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Pd(OOCCHj3),, PdCl,, and Pd(NH3)4Cl, were used to study the
influence of palladium precursors on structural properties and phe-
nol hydrogenation characteristics of Al,O3- and MgO-supported
palladium catalysts. Palladium dispersion as well as phenol con-
version is higher over MgO-based catalysts with the respective
palladium precursors. Pd(OOCCH3), shows good metal disper-
sion and phenol hydrogenation activity over both of the supports.
Pd(NH3)4Cl; leads to lower dispersion of Pd, probably due to the
presence of inherent NH3 (a reducing agent) and facile surface mo-
bility of the precursor. The presence of chlorided Pd species in re-
duced Pd/Al,QO3, originating from precursor PdCl,, was confirmed
by UV-visible spectroscopy. The initial activity of phenol hydro-
genation is directly proportional to the palladium area over the
catalysts prepared with Pd(OOCCH?3); and Pd(NHS3)4Cly; the activ-
ity shows a negative deviation over the catalysts originating from
PdClI,. Palladium precursors do not have a significant influence
on the distribution of products. Al,Oz-based catalysts are totally
selective for cyclohexanone production, whereas MgO-based cata-
lysts, along with cyclohexanone, produce cyclohexanol as the mi-
nor product. A comparison of the product distributions and the
overall conversion of phenol over the MgO-based catalysts reveals
that changes in product selectivity cannot be attributed merely to a
change in the conversion level and also that one product does not
form at the expense of another. Al,O3-based catalysts show initial
deactivation, while MgO-based catalysts show strong resistance to
deactivation. (© 2000 Academic Press

Key Words: palladium precursor; supported palladium; residual
chlorine; phenol hydrogenation; structure—activity relationship.

1. INTRODUCTION

Palladium occupies a special place among those tran-
sition metals that are commonly used as heterogeneous
catalysts. An excellent review of palladium catalysts was
presented by Karpinski (1). Catalysis on supported, un-
supported, and electron-deficient palladium and structure—
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activity correlations with some specific examples are cov-
ered in that review. Even though chemists generally recog-
nize the versatility of palladium in hydrogenation reactions,
an explanation of its “magic” catalytic properties, however,
is still far from being satisfactory (2). The catalytic behav-
ior of a supported metal depends strongly on the variables
involved in preparation and pretreatment. The metal pre-
cursor is such a variable. In a supported metal catalyst, dis-
persion of the metal depends strongly on the precursor-
support interaction as well as on the size of the precursor.
A fragment of a precursor attached to the active compo-
nent (e.g., CI™ in the case of chloride salt as precursor),
being residual after pretreatment, can also influence the
properties of the catalyst support and/or of the active com-
ponent. To be precise, the precursor plays a considerable
role in shaping the properties of the final catalyst. In recent
years there have been a number of attempts to solve the
problem of preparing palladium catalysts using different
precursors (3-12), but the chemistry of the precalcination—
reduction steps is still not fully understood. For example, it
is known that residual chlorine from chlorinated precursor
has an effect on the catalytic properties (7, 10-18). How-
ever, the exact state and role of residual chlorine are not
fully understood. Ali and Goodwin (10) used PdCl, and
Pd(NO3), as precursors for supported Pd catalysts to study
CO hydrogenation; the precursor did not seem to affect Pd
dispersion. However, they found that PdCl,-based catalysts
were more active than Pd(NO3),-based catalysts. Sepulveda
and Figoli (11), in their study of styrene hydrogenation over
supported Pd catalysts originating from amine complexes
of PdClI,, Pd(NO3),, and Pd(Ac),, observed a clearly toxic
effect of residual chlorine. However, they did not deter-
mine whether the chlorine is in the Pd particles. Sales et al.
(12) observed chlorinated Pd speciesin a PdCIi‘—based Pd-
Sn/Al,O3 catalyst, even after calcination in air at 773 K.
However, no study has been made of the sample after re-
duction. Bozon-Verduraz et al. (18) made XPS measure-
ments which revealed the presence of surface complexes,
involving palladium and chlorine, in reduced supported Pd
catalysts. However, they omitted the usual calcination step
in the pretreatment sequence. Further studies are required
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to understand the exact state and role of residual chlorine.
Comparative studies using inorganic and organic salts of
palladium as precursors are also limited. Our study is con-
cerned with the attempts to find solutions to the above-
mentioned problems.

