es)4]o the longer
is this period. The kinetic curves of ethane formation

were determined, and suggested a Gaussian form ofcan be divided into three separate parts: (i) a region

the individual TPD peaks. The integrated values of
TPD peaks were used to calculate the material bal-
ance of tin anchoring. No loss of tin was observed
during the TPD experiment. However, if the washing
procedure was omitted desorption of tin tetraethyl
from the support was observed during the TPD
experiment.

Before the TPD experiment the sample containing
PSC was washed four times with purified, deoxy-
genated benzene and three times withexane to
remove tin tetraalkyl adsorbed onto support. It should
be mentioned that under this condition full removal
of all tin organic compound could be achieved both
from Al2O3 and SiGQ. The absence of tin tetraalkyl
in the last portion of washing solution was verified
by GC. This washing procedure was followed by
drying in vacuum (5 Torr) at 50C for 1 h to remove
adsorbed hydrocarbons from the catalyst. The above
procedures used prior to the TPD experiment required
2h.

The amount of @ hydrocarbons formed in reactions
(1) and (2) ', mol/gearandn'', mol/g.ay, respectively)
were determined using GC method allowing to obtain
full material balance of tin anchoring. Based on the
overall material balance the stoichiometry of surface
reaction (1), i.e. the value of (x = 4n'/(n' + n'),
and the amount of tin anchored was calculated. Good
agreement was obtained between the tin content of
Sn-Pt/AbOs and Sn-Pt/SiQ catalysts determined by
AAS and from the material balance of tin anchoring.
No loss of tin was observed during the TPD experi-
ment. Further details on the preparation and analysis
can be found elsewhefé-10,29-32]

with relatively high rate, (ii) a part with intermediate
rate, and (iii) a termination region.

At high initial concentration of tin precursor com-
pound the fast rate is maintained up 30—-40% of con-
version, while at very low [Sn(§Hs)alo ([Snlo/Pts <
0.5) the second part cannot be seen as the reaction
has been terminated relatively fast, due to the total
consumption of tin tetraethyl. The total consumption
indicates that the amount of tin tetraethyl reacted in
surface reaction (1) plus the amount of tin tetraethyl
weakly adsorbed onto the support is equal to the
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Fig. 2. Kinetic curves of the formation of ethane in the surface re-
action (1). Influence of the [SglPt ratios. Catalyst type Pt1<X)
[SN(CzHs)4lo = 0.76 mM; [Snb/Pt = 0.09 (Stincty/Pt = 0.06);

(M) [Sn(CoHs)alo = 3.55mM, [Snh/Pt = 0.42 (Sninct/

Pts = 0.12); ) [SN(C2Hs)4]o = 1266 MM, [Snp/Pt = 1.58
(Snanct/Pts = 0.39). T;: 50°C; amount of catalyst: 1g; solvent:
benzene.
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Table 2

Summary of results of tin anchoring onto different supported platinum catalysts

Experiment number [SnEy (MmM) [Sno/Pts Reaction time (min) W2 n'd n''c X ShncH P
Pt1-1 0.76 0.09 120 0.07 6.9 11.7 1.48 0.06
Pt1-2 3.55 0.42 120 0.16 135 23.9 1.44 0.12
Pt1-3 12.66 1.58 120 0.43 44.0 81.7 1.40 0.39
Pt2-1 0.15 0.15 120 0.05 1.5 4.7 0.98 0.14
Pt2-2 0.51 0.46 100 0.19 4.0 10.7 1.08 0.33
Pt3-1 0.15 0.11 120 0.04 1.3 4.5 0.90 0.09
Pt3-2 0.51 0.37 90 0.13 4.2 14.8 0.88 0.31
Pt3-3 2.53 1.85 120 0.31 9.4 34.9 0.85 0.72

T,: 50°C, amount of catalyst: 1g.
a|nitial rate of tin anchoring reaction (1) (Mteat x Min x 1075).
b Total amount of G hydrocarbons formed in surface reaction (1) (fggh x 1075).
¢ Amount of hydrocarbons formed in reaction (2) (Hmt x 1076).
d Calculated from the overall material balance of tin anchoring.

