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Two series of pumice-supported palladium catalysts (W and U)
have been tested in the liquid-phase selective hydrogenation of 1,3-
cyclooctadiene (1,3-COD) to cyclooctene (COE). The two series
of catalysts, obtained via organometallic precursors, differ in the
preparation procedure. In the W series the reduced metal derives
only from Pd intermediates anchored to pumice; in the U series
the metal originates also from unreacted Pd(allyl), species in solu-
tion. The U catalysts present agglomerated metal particles. The
hydrogenations, free of any diffusion problems, were performed
at constant pressure of hydrogen (1 atm). Analysis of the data
suggests that the rate-determining step is a surface reaction involv-
ing activated 1,3-COD. Selectivity is very high since cyclooctane
(COA) is detected only when all 1,3-COD is consumed. The turn-
over frequencies (TOF,) of the first semihydrogenation do not
change with palladium dispersion, determined from the Porod
diameter D, up to D, < 35%, but thereafter they slowly decrease.
Experimental evidence, such as the absence of oxidation when
exposed to air and the negative shift of binding energy of the Pd
3d level in XPS measurements, indicate a different behavior of the
present catalysts in comparison with other supported palladium
catalysts. These differences are attributed to the presence of alkali
metal ions (Na*, K*) on the pumice surface and are explained on
the basis of the change in electron density and/or in the ensemble
size of the supported palladium. Several interesting features and

differences in activity and selectivity between the two series of

catalysts can be accounted for by the presence of agglomerated
palladium particles in the U series and are discussed in terms of

the evolution of parameters with dispersion. © 1994 Academic Press, Inc.

1. INTRODUCTION

Selective hydrogenation of alkynes and alkadienes is a
process used for the purification of alkenes in the petro-
chemical industry (1). Extensive and comparative studies
(2) on catalysts based on group VIII metals have proven

! To whom correspondence should be addressed.

that palladium is the most active and selective metal in
these hydrogenations.

Several studies on the hydrogenation of alkynes to al-
kenes (3-5) as well as of alkadienes to alkenes (6, 7) over
palladium supported on alumina or silica or carbon have
shown a marked sensitivity to particle size variation (8).
In fact, an antipathetic dependence (9), i.e., a decrease
in the specific activity with increasing Pd dispersion, is
usually found.

The continuing quest for purer products has addressed
the attention of researchers to find more selective pro-
cesses, and further progress has been achieved by using
bimetallic palladium catalysts (1, 5, 10) and/or liquid
phase hydrogenation (10). So far the characteristics of the
support have not received much attention. A series of
studies involving characterization and surface and struc-
tural analyses of pumice and pumice-supported palladium
and platinum catalysts have been published (11-17).

Pumice from different caves in Lipari, Italy, after treat-
ment with dilute HNO,;, shows reproducible features.
XPS analyses on Pd and Pt catalysts supported on pumice
(15) determined a negative chemical shift in the Pd 34 and
Pt 4f binding energies relative to energies of the same
levels in the pure metals, suggesting an increase in elec-
tron density in the supported metals. The electron dona-
tion to the metal has been confirmed by comparing the
XPS spectra of the valence band and the X-ray excited
OKLL Auger transition of the pumice-supported Pd and
Pt catalysts with those of pumice alone (16). Moreover,
stacking faults in the palladium particles supported on
pumice were detected by wide-angle X-ray line-broaden-
ing (WAXS) as previously reported (11-13). The presence
of stacking faults can be attributed to the interaction with
the support or, more likely, to the chemical preparation
(18). Therefore it is possible that these planar defects are
a general feature of other supported catalysts prepared
under very mild conditions.
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The above outlined structural and electronic character-
istics could be correlated with the interesting behavior
that palladium supported on pumice shows when used as
a hydrogenation catalyst.

In this paper we report a Kinetic study of the selective
hydrogenation in liquid phase of 1,3-cyclooctadiene in the
presence of pumice-supported palladium catalysts. The
catalytic activities were calculated as turnover frequen-
cies (TOF), on the basis of palladium dispersions (percent-
ages of exposed Pd atoms), Dy, obtained by the small-
angle X-ray scattering (SAXS) technique, as described in
the previous paper (Part 1) (13).

