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Abstract

The effects of tin and potassium addition on the catalytic properties of Bt/&i@alysts were studied by diffuse reflectance UV-vis
spectroscopy, temperature programmed reduction (TPR), CO chemisorption and isobutane dehydrogenatijoBri?8&l@and Pt—Sn/SiQ
catalysts were prepared by incipient wetness impregnation with aqueous solutiof®Gftnd SnCJ. Pt—Sn/SiQ catalysts were prepared
by coimpregnation and sequential impregnation. A part of these catalysts was then impregnated with an aqueous solution of KOH. Fresh
and calcined catalysts were studied. [B{ShC}),]>~ complex was only detected in (PtSn/$)@nd Sn(Pt/Sig) catalysts. The proximity
between Pt and Sn species favoured the formation of Pt—Sn ensembles or alloys after the reduction treatment that provided stability and
selectivity for the isobutane dehydrogenation. The addition of potassium to fresh Pt—Saiti@t change the activity, but it improved the
dehydrogenation selectivity, which reached values of alImost 100%. Surface Pt—Sn species changed by the calcination treatment, causing the
segregation of Pt and Sn oxide species. This treatment caused a decrease of CO/Pt ratio, activity and selectivity of Pt—Sn catalysts. In calcined
Pt—-Sn—K catalysts, the activity seemed to be a function of K-Pt—Sn interactions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Nowadays, several studies are being carried out to evalu-
ate the modification of the stability, selectivity and activity of
Recently, the dehydrogenation of light paraffins has ac- metallic catalysts by the addition of some alkali metals such
quired importance due to the growing demand of light olefins as Li, Ba, K, Ca and othefd—9]. The use of alkaline ions has
such as propene and isobutdt In these processes, sup- been reported for Pt/AD3; and PtSn/SiQ, [4] Ni/SiOz [5],
ported Pt—Sn catalysts have shown advantages because d?d/SiQ [6] and Cr/AbOg3 [7]. Siri et al.[8] studied isobu-
their lower deactivation rate and high selectivity for dehy- tane dehydrogenation in a series of Pt and Pt—Sn catalysts,
drogenation reactions. The effect of tin has been explained inmodified by the Li addition, prepared by incipient wetness
terms of geometric effec{g]: tin decreases the size of plat- impregnation and surface organometallic chemistry on metal
inum ensembles; reducing hydrogenolysis and coking that (SOMC/M) techniques. The incorporation of Sn and Li im-
require large ensembles of platinum. A second explanation isproved light-paraffin dehydrogenation and inhibited isomer-
the modification of the electronic density of Pt, either due to a ization and cracking reactions. Siri et @] also found selec-
charge positive transfer from Shspecies or to the different tivities of 98% toward isobutene and a good performance in
electronic structures in Pt—Sn alloja]. deactivation—regeneration cycles on Pt—Spihl catalysts
modified with magnesium, calcium and barium.
— _ _ _ The effect of potassium on Pt and Pt—Sn supported on
Paperp_resgntedattheThwdSan stSymposmmonSurface,Interfacessi"ca’ prepared by ion-exchange method, was studied by
T e e e somrsunsssror Cortight et al 9] for isobutane dehydrogenation. They
fax: +58 261 598791/7598797. found that the addition of tin and potassium diminishes
E-mail addressjlsancheza@Iluz.edu.ve (Jghez). the size of the surface platinum ensembles, suppressing
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the hydrogenolysis, isomerization and coking reactions. In  The isobutane dehydrogenation activity was carried out in
K-Sn—Pt/SiQ catalyst, dehydrogenation rate increased ei- a stainless steel apparatus designed to work either by pulses
ther due to an increase in the number of sites available for or continuous flow. The reactor was a U-shaped Vycor tube,
hydrogen removal from adsorbed isobutane or to the stabi-6 mm OD. The switching of gases was done without mixing

