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Transformation of Pd/Si@catalysts during high temperature
reduction
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During reduction in dihydrogen at 873 K, a silica-supported palladium catalyst is initially converted $oWdich further reacts with
silicon-containing species to a £ phase. Such a stepwise phase change suggests that the mechanism of Pd silicide formation involves
incorporation of silicon into a palladium phase, mime versa, as was suggested in our previous work. This transformation has a great effect
on catalytic properties of Pd—silica-containing systems in 2,2-dimethylpropane hydroconversion.
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1. Introduction ous reduction conditions would be much easier if a higher
Pd loading was used. In particular, we were interested in
Compared to some more readily reducible oxides, sufihding reasons for reported differences in the composition
as TiQ, CeQ or V205, which serve as typical supports ofof Pd silicide phases caused by apparently similar pretreat
active phases in heterogeneous catalysis, silica is regardethasts [4—8]. Evolution of one Pd silicide to another would
an essentially “nonreducible” oxide [1]. However, literaturgive indications as to the mechanism of Pd-silica inter-
reports the formation of Pd silicides during high temperatugetions generated by high temperature reduction. Finally,
reduction (HTR, in the presence of hydrogen) of Pd/SiGhe most significant structures of highly reduced PdSiO
catalysts [2-7]. This transformation may have a considegamples were tested as catalysts in hydroconversion of 2,2-
able effect on the catalytic behaviour of reduced PdfSi@imethylpropane, the reaction which appeared so useful in
samples [2—4,7]. For instance, the selectivity for alkane isdiagnosing changes in differently pretreated supported pal-
merisation is much higher after HTR of Pd/Si@atalysts ladium catalysts [3,4,7,8].
than that after reduction at 573 K [3,4,7]. XRD investiga-
tions [4,6,7] as well as TEM studies [5] showed the presence
of a variety of palladium silicides, such asJ#Sil [5], PckSi 2. Experimental
[4,7], P4Si[6] or P&Si [4], in highly reduced Pd/Sigsam- ) ] ] )
ples. Although variations in the reduction conditions and The carrier employed in the preparation of a palladium
form of the Pd—Si®@ specimen would justify the differencescatalyst was Davison Grade 62 silica gel, 75-120 mesh, acid
in the composition of obtained P8i, phases, such a gen_Washed, with surface area of 34@ Ay and pore volume of
eral statement is not satisfactory. More systematic studied C/g. 10 wi% Pd/SiQ catalyst was prepared by the
can give important information as to a possible mechanighgthod of incipient wetness impregnation, using an aque-
of palladium silicide formation in Pd/SiDcatalysts. The ©OUS soluthn_of palladium dlchlorlde(analytlcal reagentfron_w
knowledge about the state of Pd/Si@fter a specified re- POC'h, GI|W|ce.,' Poland). In olrder to increase meta! parti-
duction pretreatment would better explain, and give the pdd€ Size (to facilitate XRD studies) the catalyst was sintered
sibility for tuning, catalytic properties of silica-supported®y Precalcination in air at 1023 K for 3 h. For further pre-

palladium systems. In this respect it should be mentiong§atment (reductiorr%nt_-,!purified over MnO/SiQand dry-
that an intentional introduction of silicon onto the surfac®d traps, flow 25 cmimin) the catalyst-{1.5 g sample of

of palladium greatly changes the catalytic behaviour in vaf9 Wi% Pd/SiQ) was placed in the U-tube reactor equipped

ious reactions of saturated and unsaturated hydrocarb¥fid @ fritted disc, two closing Young stopcocks and a side
[2-4,7-12]. arm (1/4” tubing) which was connectedja Cajon ultra-

This report presents results obtained for 10 wt% Pagsid©'" fitting, with & long tubing with closed end for succes-
prepared by impregnation of silica with palladium dichloSive cqllecuon _of hydrogen-pretreated samples. After each
ride. It was our hope that characterisation (by XRD) of difieduction stepi(e, after 1, 3, 5, 15, 17, 60 and 200 h) at

ferent P4Si, phases generated in Pd/Sicatalysts by vari- 873 K, the reactor was cooled down to room temperaturg,
closed, detached from the glass system and turned upside

* To whom correspondence should be addressed. E-mail: zk@ichf.edu.plown in order to transfer a small portion-Q.1 g) of the
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pretreated sample from the fritted disc to the collecting tulpesults more attention will be attached to changes in the se-
ing. Part of the tubing with the solid was then flame sealdeéctivity.

