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Abstract

The effect of Sn content on the activity and selectivity for hydrogen-assisted 1,2-dichloroethane dechlorination catalyzed by Pt2
catalysts prepared via controlled surface reaction (CSR) has been investigated. For catalysts with a Pt/Sn atomic ratio greater than unity, th
major and minor reaction products are ethane and ethyl chloride, respectively. As the ratio is decreased, the ethylene selectivit
from zero to almost 90% at a Pt/Sn ratio of 0.8; concomitantly, the activity expressed as a turnover frequency decreases by a fac
Each Sn-rich catalyst (Pt/Sn� 1) exhibits a transient period (5–110 h) during which sites for olefin formation are created. In situ119Sn
Mössbauer spectroscopic investigations of the Pt–Sn/SiO2 catalyst with a Pt/Sn atomic ratio of 0.5 showed that all Sn in the reduced sam
is incorporated into Sn-rich and Pt-rich Pt–Sn alloys; the latter phase predominates. In contrast, a reduced Pt–Sn/SiO2 catalyst with the sam
overall composition but prepared by co-impregnation contains Sn2+ and Sn4+ ions in addition to the metallic Sn that is incorporated i
Pt–Sn alloys. The CSR catalyst exhibits a higher initial selectivity toward ethylene than the co-impregnated catalyst (66 and 5%, re
after reduction at 623 K), whereas the steady-state ethylene selectivity is higher for the co-impregnated sample (91 and 75%, re
These results are discussed in terms of the different genesis and microstructures of the CSR and co-impregnated Pt–Sn/SiO2 catalysts.
 2004 Elsevier Inc. All rights reserved.

Keywords: Hydrogen-assisted dechlorination; 1,2-Dichloroethane; Ethylene; SiO2; Platinum; Tin; Pt–Sn/SiO2; Controlled surface reaction; Mössbauer
spectroscopy
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1. Introduction

Additives such as Sn play an essential role in control
the activity, selectivity, and stability of many noble met
used to catalyze reactions such as hydrocarbon refor
[1,2], oxidation of methanol[3,4] and CO[5–7], oxidative
dehydrogenation of light alkanes[8–11], selective catalytic
reduction of NOx with hydrocarbons[12,13], olefin hydro-
formylation[14], and selective hydrogenation of nitriles[15]

* Corresponding author. Fax: +1 412 624 9639.
E-mail address: jditri@pitt.edu(J.L. d’Itri).

1 Present address: Westinghouse Savannah River Company, Bldg
Aiken, SC 29808, USA.
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.11.019
,

and α,β-unsaturated aldehydes[16–20]. It has also been
shown that the addition of Sn to Pt improves the catal
performance for hydrogen-assisted dechlorination reac
such as 1,2-dichloroethane conversion to ethylene[6,21]and
1,2,3-trichloropropane conversion to propylene and/or a
chloride[22].

Although many investigations have been conduc
[5,17,19,23–33], the mechanism by which Sn improves t
performance of Group VIII noble metals in various re
tions is still a matter of debate. Indeed, the Pt–Sn syste
complex: five intermetallic compounds are thermodyna
ically stable [34]. Moreover, different Sn(II) and Sn(IV
ion-containing species may form[6,35–40]. Thus, it is ex-
tremely challenging to determine the impact of each part

http://www.elsevier.com/locate/jcat
mailto:jditri@pitt.edu
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lar species on the overall catalyst performance, espec
because the type of surface species present under c
tions of real catalysis depends on the reaction conditi
Moreover, bimetallic catalysts prepared by sequential or
impregnation of the support with a solution of inorgan
metal salts are plagued by inhomogeneity[36,41].

In a previous investigation kinetics results were cor
lated with Mössbauer studies of impregnated Pt–Sn/S2
catalysts[21]. It was concluded that the Sn-rich Pt–Sn all
particles are responsible for ethylene formation in hydrog
assisted 1,2-dichloroethane dechlorination, whereas Pt
Pt-rich Pt–Sn species catalyze the formation of ethane. H
ever, the role of ionic Sn in the Pt–Sn/SiO2 catalysts for
the hydrogen-assisted conversion of vicinal chlorocarb
has yet to be addressed. It has been suggested that ion
species modify significantly the catalytic performance o
in the reactions of hydrocarbon hydroconversion[42], α,β-
unsaturated aldehyde-selective hydrogenation[19,25], and
low-temperature CO oxidation[5,7,19,43].

To understand the role of ionic Sn species in Pt–
catalyzed dechlorination reactions, two different prepa
tion procedures were used in the present investigatio
vary the interaction between Pt and Sn: conventional
impregnation and an organometallic method utilizing a c
trolled surface reaction (CSR) between hydrogen adso
to silica-supported Pt and tetraethyl tin[19,44–47]. In con-
trast to co-impregnation methods, organometallic meth
employing CSR ensure the formation of exclusively bime
lic moieties on the surface of the support[19,44,47,48]. The
Pt–Sn interactions in the Pt–Sn/SiO2 catalysts with the sam
overall composition but prepared via different procedu
were characterized by119Sn Mössbauer spectroscopy. T
results were linked to the catalytic performance in hydrog
assisted 1,2-dichloroethane dechlorination.

2. Experimental

2.1. Catalyst preparation and routine characterization

Davisil-grade 645 (60–100 mesh, surface area 300 m2 g−1,
average pore diameter 150 Å, pore volume 1.15 cm3 g−1)
silica gel (Aldrich, 99+%) was used as a support. Tw
monometallic Pt/SiO2 catalysts with metal loading of 0.
and 0.7% (Galbraith Laboratories) were prepared by p
volume impregnation of the support with aqueous soluti
of H2PtCl6 · 6H2O (Alfa, 99.9%). The slurry was equili
brated overnight before drying at ambient temperature
pressure for 72 h, followed by further drying at 373 K f
2 h under vacuum (∼ 5 Torr).

