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The gas-phase hydrogenation of phenol (423 <T <573 K) has
been studied over a 1% w/w Pd/MgO catalyst prepared by impregna-
tion of MgO with (NH4),PdCls. The catalyst precursor was activated
by precalcination in air at 473 K followed by reduction in hydrogen
at 573 K. Temperature-programmed reduction/desorption (moni-
toring H, consumption and NH3;, H,O, CO, and CO; release) has
revealed the presence of ammonium carbonate and/or ammonium
hydrogen carbonate on the active surface in addition to a metal-
lic palladium component. Whereas the latter was not detectable
by X-ray diffraction due to the high metal dispersion, transmis-
sion electron microscopy revealed that the mean palladium particle
diameter is 1.3+ 0.2 nm, which corresponds to a palladium dis-
persion of Dpq=71%. Besides conventional and high-resolution
transmission electron microscopy, selected area electron diffraction
provides some insight into the fine structure of the palladium crys-
tallites. Impregnation followed by calcination is shown to transform
MgO to Mg(OH), while the additional reduction step generates a
surface phase that is composed of both needle-like Periclase MgO
and Mg(OH),. X-ray photoelectron spectrometric analyses of the
activated catalyst has established the presence of zero-valent palla-
dium which appears to be electron rich as a result of metal-support
interaction; a degree of palladium charging is also evident as well
as residual surface chlorine. The effects on fractional phenol con-
version and reaction selectivity of varying such process variables as
reaction time, temperature, and phenol molar feed rate are consid-
ered and the possibility of thermodynamic limitations is addressed.
Hydrogenation was observed to proceed in a stepwise fashion with
cyclohexanone as the partially hydrogenated product and cyclo-
hexanol as the fully hydrogenated product. The catalyst delivered a
96% selectivity with respect to cyclohexanone production at 423 K
but the cyclohexanone yield decreased at higher temperatures as
conversion declined and cyclohexanol was increasingly preferred.
Conversion and selectivity were both stable with prolonged catalyst
use, i.e., time on stream in excess of 55 h.  © 2000 Academic Press
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INTRODUCTION

Cyclohexanone is a key raw material (1, 2) in the synthe-
sis of both caprolactam for nylon 6 and adipic acid for nylon
66. Cyclohexanone production, on a commercial scale, typ-
ically involves either the oxidation of cyclohexane or the
hydrogenation of phenol (2). The former route requires
high temperatures and pressures and generates appreciable
byproducts that lower the cyclohexanone yield and compli-
cate the recovery and separation stages. In the hydrogena-
tion process, cyclohexanone can be obtained from phenol
in a “one-step” or a “two-step” process. In the latter case,
phenol is first hydrogenated to cyclohexanol (typically over
a nickel catalyst) that is then dehydrogenated, in the sec-
ond step, to yield cyclohexanone. A one-step selective di-
rect hydrogenation to cyclohexanone is certainly preferable
in terms of investment and energy savings as it avoids the
endothermic dehydrogenation step. The development of a
catalyst for this process has attracted a flurry of research
activity. Palladium-based systems seem to show the most
promise and a number of recent reports have emerged out-
lining activity/selectivity characteristics for the gas-phase
reaction over a diversity of supported palladium catalysts
(3-7). In most cases it has not proved possible to extract
activity/selectivity data from the published results but the
following is a representative list of the quoted (phenol
conversion/cyclohexanone selectivity) optima: Pd/Al;Os,
40%/45% (3); Pd/CaO-Al,O3, 98%/20% (4); Pd/zeolite,
33%/44% (3); and Pd membrane, >75%/90% (5). While
the above values span a wide range, the general trend sug-
gestsadrop in cyclohexanone selectivity at high phenol con-
versions. Promising results are now emerging (6, 7) with the
use of hydrotalcite impregnated with PdClI; (to a Pd loading
of 1% w/w) where a cyclohexanone selectivity of 92% has
been achieved at a 98% conversion of phenol. Nevertheless,
the attainment of a high selectivity (>95%b) at elevated con-
versions (>70%) remains a challenging catalytic problem.
The incorporation of promoters such as alkali (8, 9) and
alkaline (9) metals has been shown to enhance selectivity
while changes in reaction temperature (3, 5, 10) have had a
considerable impact on the ultimate product composition.
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We report herein a catalyst system based on unpromoted
palladium supported on MgO that does deliver the target
cyclohexanone selectivity at a phenol conversion of 75%.
The effects of varying such process variables as reaction
time and temperature and phenol feed rate are considered
while acomprehensive program of catalyst characterization
(involving TPR/TPD, XRD, TEM, and XPS) gives some
insight into the surface requirements for a high yield of cy-
clohexanone from a phenol feedstock.

