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The isomerization of neopentane has been investigated over the 0.76 wt% Pd/SiQ, catalyst. It is
found that after high temperature reduction (HTR, at 873 K) the selectivity for isomerization is
much higher than that after low temperature reduction (LTR, at 573 K). A variety of experiments,
including kinetic, chemisorption (O,, H,, and CO), temperature-programmed desorption of H,,
and X-ray diffraction, showed that this selectivity enhancement cannot be interpreted in terms of
H; retention by the catalyst. Instead, the formation of Pd-Si compound(s) (most probably Pd;Si)
during HTR seems immediately responsible for the catalytic behavior of HTR Pd/SiO, catalysts. A
mechanism is proposed for the Pd-SiO; interactions in which Pd atoms (or ions) are incorporated
into the silica support (via oxygen vacancies) and a new phase of palladium silicide is formed.
Regeneration by an oxygen treatment of the HTR sample does not fully restore the low isomeriza-
tion selectivity typical of LTR samples. The additional selectivity is attributed to an overlayer of
oxidized silicon species (after oxidation of the HTR sample) which partially cover the metal.

© 1989 Academic Press, Inc.

INTRODUCTION

Recently we found that the reaction of
neopentane with hydrogen may serve as a
probe reaction for the characterization of
Pd surfaces in various supported Pd cata-
lysts (/). The selectivity toward isomeriza-
tion (production of isopentane) vs cracking
(formation of CH4, C,Hs, CsHg, and i-
C4H,o) appeared to be a convenient diag-
nostic parameter toward determining
whether Pd interacts with a support. From
our earlier work, we adopted the value of
ca. 30% as the upper limit of isomerization
selectivity for severely sintered Pd powders
(2). Accordingly, an isomerization selectiv-
ity > 30%, especially near ca. 80-90%, has
to be attributed to other causes, of which
the more important seem to be metal-sup-
port interactions (3-10) and hydrogen re-
tention in the Pd/support catalysts (11-14).

! Reference (1) is regarded as Part I of this series.
2 To whom correspondence should be addressed.

Both effects might operate after high tem-
perature reduction (HTR).

Our attention was focused mainly on the
Pd-silica system (7), because relatively lit-
tle is known about the interaction between
silica and palladium. In contrary, there is
an enormous volume of literature on Pd-Si
interactions leading to the formation of var-
ious Pd silicides (15-17). Although the for-
mation of Pd silicides from Pd and SiO, at
very high temperatures is expected both
from thermodynamic considerations (I8)
and from research for device technology
(15, 16), its importance in the field of heter-
ogeneous catalysis seems somewhat under-
estimated. A noticeable exception is the
work by Moss et al. (19) who found in their
X-ray diffractometry (XRD) study that a 10
wt% Pd/SiO, catalyst subjected to HTR
(873 K) underwent considerable transfor-
mation resulting in the formation of an un-
specified Pd-Si phase(s). They assumed
that interaction between Pd and SiO, oc-
curred even at 723 K as their Pd/SiO, cata-
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lysts were less active for benzene hydroge-
nation than the same samples reduced at
573 K. However, other recent works con-
cerning severely reduced (at 873 K and
above) Pd/SiO, catalysts either do not re-
port any serious interaction between both
catalyst components (20) or do not refer to
the formation of Pd silicides even if abnor-
mal chemisorptive/catalytic properties of
Pd/SiO, catalysts (after HTR) have been
found (27). The main conclusion of our re-
cent report (7} was that Pd interacts with
Si0, at higher reduction temperatures (873
K and also even at 723 K) giving some pal-
ladium silicide species on the catalyst sur-
face and this fact seems to be responsible
for the increase of isomerization selectivity
in neopentane conversion (up to ca. 70-
90%).

We decided to continue this study for the
following reasons. First, we felt that the
problem of the effect of residual hydrogen
in silica-supported Pd catalysts after HTR
had not been properly considered in Ref.
(1). Our statement that all residual hydro-
gen was removed from the catalyst after
HTR by flushing with argon (or helium) at
873 K for 1 h could be not strictly valid.
Although oxygen pulses did not produce
water at 293 K, it could not be ruled out
that strongly bound residual hydrogen may
not react with oxygen at room temperature.
It is known that sjlica pretreated with hy-
drogen at very high temperatures contains
large amounts of “*dissolved’’ hydrogen ex-
isting mainly in hydroxyl groups (22). Infra-
red spectroscopy also shows a presence of
Si—-H bonds in hydrogen-pretreated silicas
(23, 24).