amount of tin introduced. It should be mentioned that (seeTable J. It is noteworthy that contrary to the
the adsorbed form of tin tetraethyl was completely alumina supported catalysts, the silica supported one
removed by the washing procedure used. It should (Ptl) showed lower activity in surface reaction (1).
also be noted that under the same experimental con-As emerges fronTable 2on catalyst Pt1 the mono-
dition on alumina supported catalysts the amount of layer tin coverage (Shcw/Pt = 0.35-045) was
adsorbed tin tetraethyl was more than twice as much reached at [Sp}Pt = 1.58, while on both alumina
as on the silica supported one. supported catalysts (Pt2 and Pt3) it was attained at
Further data related to the reaction rates and mate-[Sn],/Pts = 0.4 (compare experiments Pt1-3 with
rial balance of tin anchoring using three different sup- Pt2-2 and Pt3-2). In the case of alumina supported
ported platinum catalysts are summarizedable 2 catalyst the use of almost identical initial concentra-
It should be emphasized that similar to our previous tion of tin tetraethyl ([Srj/Pts about 1.7, see exper-
studies[7-10,29-32}the duration of tin anchoring in  iments Pt3-3 and Pt1-3) resulted in much higher tin
experiments presented Table 2was between 90 and  content than on silica supported catalyst (compare
120 min. As emerges from these results for each type Smancr/Pls = 0.72 and 0.39, respectively).
of catalysts (Ptl1, Pt2 and Pt3) both the rate of forma-  In the next set of experiments upon using the same
tion of PSC and the amount of tin anchored onto plat- initial concentration of Sn(gHs)s surface reaction
inum (SmncHPE) is proportional to the [Sp]Pts ratio, (1) has been terminated after different reaction time.
however the stoichiometry of surface reaction (1) (see The TPD pattern ofeaction time. The TPD pattern
x values inTable 9 is in the range of 0.85-1.48 and of these samples was compared and the results are
depends on both the type of catalyst and the metal given inFig. 3A-D. As emerges fronfrig. 3A-D the
loading. However, these values, within a given type TPD pattern of these samples showed marked differ-
of catalyst, are almost independent of the [#P{ ences depending on the duration of surface reaction
ratio. (). The sample obtained after 100 min of reaction (see
The valuex = 1.0 indicates on the exclusive for-  Fig. 3D) strongly resembles earlier results, i.e. it con-
mation of -Sn(GHs)3 type surface species, while tains no major TPD peaks in the temperature range
the valuex = 1.5 suggests that Pt is covered by above 100C.
-Sn(GHs)3 (x = 1) and -Sn(GHs)2 (x = 2) species Contrary to that short reaction times resulted in
formed in 1:1 ratio[29]. The behavior of the two  quite complex TPD profiles (séégs. 3A and B. Sam-
alumina supported catalysts (Pt2 and Pt3) in tin an- ples obtained after 4 and 10 min after injection of tin
choring reaction is almost identical. Please note that organic compound contained two broad TPD peaks.
the dispersions of Pt in these alumina supported After deconvolution the first broad peak, representing
catalysts determined from H/Pt ratio is also similar around 45% of the total amount of ethane formed,
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Fig. 3. The influence of the time of surface reaction (1) on the TPD pattern. Catalyst type P{Z;HSn], = 0.51mM;
[SN(C2H5)4]0/Pts = 0.46. (A) Reaction time: 4 min (SRAc/ Pt = 0.14); (B) 10 min (Sgncy/Pts = 0.37); (C) 60 min (Sancr/Pts = 0.33)
and (D) 100 min (Sghet/Pts = 0.33). (@) Measured and[() fitted.

contained tree low temperature peaks around 20, 40,the amount of tin introduced into the support is negli-
and 75°C, while the high temperature peak consisted gible.

two major peaks around 170 and 2@ and a small The results of deconvolution of the TPD peaks are
shoulder above 20CC. In these samples the contri- summarized iMable 3 These results clearly show the
bution of the peaks around 110 and 2@is small. time dependence of the formation of different surface