lization by potassium of molecular adsorbed isobutane. or access of air. The reaction was done at atmospheric pres-
This study aimed to examine the effects of tin and potas- sure and 500C. Eighty milligrams of catalyst were used
sium addition on the catalytic properties of Pt/gi@emper- for each reaction test, samples were dried in Ar at°X20

ature programmed reduction (TPR), UV-vis spectroscopy by for 1 h and then reduced inJHat 500°C for 2h. The re-

diffuse reflectance (DRS) and CO chemisorption were usedaction mixture contained # i-C4H10, and He, with a 3:1

to characterize these catalysts. The activity of the catalystshydrogen:isobutane ratio. A total flow of 100 ¢min—1 and

was determined for the isobutane dehydrogenation. aWHSV of 28.8 ! was used. The exit gases were analyzed
in a Perkin-Elmer GC, equipped with an Alumina F1 packed
column and a flame ionization detector (FID).

2. Experimental

Pt/SiG, Sn/SiQ and Pt—Sn/Si@catalysts were prepared 3. Results and discussion
by incipient wetness impregnation, using aqueous solutions
of HoPtCk and SnCGlin 1 M HCI. Pt—Sn/SiQ catalysts were 3.1. UV-vis
prepared by coimpregnation and sequential impregnation,
adding first Pt and then Sn and vice versa. A commercial Diffuse reflectance spectra of Pt/SIO PtSn/SiQ,
SiOy (Baker), crushed to a size of 60—-80 mesh, was used Sn/SiQ and SiQ catalysts are shown iRig. 1L The spec-
as support. The volume of the impregnation solution was trum of calcined silicaKig. 1a) presents a band at 226 nm,
2.4cr? g~ Lsilica. A part of these catalysts was then impreg- which also has been reported by other auttip€s11] The
nated with an aqueous solution of KOH. The metal contents absorption band at 220 nm observed in the spectrum of the
in the catalysts were 0.5% Pt, 0.6% Sn and 0.3% potassium.Sn/SiQ sample is mainly attributed to the contributions of
Fresh and calcined catalysts were studied. The catalyst prepathe silica.
ration methods are listed ifable 1 In the PY/SiQ spectra, the three bands at 260, 353 and

The catalysts were studied by diffuse reflectance UV-vis 460 nm have been attributed to the (R)Er anion ad-
spectroscopy at atmospheric conditions in a Perkin-Elmer sorbed on the suppofi2], which could be anchored on
model Lambda 2 spectrometer equipped with a diffuse re- the surface by a ligand exchange of silanol (OHjroups
flectance accessory. The wavelength range varied from 190of the silica. Due to the low OH density of the silica, a
to 700 nm. Temperature programmed reduction (TPR) was large fraction of (PtG)%~ could be mobile on the support
performed using a 5% #Ar mixture at a heating rate of  surface.
10°C min~1from 25to 700°C. Prior to the TPR experiments, Jackson et a[13] by NMR found that Pt adsorbs on alu-
samples were dried in Ar at 12@ for 1 h; then calcined cat-  mina both as (PtG)2~ and [PtC§(OH)]%—, the latter species
alysts were obtained by heating in air at 5@for 1 h. The is produced by the deprotonation of [P4CH,0)]~ present
hydrogen consumption was monitored with a thermal con- in the initial solution. The ratio of (Ptg)%~/[PtCls(OH)]?~
ductivity detector (TCD). Dynamic CO chemisorption mea- depends on the pH of the impregnating solution, the support
surements were carried out by sendingud6pulses of CO pretreatment and impregnation tinfi4]. Lietz et al.[12]
at room temperature, the gas carrier waswith a flow of and Alerasool et al[15] proposed that the reaction of lig-

30cn? min~1, samples were dried in Ar at 12C for 1h, and exchange begins with the water adsorbed on the support.
and then treated underHow at 500°C for 2 h. Choren et al[10] proposed the following scheme for the
Table 1