EXPERIMENTAL

Catalyst Preparation, Activation, and Characterization

The Pd/MgO catalyst was prepared by impregnation
of MgO (325 mesh, Aldrich) with an aqueous solution
of (NH,4),PdCls (Aldrich) and dried at 393 K for 8 h.
The catalyst precursor was then calcined in flowing air
(167 cm® min~!) at 473 K for 2 h and reduced in a 100 cm®
min~! stream of dry hydrogen (99.9%) at 573 K for 18 h.
The Pd content (1% w/w) was determined by ICP-OES
(Perkin Elmer Optima 3000XL); the quoted loading is
the result of five independent measurements. Nitrogen ph-
ysisorption measurements of the catalyst precursor at 77 K
(Sorptomatic 1990, Fisons) yielded a specific surface area
of 46 m? g1, a pore volume of 0.46 cm® g1, and an average
pore diameter of 12 nm.

Catalyst reducibilty in a hydrogen/argon flow (after
calcination) was probed by combined temperature-
programmed reduction/desorption (TPR/TPD) using a
conventional dynamic characterization system, AMI-1
(Altamira/Zeton), equipped with a thermal conductiv-
ity detector (TCD) and coupled to a quadrupole mass
spectrometer QMG 420 C (Balzers) operating in the multi-
ion-detection mode (MID). The TPR was conducted by
heating a sample (0.3 g, particle size =0.8-2.5 mm) at 10 K
min~! to 1073 K in a 30 cm® min~! Hy/Ar flow and com-
pleting the activation with an isothermal hold at the final
temperature. Two reducing gases were employed, i.e., a low
(1% v/v) and high (5% v/v) hydrogen content stream with
the option of different coupling positions of the quadrupole
mass spectrometer (QMS) gas inlet to the flow system of
the AMI-1. In some cases, the gas flow to the QMS was
taken directly downstream of the AMI-1 reactor in order
to monitor the overall product composition of the exiting
gas. Desorbing components such as water and carbon
dioxide were completely removed from the gas flow before
it reached the TCD by capture in a KOH trap to allow a
measure of hydrogen consumption/desorption; there was
minimal interference from CO and NH3 as minor products
of the TPR step. It was also possible to couple the QMS
to the analytical port of the AMI-1, i.e., behind the TCD
detector, which enabled an additional sensitive monitoring
of the hydrogen consumption/desorption in the 1% v/v

Hy/Ar flow. It should be noted that in the case of the 5% v/v
Ha/Ar mixture, a splitting of the flow to the TCD and QMS
resulted in a delayed response when compared to 1% v/v
Hy/Ar. The TCD was calibrated for hydrogen consumption
by pulsing known volumes of argon into the Hy/Ar flow
and relating peak area to hydrogen concentration.

X-ray diffraction (XRD) analysis was conducted, on the
sample calcined insituinairat473 K, usinga URB 6 diffrac-
tometer (Seifert FPM) with monochromatic Cu Ko radia-
tion. The effects of a cycle of sample reduction at 573 K
and a further exposure to air were also monitored by XRD.
The mean crystallite sizes were calculated from line broad-
ening using the Scherrer equation. The activated samples
were characterized by conventional (CTEM) and high-
resolution transmission electron microscopy (HRTEM);
CTEM and HRTEM analyses were conducted using a
JEM 100C (accelerating voltage=100 kV) and a JEM
4000EX (accelerating voltage =400 kV), respectively. The
specimens were prepared by dispersing the catalyst in iso-
propanol with ultrasonic agitation and depositing small
quantities of the resultant suspension on microgrids coated
with thin, holey carbon films (Plano). Selected area electron
diffraction (SAED) was used to confirm the crystal struc-
ture and crystallinity of the surface metal and the support. A
combination of bright-field and dark-field imaging served to
distinguish the contrast features of metal particles and the
finely divided support components and facilitated an evalu-
ation of the size and shape of the Pd particles. Micrographs
were recorded using optimum imaging conditions (near
Scherzer focus) and were subjected to digital image process-
ing for contrast enhancement and image evaluation (soft-
ware Digtal Micrograph by GATAN and NIH Image (12)).