A part of the present work is dedicated to
the problem of determining the possible ef-
fect of residual hydrogen. We also try to
furnish more solid evidence as to the ab-
sence of the effect of retained hydrogen in
the HTR sample. Second, it appeared inter-
esting to collect more experimental infor-
mation which could give further insight into
the nature of palladium-silica interactions.
We did not have EXAFS, ESCA, or other

JUSZCZYK AND KARPINSKI

more sophisticated methods at our dis-
posal, therefore our approach had to re-
main more ‘‘chemical.”’ By properly de-
signed kinetic and chemisorption studies,
as a continuation of our chemical probes,
we expected to obtain relevant information
concerning Pd/Si0O; catalysts.

EXPERIMENTAL METHODS

The preparation of 0.76 wt% Pd/SiO, cat-
alyst has been described in an earlier paper
(I). A few experiments were also per-
formed with Pd and Pd-Ag powders. Both
powders were Alfa Ventron products: Pd,
99.95% pure, fraction 0.25-0.55 um and
Pd-Ag alloy (35 : 65 ratio by weight), 99.9%
pure.

The fractions exposed exhibited by the
0.76 wt% Pd/SiO, catalyst after various
pretreatments were determined from che-
misorption of H; (at 343 K) and CO (at 293
K) using a pulse technique. All gases used,
except oxygen, i.e., H,, CO, Ar, and He,
were purified by passing through drying
traps with final purification over MnO/
SiO,. Carbon monoxide was 99.995% pure
(Van Eeghen, The Netherlands).

In a few experiments using temperature-
programmed desorption (TPD) of H; from
the 0.76 wt% Pd/SiO, catalyst following
various pretreatments, the temperature was
increased at a rate of 25 K/min from room
temperature to ca. 1300 K. Between the re-
actor and the katharometer cell (Gow-Mac)
a trap with degassed 4A molecular sicves
was inserted in order to eliminate any
traces of water released from the catalyst
during TPD run.

The reaction of neopentane (Merck) with
hydrogen (palladium-diffused) was investi-
gated in a static circulation system in the
manner described previously (7, 2, 25). The
alkane partial pressure was always kept at
ca. 6 Torr (1 Torr = 133.3 Pa). The ratio of
hydrogen-to-alkane was usually 10:1. In
order to determine how hydrogen pressure
influences the reaction rate, in some Kinetic
experiments H, pressure was changed be-
tween 20 and 120 Torr.



CHARACTERIZATION OF Pd/SiO,

Turnover frequencies (N,’s) were calcu-
lated on the basis of the fraction exposed
measured by H, chemisorption. Initial
product distributions (= selectivities) were
calculated as the carbon percentage of
neopentane consumed in the formation of a
designated product, for example, mole per-
cent of methane from neopentane would be
divided by 5 and normalized in deriving the
product distribution (25).

RESULTS

Chemisorption of Hydrogen, CO, Oxygen,
and O,/H, Titration

Table 1 presents data regarding fractions
exposed (H/Pd; and CO/Pd,) exhibited by
the 0.76 wt% Pd/SiO, catalyst after various
pretreatments. In the pretreatment code
(Table 1), 0,,573,0.5;H,,573,1;Ar,723,1
means that the catalyst was exposed to
flowing oxygen at 573 K for 0.5 h, then to
hydrogen at 573 K for 1 h and, finally, to
argon at 723 K for 1 h.

After chemisorption of H, on one HTR
sample (pretreatment: O,,573,0.5;H,,873,
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17;Ar,873,1; and H/Pd; = 0.19) chemi-
sorbed hydrogen was titrated with O,
pulses at 293 K. The course of O,/H, titra-
tion is presented in Fig. 1. It can be seen
that second and third pulses of oxygen were
consumed to a greater extent than the first
one. The overall consumption of oxygen
was (O/Pd,), = 0.76. In order to calculate
the amount of adsorbed oxygen it is neces-
sary to subtract the expected uptake of ox-
ygen needed for water production (O/Pd)),
= $(0.19) = 0.095. Thus, the amount of ad-
sorbed oxygen is (O/Pd,), = 0.665. A some-
what lower consumption of O, on a similar
sample (but without the preceding H, che-
misorption) was found at 293 K, (O/Pd,), =
0.58.