A bimetallic Pt–Sn/SiO2 catalyst with a Pt/Sn atomic
ratio of 0.5 (sample T-0.5,Table 1) was prepared by por
volume co-impregnation of the silica support with a solut
of H2PtCl6 ·6H2O (Alfa, 99.9%) and SnCl2 ·2H2O (Aldrich,
98%) in 1 N aqueous HCl. The drying procedure was
same as that used for the Pt/SiO2 catalysts. The Pt and S
i-

n

loadings in the reduced catalyst were 0.4 and 0.5%, res
tively (Galbraith Laboratories,Table 1). More details of the
co-impregnation preparation procedure can be found e
where[21].

The 0.4% Pt/SiO2 and 0.7% Pt/SiO2 catalysts were use
as the starting materials for the preparation of the
Sn/SiO2 catalysts by means of CSR (N-series,Table 1). The
Pt/SiO2 catalyst was reduced by flowing H2 (30 ml min−1)
at 573 K for 1 h. After reduction the catalyst was coo
to room temperature in the H2 flow and then purged with
Ar (30 ml min−1) for 30 min to remove the physisorbed H2.
Next, the catalyst was transferred into a glass reactor w
out exposure to air and slurried with deoxygenated benz
in an Ar atmosphere. The slurry was heated from room t
perature to 323 K. At 323 K the Sn anchoring reaction w
started by injecting tetraethyl tin into the slurry:

PtHads+ Sn(C2H5)4 → Pt–Sn(C2H5)4−x + xC2H6. (1)

The extent of reaction(1) was determined from th
change in concentration of C2H6 both in the gas phase and
the slurry and from the change in the Sn(C2H5)4 concentra-
tion in the slurry measured with a gas chromatograph (G
The GC was equipped with a 3-m Al2O3 packed column op
erated at 373 K to quantify C2H6 and a 1.5-m SiO2/10%
Silicon 410 packed column operated at 433 K to quan
Sn(C2H5)4. When reaction(1) reached completion, the ca
alyst was washed at 323 K four times with benzene
twice withn-hexane. Then, the catalyst was dried in vacu
(5 Torr) for 1 h at the same temperature. This procedure
used to prepare the catalyst with a Pt/Sn ratio of 2.5 (N-2.5).

The CSR catalyst N-1.7 was prepared with the use o2
as the reaction medium instead of Ar to increase the am
of anchored Sn[45]. For the preparation of the N-1.0, N-0.
and N-0.5 catalysts, the Sn anchoring was started in2;
150 min after the beginning of the anchoring procedu
the H2 was replaced with Ar. Then, a small amount of2
(20 cm3/gcat) was added to the reactor, and the Sn ancho
was continued. Previous research has shown that O2 addi-
tion substantially increases the amount of Sn anchored[45].
For the N-0.8 catalyst two sequential Sn anchorings w
performed. The first anchoring by the same procedur
applied for the preparation of the N-1.0, N-0.6, and N-
catalysts with subsequent reduction at 623 K resulted
Pt/Sn atomic ratio of 0.9. The second anchoring was a
conducted in H2 but without the addition of O2, and it re-
sulted in a final Pt/Sn ratio of 0.8. The Sn anchoring (rea
tion (1)) was conducted for 3–8 h. To increase the amo
of anchored Sn, a sufficiently longer reaction time was u
compared with earlier work[44,49,50].

The decomposition of the Pt–Sn(C2H5)4−x surface com-
plex was conducted in flowing H2 (30 ml min−1) during
heating from 298 to 623 K at a rate of 5 K min−1 with 2
g of the catalyst in the reactor:

Pt–Sn(C2H5)4−x + (4− x)/2H2 → Pt–Sn+ (4− x)C2H6
(2)
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Table 1
Results of routine characterization of the Pt/SiO2 and Pt–Sn/SiO2 catalysts

Catalysta Pt loadingb

(wt%)
Sn loading
(wt%)

Pt/Sn atomic
ratio

CO/Pte

(%)
Cl contentb,d (wt%)

Before reaction After reactio

Pt-0.4 0.4 0 ∞ 61 n.d. n.d.
Pt-0.7 0.7 0 ∞ 58 n.d. n.d.
N-2.5 0.7 0.15c 2.5 17 n.d. n.d.
N-1.7 0.7 0.25c 1.7 18 n.d. n.d.
N-1.0 0.7 0.45c 1.0 9 n.d. n.d.
N-0.8 0.7 0.55c 0.8 5 n.d. n.d.
N-0.6 0.7 0.7c 0.6 11 n.d. n.d.
N-0.5 0.4 0.5c 0.5 18 0.1 0.1
T-0.5 0.4 0.5b 0.5 16 0.1 0.4

a T, catalyst prepared by coimpregnation; N, catalyst prepared by CSR.
b Galbraith Laboratories, Inc.
c Atomic absorption spectroscopy.
d n.d., chlorine content was not determined.
e Based on irreversible CO uptake, CO/Pt × 100%.
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Pt–Sn(C2H5)4−x → Pt–Sn+ (4− x)/2C2H6

+ (4− x)/2C2H4. (3)

The decomposition products (C2H6 and C2H4) were
quantified by a GC equipped with a 3-m Al2O3 packed col-
umn. After decomposition the Sn loading in the cataly
was determined by atomic absorption spectroscopy.

Carbon monoxide chemisorption measurements w
conducted at 308 K within a CO pressure range of 1
500 Torr with a volumetric sorption analyzer (Micromeriti
ASAP 2010). Prior to the measurement, the catalyst
reduced in flowing H2 (30 ml min−1) at 573 K for 2 h fol-
lowed by reduction at 623 K for 1 h. Then, the system w
evacuated at 623 K and cooled to the measurement tem
ature. The adsorbate/metal ratios were determined from t
amount of irreversibly adsorbed CO (Table 1); the adsorp-
tion stoichiometry was assumed to be 1[51]. All chemisorp-
tion measurements were conducted at least twice, and
reproducibility was better than±5%.