For comparison purposes we report, for three catalysts,
also the metal dispersion, Dy, obtained by chemisorption
with H, followed by H,-0O, titration.

2. EXPERIMENTAL

Two series of catalysts (W and U) were prepared and
their dispersions Dy determined following the procedures
outlined in Part I (13). Furthermore, the dispersion D, of
the catalysts W,, W, and W, was determined by chemi-
sorption of H, and H,-O, titration in a pulse system. An
unusual stoichiometry has been considered

4Pd + 2H, — 4 PdH 4PdH + O, — 4Pd + 2H,0

since no formation of PdO has been detected in the titra-
tion with oxygen. Moreover, no desorption peak is found
in thermal desorption experiments experiments of Pd
catalysts exposed to air for a long time (18), and no
change is noted in their XPS spectra. Therefore, the ratio
H,/0, > 2 is indicative of partial dissolution of H, in Pd
and the D, values here reported are corrected to account
for this well-known phenomenon in palladium catalysts
(19).

1,3-Cyclooctadiene (1,3-COD) and cyclooctene (COE)
(Aldrich) were purified by fractional distillation from po-
tassium, passed over activated alumina and stored at
—5°C under dinitrogen. Purity was tested by GC analysis.
THF distilled from LiAIH, was distilled from potassium
under dinitrogen just before use.

The hydrogenations of 1,3-COD and COE were per-
formed in a stirred tank reactor similar to that described
by Santacesaria and co-workers (20), operating in batch
conditions. The stirrer develops very high gas-liquid in-
terface areas. A side arm closed by a silicone septum
allowed olefin injection and withdrawal of the samples for
GC analyses. The reactor was connected by stopcocks
to a vacuum line and to a gas adsorption system operating
at atmospheric pressure of hydrogen. Temperature was
maintained constant (25 * 0.1°C) with the aid of a ther-
mostat,

The dependence of the catalytic hydrogenation rate on
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FIG. 1. Dependence of the catalytic hydrogenation rate on stirring
for the W, catalyst.

stirring rate was determined for the most active catalyst
(Fig. 1) and all reactions were performed at a constant
stirring of 2500 rpm.

In all the experiments the molar ratio olefin/palladium
(olefin = 1,3-COD or COE) was 5000:1 and the olefin
concentrations in THF were 0.25 M. Figure 2 shows that
the hydrogenation rate for the most active catalyst is pro-
portional to the amount of catalyst. Therefore in our sys-
tem diffusive effects are absent and a chemical surface
reaction is the rate-controlling step (21). After the hydro-
genation reactions, the catalysts retained the same ac-
tivity.

Before starting the reaction, the catalyst-THF system
was kept for 2 h under hydrogen or half an hour with the
diene with vigorous stirring. From now on these time
periods are called ‘‘hydrogen preconditioning’ and
‘‘diene preconditioning’ periods, respectively. Kinetic
analyses were performed by a GC, Dani 3800 HR PTV
equipped with a Supelco capillary column SPB1701 and
by a DANI 68/10 FID detector. The system was linked
to a Shimadzu C-RIB Chromatopac automatic integrator.
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FIG. 2. Dependence of the rate constant k, (percentage 1,3-COD
transformed per minute) on catalyst amount for the W, catalyst. Solvent
volume and 1,3-COD concentrations were kept constant.
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TABLE 1

Elementary Steps (S) and Mechanisms (M) for the Reaction
1,3-COD + H, = COE*

S, = H, + 2* @ 2H* M =8-S +S5+5

S;=H, + *s H* M,=S,-S+85;,+ S

S, = 1,3-COD + * 2 1,3-COD* My=S,+S,+8,

S, = 1,3-COD* + H, & COE* M,=S,+S+85

S¢ = 1.3-COD* + 2H* = COE* + 2* Mc=S8,-S5+8,+8;,+8S,
S = 1,3-COD* + H,* @ COE* + * Mg=S+5+§S,

S, = 1,3-COD + 2H* 2 COE* + * M;=8 +S8-8§+S8+S
S = 1,3-COD + H,* 2 COE* Mg=S, +S+8+8

S, = COE* 2 COE + * My=S,+S,+ 8 +S,

¢ x represents a catalytic site and X* a chemical species X adsorbed
on the same site.