The vapor-phase hydrogenation of phenol to cyclohex-
anone is an important industrial reaction for the produc-
tion of caprolactam, a monomer used in making Nylon-6.
Cyclohexanone is produced catalytically either by oxida-
tion of cyclohexane or by hydrogenation of phenol. Oxi-
dation of cyclohexane on a large scale requires high tem-
perature and pressure. It is very likely that the process will
lead to other undesirable oxidation products. This in turn
would lower the product yield and complicate the recov-
ery and purification stages. In the hydrogenation of phe-
nol, cyclohexanone can be generated in a one- or two-step
process. In the latter case, phenol is first hydrogenated to
cyclohexanol, and that is then dehydrogenated, in the sec-
ond step, to cyclohexanone. Replacing the two-step pro-
cess by a single step is advantageous, because it eliminates
the cyclohexanol dehydrogenation step, which is highly en-
dothermic. The importance of the reaction isreflected in the
number of patents and publications devoted to it (19-40).
The reaction has been studied over a range of palladium-
based (22-33) and platinum-based (27, 34-38) catalysts.
There are also reports of the reaction over rhodium (36)
and nickel (39, 40) catalysts. The influence of process vari-
ables such as reaction temperature (24, 27-30, 32, 36, 39),
time (23-25, 28-30), and concentration of the reactant(s)
(23-30, 32, 39) on activity/selectivity has been documented,
and kinetic aspects have been considered in a number of
publications (25, 26, 28-32, 36-39). Studies have also been
conducted on metal loading (23, 25, 28-30, 40), promot-
ers (24, 25, 29, 33), and alloying with a second metal (34,
35). However, there is, to date, a lack of comprehensive
studies on the reaction over catalysts that originate from
different metal precursors. There is also a lack of studies
on the structure—activity relationship, and some of the ex-
isting reports are contradictory. While some reports indi-
cate that an acidic support is beneficial for cyclohexanone
formation (24, 25, 27), others indicate that a basic sup-
port is beneficial (28, 29). Chen et al. (28) observed again
that the reaction is structure-sensitive, whereas according
to Galvagno et al. (30) it is structure-insensitive over sup-
ported palladium catalysts. Further studies are required to
settle these controversies. In the present study, an acidic
(AlL,0O3) and a basic (MgO) support as well as three dif-
ferent palladium precursors, (Pd(OOCCHj3),, PdCl,, and
Pd(NHS3)4Cl,), were investigated to determine the possible
effects of the supports and the effects of the metal precur-
sors on the structural properties and the phenol hydrogena-
tion characteristics of supported palladium catalysts. An
attempt has also been made to adopt a structure-activity
relationship.
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2. EXPERIMENTAL

2.1. Catalyst Preparation

Pd/Al,Ozand Pd/MgO catalysts (1 wt% Pd loading) were
prepared using Pd(OOCCHj3), (Aldrich), PdCl, (Loba-
Chemie), and Pd(NH3)4Cl, (prepared from a PdClI, solu-
tion) as metal precursors, employing the marginally ex-
cess volume wetness impregnation method. About 5 g of
the carriers (y-Al,O3 (Harshaw), SA =234 m?g~%; MgO
(Marfina Marietta), SA = 45 m? g~1) was added to the calcu-
lated amount of metal precursor solutions and stirred con-
tinuously. PAd(OOCCHy3), was dissolved in CH3CN, while
PdCl; was used as an aqueous solution (mildly acidified
with HCI, pH 3) (7, 12, 17, 26, 28-30, 32). A Pd(NHj3)4Cl;
solution was prepared by reacting a solution of PdCI, with
concentrated NH3 at 348 K and then diluting it with water
(41). The suspensions were left for 2 h and stirred periodi-
cally. In the case of Pd(OOCCH3),, the solvent CH3;CN was
evaporated in a current of hot air, while in the other cases
the solvent water was evaporated over a boiling water bath.
The residues were dried overnight at 393 K in an air oven.
The catalysts were subsequently calcined in air at 673 K for
4 h. The Pd/Al,O3 catalysts were referred toas A, B, and C
(Table 1), while Pd/MgO catalysts were referred to as I, 11,
and 111 (Table 2) and were prepared using Pd(OOCCHj3),,
PdCl,, and Pd(NHS3)4Cl, precursors, respectively.

2.2. UV-Visible Spectroscopy

UV-visible spectroscopy was used to detect chlorided Pd
species in the reduced catalysts prepared using PdCl; and
Pd(NHS3)4Cl, as metal precursors. The catalysts were re-
duced in a flow of H, (~60 mImin~?1) at 573 K for 3 h and
then brought to room temperature in a flow of H,. The re-
duced catalysts were extracted with hot water. The catalysts
were added to water and ground, and the mixtures were
boiled. The contents were filtered and the filtrates were
centrifuged (15,000 rpm). The transparent supernatant lig-
uids were examined by means of a Beckman DU-7000 UV-
visible spectrophotometer. The idea behind this was that, if
residual chlorine is associated with palladium, or in other

TABLE 1

CO Adsorption Characteristics of 1 wt% Pd/Al,O3 Catalysts
Prepared from Different Palladium Precursors

COirr Metal area (m?) Particle
Pd uptake Dispersion, "~ size,d
precursor  (umol g~! cat) D glcat g'Pd (nm)
Pd(OOCCHy3), 45.3 0.48 2.15 215 2.3
A)
PdClI; (B) 37.1 0.39 1.76 176 2.9
Pd(NH3)4Cl; 215 0.23 1.02 102 4.9
©
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TABLE 2

CO Adsorption Characteristics of 1 wt% Pd/MgO Catalysts
Prepared from Different Palladium Precursors

COirr Metal area (m?) Particle
Pd uptake Dispersion, __ "~ size,d
precursor  (umol g~* cat) D glcat g'Pd (nm)
Pd(OOCCHj3), 52.6 0.56 2.50 250 2.0
O]
PdCI, (11) 47.7 0.51 2.26 226 2.2
Pd(NHj3)4Cl, 35.0 0.37 1.66 166 3.0

an

words if chlorided Pd species are still present even after re-
duction, then water would extract them as aquo species
(PACIx(H20)4_x; 1 <x<4), which would be detected by
UV-visible spectroscopy.