2.2. Hydrogen-assisted 1,2-dichloroethane dechlorination

The dechlorination of CH2ClCH2Cl was conducted a
ambient pressure in a stainless-steel flow reaction sy
connected to a quartz microreactor (10 mm i.d.) in wh
the catalyst was supported on a quartz frit. The rea
zone containing the catalyst was heated by an electric
nace. The catalyst temperature was measured and cont
with an accuracy of±1 K with a temperature controlle
(Omega model CN2011). The gaseous reactants were
tered with mass flow controllers (Brooks, 5850E) and mi
before they were introduced into the reactor. The liq
CH2ClCH2Cl (Sigma–Aldrich, 99.8%) was maintained in
saturator at 273± 0.01 K with a recirculating cooling sys
tem (RTE-7/Digital 1, Thermo NESLAB) and metered in
the reaction system via He carrier gas. Saturation was
firmed by varying the flow rate of He through the satura
and quantifying the CH2ClCH2Cl in the gas phase with
GC (Varian 3300 series).
-

d

-

-

The reactor effluent was analyzed by on-line GC a
when necessary, by GC/MS to identify the reaction produ
The GC was equipped with a 3-m 60/80 Carbopack B
Fluorocol packed column (Supelco) and a flame ioniza
detector (FID) capable of detecting concentrations gre
than 1 ppm for all chlorocarbons and hydrocarbons invol
in this study. The on-line HP GC/MS system consisted
a HP 5890 Series II Plus GC equipped with a Fluoro
column connected to a HP 5972 series mass-selective
tector. Hydrogen chloride, a reaction product, was dete
by GC/MS but was not quantified.

Prior to reaction the catalyst was exposed to flowing
(Praxair, 99.999%, 30 ml min−1) while heating from 303 to
403 K at a rate of 7 K min−1 and then held at 403 K fo
60 min. Then, the gas stream was switched to a mixtur
H2 (Praxair, 99.999%, 10 ml min−1) and He (50 ml min−1).
Next, the catalyst was heated from 403 K to the reduc
temperature (493 or 623 K) for 30 min and held at this te
perature for 90 min. Last, the catalyst was quickly coole
He (50 ml min−1) to the reaction temperature.

For a typical dechlorination reaction, 0.15 g of c
alyst was used and the total flow of reactant mixt
was 16 ml min−1. The flow consisted of CH2ClCH2Cl
(7300 ppm), H2 (36,800 ppm), and He (balance). The re
tion temperature was 473 K. The catalyst mass and rea
mixture flow rate were adjusted to maintain the conversio
a narrow range (0.5 to 1.1%) so that the selectivity patt
could be compared. The turnover frequency (TOF) va
were calculated with the use of the fraction of exposed
atoms determined from CO chemisorption measureme
All kinetics experiments were conducted at least twice,
the reproducibility was better than±5%.

2.3. Mössbauer spectroscopy

The 119Sn Mössbauer spectra were recorded at 77 K
an in situ cell[52] with a pellet supported on a thin Be pla
The pellet was made from a powdered catalyst sample
0.7 g) by pressing the sample at 100 MPa for 3 min. Spe
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were obtained for the as-prepared samples, for the sam
after reduction in flowing H2 at 493 K, and after a secon
reduction of the same sample at 623 K (2 h, 10 ml min−1,
ambient pressure for both reductions). The last spectrum
each sample was collected after exposure of the red
catalyst to a flow of CH2Cl–CH2Cl + H2 + N2 (1:5:25,
13 ml min−1, ambient pressure) at 473 K for 24 h. The exp
sure time was chosen to provide a quasi-steady-state ca
performance for 1,2-dichloroethane dechlorination. The
was sealed in the specific treatment gas after each step
cooled to the measurement temperature.

The constant acceleration Mössbauer spectra were
lected with a KFKI spectrometer and a Ba119mSnO3 source
(300 MBq). For fitting purposes a Lorentzian line shape
each peak was assumed, and no isomer shift parameters
initially constrained. Successive iterations were applied
obtain a better fit to the experimental data. The estimated
curacy of the positional parameters was 0.03 mm s−1. The
isomer shift values were determined relative to the value
SnO2 (room temperature).

3. Results

3.1. Routine catalyst characterization

The CO/Pt ratio for the Pt-0.4 and Pt-0.7 catalysts w
61 and 58%, respectively (Table 1). For N-2.5, N-1.7, N-0.5
and T-0.5, the CO/Pt ratio was between 16 and 18%. T
lowest CO/Pt ratio (5%) was observed for the N-0.8 ca
lyst; for the N-1.0 and N-0.6 samples it was approximat
10% (Table 1).

The N-0.5 and T-0.5 catalysts were analyzed for Cl. T
residual Cl content was 0.1% for both samples after red
tion at 493 K. Exposure of the N-0.5 sample to the ClCH2–
CH2Cl + H2 reaction mixture at 473 K for 65 h did no
change the Cl concentration. However, the Cl concentra
of the T-0.5 sample increased by a factor of 4 to 0.4% a
65 h on stream at 473 K (Table 1).

3.2. Kinetics experiments

The catalytic performance of supported Pt for the CH2Cl–
CH2Cl + H2 reaction is well documented[21,53], and thus
the parent Pt/SiO2 catalysts were not tested. According
the literature, the steady-state TOF of Pt/SiO2 is in the range
of 2 × 10−3 to 4× 10−3 s−1, depending on the metal load
ing [21,53]. A 0.5% Pt/SiO2 catalyst deactivated during th
first 20 h on stream, and the 1,2-dichloroethane conver
decreased by a factor of 2.5. At longer time on stream
deactivation was insignificant[53]. With a 1.8% Pt/SiO2
catalyst the conversion decreased by almost one orde
magnitude during the first 100 h on stream[21]. The differ-
ent extent of deactivation accounts for the different stea
state TOFs of the 0.5% Pt/SiO2 and 1.8% Pt/SiO2 cata-
lysts. Monometallic Pt catalysts do not catalyze hydrog
s

t

d

re

f

Fig. 1. Time on stream performance of the reduced at 493 K catalysts
pared by CSR: N-1.0 (A), N-0.8 (B), and N-0.6 (C). (P), ethane; (e), eth-
ylene; (1), conversion.

assisted 1,2-dichloroethane dechlorination to form ethyle
ethane and monochloroethane are the only reaction prod
[21,53]. Monometallic Sn catalysts exhibit no activity in th
reaction[21].