X-ray photoelectron spectroscopic (XPS) analyses were
conducted employing both monochromatized AlKa
(1486.6 eV) and non-monochromatized Mg Ko (1253.6 eV)
radiation with a VG ESCALAB 220i XL energy analyzer.
In the case of the Al Ka source, data acquisition was car-
ried out using a floodgun (8 eV) to reduce sample charging
and the peaks were corrected, for energy referencing, to
the C 1s signal of graphite with an assigned binding energy
of 284.5 eV (12). The catalyst was calcined and reduced as
described above in a reaction cell installed in the lock to the
analysis chamber. For comparative purposes, pure MgO as
used for catalyst preparation and a Pd reference catalyst
(23% w/w Pd/MgO) were analyzed by XPS after the same
activation procedure.

Catalytic Procedure

All the catalytic reactions were carried out under atmo-
spheric pressure in a fixed-bed glass reactor (13) (i.d.=
15 mm) over the temperature range 423 <T <573 K. The
catalyst was supported on a glass frit and a layer of glass
beads above the catalyst bed served as a preheating zone
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and ensured that the reactants were vaporized and reached
the reaction temperature before contacting the catalyst. A
Merck-Hitachi LC-6000A pump was used to deliver the
phenol feed at a fixed molar rate which had been carefully
calibrated and the vapour was carried through the catalyst
bed in a stream of purified hydrogen. A methanolic solu-
tion of phenol was used as feed where the standard reaction
conditions involved a phenol/methanol mole ratio of 1/4,
hydrogen/phenol mole ratio of 20/1, and an overall space
velocity of 800 gphenol N™* (lcatalyst) - The molar aromatic
feed rate was, however, varied in the range 4.9 x 1073-4.4 x
10~*molh™! to deliver W/F values of 11-101 g mol~th
where F is the molar feed rate and W the weight of cata-
lyst. The nature of the alcoholic solvent has been shown
to have a bearing on the hydrogenation rate where rate
is lowered in the presence of higher straight-chain alco-
hols (particularly 1-hexanol/1-heptanol); this polarity ef-
fect is taken to be indicative of the contribution of phe-
noxide ion/catalyst interactions in promoting the reaction
(13). Passage of both the methanolic solutions of phenol in
a stream of hydrogen through a fixed bed of glass beads (in
the absence of Pd/MgO) and methanol itself through the
catalyst bed over the same temperature range did not re-
sult in any measurable conversions. The catalyst system was
operated with negligible internal or external diffusion re-
tardation of reaction rate (effectiveness factor >0.99) and
heat transport effects can be ignored. Catalyst deactiva-
tion was probed by ascending and subsequent descending
reaction temperature sequences over the entire tempera-
ture interval that was studied. In addition, one standard
set of reaction conditions (T =473 K, W/F =69 g mol~* h)
was routinely repeated to ensure that the catalyst had not
suffered any long-term deactivation. The reactor effluent
was frozen in a liquid nitrogen trap for subsequent anal-
ysis which was made using an Al Cambridge GC94 chro-
matograph equipped with a flame ionization detector and
employing a DB-1 50-m x 0.20-mme-i.d., 0.33-um capillary
column (J&W Scientific). Data acquisition and analysis was
performed using the JCL 6000 (for Windows) chromatog-
raphy data system and product distribution was converted
to mole fraction using detailed (20-point) calibration plots;
the lower limit of quantitative analysis represents a 0.1%
conversion of the feedstock. Catalytic action is discussed
in this paper in terms of fractional conversion (x), percent-
age selectivity (S), and percentage yield (Y) where, for the
production of cyclohexanone from phenol,

[CeHsOH]in — [CeHsOH]out

= 1

XCeHsOH [C6H50H]in [ ]
[CeH100]out

Seohy0 (%) = «100 [2

M0 [CeHsOHJin — [CeHsOH]out (2]
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Y, %) = ——————— x 100, 3
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FIG. 1. TPR plotsobtained for the reduction of Pd/MgO in (a) 1% viv
Hy/Ar and (b) 5% viv Ha/Ar.

and [ ] denotes the concentration of the pertinent organic.
All the reactants were AnalaR grade and were used without
further purification.