Precursor and preparation method of the Pt4SEN/SiQ and Pt—Sn/Si@catalysts

Catalyst nomenclature Precursors Preparation method

Pt/SIQ H,PtCl-6H,0 Incipient wetness impregnation

Sn/SiQ SnCh-2H,0 Incipient wetness impregnation

(Pt=Sn)/SiQ H,PtCl-6H,0 + SnCh-2H,O Coimpregnation

Sn—(Pt/SiQ) H2PtCls-6H2,0/SnCh-2H,0 Successive impregnation 1st Pt, 2nd Sn
Pt—(Sn/SiQ) SnCb-2H,O/H,PtCl-6H,O Successive impregnation: 1st Sn, 2nd Pt
K-/SiO, KOH Impregnation

K—Pt/SiQ H,PtCl-6H,0 + KOH Successive impregnation: 1st Pt, 2nd K
K—(Pt-Sn)/SiQ (H2PtCls-6H20 + SnCh-2H,0) + KOH Coimpregnation and then addition of K
K-Sn(Pt/SiQ) H,PtCl-6H,0/SnCh-2H,O/KOH Successive impregnation: 1st Pt, 2nd Sn, 3rd K

K—-Pt(Sn/SiQ) SnCh-2H,0/H,PtCl-6H,O/KOH Successive impregnation: 1st Sn, 2nd Pt, 3rd K
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Fig. 1. UV-vis diffuse reflectance spectra of: (a) gi(d) Sn/SiQ; (c) P/SiQ; (d) Pt(Sn/SiQ); (e) Sn(Pt/SiQ); and (f) (PtSn/SiQ).

ligand exchange: band at 210nm to Sn (IV) species and the other bands to
Pt(1V) species.
Support-OH+ H2PtClg(ads) Fig. 2 shows the UV-vis spectra for Pt, Sn and Pt-Sn
< Support—=Cl+ H,Cls(OH)Ptads) catalysts modified with potassium. Inthe spectrum of KSiO

a band is observed at 210 nm, similar but smaller in intensity

The UV-vis spectra of (PtSn/Sipand Sn(Pt/Si@) cat- than the corresponding to the silica without K. The spectra of
alysts show absorption bands at 210, 270, 381 and 460 nmthe Pt and Pt—Sn catalysts modified by the addition of K have
similar to those of the coimpregnation solution. The band at absorption bands at the same wavelengths of the catalysts
210 nm corresponds to Sn(I1V) species while the other three without potassium (sefig. 3).
bands have been assigned to [B{ShCk)2]%~ complex ad-
sorbed on the suppdit6]. The spectrum of Pt(Sn/Siphas 3.2. Temperature programmed reduction
absorption bands at similar wavelengths to that of P#SiO
This is an indication that the [Pt&SnCP),]?>~ complex was Fig. 1shows TPR profiles of the fresh catalysts without K;
not formed, probably due to the oxidation of Sn(ll) to Sn(lV) the TPR diagram of Pt/Si¥Jshowed a broad peak at 210
during the drying stefil7]. Baronetti et al[16] assigned the  attributable to the reduction of Pt(IV) to Pt({1)0,18] Two

Absorbance (a.u.)

190 250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 2. UV-vis diffuse reflectance spectra of: (a) K-Pt/Si®) K—(PtSn/SiQ); (c) K-Sn(Pt/SiQ); (d) K—Pt(Sn/SiQ); and (e) K-SiQ.
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Fig. 3. TPR profiles for fresh catalysts without potassium: (a) Pt(Sp)S({®) Sn(Pt/SiQ); (c) (PtSn/SiQ); (d) P/SiIQ; (e) Sn/SiQ; and (f) SiG.