With each bimetallic catalyst the conversion decrea
during the first 0.7 h on stream; the total decrease during
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Table 2
1,2-Dichloroethane dechlorination catalyzed by Pt/SiO2 and (Pt–Sn)/SiO2

Catalyst Tred
(K)

TOS for
SSa

Conversionb

(%)
Initial selectivityc,d (mol%) Steady state selectivityd (mol%) TOF

(×104 s−1)C2H4 C2H6 C2H4 C2H6

Pt-0.5e 493 20 2.7 0 89 0 83 40.0
Pt-1.8f 493 85 1.4 0 91 0 89 23.0
N-2.5 493 3 0.9 0 96 0 96 16.8
N-1.7 493 4 1.1 0 96 0 97 15.8
N-1.0 493 110 0.7 10 90 36 64 10.5
N-0.8 493 5 0.5 79 21 87 13 12.9
N-0.6 493 30 0.9 52 48 78 22 8.4
N-0.5 493 12 0.6 66 34 85 15 7.6
N-0.5 623 10 0.6 66 34 75 25 7.6
T-0.5 493 64 0.7 11 89 88 12 9.1
T-0.5 623 35 0.7 5 95 91 9 8.8

a Time on stream to reach the steady-state catalyst performance when the change in conversion is less than 0.1% and the change in product seless
than 1% for 5 h.

b At steady state.
c After 0.7 h of time on stream.
d Balanced by ethyl chloride.
e 0.5% Pt/SiO2 [53].
f 1.8% Pt/SiO2 [21].
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time ranged from 42 to 81% (not shown). At longer tim
on stream the deactivation rate was 0–3% every 5 h.
highest deactivation was for the N-2.5 and N-1.7 catalys
approximately 3% every 5 h. For the other bimetallic c
alysts, there was essentially no deactivation with time
stream after the initial decrease (Figs. 1 and 2). The steady-
state TOFs of the Pt–Sn/SiO2 catalysts varied from 7.6 ×
10−4 to 16.8×10−4 s−1, depending on the Pt/Sn atomic ra-
tio (Table 2). Specifically, the TOF gradually decreased
the Pt/Sn ratio decreased until it became essentially inv
ant at Pt/Sn atomic ratios equal to or less than 0.6 (Table 2).

Decreasing the Pt/Sn atomic ratio also resulted in a
increase in the steady-state selectivity toward ethyleneTa-
ble 2). Monometallic Pt and Pt–Sn catalysts with high
Pt/Sn ratios (N-2.5 and N-1.7) yielded ethane (96–97%)
ethyl chloride (3–4%). At a Pt/Sn ratio of 1 (N-1.0), ethan
was the major product (64%) and the balance was ethy
For the N-0.8, N-0.6, and N-0.5 catalysts, the major prod
was ethylene (78–87%) and the balance was ethane. D
the transient period the ethylene selectivity of the bimeta
catalysts with a Pt/Sn ratio less than or equal to 1 increas
substantially at the expense of ethane (Figs. 1 and 2).

The time on stream performances of the catalysts w
Pt/Sn ratio of 0.5 prepared by co-impregnation (sample
0.5) and by CSR (sample N-0.5) are compared inFig. 2. The
initial and steady-state product selectivities and the ste
state TOF values are shown inTable 2. At steady state bot
catalysts yielded ethylene as the major product and et
as the minor product. However, the T-0.5 sample show
significant improvement in selectivity toward ethylene w
time on stream at the expense of ethane. Specifically,
reduction at 493 K the selectivity toward ethylene increa
from 11 to 88% during 64 h on stream (Fig. 2A). For the
N-0.5 sample the steady-state selectivity toward ethylen
the expense of ethane was reached during a shorter tim
.

t
-

Fig. 2. Time on stream performance of the CSR (N-0.5) and impregnated
(T-0.5) catalysts reduced at 493 K (A) and 623 K (B): (e) and (a), ethylene,
for the T and N samples, respectively (balance is ethane); (1) and (2),
conversion, for the T and N samples, respectively.
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For the T-0.5 catalyst, increasing the reduction temp
ture to 623 K decreased by half the time required to ach
steady state; however, the steady-state selectivity was
lar to that obtained after reduction at 493 K (88 and 91%
the 493 and 623 K reductions, respectively). For the N-
sample, reduction at 623 K rather than 493 K did not s
nificantly affect the time necessary to achieve steady s
But, the selectivity toward ethylene was only 75%, wher
it was 85% after reduction at 493 K. The TOF values, wh
were ca. 15% less for the N-0.5 sample than for the T
sample, were unaffected by the reduction temperature.

3.3. 119Sn Mössbauer spectroscopy

The 119Sn Mössbauer study was performed with
N-0.5 and T-0.5 catalysts, which have the same overall c
position but were prepared by different methods. The spe
are shown inFig. 3, and the parameters of the spectra
summarized inTable 3.

The Mössbauer spectrum of the as-prepared imp
nated sample (T-0.5) consisted of a quadrupole dou
with a splitting of 0.50 mm s−1 and an isomer shift (IS) o
0.07 mm s−1 (Table 3). These parameters are characte
tic of Sn4+ with Cl and O ligands[54]. Thus, even though
the Sn precursor used to prepare the catalyst was SnCl2, the
Sn2+ oxidized to Sn4+ during storage of the catalysts, whic
is expected from the chemistry of Sn2+ compounds[55].

The spectrum of the as-prepared CSR sample (N-
consisted of a quadrupole doublet of Sn4+ (IS = 0.02 mm s−1

and QS= 0.64 mm s−1) and a singlet with an IS o
1.63 mm s−1. The latter value is close to that of a Pt3Sn alloy
(1.50 mm s−1 [56]). Apparently alloying between Pt and S
occurs under the conditions used to decompose the su
Pt–Sn(C2H5)4−x complex (Eqs.(2) and (3)). Whereas the
Pt3Sn alloy is stable during catalyst storage and/or expo
to air, the Sn-rich Pt–Sn alloy phase oxidizes into Sn4+.