RESULTS AND DISCUSSION

The Nature of the Active Catalyst

The TPR profiles, generated from the TCD output, for
the two reductive flows (1% v/v and 5% v/v H; in Ar) are
shown in Fig. 1, where hydrogen consumption appears as a
positive peak and hydrogen desorption as a negative peak.
The QMS output from the TPR in 1% v/v Hy/Ar is given
in Fig. 2, which illustrates the temperature dependence
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FIG. 2. QMS output during the TPR of Pd/MgO in 1% v/v Hi/Ar.
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of the signals for hydrogen (m/z=2), ammonia (m/z=15
(14)), water (m/z= 18), carbon monoxide (m/z =28 (14)),
and carbon dioxide (m/z=44). Positive peaks in the ion
current plots reveal a desorption while negative peaks, in
the case of hydrogen, imply consumption. Both the TCD
and the QMS outputs for hydrogen coincide in the case of
TPR in the low hydrogen content reducing flow. It should,
however, be noted that, while the TCD plot is mainly de-
termined by the changes in hydrogen concentration, the
small amounts of CO (and NH3; to an even lesser extent)
that were liberated by the catalyst at T > 600 K contribute
slightly to the negative peak response in the TCD plot. The
low-temperature negative peak (Tmax below 350 K) that
appears in both profiles in Fig. 1 is entirely reproducible
and is diagnostic of a metallic palladium component that is
formed during the calcination step. The desorbing hydro-
gen may be present as a chemisorbed species on the sur-
face or absorbed in the bulk of the metallic palladium par-
ticle, i.e., 8-Pd/hydride formation. While the reduction of
the supported palladium appears to commence at ca. 353 K,
B-Pd/hydride decomposition may well occur concomitantly
with hydrogen consumption. The hydrogen consumption
calculated from the area of this peak (Tmax =422 or 440 K)
amounts to ca. 45 and ca. 67 wmol g~ for profiles a and b,
respectively. This hydrogen consumption peak may repre-
sent the hydrogen that is required for PdO reduction and/or
hydrogen chemisorption on the metallic palladium that is
formed and/or hydrogen adsorption that is known to oc-
cur directly on the MgO (14) as well as spillover species.
As the resultant output is such a composite value, it is not
possible to extract a measure of the degree of reduction
of palladium directly from the TPR data. The TCD re-
sponse for both reductive flows is different at T > 600 K.
A negative peak (Tmax =653 K) in profile a is diagnostic
of hydrogen release while profile b is characterised by a
sharp positive TCD peak (Tmax=ca. 743 K) revealing an
additional hydrogen consumption. There are a number of
possible explanations to account for the complex interplay
between hydrogen consumption and release in the temper-
ature range 500 < T <800 K and the related gas-phase hy-
drogen concentration dependence. On the one hand, both
negative peaks in profile a could result from a desorption
of hydrogen on both palladium and magnesia. On the other
hand, the release of hydrogen represented by the negative
peak at Tmax = 653 K may be the result of a reoxidation of
highly dispersed palladium in the hydrogen dilute stream by
adsorbed water or surface hydroxyl groups on the magnesia
surface corresponding to Egs. [4] and [5]:

Pd + H,0 — PdO + H, [4]

Pd +20H~ — PdO + O* + H,. [5]

The second positive peak at ca. 743 K in profile b clearly

reveals a further hydrogen consumption that is also ob-
served in profile a to a far lesser degree at the same tem-
perature maximum. It is probable that hydrogen activated
on metallic palladium spills over onto the MgO support
where it is desorbed at higher temperatures, giving rise to
the second negative peak above 800 K in both profiles. Hy-
drogen adsorption at low temperatures on thermally acti-
vated MgO has been reported by Ito et al. (15, 16) where
a heterolytic dissociation of the hydrogen molecule was
proposed; seven desorption peaks were observed between
200 and 650 K. Recently, dissociative adsorption of hy-
drogen on nanostructured and structurally disturbed MgO
was reported (17) which was also found to result in the
formation of MgsH and MgsOH species on the magnesia
surface.