peaks at 400 and 54C appear in the reduction profile of The segregation of Pt and Sn caused by the calcination
Sn/SiQ, indicating that there are tin species interacting in of the Pt—Sn catalysts was due to a weak interaction with
different ways with the support. These peaks can correspondthe suppor{23,24] The single peak around 10C can be
to Sn(Il) and Sn(IV). The Sn(lV) species could have been attributed to the reduction of Pt species, as P¥%,26] or
formed during the drying step by the following oxidation PtOCly assisted by Pt(0) formed during the calcination step

reaction[19]: [25]. The second peak at 548 corresponds to the reduc-
tion of tin oxides species, probably Spn spite of that, the
6SnCh +2H,0 + Oz > 2SnCh +4Sn(OH)CI TPR profiles for the calcined Pt(Sn/Siand Sn(Pt/Si©)
The Pt-Sn/Si@profiles show a common peak at 171G, catalysts do not suggest the formation of some Pt—Sn alloys,

indicating that the simultaneous reduction of Pt and Sn it can not be discarded that a part of Sn has been deposited on
species occur$20] with the formation of Pt—Sn ensem- or dissolved in the platinum particles. The shoulder at°Z10

bles or alloys[17]. The shoulder observed at 240 for for the catalyst prepared by coimpregnation could correspond
the (PtSn/SiQ) and Sn(Pt/Si@) catalysts can be due to Sn  to the reduction of Sn species near to the reduced platinum
species located very close to the Pt. particles. This proximity between the Pt and Sn can be re-

In the TPR profiles of the calcined catalysts illustrated lated to the deposition of the bimetallic [PtCSnCh)2]2~
in Fig. 4, Sn/SiQ shows a broad reduction band with two complex formed during the impregnation s{ég].
peaks at 440 and 54C. Considering that tin is present as Fig. 5shows the TPR profiles of the fresh catalysts modi-
Sn(lV) after the calcination step, then after reduction, tin fied with potassium. The profile of K-Pt/Sj@hows a broad
could be present as Sn(ll) and/or Sn{R}]. The Pt/SiQ peak at 245C, indicating the simultaneous reduction of the
catalyst shows a single peak at T@that can be assigned different species of Pt and K. In that region, the reduction of
to the reduction of Pt(IV), mainly Pt to Pt(0)[22]. K2PtCk may occur, which is formed during the preparation
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Fig. 4. TPR profiles for calcined catalysts without potassium: (a) Pt(SpjSi) Sn(Pt/SiQ); (c) (PtSn/SiQ); (d) Pt/SiQ; and (e) Sn/SiQ.

of the catalysts by the reaction: segregation of the Sn in the same way that in the calcined
Pt—Sn/SiQ catalysts. K—Pt—Sn interactions were stronger in
H,oPtCl + 2KOH — K2PtCl + 2H,0 the catalyst prepared by coimpregnation. Park €4l by

CO TPD experiments found that the addition of Sn and K to
A TPR experiment of KPtCls showed a reduction peak Pt(111) leads to a direct interaction between these three met-
around 240C. The K-Pt-Sn/Si@profiles show a single re-  als, with the possible formation of a surface Pt—K—Sn alloy.
duction peak around 24, this peak can be associated to
the s_multaneou; reduction of_ platinum, tln and potgssmm 3.3. CO chemisorption
species. The platinum can assist the potassium and tin reduc-

tion. The CO/Pt ratio of each catalyst is showriTable 2 It is

TPR diagrams of K—Pt-Sn/SjCcalcined catalysts are : . :
shown inFig. 6. The TPR profile of K—Pt/Si@shows a peak observed that the incorporation of Sn to the Pt/Si@talyst

at 130°C attributable to a reduction of a fraction of Pt, as
PtO, [26]. The peak at 235C can be due to a reduction Table2 _ _ _
of K,PtCk that did not decompose during the calcination CO/Ptratios on reduced PUSICPt-Sn/SiQ and K-PtSn/Si@catalysts

step, and the peak at 41Q could correspond to the reduc- Catalyst (CorPy (CO/PtL
tion of KOy species by hydrogen activated in the Pt(0) par- PUSio 0.25 0.15
ticles. Three hydrogen consumption regions are observed inPt(Sn/SiQ) 0.09 0.04
the K—Pt—Sn/Si@profiles. The first region is around 130 (Spntg:g:g; 8'82 8'82
and could be attributed to the reduction of platinum oxide K—PUSIO, 023 012
segregated on the silica surface. The second region of hydro«_pysn/sig) 0.07 0.03
gen consumption is observed at 241) the same temperature  K-Sn(Pt/SiQ) 0.07 0.04
of the simultaneous reduction of Pt, Sn and K species thanK-(PtSn/SiQ) 0.06 0.03

in the fresh catalyst. The third peak at 54Dindicates the  (F) Fresh and (C) calcined catalysts.
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Fig. 5. TPR profiles for fresh catalysts modified with potassium: (a) K—Pt(Sp)Si) K—Sn(Pt/SiQ); (c) K—(PtSn/SiQ); (d) K—Pt/SiQ; and (e) K-SiQ.