A characteristic feature of the reduced CSR sam
(N-0.5) is the absence of ionic Sn species; the spectra co
only bands characteristic of Pt–Sn alloys (Fig. 3A, Table 3).
However, the features of the Mössbauer spectra of the
duced impregnated catalyst (T-0.5) suggest the presen
three forms of Sn: Sn4+ species (IS= 0.38–0.54 mm s−1),
Sn2+ species (IS= 3.95–4.15 mm s−1), and Pt–Sn alloys
(IS = 1.11–2.53 mm s−1) [35,37,39,40,56], with a signif-
icant fraction of Sn alloyed with Pt (Table 3). The Sn2+
Mössbauer parameters were almost independent of the
lyst pretreatment and coincided with those for SnCl2 [57].
The variation in the IS of the Sn4+ species for the re
duced samples suggests that the environment of the S4+
ions depends on the reduction temperature[54,57]. Quadru-
pole splitting (QS) was not constrained for the Sn4+ species
during deconvolution of the spectra. The QS of SnCl4 is
zero[57], and for SnO2 it is 0.5–0.7 mm s−1 [35–37], a value
very close to the line width of the119Sn source (0.63 mm s−1
-

.

e

f

-

Fig. 3. Mössbauer spectra of the CSR (N-0.5) (A) and impregnated (T
(B) catalysts: (a) as prepared; (b) sample (a) after reduction with H2 at
493 K for 2 h; (c) sample (b) after reduction with H2 at 623 K for 2 h; (d)
sample (c) after exposure to a flow of CH2Cl–CH2Cl + H2 + N2 (1:5:25)
at 473 K for 24 h.

[57]). Thus, when the relative intensity of the Sn4+ band was
less than 20–30%, including a QS parameter did not incr
the quality of the fit.

As already mentioned, the broad band in the range
1–3 mm s−1 indicates that both the T-0.5 and the N-0.5 ca



92 W.D. Rhodes et al. / Journal of Catalysis 230 (2005) 86–97

d

to
Table 3
Parameters of Mössbauer spectra of the Pt–Sn/SiO2 catalysts

Sample Treatmenta Speciesb ISc

(mm s−1)
QSd

(mm s−1)
FWHMe RIf,g

(%)
Stot

h

(a.u.)

T-0.5 As preparedi Sn4+ 0.07 0.50 0.89 100 1.00
Reduced by

H2 at 493 K
Sn4+ 0.54 – 1.31 24 1.54
Pt–Sn(a) 1.39 – 1.64 21
Pt–Sn(b) 2.45 – 1.48 50
Sn2+ 4.15 – 0.74 5

Reduced by
H2 at 623 K

Sn4+ 0.38 – 0.68 6 1.74
Pt–Sn(a) 1.11 – 1.29 19
Pt–Sn(b) 2.16 – 1.69 64
Sn2+ 3.95 – 1.14 12

Exposed to reaction
mixture at 473 K

Pt–Sn(a) 1.22 – 1.59 43 1.42
Pt–Sn(b) 2.53 – 1.76 52
Sn2+ 3.96 – 1.58 5

N-0.5 As preparedi Sn4+ 0.02 0.64 0.88 79 1.00
Pt–Sn(a) 1.63 – 1.36 21

Reduced by
H2 at 493 K

Pt–Sn(a) 1.23 – 2.06 75 1.14
Pt–Sn(b) 2.51 – 1.30 25

Reduced by
H2 at 623 K

Pt–Sn(a) 1.51 – 1.80 80 1.09
Pt–Sn(b) 2.58 – 1.17 20

Exposed to reaction
mixture at 473 K

Pt–Sn(a) 1.38 – 1.49 63 0.94
Pt–Sn(b) 2.52 – 1.45 37

a All experiments for a given catalyst were performed with the same sample that was treated in situ with H2 first at 493 K for 2 h, then at 623 K for 2 h, an
finally exposed to the CH2Cl–CH2Cl + H2 + N2 (1:5:25) flow at 473 K for 24 h.

b Pt–Sn(a), platinum-rich Pt–Sn alloys; Pt–Sn(b), tin-rich Pt–Sn alloys.
c Isomer shift relative to SnO2.
d Quadrupole splitting.
e Full width at half maximum.
f Normalized relative intensity.
g Because the probability of the Mössbauer effect (recoilless fraction) is different for the various Sn species[57], the RIs do not strictly correspond

concentrations.
h The total spectral area related to the baseline, arbitrary units.
i Catalysts were stored in air.
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lyst contained several Pt–Sn alloy phases (Fig. 3). The Möss-
bauer spectra were fit under the assumption of a two-a
component system: a Pt-rich alloy (Pt–Sn(a)) with an IS
1.1 to 1.7 mm s−1 and a Sn-rich alloy (Pt–Sn(b)) with an
of 2.1 to 2.6 mm s−1. The compositional changes in the P
Sn alloy species were estimated from the IS value with
assumption of proportionality between the IS and the Pt/Sn
atomic ratio[56].

The changes in relative intensities (RIs) of the spec
components corresponding to the different Sn species
the changes in the composition of Pt–Sn alloys that resu
from different pretreatments for the T-0.5 and N-0.5 ca
lysts are described below. The RIs do not strictly corresp
to concentration because the probability of the Mössb
effect (recoilless fraction) varies with type of Sn species[57,
58]. In general, recoilless fractions for inorganic Sn2+ and
Sn4+ compounds are less than those for Pt–Sn alloys[58,
59]. Thus, the relative concentrations of ionic Sn species
termined solely from the RIs would be underestimated,
those of Pt–Sn alloy species would be overestimated. Th
tal spectral area relative to the base line for the impregn
catalyst (T-0.5) increased significantly after each reduc
and after exposure to the reaction mixture (Table 3). This
-

increase may be associated with agglomeration of the S4+
at elevated temperatures as the recoilless fraction for
SnO2 is larger than that for the surface Sn4+ ions [6]. The
total spectral area for the CSR catalyst (N-0.5) was in
pendent of the catalyst pretreatment, probably because4+
moieties were absent in the reduced samples prepare
CSR.