The small shoulders above 200 detected around 230  entities. The obtained Gr{Pts ratios indicate that
and 260°C accounted for less than 1.0% of the to- conditions used for tin anchoring resulted in mono-
tal amount of hydrocarbons formed. This fact confirm layer tin coverage as i/ Pt < 0.4. After 10 min of
unambiguously that, based on literature dat&,29] reaction the amount of tin anchored is constant within
under experimental condition used for tin anchoring the experimental error. However, the stoichiometry of



Table 3
Deconvolution of the TPD peaks obtained on catalyst Pt2
Experiment Reaction Shnc/Pts X Amount of GHg form in different TPR peaksn”, x 1078 mol/gear x min
number time (min) - - - - - -
First peak  Second peak Third peak Fourth peak Fifth peak Sixth peak Seventh peak Eighth peak Ninth peak
15-22°C 39-44C 72-78C 102-108C 141-148C 172-180C 194-199C 230°C 260°C
1 4 0.14 0.32 0.57 1.01 0.87 0.19 0.24 2.49 0.02 0.05 0.02
2 10 0.37 0.37 1.66 1.41 1.95 0.81 0.81 4.16 3.24 0.74 0.01
3 30 0.39 0.74 2.07 1.48 2.16 1.89 0.81 3.10 1.62 0.74 0.01
4 60 0.33 0.74 2.30 1.55 2.66 2.43 0.51 1.94 0.17 0.09 0.09
5 100 0.33 1.08 3.91 1.64 3.98 0.78 0.12 0.01 0.24 0.01 0.01

[SN(C2Hs)4]o = 0.51 mM; [SN(CaHs)4]o/Pts = 0.46.
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tin anchoring, i.e. the value of shows a characteris- 2w
tic increase as the surface reaction (1) proceeds. This + g
experimental finding is a very important one, as it pro- ; 8 —
vides further prove with respect to the formation of 5 g
new species at the very beginning of tin anchoring. E 6 —
The low value ofx obtained after 4 and 10 min g i
(x = 0.32 and 0.37, respectively) indicates that sur- £ 4 -
face species formed should contain both -Si{§)4 2 ]
and -Sn(GHs)3 type surface species and the forma- 2 2
tion of -Sn(GHs)4 prevails. However, after 100 min § i
of reaction time the value of is close to one, i.e. E o ———
this sample should contain only -Sn{ds)3 type sur- 0 20 40 60 80 100
face species. It should be emphasized that this sample time, min.

resulted in only low temperature TPD peaks below

100°C, i.e. it strongly resembles our earlier findings Fig. 4. Time dependence of the formation of different types surface
shown inFig. 1 species during tin anchoring. Results obtained from deconvoluted

. . N . . TPD peaks (see results given ifeble 3. Catalyst type Pt2,
Results given inTable 3indicate that the intensity [Sn(C2pH5)4]0(= 051 n:M ?é\;];/l;ts _ 0?46. (.)ySur;ypof the

of all TPD peaks above 10@ (peaks 4-9) passes amount of ethane formed in the first three peaks up t8peaks
through a maximum. However, after 100 min of reac- no. 1-3, surface species); ((J) sum of the amount of ethane
tion the intensity of these peaks decreases to a valueformed in the fourth and fifth peaks (temperature region between
close to the detection limit. 110 and 140C) (surface species?); (®) sum of the amount

The nine TPD peaks were divided into the following f;gie;2""g‘;vvfggr‘}ef7g”aﬁ,';ezgg)th(sﬁ?f‘;;egsgﬁegia(@) (;ifqufr ature
four different regions: (i) low temperature region Up the amount of ethane formed above 2@D(temperature region

to 80°C (peaks no. 1-3), intermediate region between between 230 and 26@) (peaks no. 8-9, surface specig3.