Temperature-Programmed Desorption of
Retained Hydrogen from 0.76 wt%
Pd/SiO; after HTR

Determinations of retained hydrogen by
TPD were run on two samples of the Pd/
Si0O, catalysts. Both samples were reduced
at 873 K for 17 h and flushed with an argon

TABLE 1

Fraction Exposed of 0.76 wt% Pd/Si0, Catalyst
after Various Pretreatments

Pretreatment? H/Pd, CO/Pd¢
Adsorption®  Desorption©

‘‘Standard’’: 0,,573,0.5;

H,,573,1;Ar,723,1 0.70 0.69 0.62
0,,573,0.5;H,,573,1;Ar,873,18 0.49 (0.39)¢ 0.34 0.29
0,,573,0.5;H,,723,3;Ar,773,1 0.68 0.69 0.63
0,,573,0.5;H,,723,21;Ar,773,1 0.35 0.35 0.52
0,,573,0.5;H,,873,17;Ar,873,1 0.19 0.13 0.29
0,,723,1;H,,573,1;Ar,723,1/ 0.41 0.37 0.34
0,,573,0.5;H,,873,17;Ar,873,17 0.28 0.19 0.27

7 For the pretreatment code, see text.

¢ Fraction exposed measured by hydrogen chemisorption at 343 K.

¢ Fraction exposed measured by hydrogen desorption at 723 K.

< Fraction exposed measured by CO chemisorption at 293 K.

¢ The first number concerns H, uptake after the catalyst pretreatment, whereas the
value in parentheses concerns H, consumption after H; desorption at 723 K. The value in
parentheses is used in calculation of turnover frequency.

/ This pretreatment was applied to the catalyst previously reduced at 873 K for 17 h

and flushed with Ar at 873 K for 1 h.
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Fi1G. 1. The course of O,/H, titration (at 293 K) of the 0.76 wt% Pd/SiO, catalyst after 0,,573,0.5;H,,
873,17;Ar,873,1. Catalyst weight, 0.340 g; He flow, 20 ml/min; a pulse of 4.7 umole of O, every 5 min.
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Fi1G. 2. TPD determination of retained hydrogen from two HTR samples of the 0.76 wt% Pd/SiO,
catalyst. Curve (a) concerns a sample which has been flushed with Ar at 873 K for 1 h after HTR,
whereas curve (b) concerns a HTR sample after a 17-h period of purging with argon at 873 K. Ar flow,
20 ml/min.
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stream at 873 K. However, in the case of
one sample this flushing was rather short, 1
h, whereas for another it was long, 17 h.
Temperature program, d7/dt = 25 K/min
was applied in both cases. Figure 2 shows
the results. Only one form of desorbed hy-
drogen is seen, with maximum at ca. 1120-
1130 K. The amount of released hydrogen
((H/Pd,)q) after the shorter flushing time
was 1.2 which is ca. 2.5-3 times higher than
the appropriate value after longer Ar flush-
ing.

Reaction of Neopentane with H, on 0.76
wt% Pd/Si0, and on Pd and Pd-Ag
Powders

Table 2 shows the results of Kinetic stud-
ies 0.76 wt% Pd/Si0, after various pretreat-
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ments (alkane pressure = 6 Torr, H,/alkane
= 10).

Table 3 is concerned with catalytic
results for the catalyst which was oxidized,
after HTR, at various conditions.

Figure 3 presents the hydrogen pressure
dependence of the rates of hydrogenolysis
and isomerization of neopentane over HTR
catalyst (1 h Ar flushing at 873 K). Figure 4
presents a similar relation for the same cat-
alyst but reduced at 723 K for 3 h and
cooled in hydrogen to 523 K and briefly
evacuated at 523 K before the reaction.

Table 4 shows kinetic results collected
for unsupported samples: Pd (mixed with
Si0,, Davison grade 62, 100-120 mesh) and
Pd—Ag (35:65) alloy powders.

It should be mentioned that pure (and

TABLE 2

Reaction of Neopentane on the 0.76 wt% Pd/SiO, Catalyst after Various Pretreatments

Catalyst Reaction N, Initial product distribution (%)
pretreatment temperature (K) (s7h

CH4 C2H6 C3H3 iC4H10 iCSng

0,,573,0.5;H,,573,1;He,573,0.5 521 9.60 X 106 424 — 3.7 43.0 11.0

531 2.70 x 103 364 04 129 503 —_

518 5.90 x 10-¢ 27.2 1.0 3.8 498 18.7

539 7.90 x 103 364 1.0 220 398 0.7

522 4.30 X 10°¢ 527 1.6 3.1 282 14.4

530 3.00 x 103 324 04 105 515 5.6

0,,573,0.5;H,,573,1;He, 873,17 525 1.39 x 103 247 0.9 43 294 40.7
534 3.12 x 107 143 0.1 0.5 375 47.6

544 6.48 x 1073 19.5 0.5 2.5 393 38.1

0,,573,0.5;H,,723,24;He,773,1 514 5.20 x 10-¢ 63 07 1.2 264 65.3
524 1.85 x 1073 78 04 1.3 36.0 56.4