For the Pt–Sn/SiO2 catalyst prepared by co-impregnati
(T-0.5), the IS and RI values were similar for the Sn-r
Pt–Sn alloy phase after reduction of the catalyst at 49
and after exposure to the reaction mixture. Each IS of th
loy after these treatments exceeded that for the PtSn4 phase
(2.29 mm s−1 [56]). Reduction at 623 K resulted in a 13
higher RI and a lower IS (2.16 mm s−1, which correspond
to the PtSn2 phase[56]). A similar trend was observed fo
the Pt-rich Pt–Sn alloy phase—increasing the reduction
perature from 493 to 623 K decreased the IS from 1.3
1.11 mm s−1. The IS increased to 1.22 mm s−1 after the re-
duced catalyst was exposed to the reaction mixture. (Iso
shifts below 1.40 mm s−1 correspond to diluted solution
of Sn in Pt [56].) In addition, exposure of the catalyst
the reaction mixture doubled the RI of the Pt-rich Pt–Sn
loy phase with respect to the value measured after the
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reductions (from ca. 20 to 43%). When the reduction tem
ature was increased from 473 to 623 K, the RI of the b
corresponding to ionic tin decreased from 29 to 18%. A
then it decreased to 5% after exposure to the reaction
ture.

For the Pt–Sn/SiO2 catalyst prepared by controlled su
face reaction (N-0.5), the IS for the Sn-rich alloy phase w
almost independent of the type of treatments: reductio
493 K, reduction at 623 K, and exposure to the reaction m
ture at 473 K (Table 3). Similar to the T-0.5 catalyst, the IS o
the alloy after these treatments exceeded that of PtSn4 [56].
The relative intensity of the band for the Sn-rich alloy ph
decreased from 25 to 20% when the catalyst reduction
perature was increased from 493 to 623 K. But, expos
to the reaction mixture resulted in an increase in the R
the Sn-rich alloy band to 37%. Correspondingly, the re
tive band intensity for the Pt-rich alloy phase increased w
increasing catalyst reduction temperature, but it decre
after exposure of the reduced catalyst to the reaction mix
at 493 K. The IS values of the Pt-rich phase after reductio
493 K and exposure to the reaction mixture at 473 K (1.
1.38 mm s−1, Table 3) are indicative of a low concentratio
(< 6 at%) of metallic tin dissolved in Pt. However, after r
duction at 623 K the IS of the Pt-rich phase (1.51 mm s−1)
corresponded to the Pt3Sn stoichiometry[56].

4. Discussion

The positive effect of Sn addition on the performance
Pt hydrocarbon reforming catalysts has fueled debates a
the appropriate molecular-level description to account
the role of Sn[1,2]. Both Snn+ (n = 2, 4) species and meta
lic Sn alloyed with Pt have been suggested to be respon
for the improvement of the catalytic properties of Pt. F
Snn+ a mechanism was proposed in which there is an e
tronic interaction between highly dispersed Pt particles
Sn ions bound to the support[60–63]. For metallic Sn al-
loyed with Pt, it was proposed that the Sn atoms serv
spacers that split the Pt ensembles and thereby suppre
size-demanding reactions such as hydrogenolysis; thus
role of Sn in this case is viewed as entirely geometric[29,64,
65]. Electronic modification of Pt alloyed with Sn was fou
to be insignificant[1,65–67], although theoretical conside
ation of the Pt–Sn bonding in Pt–Sn surface alloys sugg
a Sn(5s,5p) → Pt(6s,6p) charge transfer and a Pt(5d) →
Pt(6s,6p) rehybridization that localize electrons betwe
the metal centers[68,69].

The exceptional performance of Pt–Sn catalysts in re
tions such as the activation of C=O bonds (CO oxidation
[5–7], olefin hydroformylation[14], selective hydrogenatio
of α,β-unsaturated aldehydes[16–20]) stimulated further
discussion about the mechanism by which Sn modifies
catalytic performance of Pt. It was proposed that the
ions of Pt–Snn+ sites interact as a Lewis acid with the ox
gen atom of the C=O bond, thereby activating the carbon
t

e

group[25]. The Sn ions that strongly interact with the su
port are always present in reduced catalysts prepare
impregnation[6,21,27,35–37,39,70–75]. Some of them may
be located at the Pt-support interface to form the Pt–Sn+
moieties. For the Pt–Sn catalysts prepared by the contro
surface reaction method in which all Sn is deposited
the surface of Pt particles and reduces to Sn0, it was pro-
posed that partially polarized species such as Ptδ−–Snδ+
serve as active sites for reactions of carbonyl compou
[25]. However, it was also shown that Snn+ species are
present in reduced “organometallic” catalysts[6,20,76,77].
Furthermore, a fraction of Sn on the surface of Pt–Sn
loys is oxidized by the CO+ O2 reaction mixture in the cas
of CO oxidation[6,43] or by theα,β-unsaturated aldehyd
in the case of aldehyde hydrogenation[78]. The participa-
tion of Snn+ ions in CO bond activation results in an i
crease in the reaction rate for CO oxidation reaction[5–7];
for α,β-unsaturated aldehyde hydrogenation the presen
Snn+ ions in the Pt–Sn catalyst improves the selectivity
wardα,β-unsaturated alcohols (C=O bond hydrogenation
as opposed to saturated aldehydes (C=C bond hydrogena
tion) [17–20].

A mechanism similar to the activation of the C=O group
of carbonyl compounds appears to be appropriate for the
tivation of C–Cl bonds. The interaction of Cl atoms (Lew
bases) of 1,2-dichloroethane with Sn2+ ions (Lewis acids)
weakens both C–Cl bonds of a vicinal halocarbon to fa
bond dissociation:

→ Pt–Sn4+Cl2 + CH2=CH2, (4)

Pt–Sn4+Cl2 + 2Hads→ Pt–Sn2+ + 2HCl.