The results obtained in repeated experiments showed de-
viations less than 5%.

3. RESULTS AND DISCUSSION

As discussed in the previous paper (Part 1) (13), the
low specific surface area (about 5 m?/g) of pumice in-
creases the efficiency coefficient of a supported metal
catalyst and minimizes the effects of mass and heat trans-
fer (22) referred to intraparticle diffusion so that a study
of the catalyzed reaction can be performed on the basis
of a pure chemical regime, when other diffusion processes
are not operative. Figures 1 and 2 show that in our experi-
ments a chemical regime is operative and therefore draw-
backs from transport of reactants (hydrogen and cyclooc-
tadiene) and products (cyclooctene and cyclooctane)
are overcome.

A possible reaction mechanism for the catalyzed reac-
tion was obtained following a procedure similar to that
employed by Happel and Sellers (23). We determined, by
a Fortran program developed by us, the possible pathways
for the catalytic hydrogenation of a diene (1,3-COD) to a
monoene (COE), neglecting further hydrogenation of
COE to cyclooctane (COA) and excluding isomerization
of 1,3-COD. These conditions are correct since selectivity
remains 100% until all the 1,3-COD is consumed.

With reference to Table 1, the possible reaction steps
(S) for the catalyzed reaction 1,3-COD + H, s COE
give rise, according to Happel and Sellers (23), to nine
algebraically possible mechanisms (M). Among the re-
ported mechanisms only M;, My, My, Mg and Mg are
reasonable. In the others, a logical sequence of steps
cannot be found. Five concurrent mechanisms are sug-
gested also by application of the Horiuti~Polanyi equation
(24), modified according to Temkin (25),

P=§S+W-/J,
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Here P is the number of basic rates (or mechanism), S
the number of stages (or steps), W the number of balance
equations, and J the number of intermediates. In our case
S =9, W =1, and J [the cataytic site (*) and the surface
adsorbed species (X*)] is 5. Therefore it follows again
that there are five basic routes (or mechanisms (P = 3)
which concur to the hydrogenation of 1,3-COD to COE.
Since diffusion processes have been eliminated, as
pointed out above, the following are the rate-determining
steps in the selected mechanisms:

(@ 1,3-COD* + H, = COE* (M,)
(b) Hy* + 1,3-COD = COE* (M,)
(c) 2H* + 1,3-COD = COE* + * (M)
(d) 1,3-COD* + 2H* = COE* + 2* (M)
(e) 13-COD* + H,* = COE* + *  (M,)

At a constant pressure of H,, the rate-controlling steps
(a), (d), and (e) are indistinguishable. Since dehydrogena-
tion of COE* is unlikely, the differential form

_dC]l::,/dt = k01‘3 (])

accounts well for the hydrogenation rate: 4 is a constant
that depends only on the pressure of H, and 8, ; is the
fractional occupancy of active sites by 1,3-COD. Accord-
ing to Langmuir-Hinsehelwood-type kinetic behavior,
6, ; can be expressed (21) as

8,5 = (k 3¢, )/ + k40,5 + kpcp)
_ . 4 . 2
=1 3/(1/ky 3+ ¢ 5+ Ocg)
where c| ; represents the 1,3-COD concentration in the
liquid phase, k, ; and kg are the adsorption constants on
the catalyst surface, respectively, for 1,3-COD and COE,
Q = kgl/k, 5, and cg is the concentration of COE in the
liquid phase.
The selectivity S(%) of the hydrogenation of 1,3-COD

S(%) = 100(mol COE)/mol 1,3-COD converted

is always 100, and assuming a unitary initial concentration
of 1,3-COD, cg = | — ¢, and (2) becomes