2.3. Chemisorption Measurements

CO chemisorption measurements were carried out at
room temperature using a conventional, glass, high-vacuum
volumetric apparatus. In a typical experiment, the catalyst
was reduced in a flow of Hy (~60 mimin?) at 573 K for
3 h and evacuated to 10~° Torr (1 Torr=133.3 Nm™2) at
the same temperature for 3 h. The catalyst was brought
to room temperature under vacuum. After introduction of
CO to the sample tube containing the catalyst, the total
and the reversible isotherms were evaluated. After the first
isotherm, i.e., total CO uptake, was measured, the sample
was evacuated for 30 min at room temperature, and then the
second isotherm, i.e., the reversible CO uptake was mea-
sured. Using the difference between the total and the re-
versible chemisorbed CO, the number of exposed Pd metal
atoms was calculated, assuming a chemisorption stoichiom-
etry of CO/Pd =1 (10, 12, 30, 42—-45). Hence, the number of
exposed Pd atoms per gram of catalyst on the surface, N, is
equal to the number of CO molecules that were irreversibly
chemisorbed, i.e., COj,r uptake per gram of catalyst.

Dispersion (D), i.e., the fraction of exposed Pd, is given
by D =Ns/N;, where N is the total number of Pd atoms
per gram of catalyst. The area and particle size of the metal
were calculated according to the procedures described by
Anderson (46). The total metal surface area, A, is given
by A=(Ns/1.27 x 10*®) m?g~! catalyst, where 1.27 x 10%°
is the number of surface atoms per square meter of the
polycrystalline palladium surface (46).

Volume-area mean particle diameter, d, is given by d =
6(vm/am)/D, where ay and vy are the effective average
area occupied by a palladium atom in the surface and the
volume per metal atom in the bulk, respectively (46). D is
the dispersion. Now, vy = (Mw/pNo) m3, where My, is the
atomic weight, p the density (expressed in gm~2), and N,
Avogadro’s number, while ay = (1/1.27 x 10*°) m?. Hence,
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using the values of My, p, and Ny,
d=(1.12/D) x 10~ ° m = (1.12/D) nm.

The CO chemisorption capacity of the pure supports (Al,O3
and MgO) was also checked after the same pretreatment
as for the catalysts.

NH;3; chemisorption measurements were made at room
temperature using the same volumetric apparatus as used
for the CO chemisorption measurements. Before the mea-
surement, the samples were pretreated at 423 K for 2 h
under vacuum.

2.4. Hydrogenation of Phenol

The catalysts were evaluated for vapor-phase hydrogena-
tion of phenol in a vertical fixed-bed, continuous down-flow
glass microreactor at 503 K under ambient pressure. In a
typical experiment, 0.5 g of catalyst (40—60 mesh, bed length
~3 mm) was packed between the layers of quartz wool, and
the upper portion of the reactor was filled with glass beads,
which served as preheaters for the reactants. The catalyst
was reduced in a flow of hydrogen (~60 ml min~!) at 573 K
for 3 hand brought to the reaction temperature. Due to the
difficulty of the operation with pure phenol, it was dissolved
in cyclohexane (1:2 w/w) and fed into the reactor at a cal-
culated rate from the top of the reactor using a calibrated
motorized syringe (B. Braun). The reaction occurred in the
flow integral mode. The Hy/phenol molar ratio, the flow rate
of phenol, and the weight of the catalyst were maintained at
5.4,0.0135mol h~, and 0.5 g, respectively, and kept constant
in all experiments. Since the grain size of the catalyst was
large enough and the bed sufficiently short, it was assumed
that there were no limitations to mass/heat transfer. How-
ever, the present study is not devoted to the kinetic aspect.
The reaction products were analyzed using a gas chromato-
graph (CIC) equipped with a Carbowax 20M on a Chro-
mosorb W column and a flame ionization detector (FID).