The two C–Cl bonds of the 1,2-dichloroethane molecule
sociate, which results in the formation of ethylene and
oxidation of the Sn2+ ion to Sn4+. As ethylene does not in
teract strongly with Snn+ ions (as well as with Sn metal),
immediately desorbs into the gas phase. The dissociatio
H2 occurs on the Pt sites. And the H atoms diffuse from
sites to reduce the Sn4+ to Sn2+ to complete the catalytic cy
cle. In fact, intimate contact between Pt and Snn+ ions is not
required because spillover provides the flux of H atoms n
essary to reduce the Sn4+ ions. However, the dissociation o
C–Cl bonds also occurs on Sn0 [79]. If the Sn0 species par
ticipate as sites for C–Cl bond dissociation, a mechan
scheme for the dechlorination reaction could be written
follows:

→ Pt–Sn2+Cl2 + CH2=CH2, (5)

Pt–Sn2+Cl2 + 2Hads→ Pt–Sn0 + 2HCl.
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If 1,2-dichloroethane dissociates on Pt sites, ethane fo
as a reaction product[80]. Ethylene adsorbs strongly on
[81–83]and is hydrogenated to ethane rather than desor
ethylene.

A comparison of the catalytic performances of the t
Pt–Sn/SiO2 catalysts with the same overall composition
prepared differently provides insight into the viability
the reaction mechanisms shown schematically by Eqs(4)
and (5).

A characteristic performance feature of the co-impreg
tion catalyst (T-0.5) is the transient period in terms of eth
ene selectivity (Table 2, Fig. 2). At early time on stream, th
catalyst exhibits relatively low selectivity toward ethylen
which increases substantially during the course of the r
tion. The Mössbauer results show that a significant frac
of Sn in the reduced catalyst incorporates into a Pt–Sn a
with a Pt∞Sn stoichiometry (diluted solid solution of Sn
Pt) (Table 3). Similar to pure Pt, the Pt∞Sn alloy catalyzes
1,2-dichloroethane dechlorination to form ethane, whe
the Sn-rich Pt–Sn alloy is responsible for the ethylene
mation[21]. The fraction of Sn in the Pt∞Sn alloy increase
after 24 h on stream (Table 3), in parallel with an increase i
the ethylene selectivity (Fig. 3, Table 3). This indicates tha
the relative impact of the Pt∞Sn phase in the impregnate
catalyst (T-0.5) on the catalytic performance decreases
time on stream.

The inhomogeneity of supported bimetallic catalysts p
pared by co-impregnation[36,41] allows for the possibility
that the reduced catalyst contains a fraction of unalloye
(or PtSn particles with very low Sn concentration) in a
dition to the Pt–Sn alloy species. As the dechlorination
action proceeds, the Pt alloys with Sn that remained in
oxidized state after catalyst reduction to increase the
centration of Sn in both the Pt∞Sn and Sn-rich Pt–Sn allo
(the IS of both the Pt–Sn(a) and Pt–Sn(b) species is gr
after exposure of the catalyst to reaction mixture than a
reduction at 623 K (Table 3)). Table 3shows that the fractio
of ionic Sn does indeed decrease after the reduced ca
is exposed to the reaction mixture. As alloying of a Pt–
particle with the additional Sn starts from the surface,
concentration of Sn on the surface of the particle can be
nificantly higher than the Sn concentration in the bulk of
particle.

There is also the possibility of a “true” surface enric
ment in Sn that should be more pronounced for the Pt-
Pt–Sn species. This enrichment occurs at the expense
bulk Sn concentration and is enhanced by exposure to
reaction mixture. Surface segregation of alloys during ex
sure to different gaseous media is not uncommon[84,85].
Indeed, surface enrichment in Sn of the outermost sur
layers of bulk Pt–Sn alloys has been demonstrated[86–89].
The driving force for surface enrichment of Pt–Sn allo
in Sn during the dechlorination reaction is the differen
in affinity of Pt and Sn toward Cl. Specifically,�H o

f is
−325 kJ mol−1 for SnCl2 and−123 kJ mol−1 for PtCl2 [90].
Thus, the alloying of an additional amount of Sn with P
s

r

t

e

Sn species during the dechlorination reaction and sur
enrichment in Sn explain the transient behavior of the
pregnated T-0.5 catalyst with respect to ethylene select
(Fig. 3); the ethylene selectivity increases with increas
surface concentration of Sn.

The samples prepared by CSR (N-series) also ex
transient behavior during the CH2Cl–CH2Cl + H2 reaction
(Figs. 1 and 2; Table 2), although the magnitude of the s
lectivity change with time on stream is much lower than
the impregnated catalysts. Preparation by controlled su
reaction ensures exclusive interaction of Sn(C2H5)4 with Pt
particles[19,45,47,91]. Indirect evidence that all Sn in th
“organometallic” catalysts interacts with Pt is provided
the Mössbauer results, showing that the reduced CSR
ple (N-0.5) does not contain ionic Sn (Table 3). Thus, the
increase in ethylene selectivity with time on stream for
CSR samples cannot be explained by the same mecha
as that for the impregnated T-0.5 sample in which the f
tion of Sn that remained in the oxidized state after cata
reduction reduces to the metal during the dechlorination
action and alloys with Pt to increase the Sn/Pt atomic ratio
in the bimetallic particles and, hence, the ethylene sele
ity.

The essence of the CSR technique is that the Sn org
moieties are deposited on the surface of Pt particles laye
layer[45]. The number of the layers is not a function of t
Pt particle size. (Metal particles in supported catalysts
always inhomogeneous with regard to size.) And, theref
the Sn/Pt atomic ratio for smaller particles will be high
than that for larger particles. During decomposition of
surface Pt–Sn complex, Sn atoms “sink” in the bulk of
Pt particles to form Pt–Sn alloys. Thus, the particles wit
lower Sn/Pt atomic ratio have a lower Sn concentration
the surface, and these particles catalyze 1,2-dichloroet
dechlorination to ethane. Exposure of the reduced cat
to the reaction mixture triggers the process of surface
richment in Sn, and ethylene selectivity increases. Howe
there may be particles that do not have enough Sn to
into ethylene-selective entities, even though all of the
accumulates on the particle surface. Ultimately, the on
ing surface enrichment in Sn leads to “cherry-like” partic
with Pt-rich Pt–Sn alloy or even a monometallic Pt core s
rounded by Sn-rich Pt–Sn alloy.