caused an appreciable decrease of the CO/Pt ratio, and thergsrobably indicates the loss of some active sites due a blocking
fore the Pt dispersiof28]. This decrease can be due to the with potassium or by formation of K—Pt ensembles.
formation of Pt—Sn ensembles or alloys that do not adsorb
CO [25]. The interaction between Pt and Sn is favored by 3.4. Dehydrogenation of isobutane
the silica[29], and that could be affecting the strength of the
CO-Pt binding. Tin affects more those Pt sites that adsorb  The effects of Sn and K additions in the fresh and calcined
CO more strongly30]. catalysts is showed ifigs. 7 and 8 The Pt/SiQ catalyst
The fresh Pt-Sn/Sigcatalysts exhibited a similar CO/Pt  shows a lower activity than Pt—Sn/Si€atalysts. The lowest
ratio; that is, the preparation method did not have a marked activity of the Pt catalyst could be due to a blockage of active
effect on the amount of surface Pt atoms. According to the sites by coke deposition at the beginning of the reaction. The
UV-vis and TPR results, Pt and Sn could form bimetallic en- conversions in the Pt—Sn catalysts were higher than that in the
sembles that are favored by the close contact between Pt andPt catalyst because Sn could hinder or reduce coke poisoning
Sn, due to the formation of the [P#{SNCk)»]%~ complex of the active Pt sites. This effect is favoured by the presence
in the Sn(PY/SiQ) and (PtSn/SiQ) catalysts. of chlorine in the prepared catalydl]. Sn, as shown in
The decrease of CO/Pt ratio in the calcined catalysts in- the TPR results, could be forming alloys with Pt, which have
dicates a lower dispersion of Pt, probably due to sintering of small capacity of coke formatioi32]. Several authors have
the Pt particle$31]. The addition of potassium to the Pt-Sn  pointed out that tin facilitates the transport of coke from the
catalysts did not have a marked effect on the Pt dispersion ofPt sites to the suppoj33].
the fresh catalysts. According to these results, and those of The isobutane dehydrogenation activities in the Pt-Sn
the TPR and UV-vis experiments, the potassium is mainly catalysts indicate the marked influence of the preparation
deposited on the support and the K—Pt—Sn interactions showmethod on the catalytic properties. The lower conversion ob-
weakness under fresh conditions. tained for the Pt(Sn/Sig) catalyst could be due to fast de-
Except for calcined K—Pt/Sip catalyst, the calcined activation, because there is a higher Pt surface fraction not
K—Pt-Sn/SiQ catalysts did not show an appreciable differ- alloyed than in the rest of the Pt—Sn catalysts. The formation
ence in their CO/Pt ratios compared to the free potassiumof Pt metal particles could be due to the Pt—Sn complex not
calcined catalyst. The decrease of CO/Pt ratio in K-P#SiO being formed during the impregnation step.
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Fig. 6. TPR profiles for calcined catalysts modified with potassium: (a) K—Sn(RYSI) K—Pt(Sn/SiQ); (c) K—(PtSn/SiQ); (d) K-Pt/SiQ; and (e) K-SiQ.