013 = ¢ /[Vkis + ¢35+ QU — ¢ 3)]. (3)

Substitution of Eq. (3) in Eq. (1) and integration give
the equation

t=10 - X1 = ¢3) = (Q + Vk3) Inc )tk (4)
which has been used to fit the experimental data (¢ vs ¢, 3)

using Q, k, and 1/k,; as nonlinear parameters. Since,
however, 1/k, ; is about two orders of magnitude lower
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FIG. 3. Percentage of 1,3-COD transformed vs time for the W, (®),
U, (@), and W, (A) catalysts. The solid lines correspond to the fitted
theoretical values calculated with Eq. (4°).

than Q and the fitting gives an error for 1/k, ; larger than
one order of magnitude of its own value, we have ne-
glected this term in Eq. (2):
03 = c15/(c15 + Qcg). 2"
This simplification, already applied in other liquid-phase
hydrogenations when the catalyst surface is always cov-
ered by reactants (26), is suitable in our study especially
in the case of ‘‘diene preconditioning.”’ Consequently,
the new integrated equation
t=1 -0 - c3)— Qlnc )k 4"
was used to fit the experimental data (¢ vs ¢ ;) using Q
and k as nonlinear parameters. Theoretical curves ob-
tained with Eq. (4’) fit quite well the experimental points,
as shown in Fig. 3 for the hydrogenation of 1,3-COD with
W,, W,, and U; catalysts when ‘‘diene preconditioning’’
is performed. Data for the other catalysts are reported
in Table 2 together with relevant structural data. From
inspection of the curves in Fig. 3 it appears that the reac-
tion follows a zero-order kinetic behavior up to relatively
high extents of conversion (pseudo-zero-order kinetics),
depending on the value of @ (21).
We have also considered the possibility that (b) and (c)
were the rate-controlling steps. However, the analysis
according to first-order kinetics,

_d(']‘:;/dt = kIC]J’

which accounts for mechanisms M, and M, does not
give curves that fit the experimental data, suggesting that
adsorption of 1,3-COD on the surface is relevant to our
reaction. This is not surprising since when hydrogenation
of 1,3-COD was performed with hydrogen precondition-
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ing, an induction period was always detected. After this
time, probably to form surface activated 1,3-COD, hydro-
genation proceeds at a rate simmilar to that of diene pre-
conditioning. A similar induction period is obtained by
concomitant introduction of both 1,3-COD and H,.

When ‘‘diene preconditioning’’ is settled, i.e., the sur-
face is covered by the organic reactant, the conditions
for hydrogenation of 1,3-COD via mechanisms M; and
M, require the formation of activated surface hydrogen
(H,* or H*). The absence of an induction period does
not rule out the possibility that very rapid activation of
hydrogen occurs on the surface. In fact, since 1,3-COD
is a large molecule, even at full coverage as in the case
of “‘diene preconditioning,”” hydrogen can find some ac-
cess to the palladium surface. In a similar study preformed
with pumice-supported Pd—Pt catalysts (27), owing to the
reduced rate of hydrogenation of 1,3-COD, an induction
period was also detected with “‘diene preconditioning,”
suggesting that molecular hydrogen has no great influ-
ence, if any, in the rate-controlling step of the hydrogena-
tion of 1,3-COD. Although we have no indication, we
think that the rate-controlling step (d) is more probable
than (e) and, accordingly, that My should be the mecha-
nism of choice.

In Fig. 4 the turnover frequencies (TOF,) for the hydro-
genation of 1,3-COD to COE (the turnover frequencies
relative to the hydrogenation of COE to COA will be
labeled, from now on, TOF,) are reported vs Dy. It is
interesting to note (Table 2) that the Dy values are similar
(even if systematically lower) to the corresponding D,
values. The slightly lower hydrogenation rate of the U
series of catalysts may be attributed, at least in part, to
agglomeration. This occurrence has been documented by
TEM micrographs (13) and is indicative of some accumu-
lation of the metal not anchored to the hydroxyls of
pumice during the reduction. Since the SAXS determina-
tion does not distinguish agglomerated particles (28, 29),
the dispersion of the unwashed catalysts, calculated by
SAXS, could be overestimated with respect to that of the
washed catalysts, thus accounting for the reduced TOF,.
Owing to the errors in TOF, and Dy measurements, TOF,
can be considered invariant, with dispersion increasing
up to D, < ~35%, for both W and U series catalysts. At
higher dispersions TOF, starts to decrease slowly.