A higher reduction temperature or a longer reduction t
at a fixed temperature favors more homogeneous Pt–Sn
ticles with respect to the Sn and Pt distribution in the part
bulk. But, reduction with H2 favors surface enrichment o
bimetallic Pt–Sn particles in Pt[77]. Thus, the lower eth
ylene selectivity of the CSR N-0.5 sample after reduct
at 623 K than after reduction at 493 K (Fig. 2) can be at-
tributed to the higher surface concentration of Pt after
reduction at a higher temperature. If diffusion of Sn and
in the Pt–Sn alloys is slow, a longer time is required for
bimetallic particles to equilibrate with the reaction mixtu
with respect to surface Sn concentration at the reaction
perature (473 K).
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For the impregnated samples the diffusion of Sn into b
during high temperature reduction does not affect the
face concentration of Sn as significantly as it does for
CSR samples. About 30% of the Sn in the impregnated T
sample reduced at 493 K exists as Snn+ ions with O and/or
Cl ligands (Table 3). These Sn moieties must be located s
ficiently far from the Pt-containing particles that reduction
Sn and incorporation into a Pt–Sn alloy do not occur dur
the limited time of reduction. Increasing the reduction te
perature to 623 K results in a decrease in the Snn+ species
concentration from∼ 30 to∼ 20%. Hence, the decrease
the concentration of Sn on the surface of Pt–Sn particles
ing catalyst reduction due to diffusion of Sn into the bulk
compensated for by a supply of additional Sn (that has b
located on the support as Snn+ ions) to the particle surface
The fact that the concentration of ionic Sn decreases
ing the dechlorination reaction from 18 to 5% after 24 h
stream (Table 3) provides evidence that there is a flux of
toward the Pt–Sn alloy particles during the dechlorination
action. Thus, the concentration of Sn on the surface of P
particles is higher for the impregnated catalyst than for
CSR sample; this accounts for the higher steady-state
ylene selectivity of the T-0.5 sample than the N-0.5 cata
(Fig. 3, Table 2).

The catalytic tests show that the activities of the i
pregnated (T-0.5) and CSR (N-0.5) samples in the
dichloroethane dechlorination reaction are the same w
experimental error (Table 2). The absence of ionic Sn speci
in the CSR (N-0.5) sample exposed to the CH2Cl–CH2Cl +
H2 reaction mixture (Table 3) suggests that Sn2+ ions are not
active species for 1,2-dichloroethane dechlorination, acc
ing to Eq.(4). If they were, the activity of the impregnate
sample would be higher because the concentration of
Sn2+ ions after exposure to the reaction mixture is sign
cant (5%,Table 3). Typically, the steady-state concentrati
of a reaction intermediate under conditions of real catal
is low, and it is difficult to detect the intermediate by co
ventional characterization techniques. The fact that the S2+
species were identified for the impregnated (T-0.5) sam
exposed to the reaction mixture suggests that these mo
are spectator species, most likely located far from the
containing particles that dissociate H2. The presence of Sn2+
ions in the impregnated (T-0.5) sample would account for
higher concentration of Cl in the used impregnated sam
than in the used CSR sample (Table 1), because Cl may serv
as a ligand for ionic Sn species.

5. Conclusion

For the reaction of hydrogen-assisted 1,2-dichloroeth
dechlorination, the catalytic performance of Pt–Sn/SiO2 cat-
alysts with different Pt/Sn atomic ratios prepared by co
trolled surface reaction with an organometallic Sn prec
sor has been compared with that of a Pt–Sn/SiO2 catalyst
prepared by co-impregnation. The application of contro
-

s

surface reaction technique to prepare Pt–Sn/SiO2 catalysts
results in the exclusive formation of Pt–Sn bimetallic surf
entities. Conversely, the co-impregnation preparation te
nique results in the stabilization of Sn2+ and Sn4+ moieties
on the support surface in addition to the formation of Pt–
alloys. Independent of the catalyst preparation method
catalytic activity decreases with an increase in the Sn c
centration, but it is approximately the same for catalysts w
the same Pt/Sn atomic ratio.

Both the CSR and the impregnated catalysts with a Pt/Sn
atomic ratio less than unity exhibit high steady-state se
tivity toward ethylene; however, the selectivity typically i
creases with time on stream. The most dramatic select
increase was observed for the co-impregnated Pt–Sn/2

catalysts. Specifically, the ethylene selectivity for the ca
lyst with a Pt/Sn atomic ratio of 0.5 was 5% initially bu
increased to 91% in 35 h on stream. The transient beha
of the “organometallic” catalysts is explained by Sn enri
ment of the Pt–Sn particle surface during the course of
dechlorination reaction, as Sn-rich Pt–Sn alloys are hig
selective toward ethylene. The surface of Pt–Sn particle
the co-impregnated Pt–Sn/SiO2 catalysts is also enriche
in Sn during the 1,2-dechlorination reaction, resulting
an increase in the ethylene selectivity; however, the enr
ment occurs during the dechlorination reaction by incor
ration of an additional amount of Sn that was present
the support in an oxidized state before the start of the
action.

A mechanism of hydrogen-assisted 1,2-dichloroeth
dechlorination catalyzed by Pt–Sn/SiO2 was proposed. I
consists of dissociation of both C–Cl bonds of the 1
dichloroethane molecule on a Sn atom incorporated in
Pt–Sn alloy. The dissociation results in the formation of
ethylene molecule and oxidation of Sn0 to Sn2+. Reduction
of the Sn2+ ion with H atoms diffused from Pt to form Sn0

and HCl regenerates the active site, thereby completing
catalytic cycle.
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