3. RESULTS AND DISCUSSION

3.1. UV-Visible Spectroscopy

As mentioned in the Introduction, chlorine remains on
the catalyst even after pretreatment when chlorinated pre-
cursors are used to prepare the supported Pd catalyst. A
gualitative AgNOs test with the water extracts of the re-
duced catalysts (B, C, Il, and Ill), originating from chlo-
rinated precursors (PdCl, or Pd(NH3),Cl,), confirmed the
presence of residual chlorine on the catalysts surface. How-
ever, this test cannot reveal whether the chlorine resides
on metal particles or on the support. It is important to
know whether Pd particles contain any residual chlorine
or, in other words, whether chlorided palladium species are
still present even after reduction. The aim of the present
study was not to quantify the residual chlorine in metal
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particles but to make a qualitative search for it and to
reveal its possible influence on catalytic activity. Future
work is planned on the quantification of residual chlo-
rine associated with metal particles. Palladium particles
usually become chlorine-free during pretreatment (drying—
reduction), but a small amount of chlorine may remain
associated. An XPS study by Bozon-Verduraz et al. (18)
revealed the presence of a palladium—chlorine surface com-
plexinareduced, supported Pd catalyst derived from PdCls,.
However, those authors directly reduced the dried cata-
lysts, avoiding the usual calcination step during pretreat-
ment. A TOF-SIMS study by Zhou et al. (47) confirmed
the presence of Cl atoms bound to Pt after high-temp-
erature oxidation and reduction of the Pt/Al,O3 catalyst
that originated from H,PtClg. Johnston and Joyner (48)
used EXAFS which revealed Rh-CI bonding in the re-
duced Rh/AI,O3 catalyst prepared from RhCls. In the
present study, a very simple and widely available technique,
UV-visible spectroscopy, was used to check whether Pd
particles contain residual chlorine. Water extracts of the
reduced catalysts (B, C, Il, and 111), originating from chlo-
rinated precursors (either PdCI, or Pd(NH3)4Cl,), were ex-
amined for chlorided Pd species using the same technique.
Figure 1 shows the UV-visible spectra of the water extract
of the reduced catalyst B along with the blank solution (dis-
tilled water). An absorbance band around 270 nm can be
seen clearly. Furthermore, careful observation reveals the
shoulders around 280, 315, and 400 nm. An absorbance
band around 270 nm (A"1=3.7 um™?) can be assigned
to the combined contribution of PACI(H,0)§ and PdCI;~
species (49), whereas the shoulders around 280 nm (A 1=
357 um™1), 315 nm (A\"1=3.17 um™1), and 400 nm (A1 =
2.5 um~1) can be assigned to PdCI2~, PdCl3(H.0O)~, and
PdCI(H,0)3 species, respectively (18, 49). Of the species
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FIG. 1. UV-visible spectra of (1) water extract of reduced catalyst B
(1 wt% Pd/Al,O3, prepared using PdCl) and (2) blank solution (distilled
water).
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observed, PdCI(H,O)3 probably dominates. The presence
of chlorided Pd species in reduced catalyst B was not un-
expected. It is very difficult to convert all of the PdCI; to
PdO in air at 673 K, which is the temperature at which
calcination took place in this study. It was reported that
PdCI; supported on zeolite (NaX) can be converted com-
pletely to PdO at or above 773 K in an oxygen atmosphere
(50). A fraction of PdCl,, which was present after calcina-
tion, is likely to remain associated with the metal particles
even after hydrogen treatment (18, 47, 48). Spectra (not
shown) of the water extracts of the other three catalysts (C,
11, and I11), originating from chlorinated precursors, were
similar to that of the blank. The absence of chlorided Pd
species in the water extract of the reduced catalysts C and
111 (originating from Pd(NHj3)4Cl,) is not surprising. Dur-
ing precalcination, the inherent reducing agent NH; may
reduce Pd** to Pd°, forming HCI, and the HCI produced
was immediately consumed by one extra NH3z molecule. In
catalyst 111, the HCI produced was consumed by magnesia
in addition to NH3. The other possibility is that NH3 takes
away CI~ along with surface H*, forming NH,CI during
the decomposition of Pd(NH3)4Cl,. Any trace amount of
chlorine, associated with palladium after drying and calci-
nation, is removed during reduction. It is interesting that
no residual chlorine is present in palladium particles on the
MgO support that originates from PdClI; (catalyst 11). One
explanation might be that basic MgO facilitates the com-
plete reduction of palladium. When water extracted from
the calcined Pd/MgO, treated in the same way as for the
reduced catalysts, was examined, no chlorided Pd species
were found. This shows that PdCI, over MgO completely
decomposes during or even before calcination. Itis unlikely
that PdCIl, decomposes completely during calcination over
MgO but not over Al,Os. The situation may be explained
as follows: during impregnation, MgO reacts with water to
form strong alkali Mg(OH), as

MgO + H;O = Mg(OH),.

According to Sales et al. (12), a basic OH™ group can be ex-
changed by the CI~ of PdCl,. Thus, during impregnation and
calcination, PdCI; reacts with Mg(OH), to give Pd(OH); as

PdCI, + Mg(OH), = Pd(OH), + MgCl,.

The capacity of MgO to form strong alkali Mg(OH), by
reacting with water (51) means that it could react as de-
scribed above. Jiang et al. (52) also proposed a model for
the solid-state exchange reaction between MgO and tran-
sition metal chloride to form MgCl, and transition metal
oxide. Even though the Pd particles are free of Cl, a con-
siderable amount of Cl probably remains at the interface
of the metal support in the form of MgCl,.

The above mechanism may also be involved in removing
some of the chlorine from the palladium in the Pd/Al,O3
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catalyst, originating from PdClI; (12). This is because at least
asmall amount of Al,Ogiis likely to react with water to form
AI(OH); (amphoteric hydroxide) near the surface (51).