The hydrogenation of dienes with other conventional
supported Pd catalysts (Pd/Al,O;, Pd/Si0,, and Pd/C),
in both liquid (3, 6) and gas (7, 30) phases, shows a drastic
decrease in the specific rate of hydrogenation on increas-
ing dispersion from 20-25% to higher values. These re-
sults have been explained (3, 6, 30) by a higher strength
of adsorption of the diene on the small particles. Support
for this interpretation is provided by XPS data which
show an increase in the binding energy in the 3d core
level of small Pd particles supported on alumina or silica
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TABLE 2

Structural and Kinetic Data for the Catalysts Investigated

Pd Dy Dy D ke ko *d ky* k¢ TOF, TOF,

Catalyst (%) (A) (%) (%) (min~") (mol/g) (min~1) (mol/g) ki/ky or (Ch] (sH
U, 0.114 24 47 nd.  03647) 325 x107* 1.8 x 107" L6 x 1077 2022  0.152) 64.5 3.2 x 1077
U,/ 0.27 31 36 nd.  0.3503) 7.40 x 107 1.7 x 107 3.6 x 1077 2011 0.21(3) 81.0 3.9 x 1072
U,/ 1.14 50 22 nd.  0.2203) 196 x 1073 1.2 x 107* 1.1 x 10™® 1833  0.29(1) 83.3 4.5 x 1072
U,/ 2.42 73 15 nd.  0.152(4) 288 x 1077  1.0x 10 1.9 x 10® 1520 0.45(7) 84.4 5.6 x 107!
W, 0.05 18 62 nd.  0.24(1) 939 X 1005 29 x 107* 1.1 x 1077 827  0.16(2) 32.3 3.9 x 1072
W, 0.2 22 51 nd.  0.384) 5.95 x 107 2.6 x 107 4.1 x 1077 1461  0.17(4) 62.1 4.2 x 1072
W, 0.108 29 39 41 0.40(6) 338 x 1074 29 x 107 25x 1077 1379  0.18(1) 85.4 6.2 x 1072
w,f 0.39 35 32 nd. 03382 1.03x 107 27x 107  82x 107 1251  0.20(3) 88.0 7.0 x 1072
w,f 0.61 35 32 nd.  0343(1) 163 x 1077 28 x 1074 1.3 x 10 1214 0.21(2) 89.5 7.3 x 1072
w/ 0.86 40 28 nd. 0312 202 x 1073 26 x 100 L8 x 107% 1153  0.26(1) 91.3 7.7 x 1072
Wy 0.37 50 22 29 0.24(1) 6.96 x 107 2.1 x 107 6.1 x 1077 1143 0.34(6) 90.9 8.0 x 1072
W, 1.05 81 14 20 0.15(4) 1.23 x 107* 1.9 x 10™* 1.6 x 107 790 0.44(5) 89.4 1.1 x 107!

4 Porod diameters determined by SAXS, from which the metal dispersions D, were obtained [see Ref. (13)].
b Palladium dispersions obtained by chemisorption with H,, followed by H,-0, titration.
¢ Parameter obtained by fitting Eq. (4') to the experimental data (¢ vs ¢ ;).

4 Hydrogenation constant referred to grams of catalyst.

¢ Initial slope of the COE concentration in the COE-to-COA hydrogenation.
I For the complete microstructural features of these catalysts, see the previous paper (Part 1) (13).

(31-34) and carbon (35) with respect to pure Pd powder.
As a consequence of the lower electron density on the
metal, the strength of the adsorption of electron-rich
dienes should increase, and accordingly, the hydrogena-
tion rates should decrease (3, 6, 30).