533 4.42 x 1073 125 0.5 1.0 30.7 553

0,,573,0.5;H,,873,17;He,873,1 575 7.90 x 103 4.1 0.7 0.6 9.5 85.1
593 2.15 x 10* 9.0 1.2 1.4 15.7 72.7

0,,573,0.5;H,,873,17;He,873,6 533 8.20 x 10~ 7.2 0.7 24 123 77.4
542 1.44 x 105 47 0.6 1.5 13.1 80.1

551 4.11 x 103 49 03 — 14.0 80.7

0,,573,0.5;H,,873,17;He 873,17 534 1.95 x 10-3 1.5 1.1 22 166 68.7
543 4,29 x 105 79 0.2 0.2 184 73.2

553 6.82 x 103 125 1.0 1.3 226 62.6

534 2.06 x 103 88 0.6 1.8 16,0 72.8

544 4.20 x 105 74 03 0.2 213 70.8

553 6.87 X 1073 10.7 0.8 1.4 294 57.7

0,,573,0.5;He,873,17;H,,873,17;He,873,1 559 1.03 x 10-3 0.2 0.2 1.5 6.2 91.9
569 1.88 x 103 1.8 04 — 5.6 92.2

578 4.49 x 103 32 05 0.8 8.8 86.8
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TABLE 3
Effect of Oxidation Conditions on Regeneration of the 0.76 wt% Pd/SiO, Catalyst after HTR¢
Oxidation Reaction N, Initial product distribution (%)
temperature, temperature (K) (s
duration CH4 CzHe C;Hs iC‘Hm iCsle
298K, 0.25 h 545 3.20 x 10¢ 19.8 1.3 2.9 429 333
558 4.40 x 104 266 2.3 8.8 41.6 20.7
298K, 0.25h 528 6.90 x 10-3 204 0.8 2.0 25.5 51.3
537 1.19 x 104 169 0.7 0.7 37.8 439
545 1.78 x 104 24.0 1.8 3.8 40.4 30.0
573K, 05h 536 9.10 x 103 166 0.7 1.1 353 46.3
555 4,71 x 10 23.8 1.1 5.2 43.5 26.4
723K, 1h 524 1.40 x 105 137 2.4 2.7 27.7 53.5
534 4.60 x 103 13.1 — 0.1 33.8 52.5
553 3.11 x 1074 25.9 1.2 4.1 43.2 26.5

« All oxidations followed by H,,573,1.

washed with HCI) SiO, pretreated as our
Pd/SiO; (both after low temperature reduc-
tion (LTR) as well as after HTR) did not
show any catalytic activity at temperatures
up to 673 K. After the reaction, HTR sam-

ples of the Pd + silica mixture were ana-
lyzed by XRD. Figure 5 shows a typical
spectrum. The samples were scanned in the
260 range of 30° to 50° (Rigaku-Denki diffrac-
tometer, CuKa, Ni-filtered radiation). The

log N¢ log Ny
) (s71)
S S
(-3.0— (a) 3ot (b
X
-40 40} g <
-50 -50f
nh=-2.2
| 1 | 1 H 1 1 i 1 1
14 16 18 20 22 14 16 18 20 22

log F’H2 (Torr)

logPy,, (Torr)

Fi1G. 3. Effect of hydrogen pressure on the rates of hydrogenolysis (O) and isomerization (X) over a
HTR sample of the 0.76 wt% Pd/SiO, catalyst (flushed with He at 873 K for 1 h). Reaction tempera-
ture, (a) —573 K; (b) —593 K. n, and n; are reaction orders versus hydrogen for hydrogenolysis and
isomerization, respectively. Each data point represents a fresh sample.
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log N,
(s7)
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logPy, (Torr)
F16. 4. Effect of hydrogen on the rates of hydroge-
nolysis (O) and isomerization (X) over the 0.76 wt%
Pd/SiO, catalyst after reduction at 723 K for 3 h, with-

out vigorous removal of H,. n, and #; are as in Fig. 3.
Each data point represents a fresh sample.
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majority of the observed peaks were as-
signed to pure Pd and Pd;Si phases (26, 27).

DISCUSSION

The results presented in this paper con-
cern the same 0.76 wt% Pd/SiO, catalyst
which was used in our previous study (/).
Very pronounced differences in catalytic
behavior, especially in isomerization selec-
tivity (variations between 0 and 90%), re-
sulted from different pretreatments of this
catalyst (Table 2). In this paper we shall
discuss two problems. First, we shall deter-
mine the extent to which residual hydrogen
in the catalyst after HTR influences cata-
lytic behavior. We shall present evidence
that a high level of isomerization selectivity
obtained after helium flushing (at 873 K) of
a HTR sample is not due to retained H,, but
due to metal-support interactions. Second,
we shall present our picture of transforma-
tion of Pd/SiO, catalysts during HTR and
regeneration.