110 and 140C (peaks no. 4 and 5), high temperature

region between 170 and 20Q (peaks no. 6 and 7)  ately after introduction of tin tetraethyl. Consequently,
and region above 20@ (peaks no. 8 and 9). The latter the formation of surface species in the second layer
temperature range is characteristic for tin tetraethyl with general formula{Sn(GHs)4—x»—[Sn(GHs)4]}
adsorbed into the support. We suggest that the abovecan be excluded.

temperature regions of TPD peaks can represent at The low x values of samples obtained after 4 and
least four different types of surface entities (surface 10 min (c = 0.32 and 0.37, respectively) indicates also
speciesd, B, C, and D, respectively). that in all surface species formed in this period at the

The time dependence of the formation of these four Pt sites -Sn(gHs)4 moiety is a dominating one.
different types of surface species exhibits a very inter-  The time dependence shown kig. 4 as well as
esting relationship as shown Fig. 4. data given inTable 3show that surface reactions in-

Based on our earlier resul{®29,32] and discus-  volved in tin anchoring under monolayer condition
sions made above surface spec#eshould represent  should haveconsecutive character. The time depen-
-Sn(GHs)3 type surface species anchored to the dence clearly shows that at the very beginning of tin
platinum. Surface specieP can be designated to anchoring there are only two primary products, i.e.
Sn(GHs)4 adsorbed to the suppdit,29]. The ques- in this period only two classes of major surface en-
tion is how to designate surface speckandC. tities are formed, namely surface speciksand C.

In our previous studie§?9,32] the high temper- However,Fig. 4 clearly shows also that after 100 min
ature peaks around 170 and 2@ were attributed of tin anchoring all major and minor species are
to surface species, such as surface complexes in thetransformed into surface species. The character
second layer (SCSL), containind Sn(GHs)4—x)— of kinetic curves indicates also that after 10 min of
[Sn(GHs)4]} moieties. However, in the present case reaction surface specie§ starts to consume. The
it is hardly to assume that a second layer of tin organic character of kinetic curves indicates that it can be
moieties at the top of the PSC can be formed immedi- transformed into surface specids and B. Surface
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amount of ethane, mol/g x 10-6

100
temperature, °C

200

Fig. 5. The influence of the duration of surface reaction (1) on the
TPD pattern of surface organometallic complexes formed. Catalyst
Pt3. [SHC2H5)4]lo = 2.53mM; [SN(CzH5)4]o/Pt = 1.85. Time

of surface reaction (1)4) 4 min (Sminc/Pts = 0.20); <) 10 min
(Shanch/Pts = 0.55); (M) 20 min (Sancy/Pts = 0.56).

speciesB appeared to be also unstable as after 60 min
reaction it was transformed inta.

Similar results confirming the consecutive charac-
ter of surface reactions involved in anchoring of tin
tetraethyl onto supported platinum were also obtained
on catalyst Pt3. These results are showfim 5and
Table 4 It is necessary to mention, that in these ex-
periments the initial tin concentration was about five
times as much as used in experiments showFign 3
(compare [Sn(gH5s)4]o values givenTables 3 and ¥
The TPD profiles shown ifrig. 5 strongly resemble
the TPD patterns obtained on catalyst Pt2 (Sige 3A
and B when the duration of surface reaction (1) was
also 4 and 10 min. The low value of the stoichiometry
of tin anchoring ¢ = 0.34 andx = 0.40) indicates
that -Sn(GHs)4 type surface species is the dominant
one at short reaction time.
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high temperature peaks between 170 and°ZDQsur-
face specie€’) strongly diminished and became a mi-
nor component. The notable increase of the value of
X (x = 0.75, seeTable 4 reflects also the consider-
able decrease of the contribution of surface spe€Cies
Consequently, the comparison of the TPD patterns ob-
tained at short and prolonged tin anchoring (compare
Figs. 3C and j shows that the higher the [Pt
ratio used, the faster the transformation of strongly ad-
sorbed -Sn(gH5)4 surface entities into surface species
A and B. Accordingly, the increase of the [Pt
ratio resulted in an increase of both the mobility and
the reactivity of surface speci€s We believe that all
facts discussed above strongly indicate, that surface
speciesC is located exclusively on supported metal
nanoclusters.

In [34] by using infrared spectroscopy it has
been shown, that in the presence of metallic Rh the
hydrogenolysis of SmEC4Hg)s occurs exclusively
on the metallic particles. At room temperature tin
tetran-butyl was physisorbed on the silica surface,
but the increase of the reaction temperature up to
50°C resulted in fast migration and reaction with the
Rh particles. We believe that similar behavior can also
take place on supported platinum. In all of our exper-
iments the reaction temperature was’60 the rate of
reaction was fast and all transformations proceeded
selectively on platinum. Moreover in our previous
studies it was shown that after 2h of tin anchoring
reaction even at 27C the organotin precursor was
exclusively anchored onto platinufa9].