Although dispersion values obtained by different tech-
niques can be different, there is other evidence that
pumice-supported Pd catalysts behave differently than
other supported Pd catalysts. As mentioned in the Intro-
duction, our XPS studies on pumice-supported palladium
catalysts have shown a decrease in the binding energy
(15) in the Pd 3d core level with respect to pure Pd,

60
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FIG. 4. Dependence of turnover frequencies (TOF)) on dispersion
Dy for the hydrogenation of 1,3-COD to COE. Catalysts: washed (@),
unwashed (H).

suggesting a donation of electron density to the supported
metal. This occurrence has been confirmed by comparing
XPS spectra of the valence band region and OKLL Auger
spectra of the pumice-supported Pd catalysts with those
of pumice alone (16). Based on previous XPS studies of
Pd supported on silica doped with alkali metal ions (36),
this effect could be due to small amounts [turning out to
be about 3% of the surface atoms (14)] of ionic alkali
metals still present even after treatment of pumice with
dilute HNO, (13). An electron-donating alkali metal-oxy-
gen composite could account for the increased electron
density on the supported metal (36).

Assuming comparable dispersions of palladium sup-
ported on the different oxides, the maintenance of a con-
stant value of TOF, at D, > 20% in the hydrogenation of
1,3-COD to COE with our catalysts could be a conse-
quence of the increasing electron density on the metallic
particles, which reduces the strength of the diene-metal
interaction. Analogously, increased activity and selectiv-
ity in the hydrogenation of acetylene to ethylene have
been found for Pd/AlQ; catalysts doped with potassium
(37). Although our previous XPS studies (15) were not
directed to find a correlation between particle size and
shift in the binding energy of Pd 3d core level, it seems
reasonable that the transfer of electron density from the
support to the metal is more pronounced in smaller parti-
cles. The enhanced electron density could be counterbal-
anced by the well-known decrease in the metallic charac-
ter of supported Pd particles (8, 31-34) as their size
decreases to less than about 20~30 A. Ryndin et al. (31,
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FIG. 5. Dependence of turnover frequencies (TOF,) on dispersion
Dy for the hydrogenation of COE to COA. Catalysts: washed (@),
unwashed ().

35) found by XPS a decrease in electron density for parti-
cle sizes smaller than 30 A. The constant value of TOF,
shown in Fig. 4 could be the outcome of the above outlined
opposite trends, and the slow decrease in activity at
Dy > 35% could be indicative of an insufficient supply
of electron density on the metal to counterbalance the
decrease in the metallic character.

Moreover, the transfer of electron density from the
support to the metal can drive alkali metal ions onto palla-
dium. In this case, an alternative explanation of the invari-
ant TOF, up to Dy < ~35% could be linked with the
presence of Na* and K* which decrease the Pd ensemble
size (38), giving optimal adsorption of 1,3-COD. At pres-
ent we cannot exclude that our catalysts will exhibit an
increase in electron density with increasing dispersion; in
such a case the decrease of TOF, could be ascribed to
too high an electron density on the metal or to excessive
coverage of the Pd crystallite surface by Na* and K™.
Both situations would account for the reduced hydrogena-
tion rate of 1,3-COD at Dy > 35%.

To the best of our knowledge, only one case of hydroge-
nation of 1,3-COD has been reported using Pd on a syn-
thetic vitreous support (39) as catalyst. Our catalysts ap-
pear to have an activity at least one order of magnitude
higher; however, the magnetic stirring used in the above-
cited work could, at least in part, be responsible for the
lower rate.