3.2. CO Chemisorption

Exposed areas of palladium of the catalysts were cal-
culated from the irreversible CO chemisorption measure-
ment (10, 12, 30, 42-45). Irreversible CO chemisorption
over the supports (Al,O3 and MgO) was found not to occur.
Hence, it is clear that there was no contribution from the
supports in the irreversible CO chemisorption of the cata-
lysts. However, some reports state that MgO can strongly
chemisorb CO after pretreatment under severe conditions
(T > 1000 K, vacuum) (53, 54). In the present study, pre-
treatment was done under comparatively mild conditions
(T=573 K, H; flow; subsequent evacuation at the same
temperature) before the CO chemisorption measurement
was made. That may explain the absence of irreversible CO
chemisorption over MgO in the present study. Galvagno
et al. used CO chemisorption to characterize Pd/MgO cata-
lysts and found consistent results (30).

Table 1 shows COj, adsorption characteristics of the
Al,O3-based catalysts. Dispersion, i.e., the fraction of ex-
posed palladium in the catalysts, follows the order A >
B > C. The reason for the minimal dispersion of palla-
dium in catalyst C may be the inherent presence of am-
monia, a well-known reducing agent. During drying and/or
calcination, “autoreduction” of Pd(NHg)i+ to Pd® takes
place, and the primary clusters tend to agglomerate to large
entities (55). However, other possibilities should also be
considered. Partial decomposition of Pd(N H3)[21+ produces
Pd(NH3)2" alongwith N, and H,0 (9, 56), and the H,O pro-
duced is likely to facilitate the agglomeration of Pd(NH3)2",
which leads to lower metal dispersion (4). High surface mo-
bility of the precursor may also lead to lower dispersion
of palladium (3). The difference in palladium dispersion
between catalysts A and B can be explained as follows:
Pd(OOCCHs3); easily converts to PdO during calcination,
and the oxide-oxide interaction causes it to spread uni-
formly over Al,Os3;. The easily reducible PdO results in
higher metal dispersion, whereas the presence of residual
chlorine in the Pd particles of catalyst B results in a com-
paratively lower uptake of the probe gas and, hence, lower
dispersion of palladium (57). Agglomeration of partially de-
composed PdCI;, during reduction may also take place, re-
sulting in lower metal dispersion in catalyst B (58). Another
possibility may be the difference in size between the coun-
teranions. The CH3COO™ is much larger than CI~, and
hence CH3COO™ ions keep the Pd?* ions apart in contrast
to ClI~. Consequently, smaller PdO particles form during
calcination, and subsequent reduction results in greater dis-
persion of palladium when the precursor is Pd(OOCCHy3),
(30). It is possible that carbonaceous residue reduces the
uptake of the probe gas by blocking some Pd sites, which
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should be reflected in the lower dispersion of palladium
when the precursor is PA(OOCCHy3),. However, the calci-
nation temperature in this study is high enough (673 K) to
decompose the acetate groups completely and to remove
all of the carbon. Lomot et al. (9) reported that 523 K is suf-
ficient to remove all the carbon from Pd(acac),/SiO,, even
with 1% O, in an He atmosphere.

The characteristics of CO adsorption of the MgO-based
catalysts are shown in Table 2. Dispersion of palladium
varies in the order | > Il > I11. Similar to the Al,Os-based
catalysts, the low dispersion of palladium in catalyst 111
(originating from Pd(NH3)4Cl,) can account for facile sur-
face mobility and “autoreduction” of the precursor (3, 55).
However, the water-assisted agglomeration of the par-
tially decomposed precursor probably does not occur. MgO
probably consumes the liberated H,O readily (51) during
the decomposition of Pd(NH3)421,+. Similar to the Al,Os-
based catalysts, the slightly higher dispersion of Pd in cata-
lyst | (derived from Pd(OOCCHz3),) compared to catalyst 11
(derived from PdCl,) can be attributed to the larger size of
the counteranion (30). However, the agglomeration of the
precursor during reduction and residual chlorine-induced
lowering of CO chemisorption probably does not occur.
Catalyst 11 does not contain any chlorided Pd species af-
ter calcination, as shown by UV-visible spectroscopy (Sec-
tion 3.1).

A comparison of Pd/Al,O3; and Pd/MgO catalysts reveals
that MgO-based catalysts show higher Pd dispersion com-
pared to Al,Os-based catalysts with the respective metal
precursors, even though the BET surface area of Al,O;
(234 m? g71) is much greater than that of MgO (45 m?g~%).
The impact of the BET surface area of the supports is likely
to be minimal or nonexistant, because the loading of the
metal is low enough (1 wt%). The specific area of Pd (per
gram of catalyst) is much lower (1 to 2.5 m? Tables 1 and 2)
than the BET surface area of the supports. Higher disper-
sion of Pd over MgO may be due to the stronger interac-
tion of Pd with basic MgO compared to acidic/amphoteric
Al,O3. Lopez and lllas (59) investigated the nature of the
interaction of Pd with the acidic and basic sites of the
MgO(100) surface by means of ab initio wave functions
and DFT techniques. They predicted a fairly strong inter-
action of Pd over basic sites but a rather weak interaction
of the metal over acidic sites. A quantum chemical study by
Ferrari and Pacchioni (60) also predicts a good interaction
between Pd and MgQO. The particle size of palladium in all
of the catalysts, with all three Pd precursors and over both
supports, is between 2 to 5 nm.