In order to study further transformation of surface
specied resulting in high temperature TPD peaks be-
tween 170 and 20TC the following experiment was
performed. The tin anchoring reaction has been ter-
minated after 10 min and the sample was divided into
two parts. Sample | was treated as usual and was de-
composed in a subsequent TPD run, while sample I
was washed with benzene to remove all unreacted and
adsorbed tin tetraethyl and the surface reaction was
continued at 50C under argon atmosphere using new

The decomposition pattern of the surface complexes portion of benzene for another 150 min. These results

formed after 20 min showed marked differences com-

pared to surface complexes formed after short reac-

tion time. The TPD pattern shows a slight increase
in the intensity of peaks between 40 and°T5(sur-
face speciesA) and pronounced increase for peaks
between 110 and 14@ (surface specieB), but the

are shown irFigs. 6 and 7

Results presented irig. 6 show that the rate of tin
anchoring is high, however all secondary transforma-
tions with the involvement of anchored surface species
(see part of the kinetic curve after 10 min) proceed
with much slower rate than surface reaction (1). The



(44

Table 4
Deconvolution of the TPD peaks obtained on catalyst Pt3
Experiment  Reaction Shunc/Pt X Amount of GHg form in different TPR peaks;fj', x 1079 mol/geee x min
number time (min) - - - - - -
First peak Second peak Third peak Fourth peak Fifth peak Sixth peak Seventh peak Eighth peak Ninth peak
15-22°C 39-44°C 72-78C 102-108C 141-148C 172-180C 194-199C 230°C 260°C
1 4 0.20 0.34 1.90 2.80 2.60 2.14 0.33 1.35 0.25 0.08 0.09
2 10 0.55 040 197 2.76 4.88 2.03 1.84 12.41 3.33 0.93 0.39
3 20 0.56 0.75 1.98 3.32 6.23 7.47 4.77 2.70 1.04 0.46 0.02
4 10 + 150 0.40 0.86 1.45 3.08 5.26 4.90 2.72 0.85 0.91 0.18 0.02

[SN(CaHs)4]o = 2.53mM; [SN(CaHs)4]0/Pts = 1.85.
aSurface reaction (1) in the presence (10min) and absence of tin tetraethyl (150 min).

9ze—<T¢E (€002) 202 eolway) v SisAfered Jejnds|o|N Jo feusnor /yreqlog | ‘nfepibreiN 1T



J.L. Margitfalvi, |. Borbath/Journal of Molecular Catalysis A: Chemical 202 (2003) 313-326 323

4 pattern of these two samples (dég. 7A and B was
also completely different. In sample | the main TPD
peak appeared around 170 as shown inFig. 7A,

3 while in sample 1l (seé-ig. 7B) it is the minor com-

4 ponent. Consequently, these results provided further
prove for the consecutive character of surface reactions
involved in tin anchoring. These results clearly con-
firm that surface specids (TPD peak around 17CC)
formed after 10 min of tin anchoring are transformed
into speciesA and B (temperature regions between
20 and 80C and 110 and 14TC, respectively) when
the surface reaction was continued in the absence of
Sn(GHs)4 for additional 150 min.

Results obtained on silica supported Pt1 catalyst are
Fig. 6. Formation of ethanedX) in the first 10min of tin anchor- ~ ShowninFig. 8 The trend is the same, i.e. the decrease
ing (sample 1) and in the secondary transformation of anchored tin Of the reaction time increases the amount of high tem-
organic speciesll) ethane, [J) ethylene) (sample Il). The arrow  perature TPD peaks between 170 and ZD0Upon
e Sy Tacralo. 2o peee e oy creasing th reacton time the contbution of ow
Iy:t T;i;o Cc;anﬁitions of tin anchorinug: [$®2I-$5)4]0 = 2.53mM; temperature peaks b_elow 110 increases with paral-
[Snlo/Pls = 1.85; T;: 50°C; amount of catalyst: 1g; solvent: ben- 1€l decrease of the high temperature TPD peaks. Con-
zene. sequently, the observed phenomenon is general, i.e. it
is independent of the support and the metal loading.