In the second semjhydrogenation (COE — COA) the de-
crease in activity (TOF,) with increasing dispersion is evi-
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dent for both the W and U series of catlysts (Fig. 5). The
difference between the corresponding curves, which is
higher than for TOF,, becomes lower and lower with in-
creasing dispersion, confirming the diminished probability
of formation of agglomerated metal particles in the U series
when diluted solutions of diallyl palladium are used in the
preparation of the catalysts. The turnover frequencies
TOF, (Table 2) are about three orders of magnitude lower
than TOF, . Furthermore, there is no difference in the rate
of direct hydrogenation of COE or of the monoene originat-
ingfromthe hydrogenationof 1,3-CODinthe samereaction
vessel. Asmentioned before, the selectivity of the hydroge-
nation of 1,3-COD is 100% until all 1,3-COD is converted
and this remarkable behavior is mostly attributable to the
low activity of our catalysts in the hydrogenation of mo-
noene. It is, however, interesting to follow the evolution
of k,/k, (selectivity ratio) with dispersion (Fig. 6). A net
maximum is found at Dy ~ 45% but the selectivity ratio is
always betterinthe U series. Theseresults are remarkable,
especially if compared with other trends obtainable from
the data listed in Table 2. Palladium catalysts are known to
be the most selective in the hydrogenation of dienes (2, 10)
and, among the various interpretations of this behavior, the
higher ratio of adsorption of dienes vs monoenes appears
convincing (40).

In the two series of catalysts, k,/k, vs O (the adsorption
constant ratio kg/k, ;) (Fig. 7) follows two different lines,
with comparable slope. Again k,/k, is more favorable in
the U series. However, the variation of Q with dispersion
appears to be independent of agglomeration phenomena

2t

0 10 20 30 40 50 50 70

D, X%

FIG. 6. Dependence of selectivity ratio (k,/k,) on dispersion Dy.
Catalysts: washed (@), unwashed ().
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FIG.7. Dependence of selectivity ratio (k,/k.) on the ratio of adsorp-

tion constants (Q = kg/k, 3.cop) of cyclooctene and 1,3-cyclooctadiene.
Catalysts: washed (@), unwashed (H).

(Fig. 8), suggesting that the difference in activity and
selectivity in the two series of catalysts reported here is
linked to different strengths of adsorption. This observa-
tion is most likely to be explained in terms of different
electron density on the supported metal. The U series is
expected to be less influenced by any transfer of electron
density, because some of the agglomerated particles are
not in direct contact with the support.

4. CONCLUSIONS
Kinetic analyses of the hydrogenation of 1,3-COD to
COE in the liquid phase over a series of pumice-supported
palladium catalysts have suggested that the surface re-
action
1,3-COD* + 2H* « COE* + 2*

is very probably the rate-determining step.

0.6

0.5

0.2

Dx, %

FIG. 8. Dependence of the ratio of adsorption constants (Q = kg/k, ;.
cop) of cyclooctene and 1,3-cyclooctadiene, on dispersion Dy . Catalysts:
washed (@), unwashed (H).
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The experimental data are in accord with a zero-order
reaction up to very high conversion as shown by fitting
the equation

—dc, /dt = ke y/{cyy + Q1 — ¢)5)]

with the experimental data.

The high selectivity [$(%) = 100 up to complete conver-
sion of 1,3-COD] is due to a very low hydrogenation rate
of the second process COE + H, =2 COA.

The same low rates are obtained in the direct hydroge-
nation of COE on the same catalysts.

The invariance of TOF, with metal dispersions up to
about 35% is attributed to an enhanced electron density
on the metal. This effect, which was detected by XPS
(15) and Auger (16) studies, should decrease the strength
of the adsorption of the electron-rich dienes on supported
Pd, thus favoring its hydrogenation rate. A plausible ex-
planation of the transfer of electron density on the metal
is provided by the effect of alkali metal ions present on
the pumice surface. Indeed, a similar electronic effect has
been evidenced by XPS for Pd supported on SiO, doped
with alkali metal ions (36). The decrease in TOF, with
dispersion which occurs for Dy > 35% can be related to
the dominant effect of the progressive loss of metallic
character or to a too high an electron density on the metal,
on decreasing the crystailite sizes. The range of good
activity in the pumice-supported Pd catalysts seems to be
larger than that of Pd on other conventional supports.
Although further investigation must be performed to con-
firm these conclusions, it is likely that pumice behaves
as a natural alkali-doped support and Pd on pumice may
be of some utility in selective hydrogenations used for
the purification of alkene compounds.
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