Taking the QMS profiles in Fig. 2, the desorption of water
(m/z=18) and carbon dioxide (m/z=44) from MgO is not
unexpected, arising from H,O/CO, adsorption during sam-
ple handling while the magnesia as supplied contained car-
bonate. The occurrence of two peaks for CO; (Tmax =413
and 633 K) suggests a release from different adsorption sites
or states. A TPD of CO; from MgO has been reported by
Zhang et al. (18) where the principal loss occurred between
room temperature and 473 K, a weak desorption peak was
observed at ca. 523 K, and desorption reached completion
only at temperatures in excess of 673 K. Tsuji etal. (19), em-
ploying IR spectroscopy and TPD with *¥0-labeled CO, to
characterise the interaction of CO, with MgO, observed one
desorption peak with a maximum around 800 K. They con-
cluded that a surface bidentate carbonate species formed at
room temperature can migrate on the surface as the temper-
ature is raised during TPD. In our study, we noted the addi-
tional loss of carbon monoxide (m/z=28) and, moreover,
a secondary profile (at m/z= 16, CO fragment not shown
in Fig. 2) that was closely similar, in terms of response, to
the CO evolution. The CO liberation can be explained on
the basis of a reverse water—gas shift reaction in the Hy/Ar
flow via an oxygen delivery from CO; adsorbed on the
oxygen vacancies of MgO. Finally, the profile at m/z=15
is indicative of residual ammonium on the surface that is
present in the precursor (prepared by using (NH4),PdClg);
nitrogen loss can, however, be excluded because no rela-
tionship between the plots for m/z=28 and m/z= 14 was
evident. The m/z = 14 profile can be ascribed to a superim-
position of the ion current profiles of N* and CO?*. The
synchronous shape of the profiles for CO, (m/z=44) and
NH3; (m/z=15) desorption supports the presence of am-
monium carbonate and/or ammonium hydrogen carbonate
on the catalyst.

The XRD patterns, shown in Fig. 3, reveal the pres-
ence of Mg(OH), with a mean crystallite size of 11.2 nm
in the case of the calcined Pd/MgO sample (see profile a).
Agueous impregnation with the acidic palladium precursor
salt resulted in an almost complete transformation of MgO
to Mg(OH), which appears to be stable under calcination
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FIG.3. XRD patterns for the Pd/MgO sample after calcination in air
at473 K (a) followed by reduction in hydrogen at 573 K with (b) or without
(c) contact to air.

conditions at 473 K. It has, however, been established (20)
that an evolution of H,O and CO, from Mg(OH), is ob-
served only at temperatures in excess of 700 K. Reduc-
tion of the Pd/MgO in hydrogen at 573 K followed by con-
tact with air generated a (poorly) crystalline MgO phase
(mean crystallite size = 4.8 nm) in addition to the hydrox-
ide (mean crystallite size=12.2 nm); see profile b. A di-
rect reduction (again at 573 K) of the calcined sample but
without subsequent contact to air resulted in the formation

of pure MgO (mean crystallite size =4.0 nm), as shown in
profile c. It must be noted that in each case there was no
detectable palladium phase which suggested that either the
palladium particle size is lower than 3 nm, the resolution
limit of the diffractometer, or the palladium content of the
catalyst (1 wt%) was too low to yield an XRD pattern. The
TEM analysis has, however, confirmed that this apparent
absence of a palladium crystalline phase is due to the high
degree of Pd dispersion. The precalcined/reduced Pd/MgO
sample was analysed by conventional transmission electron
microscopy (CTEM) with selected area electron diffrac-
tion (SAED) and high-resolution transmission electron mi-
croscopy (HRTEM). The support was found to consist of
a more or less amorphous component with an appreciable
amount of crystalline needle-like structures, shown in Fig. 4.
The TEM bright-field analysis served to reveal that the Pd
is present in a highly dispersed form with the majority of
particles in the size range 1-2 nm. Moreover, as is shown
in Fig. 5, the palladium particles exhibit a narrow size dis-
tribution with a low mean particle size (1.3+£0.2 nm). It
should be noted that this size distribution does not include
those areas wherein the palladium particles appeared to
form “clumps” but as this was, by no means, a common
feature the quoted mean Pd particle size should not dif-
fer significantly from that which would be extracted from
a consideration of the size distribution of the entire palla-
dium content. Based on the mean particle size the palladium

FIG. 4. Representative TEM images of the activated (precalcined/reduced) Pd/MgO sample.
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FIG.5. Size distribution of the supported Pd particles: log-normal fit
is shown by the dashed line.

dispersion was estimated to be 0.71 4+ 0.05 assuming aspher-
ical particle shape.