TABLE 4

Reaction of Neopentane on Pd and Pd—-Ag (35: 65) Alloy Powders

Sample Reaction Initial Initial product distribution (%)
pretreatment temperature (K) reaction
rate? CH4 C2H6 C3Hs iC4H|0 iCSHu
Pd + SiO,
0,,573,0.5;H,,573,1 528 17.50 21.1 2.8 4.9 46.0 25.3
537 60.20 19.4 1.1 4.1 53.5 21.9
547 207.00 27.7 4.1 15.8 50.7 1.6
0,,573,0.5;H,,573,1;He 873,17 571 16.00 18.4 1.6 2.2 53.9 239
586 60.00 16.8 7.3 11.2 60.1 4.5
0,,573,0.5;H,,723,17;He, 773,17 555 38.90 19.5 1.1 2.1 61.9 15.4
565 69.80 20.8 3.8 5.7 62.9 6.8
0,,573,0.5;H,,873,17;He,873,1 642 11.00 4.5 0.5 — 48.5 46.5
662 13.00 8.8 0.3 33 63.1 24.4
0,,573,0.5;H,,873,17;He,873,22¢ 580 6.48 49 — — 18.7 76.4
589 12.50 4.1 0.7 1.0 13.1 81.0
599 22.70 5.0 0.2 1.8 15.0 78.0
Pd-Ag alloy powder
0,,573,0.25;H,,673,1 682 2.86 8.7 — — 329 58.5
0,,573,0.25;H,,723,1 691 2.88 14.1 — 1.9 36.0 56.4

¢ Expressed as 1071° mol * gpg (or pang ™' * 571

¢ Sample prepared by inadequate mixing of Pd powder with silica, designated as (a) in the text.
¢ Sample prepared by very careful mixing of both components, designated as (b) in the text.
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F1G. 5. XRD spectrum of a mechanical mixture of Pd powder and silica gel after HTR. The assign-
ment of Pd;Si (and PdsSi) by Wysocki and Duwez (26) and nonindexed reflections by Réschel and
Raub (27). Inset, a part of XRD spectrum showing the vicinity of (111) reflection of Pd, intensity scale

lowered by factor of ca. 10.

Hydrogen Effect or Its Absence?

A Pd/SiO; catalyst, which is highly selec-
tive (toward isomerization) is produced
upon HTR ((1) and present results). Table 1
taken from Ref. (1) shows that the catalyst
reduced at 873 K for 17 h without flushing
with He is very selective but also not very
active. Flushing with He at 873 K for 1 h
produces a more active sample (activity
level judged from the reaction temperature
needed to obtain a similar level of conver-
sion). At the same time isomerization selec-
tivity decreases only slightly (85 vs 92%,
Table 1 in (7)). Prolonged duration of the
He flush at 873 K (6 or 17 h vs 1 h) seems to
increase the activity slightly but with no
significant decrease in the isomerization se-
lectivity (Table 2, this work). Thus, when a

HTR sample of Pd/SiO, was not flushed
with He at 873 K the effect of the treatment
with H, at 873 K appeared as a drop in
overall activity. However, in cases when
catalysts are flushed with inert at least for 1
h, as will be shown, retained hydrogen, if
any, does not influence kinetic results.

First, as was stated previously (1), O,
pulses introduced at 293 K onto a HTR
sample (flushed out with Ar at 873 K for 1
h) did not produce water. Whether or not
oxygen reacts with strongly bound hydro-
gen at 293 K is a problem which cannot be
solved here. However, Table 3 shows that
oxygen pretreatment of the HTR sample
‘‘regenerates’’ the catalyst to an extent
which is independent of the severity of the
O, treatment.