and detached from the reactor using a gas torch. In this way

seven differently pretreated samples of the 10 wt% Pd/SiO ) ]

were collected and then subjected to X-ray diffraction stud: Resultsand discussion

ies (a standard Rigaku-Denki diffractometer with Ni-filtered

Cu K, radiation). The samples were scanned by a SteD_b(}lf_the 10 wt% Pd/Si@ catalyst subjected to a continuously

step technique in thefrange from 30 to 75'. At the be- more progressive reduction impHt 873 K are presented in

glgglng OI) HTE’ th(tahcryt/)stallclite siz€ ?flgi”adéuzrggd) v¥|as i figure 1. The obtained diffraction patterns were confronted
nm, based on the broadening o an refiec 'oé%ainst the JCPDS files. However, a simple analysis of the

of Pd (from the Scherrer formula). According to the fOrmmé}ast majority of obtained XRD data allowed us to consider

proposed by Ic;h|kawat al. [13] this value is equivalent to only three sets of crystallographic data: fcc phase of palla-
the metal fraction exposed0.03 (MFE= 1.12/dpq). dium, thin film of PdSi data of Canalét al. [17]* and or-

It is known from the study of temperature-programmeg,, hombic phase of R&i [18]. Itis clear from figure 1 that
reduction thgt.reductlon of metal oxides is markedly ha”é1ready a 1 h reduction of 10 wt% Pd/Si@ads to visible
pered when it is performed in the presence of wet hydrogeRanges in the XRD profile. Very small peaks, especially the
[14-16]. A similar effect is obtained when one reduces fjection at~40.8, develop at further stages of the pretreat-
bigger sample of a metal oxide [14]. In order to study the efpent indicating the formation of R8i at 873 K. It should
fect of reduction conditions on the formation of Pd silicidege mentioned that an apparently similar specimen (5 wt%
from Pd/SiQ, a smaller, than in the preceding experimenp/siq commercial catalyst from Degussa) investigated by
sample {-0.14 g) of the 10 wi% Pd/Sipwas subjected t0 Kepinski and Wolcyrz [6] did not show changes similar to
reduction at 873 K, using a higher, than previously, flow qfyrs, even after 40 h of reduction at 873 K (to see changes in
hydrogen {-55 cn/min) and variable reduction time. A few the catalyst structure, those authors had to apply a consider-
samples pretreated in this fashion were also investigateddmly higher reduction temperature, 973 K). A dominant part
XRD. of their XRD reflections were attributed to af3i thin film

The reaction of 2,2-dimethylpropane (Merck) in excesshase earlier assigned by Careilal. [17]. Our XRD pro-
hydrogen (purified over MnO/Si) on differently pre- files collected after 1, 3, 5, 15 and 17 h resemble very much
treated Pd/Si@was conducted in a flow system under atthe profiles from Kepinski and Wotcyrz work [6]. There-
mospheric pressure. 2,2-dimethylpropane was purified fiyre, we consider that at earlier stages of hydrogen treatment
passing it through a 5A molecular sieve trap to remove atlye Pd/SiQ catalyst successively transforms intqyBd Af-
n-butane impurity from the reactant stream. Feed parti@dr a 17 h reduction, the XRD profiles for fcc Pd phase are
pressures were: 2,2-dimethylpropane, 0.8 kPa, and hydvery weak, suggesting a substantial transformation of Pd into
gen 8.0 kPa. Helium was a diluent gas. Total flow waBd,;Si.

75 cré/min. The reaction was followed by GC (HP5890 Further reduction period extended to 60 h brings about
with FID and 6 m squalane/Chromosorb P column). Teonsiderable changes in the XRD spectrum. The reflections
avoid secondary reactions, overall conversions were kejhtaracteristic of Pg5i disappear and a new phase develops
low, i.e, below 1%. In all cases, turnover frequencie#istead. This is an orthorhombic §8I phase, earlier no-
(TOFs) were calculated on the basis of palladium dispersitiaed for 10 wt% Pd/Si@ (Serva SiQ) after reduction at
estimated from the crystallite size of Pd-containing pha§¢3 K for 17 h [7] and for a physical mixture of Pd powder
(from the broadening of the most intense XRD reflectionyvith Davison 62 silica gel, also after 17 h of reduction [4].
At the beginning of high temperature reduction (at 873 K) ofhe presence of a greater number of Pd silicides in highly
10 wt% Pd/SiQ, the metal fraction exposed was estimatetgduced Pd—Si©catalysts (PgSi, Pa&Si or P4Si [S5]) may

by Ho chemisorption at 343 K (by pulse method) was ikesult from different factors, such asg., different Pd par-
fair agreement with the corresponding value estimated frd#fle Size, the presence of unspecified impurities in tested
XRD profiles ¢0.03). However, long term pretreatments i,§amples or dlifferent reduptlon conditions. The latter factor
hydrogen at 873 K led to extremely low, practically not me'S @ddressed in the following paragraph.

asurable hydrogen uptakes noticed in chemisorption meas-XRD profiles of the smaller Pd/Sgsample (0.14 g) pre-
urements. On the other hand, the XRD profiles did not shdtated at higher kiflow than the previous specimen (see

large changes in the broadening of relevant XRD peaks origClion 2) are shown in figure 2. It is seen that a 5 h pe-
inating from PdSi, phasesyide infra. These observations riod of reduction at 873 K already leads to a dominant pres-

are in line with an earlier finding [3,4] that introduction oftnce of PgSi. Ilt is' rhec:II?d thatin thelprefceding expleriment,
silicon onto a Pd surface leads to a large suppression of nen we dealt with the larger sample of Pd/gihd lower

drogen chemisorption. The problems mentioned above (v d7r(r)]ge|; flot\_/v, such :(;;n eflfectﬁwagonrc])tfpbser\llethra]\_/en aftlcter
low Pd dispersion and the presence of Si in Pd phase) caff reduction period (only after . figure 1). This resu
the TOF values reported in this work to be probably sub-pata from table 1 (p. 5771) showing XRD results of B thin-film
jected to a larger error. This is why in discussion of catalyticphase, after annealing at 923 K have been used in the present work.