Based on the evidences given above it is suggested
that under monolayer tin coverage surface reactions
involved in tin anchoring can be written as follows:

amount of ethane and ethylene,
mol/g x 10-6

0 25 50 75 100 125 150 175
time, min.

amount of G hydrocarbons formed in both steps was
almost identical, however in sample Il the valuexof
was about twice as much as in sample & 0.86 and
0.40, respectively; see valuexin Table 4. The TPD PtH; + SnRy — Pt-SnR + RH €)

amount of ethane, mol/g x 10-6
amount of ethane, mol/g x 10-6

0 100 200 300 0 100 200 300
temperature, °C temperature, °C

Fig. 7. Decomposition of surface species formed in samples (I) and (Il)Hispe): (A) decomposition of surface species formed in the
first 10 min of tin anchoring (sample I); (B) decomposition of surface species formed from sample | in secondary transformation performed
in the absence of tin tetraethyl for additional 150 min (sample ) Measured and[{l) fitted.
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amount of ethane, mol/g x 10-6

100
temperature, °C

200

Fig. 8. Influence of the duration of the tin anchoring on the de-
composition of surface organometallic complexes. Catalyst Pt1,
[SN(CoHB)4]o = 3.55mM, [Sn}/Pt = 0.42. Time of sur-
face reaction (1): @) 4min (Stne/Pls = 0.04); ) 10min
(Srancty/Pts = 0.07); (M) 60 min (Snc/Pts = 0.12); (x) 90 min
(Stanc/Pts = 0.12); () 120 min (Sanc/Ps = 0.12).

Pt+ SnRy < Pt-Snky (b)
Pt-SnR; + PtH, — Pt-SnR + Pt+ RH (c)
Pt-SnR; + PtH; — Pt-SnR + Pt+ RH (d)
Pt-SnR + Pt-SnR, — Pt-{SnR-[SnR4]} + Pt  (e)
Pt-{SnRy-[SnRy]} + Pt — 2Pt-SnR )

Reaction (a) corresponds to reaction (1) in our earlier
scheme. This reaction leads to the formatiordi/pe
surface species with low temperature TPD peaks. Re-
action (b) is an equilibrium reaction leading to the for-
mation of surface specids, what can be considered
as tin tetraethyl strongly bonded to the platinum. It has
to be emphasized again that both surface spegies
andC have to be considered as primary products (see
explanations given t&ig. 4). Due to the peculiarities
of the given system, when the time of reaction (1) is
very short, only surface organometallic moieties, such
as Pt-SnRand Pt-SnR, can be considered as primary
products of tin anchoring onto platinum.

Due to coordinative saturation surface spedieis
much less reactive towards adsorbed hydrogen han

Catalysis A: Chemical 202 (2003) 313-326

for this reason it should give a high temperature TPD
peak.Fig. 4shows also that this surface species reacts
further with the formation of surface speciasand B
(reactions (c) and (e), respectively). Surface speBies
corresponds to TPD peaks between 110 and°C40
Consequently, surface speciBsshould have an in-
termediate activity between surface specleandC.

As it emerges frontig. 4 the formation of surface
speciesB has a slight S-character, for this reason it is
considered that cannot be a primary product. In our
earlier studie§29,32]these peaks have been attributed
to surface complexes in the second layer.

In the presence of hydrogen adsorbed on Pt {ptH
surface speciesi can lose one more alkyl group
leading to the formation of coordinatively unsaturated
-SnR surface species (reaction (d)). This reaction has
been considered in our earlier scheme as one of the
key reactions responsible for the formation of mul-
tilayered surface organometallic entiti®9]. This
type of surface species is highly reactive and will
interact with surface speci€sin reaction (e) leading
to the formation of surface complex in the second
layer.

The kinetic curve of the formation of surface
speciesD has also an S-character and passes through
a maximum. This species is completely consumed
after 60 min reaction time. This species decomposes
above 200C, i.e. its decomposition requires the
highest energy of activation. For this reason it should
be formed on the support. However, its relatively
fast consumption strongly indicates that it should be
located close to the Pt sites. Consequently, we sug-
gest that this surface species should be located at the
metal-support interface and has similar stoichiometry
as surface specids.