Second, TPD experiments carried out on



CHARACTERIZATION OF Pd/SiO,

two HTR samples which had been exposed
to different Ar flushing periods (1 or 17 h)
showed that both samples released only
one form of strongly bound hydrogen (peak
maximum at ca. 1130 K, Fig. 2). Let us
consider potential sources of hydrogen in a
Pd/SiO; catalyst which has been exposed to
HTR: OH groups, Si—H bonds, and hydro-
gen dissolved in the metal. The equilibrium
concentration of OH groups depends on the
temperature of hydrogen pretreatment of
silica and acquires the highest level for the
temperature range of 873-1173 K ((22), for
a modified chemical vapor deposition-made
silica). HTR might conceivably also cause
hydrogen dissolution in Pd particles (29)
and produce Si-H bonds (23, 24, 28). It
was shown that Si—-H bonds produced on
hydrogen uptake at 573 K dissociated at 873
K even in a H, atmosphere (28). Thus, it
seems safe not to consider any presence of
Si—H bonds in the catalyst after flushing it
with Ar at 873 K. The solubility of hydro-
gen in palladium under 760 Torr at 873 K is
rather low, H/Pd < 0.01 (29). Ar flushing at
the same temperature for 17 h, and also for
1 h, should further diminish this low level of
retained hydrogen in unsupported Pd sam-
ples. On the other hand, the amount of re-
leased H, during TPD exceeds considerably
the level expected for dissolution of H; in
Pd (H/Pd, = 1.2 for the shorter exposure to
Ar at 873 K and ca. 0.45 for the longer Ar
flushing). )

It is striking that both TPD spectra (Fig.
2) show one form of released H, with the
maximum at ca. 1130 K. This suggests that
hydrogen originates from only one source:
hydroxyl groups. Myers (28) showed that
hydrogen from dissociation of OH groups
(in Hy-treated silicas) appeared in the gas
phase at ca. 1073 K. The OH groups are,
naturally, more plentiful in HTR catalysts
which experienced shorter exposure to
flowing Ar at 873 K. However, it seems
doubtful that this strongly bound hydrogen
in the form of OH groups influences the cat-
alytic properties of a Pd/SiO, catalyst in the
sense of being a reservoir of hydrogen
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which could be further used in the reaction
of neopentane. As a matter of fact we
should rather expect quite the opposite
phenomenon: due to a ‘‘sucking” power of
highly dehydrogenated (and dehydroxyl-
ated) silica support our reaction mixture
(neopentane in excess of hydrogen) intro-
duced onto such a catalyst should become
poorer in hydrogen (formation of new Si—H
and O-H bonds at reaction temperatures of
ca. 550-580 K). Kinetic results confirm this
expectation. Figure 4 shows hydrogen pres-
sure dependences of rates of hydrogenoly-
sis and isomerization over the 0.76 wt% Pd/
Si0, catalyst reduced at 723 K for 3 h,
cooled in H; to ca. 540 K, and briefly evacu-
ated at 540 K. Here we deal only with the
“right-hand branches” of bell-shaped
curves, typical of hydrocarbon reactions
(12-14). This is an example of the hydrogen
pressure effect. Good straight-line relations
suggest that we worked at pressures of H,
considerably larger than that of Py, at the
maximum in the bell-shaped curve. On the
other hand, the H, pressure relations ob-
tained for HTR Pd/SiO; (Fig. 3) clearly in-
dicate that we approached conditions of rel-
ative deficiency of hydrogen (for interpreta-
tion of bell-shaped curves in the kinetics of
hydrocarbon reactions, see Paal et al. (12—
14, 30)). In this work we obtained negative
apparent energies of activation for the H,/
alkane ratio of 40/6 and 20/6 (values not
presented) for a HTR Pd/SiO,. This also
indicates a serious deficiency of hydrogen
(30).

Summing up, we are confident that
metal-support interactions and not
strongly held hydrogen are responsible for
modification of catalytic properties of Pd/
SiO, catalysts by HTR (followed by Ar
flushing at 873 K). In the next subsection a
possible character of these interactions will
be discussed.

Palladium—Silica Interactions Induced by
HTR

Our previous work (1) reports several in-
dications (XRD, IR spectra of adsorbed CO
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on a HTR sample) that the formation of pal-
ladium silicide species is feasible during
HTR. The very high isomerization selectiv-
ities (ca. 70%, Table 2, this work) resulting
from a longer period of flushing in Ar (17 vs
1 h) provides another important indication
that some change in catalyst morphology
rather than retained H, is primarily respon-
sible for the change in catalytic behavior.

For elucidation of the nature of the HTR
Pd/Si0; catalyst we shall make use of the
following information:

(1) Kinetic results collected for Pd pow-
der mixed with silica after LTR (573 K) and
after HTR (873 K) (Table 4).

(2) XRD spectrum of the catalytic mate-
rial studied in (1) (Fig. 5).

(3) The results of O, consumption by the
catalyst during O,/H, titration or O; chemi-
sorption. The rather peculiar course of O,/
H, titration (Fig. 1).

(4) Kinetic results collected for the Pd—
Ag powder (Table 4).

(5) Kinetic results with variously oxi-
dized HTR samples of Pd/SiO, (Table 3).