The results of XRD study of a larger sampte(5 g)
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Figure 2. X-ray diffraction patterns obtained from a smaller sample (0.14 g)
of 10 wt% Pd/SiQ subjected to reduction in hydrogen at 873 K for 5

‘ ‘ and 15 h. The two bar diagrams represent literature data for thin films of
' ‘ L L ‘ P Si [17] and P¢Si [18] (see figure 1).

32 34 36 38 40 42 44 46 48 50 52 may rationalize the controversy in reported compositions of
20, deg. (CuK,) Pd. Si, phases obtained after the high temperature reduction
of Pd/SIQ catalysts [3—7]. The observation of /81 forma-
Figure 1. X-ray diffraction patterns obtained from a larger sample (1.5 g) %n in the first experiment was possible because, most prob-

10 wt% Pd/SiQ subjected to reduction in hydrogen at 873 K. All patterns . .
are described by a reduction period (at right side of each profile), rangiﬁ ly, reduction of Pd/Sipwas retarded by a slower removal

from 1 to 200 h. Two bar diagrams represent literature data for: thin filfd Wate'.' vapor from the larger portion of th.e catalys?.

of Pd,Si from [17] and P¢Si [18]. In the case of P¢5i data, the reflec- Previously [4] we assumed that palladium species enter

tions are visualised in a semiquantitative fashion according to their intensifye silica supportia oxygen vacancies giving rise to palla-
(marked in [17] as vvs, vs, ms, m and mw). dium silicide formation. The PgBi — P:Si transformation

during further stages of hydrogen treatment at 873 K sug-
Table 1

2,2-dimethylpropane conversion over 10 wt% Pd/5{0.15 g) subjected to various reduction pretreatments: overall conversions, product selectivities,
turnover frequencies and activation energies

Catalyst Reaction temperature Conversion Selec'ﬁ\(%) TOF Activation energy
pretreatmenit (K) (%) S<cs Siso (sh (kd/mol)
Red. 573K, 1h 544 0.15 53.5 46.5 4B x 1074 276+ 2
554 0.44 55.3 44.7 20x 1074
Red. 873K, 3h 574 0.10 42.9 57.1 59 x 107°
583 0.23 42.5 57.5 29x 1074 251+ 8
594 0.64 44.5 55.5 B60x 1074
Red. 873K, 15h 603 0.11 37.6 62.4 OB x 1074
613 0.25 36.0 64.0 38x 1074 238+ 3
623 0.50 37.8 62.2 A7x 1074
Red. 873 K, 60 h 614 0.14 34.2 65.8 33x 1074
624 0.29 33.8 66.2 27x 1074 249+ 9
633 0.55 34.6 65.4 B5x 1074

aReduction treatment in (temperature and duration). All samples were precalcined at 1023 K for 3 h.
b S~cg = selectivity for hydrogenolysis§iso = selectivity for isomerisation.
CTOF (turnover frequency) assuming palladium dispersion 0.03 (see section 2).
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gests a different mechanism. The stepwise enrichmenthkirings about similar changes iy as diluting palladium
silicon of the silicide phase implies that silicon-containingvith gold [22].

species (Si, SiO or silane [19]) are the migrating species To sum up, we report, for the first time, variations in the
which enter the bulk of Pd-based material. We expecté@mposition of the PaSi, (PdSi — PdsSi) during high
that our experiment with the reduction period increased temperature reduction of silica-supported palladium cata-
200 h would show the formation of even more Si-rich sililysts. Such changes are suggestive of the mechanism of
cides €.9., PabSi, observed by others [5]). Unfortunately@ successive incorporation of silicon species into the pal-
such attempts failed. Probably, the ability towards dihydréadium bulk.  Efficiency of palladium-silica interactions
gen dissociation of the B8 surface is markedly reducedStrongly depends on the rate of water vapor removal dur-
compared to the behaviour of pure palladium. Such a sitd/89 Nigh temperature reduction. Consequences of this effect
tion would result from a simple extrapolation of the hydro/ould be important for the state of silica-supported palla-

gen chemisorption study of differently prereduced PdsSicsiUm catalysts7r7e3daceddbt3)/ olthersTat s_omezvha:)lowerr] temﬁer-
catalysts [3,4]. If it were so, the hydrogen atom flux need@dgre,s e.g.ci at rnan | Eowz' esting the above hypoth-
for the reduction of silica would be considerably diminishe§>'s 1S Underway in ourfaboratory.

Since our earlier reports indicated a considerable increase
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