4, Summary

The first step of the tin anchoring reaction with the
involvement of tin tetraethyl and hydrogen adsorbed
on Pt sites has been investigated. The focus was laid
on the variation of the duration of this surface reaction.
Experimental evidences indicated that (i) below mono-
layer coverage of surface organometallic moieties, and
(i) under condition of short reaction time parallel to
the formation of anchored -SaRmoieties new sur-
face species are formed, such as anchored; 2mie
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its derivatives. This finding has been supported by the [6] J.L. Margitfalvi, S. Gibélss, E. Kern-Télas, M. Hegéd, P.
following experimental evidences: Szedlacsek, in: B. Delmon, G.F. Froment (Eds.), Catalysts
Deactivation 1V, vol. 34, Elsevier, Amsterdam, Stud. Surf.
Sci. Catal., 1987, p. 147.

(i) Complete change of the TPR pattern of samples, [7] L. Margitfalvi, I. Borbath, M. Hegetis, S. Gibolos, F.

as the reaction proceeded (3€g. 3. Lényi, React. Kinet. Catal. Lett. 68 (1999) 133.
(ii) Alteration of the stoichiometry of tin anchoring [8] J.L. Margitfalvi, I. Borbath, M. Hegetis, S. Gbolos, A.
(see data given ifables 3 and ¥ Tompos, F. Lonyi, in: A. Corma, F.V. Melo, S. Mendioroz,
(iii) Pronounced time dependence of the formation of J.L.G. Fierro (Eds.), Proceedings of the 12th International

different surface species (SEEJ 4) Congress Catalysis, Granada, 2000, 9—14 July, Stud. Surf. Sci.
s Catal., vol. 130, Part B, Elsevier, Amsterdam, 2000, p. 1025.
(iv) Different decomposition pattern of primary sur-  [9] J.L. Margitfalvi, I. Borbath, K. Lazar, E. Tiirst, A. Sngedi,
face species formed after 10 min of tin anchoring M. Hegedis, S. Gib6los, J. Catal. 203 (2001) 94.
and species obtained after secondary transforma-[10l J.L. Margitfalvi, 1. Borbath, M. Hegets, A. Szegedi, K.
tion of primary surface species in the quuid phase Lazar, S. Gbolds, S. Kristyan, Catal. Today 73 (2002) 343.

. i [11] C. Travers, J.P. Bournonville, G. Martino, in: Proceedings of
in the absence of tin tetraethyl (compare decom- the 8th International Congress on Catalysis, vol. 4, Berlin

position pattern shown iRigs. 7A and B. (West), 2—6 July 1984, p. 891.
[12] H.R. Aduriz, P. Bodnariuk, B. Coq, F. Figueras, J. Catal. 119
As the tin anchoring reaction proceeds the new sur- ___ (1989) 97.

. . L. 13] B. Coq, A. Tijani, F. Figueras, J. Mol. Catal. 71 (1992) 317—
face entities are transformed into -SRoieties. The [ ]333 q I g ( )

fact that the amount of tin anchored is almost inde- [14] 0.A. Ferretti, J.P. Bournonville, G. Mabilon, G. Martino, J.P.
pendent after 10 min, but the position of peaks on the Candy, J.M. Basset, J. Mol. Catal. 67 (1991) 283-294.
TPD curves is Strong|y altered is a Strong indication [15] B. Didillqn, A.E. Mansour, J.P. Candy, J.P. Bournonville, J.M._
for the transformation of surface organometallic moi- Basset, in: M. Guisnet, et al. (Eds), Heterogeneous Catalysis

. . f d d | | and Fine Chemicals Il, Stud. Surf Sci. Catal., vol. 59, Elsevier,
eties primary rormed on supporte metal nanoclusters. Amsterdam, 1991, p. 137.

[16] B. Didillon, J.P. Candy, F. Le Peletier, O.A. Ferretti, J.M.
Basset, in: M. Guisnet, et al. (Eds.), Heterogeneous Catalysis
Acknowledgements and Fine Chemicals Ill, Stud. Surf Sci. Catal, vol. 78, Elsevier,
Amsterdam, 1993, p. 147.
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