Let us start with the results showing the
interaction of Pd powder with SiO,. Table 4
shows that two HTR samples were more
selective for isomerization than the LTR
sample. Also very careful purging in He (at
873 or 773 K) of the LTR sample does not
produce a good isomerizing material. A
similar situation was found with the 0.76
wt% Pd/SiO, catalyst (Table 2). HTR at 873
K seems to be a prerequisite for obtaining
the highest selectivity for isomerization.

Let us compare the catalytic behavior of
two HTR powders (Table 4). The sample
designated as (a) (shorter Ar flushing) was
intentionally rather poorly mixed with sil-
ica, whereas in the case of the sample des-
ignated as (b) (Ar, 873, 22) the mixing was
performed as thoroughly as possible (with-
out using a mortar). Sample (a) was less
active and also less selective than sample
(b). This again speaks against any special
role of retained hydrogen in producing a
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high level of isomerization selectivity. In
our opinion, the extent of ‘‘mixing’’ of Pd
with SiO, determines the resulting catalytic
behavior. In sample (a) the overall catalytic
behavior was the resultant of the activity of
pure Pd and palladium silicide (this sample
was somewhat more selective than LTR
powder). Its activity, due to severe sinter-
ing of Pd, was low. On the other hand, sam-
ple (b) which was pretreated even more
drastically exhibited higher activity. The
better mixing of Pd with SiO, resulted in
better interaction of two components; in
this case the reaction of neopentane with
H, goes on palladium silicide.

After kinetic runs both samples ((a) and
(b)) were scanned on an X-ray diffractome-
ter and gave almost identical XRD spectra.
Figure 5 shows the XRD spectrum of sam-
ple (b). Among several phases it is easy to
find reflections originating from palladium
and the Pd;Si orthorhombic phase (26).
Thus we think that Pd, Pd;Si, and SiO, are
basic components of the HTR sample of the
mixture of Pd with silica. However, in the
case of sample (a), which was not properly
homogenized, it was easy to detect large
agglomerates of metal, whereas in the case
of sample (b) all resulting catalytic material
(after pretreatment) resembled rather
“dirty’’ silica with a tiny amount of small
Pd grains. After the XRD scan sample (b)
was sieved through a 230-mesh screen in
order to separate Pd grains from dirty sil-
ica. XRD analysis of both fractions re-
vealed that the metallic phase was pure Pd
whereas dirty silica, in addition to all palla-
dium silicide(s) peaks, exhibited also very
pronounced Pd reflections. Roughly esti-
mated from the (111) peak width, the crys-
tallite size of Pd is ca. 400 A. The crystallite
size of Pd;Si seems at least similar (it is
possible that one ‘‘silicide’” peak may
result from overlapping of a few peaks orig-
inating from other phases). Thus high tem-
perature reduction of Pd powder mixed
with silica produces a very extensive inter-
action between metal and silicon. Turning
our attention to the highly dispersed Pd/
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SiO, catalyst we would expect that the in-
teraction between the two components on
HTR would produce almost pure crystal-
lites of Pd;Si. The XRD spectrum of a 1.58
wt% Pd/SiO, was shown in Ref, (I). The
apparent (111) peak of Pd, because of its
very peculiar shape, could not be analyzed;
all its distortion might originate from the
presence of other phases. As a matter of
fact, even the presence of pure Pd peaks
might be questioned. EXAFS experiments
with the HTR sample of Pd/SiO, should
give a conclusive answer to this problem.

Table 2 shows that the HTR 0.76 wt%
Pd/SiO, flushed with He at 873 K for 1, 6,
or 17 h always exhibited a high level of
isomerization selectivity. LTR followed by
very long He flushing at 873 K also seems
to give some moderate increase in selectiv-
ity with respect to the level of 30%, which
has been somewhat arbitrarily taken as a
measure of a selectivity of highly sintered
Pd powder (without interactions) (Z, 2). On
the other hand, very long reduction (24 h) at
723 K followed by Ar, 773, 1 gives higher
selectivity levels. This recalls earlier con-
clusions of Moss et al. (19), who suspected
some interaction between Pd and SiO; even
at 723 K, because these samples were less
active in benzene hydrogenation than LTR
samples.