3.3. Phenol Hydrogenation

Figure 2 shows the plot of initial phenol hydrogenation
activity versus the metal area of Pd/Al,O3 and Pd/MgO
catalysts prepared from different Pd precursors. The ini-
tial activities were calculated from the conversion during
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FIG.2. Metal area versus initial phenol hydrogenation activity over
1 wt% Pd/Al,O3 (A, B, and C) and 1 wt% Pd/MgO (1, 11, and 111) catalysts
prepared from three different Pd precursors: (A and 1) Pd(OOCCHy3),;
(B and Il) PdCly; and (C and 111) Pd(NH3)4Cl,. Reaction conditions: T =
503 K; Ha/phenol mole ratio =5.4; flow rate of phenol =0.0135 mol h™%;
catalyst weight=0.5g.

the first 3 min of the reaction run using the formula xF/W,
where x is fractional conversion, F the flow rate of phenol,
and W the weight of catalyst. F and W were always con-
stant. The activities of catalysts A, C, I, and Ill (derived
from Pd(OOCCHs3), and Pd(NHj3)4Cl,) are on a straight
line that passes through the origin. However, catalysts B
and 11 (derived from PdCl,) show large negative deviations.
Again, the activities of B and 11 fall on another straight line
that passes through the origin. Hence, the activity is a direct
function of the metal area. The proportionate negative de-
viations in the activities of catalysts B and 11, compared to
the other catalysts, lead to the speculation that the same
or similar factors are responsible for it. The only factor
that the two catalysts have in common is that both were
prepared using a chloride precursor (PdCl,). Examination
with UV-visible spectroscopy confirmed the presence of
residual chlorine associated with metal particles in catalyst
B. However, metal particles in catalyst 11 are free of chlo-
rine, as shown by the same technique. Even though residual
chlorine is absent in Pd particles in catalyst 11, it may still be
present at the metal-supportinterface in the form of MgCl..
The local environment of Pd may, at least to some extent, be
made up of MgCl, and MgO. The presence of electronega-
tive chlorine in Pd particles or at the metal-support inter-
face may reduce the density of the electrons over palladium.
Consequently, less electron transfer from Pd to the 7 * anti-
bonding orbital of the aromatic ring of chemisorbed phenol
causes the activity of the aromatic ring to decrease. Thus,
the activities of catalysts B and 11 show negative deviations.
The presence of residual chlorine on or around metal par-
ticles may affect the hydrogen activation, too (61).
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The performances of the catalysts in terms of phenol
conversion, product selectivity, and turnover frequency
(TOF) are shown in Table 3. TOFs over Pd(OOCCH3),-
and Pd(NH3),Cl,-based catalysts are the same, while they
are considerably lower over PdCl,-based catalysts, irrespec-
tive of the support. The presence of residual chlorine on
or around metal particles is thought to be responsible for
the lower TOF over the PdCl,-based catalysts. The con-
stancy of TOF, irrespective of the support, suggests that the
support may not have a significant influence on the intrin-
sic activity of palladium in phenol hydrogenation. Higher
phenol conversions over MgO-based catalysts are due to
a larger available metal area. Again, direct proportionality
between activity and metal area (as already shown in Fig. 2),
which simply reflects the stability of TOF with changing
metal particle sizes (as revealed by a direct comparison of
Table 3 with Tables 1 and 2), makes it clear that the re-
action is structure-insensitive over the supported Pd cata-
lyst (30). The TOFs over the two PdCl,-based catalysts are
lower but similar and have already been discussed. How-
ever, Chen et al. (28) observed structure sensitivity with the
hydrotalcite-supported Pd catalyst of varying metal load-
ing. lIrrespective of the precursor, Al,Os-based catalysts
are almost totally selective for cyclohexanone production
(23, 28, 34, 35), whereas MgO-based catalysts show 80 to
90% cyclohexanone and 10 to 20% cyclohexanol selectiv-
ity. No other byproducts were observed. The present study
clearly shows that support materials play a clear role in the
selectivity of the products of phenol hydrogenation over
supported Pd catalysts. The acidic support favors cyclohex-
anone selectivity, while the basic support also induces cyclo-
hexanol formation (24, 25, 27). The formation of cyclohex-
anol over MgO-based catalysts, which can be attributed to
the strong basicity of the support, will be discussed below.
However, Chen et al. (28) and Neri et al. (29) proposed

TABLE 3

Comparative Catalytic Performance of 1wt% Pd/Al,O3 and
1wt% Pd/MgO Catalysts Derived from Different Palladium
Precursors

o Product

Initial phenol  seectivity (%)

conversion " "
Pd precursor Catalyst (%) CHN CHL TOF?
Pd(OOCCHs3), Pd/AlO; (A) 77 98 02 013
Pd/MgO (1) 90 82 18 0.13
PdCl, Pd/Al O3 (B) 41 100 — 008
Pd/MgO (I1) 56 87 13 0.09
Pd(NH3),Cl, Pd/Al,O3 (C) 37 100 — 013
Pd/MgO (111) 61 86 14 013