In the case of Sn(Pt/Sipand (PtSn/SiQ) catalysts, the  step, there were Sn, Pt and Pt—Sn species. Due to the fast
conversion seems to maintain relationship with the formation deactivation of Pt, this does not keep the activity in these
of the [PtCh(SnCk)2]%~ complex, because the Pt dispersion catalysts at steady conditiof5]; consequently, the activity
of these catalysts is the same. Sn(Pt/Si€atalyst presents  would be determined by the nature of the Pt—Sn alloys formed
a higher conversion than the (PtSn/gj@atalyst, in which during the reduction of the catalysts. The lower conversion
the complex is formed in a larger proportion. in the calcined Pt/Si@against the fresh Pt/Siran be due

The increase of the selectivity on Pt/SiCatalyst at the  to the formation of large ensembles of Pt surface atoms, as is
beginning of the reaction can also be explained by geomet-shown by the reduction of CO adsorption after calcinations.
ric effects. The coke deposited during the first minutes re- It is probable that due to a lower dispersion in the calcined
duces the size of Pt ensembles, inhibiting undesirable reac-Pt/SiG, catalyst, its initial activity was smaller; however, its
tions[25,34,35] true initial activity is difficult to measure due to the fast de-

Although geometric effects of the Pt for the addition of activation of this catalyst.
the Sn can explain many of the changes observed, itis also The addition of potassium to the fresh Pt—-Sn/Sddes
possible that certain ligand effects could be present. This not change the activity, butimproves the dehydrogenation se-
electronic modification of Pt has been explained in terms lectivity, which reaches values of almost 100%. This seems
of electron transfer from Sn to Pt, modifying the intrinsic to corroborate that under fresh conditions, potassium inter-
catalyst properties of #86,37] acts weakly with the platinum active phase. This increase in

The presence oftinincreased the selectivity towards isobu- dehydrogenation selectivity could be due to the deposition of
tane dehydrogenation, and reduced the hydrogenolysis angotassium on the support, thus diminishing the little acidity
isomerization reactions; this may be due to the dilution of of silica. However, in the calcined K—-Pt—Sn catalysts, the ac-
the Pt ensembles by $2,38]. tivity seems to be a function of the K—Pt—Sn interactions. The

The calcination treatment diminished both the conversion lower conversions in these catalysts in comparison to those
and selectivity in the free potassium catalysts; this effect is of the fresh catalysts were probably due to the calcination
more pronounced in the Pt—Sn catalysts. The TPR results in-treatment that caused a superficial enrichment of K and Sn
dicated that in these bimetallic catalysts, after the calcination species. This would block the active sites for the reaction. The
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catalysts modified with K.
Fig. 8. Dehydrogenation selectivity for: (a) fresh catalysts without K; (b)
calcined catalysts without K; (c) fresh catalysts modified with K; and (d)
activity of these catalysts seems to be inversely related to theSa/cined catalysts modified with K.
amount of Sn segregated as shown in the TPR results. Tin and
potassium species could be very near on the catalyst surface4. Conclusions
perhaps alloyed or forming ensembiles. It is possible that also
an electronic effect between platinum and potassium takes  The [PtCh(SnCk)2]2~ complex was only detected in
place. The potassium can be acting as donor of electrons ofptSn/SiQ) and Sn(Pt/SiQ) catalysts. In Pt(Sn/Si§), the
inducing a polarization of electrons in the Pt partidlég]. Pt and Sn species formed, are located very near on the cat-
Both a higher selectivity and dehydrogenation activity alyst surface. The proximity between the Pt and Sn species
were obtained in the K—(Pt-Sn/Sixatalyst. Both of them  fayors the formation of Pt—Sn ensembles or alloys after the
were diminishing as the amount of the (P4SINCh))* reduction treatment that provides stability and selectivity for
complex decreased in the catalysts prepared by sequentiajhe isobutane dehydrogenation. The addition of potassium to
Impregnation. Pt—Sn/SiQ did not have a marked effect in the Pt dispersion



D. Rodnguez et al. / Journal of Molecular Catalysis A: Chemical 228 (2005) 309-317

nor the activity of the fresh catalysts; however, this improved
the dehydrogenation selectivity, which reached values of al-

most 100%. Potassium is deposited mainly on the support,
affecting reactions there. The surface Pt—Sn species were af-
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