Now the question arises as to how to vis-
ualize a Pd/SiO, catalyst in the state result-
ing from HTR. XRD analysis showed the
presence of the Pd;Si phase. However, the
silicon content in the surface layer in this
phase may differ from 0.25, since Si segre-
gation to the surface of Pd-Si compounds
at moderate temperatures is expected (in
vacuum (31, 32)). Our earlier attempt to es-
timate the surface composition of a HTR
sample of 0.76 wt% Pd/SiO, (1) should be
treated with some reserve. O,/H, titration
(see Results) gave (O/Pd,), = 0.665. Be-
cause the same sample after ‘‘regenera-
tion”’ by oxygen (and LTR) adsorbed (O/
Pd,) = 0.29, then silicon should acquire
0.665 — 0.29 = 0.375. If we assume that one
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Si atom picks up two O atoms,? then the Si/
Pd ratio is equal to ca. 0.19. This would
suggest the presence of Pd,Si. However, if
oxidation (at 293 K) is limited to the surface
of palladium silicide then the oxygen bal-
ance should be counted differently. Be-
cause the fraction exposed after regenera-
tion is H/Pd, = 0.29 (Table 1), then the ratio
of surface Si-to-surface Pd should be 0.19/
0.29. Such a calculation was performed in
Ref. (1) suggesting that the palladium sili-
cide was Pd,Si.

Figure 1 shows the unexpected course of
O,/H; titration of the HTR sample. The
second and third pulses of O, were con-
sumed to a greater extent than the first one.
This suggests some acceleration of oxida-
tion after passing the first pulse. O,/H, ti-
tration of the LTR sample (not shown) does
not exhibit such a behavior (only gradual
decrease of O, consumption). It may sug-
gest that the attack of oxygen meets ini-
tially some difficulties. If Si—H bonds are
sufficiently strong not to be dissociated by
molecular oxygen at 293 K, then we need
some patches of free Pd (or Pd-Si) surface
for accommodation and dissociation of ox-
ygen molecules. Then atomic oxygen may
readily react with Si—-H bonds producing
water and SiO,. That initial *‘slow’’ oxygen
uptake is not likely caused by inherent ki-
netics of silicon oxidation, i.e., due to dif-
ferences in the rates of formation of dif-
ferent silicon oxides. It is known that
oxidation of Ni silicides at room tempera-
ture proceeds via two-step process kinet-
ics, in which the first step is faster than the
second one (33). Oxidized silicon species
(as SiO,) should be located on top of Pd
atoms (34). Apparently its presence modi-
fies catalytic properties: regeneration by O,
(Table 3) brings more selective catalysts
than LTR samples. No matter how drastic

3 A less oxidized silicon species (Si,0O, SiO, and
Si,0,), although possible as transient species, should
not stay after the applied oxygen exposure (Ref. (33),
our exposure ca. 10® L (= Langmuir (unit of exposure,
1L = 1075 Torr - S))).
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Fi1G. 6. Model of interactions between palladium and silica during HTR and ‘‘regeneration’” of a
HTR Pd/SiO, catalyst (by oxidation followed by LTR).

oxidation is applied, its result is always
very similar (Table 3).

The result of XRD analysis of both
sieved fractions of the mechanical mixture
of Pd with SiO,, especially the absence of
silicide in the Pd-like fraction, suggests that
the formation of silicide species by trans-
port of silicon containing species (silane,
Si0, SiO; ?) to Pd by gas or solid phase is
unlikely. It is known that Pd easily diffuses
through a 20-A layer of SiO, to the silicon
layer at moderate temperatures in order to
form silicides (35, 36). The mechanism of
Pd transport is via oxygen vacancies which

are always present in a defective SiO, mate-
rial (32). In our case silicon atoms in the
vicinity of such vacancies (produced by de-
hydroxylation and HTR) would be bonded
to H atoms. However, Si-H bonds are
rather weak at 873 K (28); thus, H atoms
should be easily replaced by incorporating
Pd species. A somewhat simplified situa-
tion on a Pd/SiO, catalyst showing HTR
and regeneration by O, is presented in Fig.
6. This mechanism includes some steps in-
volved in silicide formation from metal and
silicon and silicide oxidation (encapsula-
tion) suggested by Nuzzo and Dubois (37).
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Somewhat less clear are initial steps of the
mechanism. We do not even know what Pd
species are captured in anion vacancies: at-
oms or, more probably, ions which owing
to smaller size could more easily penetrate
the bulk of defected SiO;.

Finally, it should be mentioned that the
very high isomerization selectivity in the
reaction of neopentane on HTR samples of
Pd/SiO, and the mixture of Pd with SiO,
results from a considerable suppression of
hydrogenolysis. It is known that the rate of
alkane hydrogenolysis reactions is mark-
edly lowered when Pd (or other Group VIII
active metal) is alloyed with an inert ele-
ment (e.g., Pd—Au (25)). Isomerization suf-
fers with alloying much less than hydroge-
nolysis, because the first reaction requires
much smaller active ensembles (38). Two
experiments with Pd-Ag (35:65) alloy
powder confirm again this expectation (Ta-
ble 4). Apparently, both silicon and silver
species make the surface of palladium more
selective for isomerization.
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