@Number of phenol molecules converted per surface Pd atom per
second. CHN =cyclohexanone; CHL = cyclohexanol. Reaction condi-
tions: temperature =503 K; Hj/phenol mole ratio=5.4; flow rate of
phenol = 0.0135 mol h™%; catalyst weight = 0.5 g.
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FIG. 3. Product yield (Y) and selectivity (S) as functions of phenol
conversion over 1 wt% Pd/MgO catalysts prepared from three different Pd
precursors: (1) PA(OOCCHj3),; (11) PACly; and (111) Pd(NH3)4Cl,. Catalyst
codes indicate the regions of conversion. CHN = cyclohexanone; CHL =
cyclohexanol. Reaction conditions: see Fig. 2.

that the basicity of a support favors cyclohexanone
production.

Product distribution over the MgO-based catalysts is
shown as a function of conversion in Fig. 3. The yield and
selectivity of each product were plotted against overall phe-
nol conversion. The data presented in the figure were col-
lected from time-on-stream experiments. Catalyst deacti-
vation does not influence the product selectivity, as shown
by the time-on-stream experiment over Pd/Al,O3 catalysts
which become severely deactivated with time (as will be
shown below), but product selectivity remains constant
throughout the runs. Hence, product yield/selectivity, pre-
sented in Fig. 3, is a function of conversion. It is notewor-
thy that, irrespective of the Pd precursor, the respective
points fall on smooth curves. This suggests that metal pre-
cursors do not have a strong effect on product distribution.
The stability of product selectivity over a wide range of
conversion (55 to 80%) indicates that a change in product
selectivity may not be due to merely a change in phenol
conversion. The decrease in cyclohexanone selectivity, ac-
companied by a simultaneous increase in cyclohexanol se-
lectivity with increasing conversion (in the lower and higher
regions of conversion), seems to show that cyclohexanol is
formed at the expense of cyclohexanone. However, the cor-
relation between product yield and conversion (as shown
in the same figure) reveals the actual situation. The yields
of both cyclohexanone and cyclohexanol increase linearly
with increasing phenol conversion, though slight deviations
are observed at very high conversion. An increase in the cy-
clohexanone yield is much more pronounced than that in
the cyclohexanol yield in the conversion region. It is ob-
vious that cyclohexanol does not form at the expense of
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cyclohexanone over the catalysts in this study. This and pre-
vious studies (36, 38, 39) suggest that product selectivity in
the catalytic hydrogenation of phenol strongly depends on
the active metal employed. However, acid/base properties
of a support may have some influence (24, 25, 27-29). It
is likely that cyclohexanone is the intermediate and cyclo-
hexanol the final product over Pt and Ni catalysts (36, 38,
39), whereas the possibility that cyclohexanone is an in-
termediate over Rh catalyst has been ruled out (36). Our
study suggests that cyclohexanone and cyclohexanol form
independently via the intermediate cyclohexenol over the
Pd catalyst. The desorption of cyclohexenol followed by
subsequent rapid tautomerization leads to cyclohexanone
formation. The high basicity of the surface induces cyclo-
hexanol formation, too. Over the Pd/MgO catalysts, a frac-
tion of strongly bound phenol (due to the strong basicity of
MgO) in the form of phenolate, subsequently “en-olate,”
undergoes complete hydrogenation before desorption.

To examine the stability of the catalysts, they were tested
for 8 h on stream. Figure 4 shows the deactivation profile
of the Al,O3-based catalysts. After considerable deacti-
vation, the catalysts attained steady-state activity within
3 h. Deactivation of the catalysts is attributed to carbon
deposition catalyzed by acidic sites (24, 25, 29, 30) that are
present over Al,Os. Acidity of the catalysts was measured
by NHj; chemisorption, which varies in the order A
(0.23 mmol g~1) < B (0.35 mmol g~!) < C (0.41 mmol g~%).
The higher acidity of catalysts B and C may be due to the
chlorination of the alumina surface by the precursors dur-
ing catalyst preparation (62). Deactivation occurred to the
greatest extent on catalyst C. During steady state, catalyst
B retained ~65% of its initial activity, while the corre-
sponding values for catalysts A and C were 55% and 25%,
respectively. The comparatively lower deactivation/higher
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FIG. 4. Time-on-stream study of phenol hydrogenation over 1 wt%
Pd/Al,O3 catalysts prepared from three different Pd precursors:
(A) Pd(OOCCH:;3),; (B) PdCly; and (C) Pd(NH3)4Cl,. Reaction condi-
tions: see Fig. 2.
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FIG.5. Time-on-stream study of phenol hydrogenation over 1 wt%
Pd/MgO catalysts prepared from three different Pd precursors:
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stability of catalyst B, even though it was more acidic than
catalyst A, may be due to the presence of residual chlorine
in the palladium particles. It is reported that chlorine in
the metal particles hinders coke deposition over the metal
surface (63).

The deactivation profile of the MgO-based catalysts is
shown in Fig. 5. Catalyst Il deactivates slowly with time
from the beginning of the reaction run and attains steady
state within 5 h on stream. Catalysts | and 11l do not de-
activate initially. The zero deactivation period for catalyst
I during the initial stage is longer than that for catalyst I11.
As mentioned in earlier reports on phenol hydrogenation
over supported metal catalysts, deactivation has been at-
tributed to carbon deposition, catalyzed by acidic sites on
the surface (24, 25, 29, 30). It has also been reported that de-
activation of Pd/MgO during phenol hydrogenation takes
place by means of a different reaction mechanism, since
MgO is a nonacidic support (30). However, no details are
available in the literature. An attempt is made here to ac-
count for the deactivation of the Pd/MgO catalyst during
the hydrogenation of phenol. Magnesia is a basic material.
However, acidic sites can form during catalyst preparation,
pretreatment, and even during the reaction. The acidity of
the catalysts was measured by NH3 chemisorption: I (nil) <
111 (0.06 mmolg~t) < 11 (0.07 mmol g~1). The aqueous PdCl,
solution (mildly acidified with HCI, pH 3) was used as the
precursor of catalyst 11. The MgO support reacts with HCI
and PdClI; during catalyst preparation and pretreatment,
forming MgCl,. Some of the MgCl, may be left on the sur-
face even after calcination/reduction. This would act as a
Lewis acid site to catalyze carbon deposition. Hence, slow
and steady deactivation of catalyst 11 starts from the be-
ginning of the reaction run. An ammoniacal Pd(NH3)4Cl;
solution, along with NH,4CI, was the precursor of catalyst
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I11. The magnesia surface may become chlorinated by an-
ion exchange during impregnation. Decomposition of the
Pd(NHj3)4Cl; precursor during drying and calcination also
leads to the formation of MgCl,. Thus, some acidic sites are
present in catalyst 111, though their number and strength
may be lower than in catalyst Il. Hence, during time-on-
stream, catalyst 111 does not show any deactivation during
the initial stage, but it then follows a course similar to that
of catalyst Il. PA(OOCCHS3), was the precursor of cata-
lyst I, which readily decomposes to PdO during calcination.
There are no acidic sites in the fresh catalyst (confirmed by
NH3 chemisorption). However, during the course of the
reaction, acidic sites may form due to dehydroxylation of
the MgO surface by the reaction with acidic phenol. Dehy-
droxylation of MgO catalyzed by Pd may also take place.
Alexeev et al. observed Pt-catalyzed dehydroxylation of y -
Al,O3(64). Hence, catalyst | does not show any deactivation
for alonger period at the initial stage of time-on-stream but
its behavior is similar to those of catalysts 11 and 111 at a later
stage of the reaction. However, deactivation of the catalysts
is not severe. After 8 h of reaction, catalysts I and 111 retain
~80% while catalyst Il retains ~70% of the initial activity.

4. CONCLUSIONS

(i) Palladium dispersion in a supported catalyst depends
considerably on the precursor as well as on characteristics of
the support. PA(OOCCHy3), offers better dispersion of Pd
than PdCI, or Pd(NH3)4Cl, over Al,O3and MgO. Palladium
dispersion is higher over MgO-based catalysts compared
to Al,Os-based catalysts with their respective precursors,
which can be attributed to the stronger interaction of Pd
with MgO. Pd(NH3)4Cl, leads to lower dispersion of Pd,
probably due to the presence of inherent NH3 (a reducing
agent) and facile surface mobility of the precursor.

(i) All of the catalysts originating from chlorinated
precursors (either PdCI; or Pd(NH3)4Cly) retain a consid-
erable amount of chlorine on the support even after cal-
cination/reduction. In addition, Pd particles in Pd/Al,Os3,
originating from PdCl,, also retain some chlorine after the
same pretreatment. The absence of residual chlorine in the
Pd particles in the other catalysts originating from chlori-
nated precursors was discussed.

(iii) Phenol hydrogenation activity over the catalysts is
adirect function of the available palladium area. However,
residual chlorine in the metal particles or at the metal-
support interface reduces activity.

(iv) Pd precursors do not have a significant influence on
the product distribution of phenol hydrogenation. Al,Os-
based catalysts are totally selective for cyclohexanone pro-
duction. MgO-based catalysts produce cyclohexanone, the
main product, as well as cyclohexanol, a minor product.
Correlations between phenol conversion and product se-
lectivity/yield reveal that changes in product selectivity may
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not be merely due to a change in the overall conversion,
and one product does not form at the expense of another.
Formation of cyclohexanol along with the main product cy-
clohexanone is attributed to the strong basicity of MgO. A
fraction of the strongly bound phenol, in the form of phe-
nolate, undergoes complete hydrogenation to cyclohexanol
before desorption.

(v) Acidic sites present over Al,O3 causes severe deacti-
vation of the Pd/Al,O3 catalysts, while MgO-based catalysts
show strong resistence to deactivation.
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