Diffraction patterns characteristic of MgO and Mg(OH),
were clearly observed by SAED, and are shown in Fig. 6,
for every selected area of sample that was examined. Com-
pared with the XRD measurements (see Fig. 3), a higher
intensity of diffraction spots for MgO relative to Mg(OH),
was found by SAED. This may be attributed to a sup-
pression of the hydrophilic properties of MgO due to the
high-vacuum conditions employed during SAED. As the
supported palladium is present as such small crystallites,
no appropriate spots were found in the SAED analysis. It
should be noted that analysis of a used sample did not reveal
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.
MgO (111) : .
q\ \
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FIG.6. Representative SAED image: the origin of the different dif-

fraction spots and rings is indicated.

any marked differences from the freshly activated Pd/MgO.
The average Pd particle size was, however, shifted to the
slightly higher mean value of 1.8 nm as a result of the cata-
lytic step. It was necessary to employ HRTEM in order to
characterize the lattice structure of the supported Pd and
the MgO carrier. By resolving lattice distances of single
particles it was possible to determine each phase that is
present on the active surface. Quantitative measurements
were carried out by computing the Fourier transformation
(FFT, NIH image software (11)) of the selected area of
interest in the digitized image and measuring the spot dis-
tances; the latter can be taken to be the reciprocal of real
distances. Calibration of the absolute magnification of the
microscope was realized by measuring lattice distances of
bulk Au(111). A careful quantitative analysis of a large
number of particles, including comparison with known data
(21) and diffraction simulations, yielded a lattice distance
0f 0.225 nm (with a maximum associated error of 0.005 nm)
which is characteristic of metallic particles consisting of
single crystalline fcc palladium (lattice distance Pd(111) =
0.22458 nm). It should be noted that some larger particles
with well-developed defect structures were also present.
While it is certain that the measured lattice distances be-
long to Pd(111), it is important to note that the spots in
the Fourier transformation were noticeably broadened, in-
dicative of a strong variation of the lattice distances within
one particle. Moreover, HRTEM (see Fig. 7) revealed that
the needle-like support structure is composed of Periclase
MgO while the remainder of the support was identified as
Mg(OH)..

An overview of the XP spectrum (Al Ka source) for the
Pd/MgO sample, following the standard (precalcination/
reduction) activation procedure, is provided in Fig. 8a. The
survey spectrum reveals the main components of the acti-
vated surface. The position of the Mg 2p peak at 49.2 eV
points to the presence of Mg(OH),. The signal at 198 eV
is attributed to residual chlorine that remains on the sur-
face after the decomposition of the Pd precursor. As the
chlorine signal in the reduced catalyst is of higher inten-
sity than that in the calcined sample (not shown), segre-
gation of chlorine from the bulk to the catalyst surface by
pretreatment in flowing hydrogen must occur. The binding
energy range between 320 and 355 eV, identified in Fig. 8a
by an asterisk, is expanded in Fig. 8b, which also includes
the spectrum for the calcined catalyst. The occurrence of
the MgKL L3 peak originating from the catalyst support
is unfortunate as it lies in the region of the 3ds, signal of
Pd (335.1 eV), PdO (336.3 eV), and PdO; (337.9 eV) (12).
As the peak around 335 eV is very broad and unsymmet-
rical, the superimposition of a signal due to a palladium
component appears likely, particularly in the case of the
reduced sample. Due to the dominance of the MgKLL
Auger peaks between 300 and 350 eV it was expected that
a deconvolution of this peak in the Al Ka spectra would
yield little of value. The Pd 3d peak was probed further by
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FIG. 7.

employing an Mg Ka radiation source (1253.6 eV) in order
to eliminate the MgKL ;L3 peak that masked the Pd bind-
ing energy range. The resultant XPS measurements for
the calcined and precalcined/reduced samples are shown
in Fig. 9. A four-peak system is observed for both calcined
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FIG.8. (a) XPS (Al Ka source) overview of the activated (precal-

cined/reduced) Pd/MgO sample. The region identified by the asterisk is
expanded in (b) over the binding energy range 320-355 eV for the both
the calcined and precalcined/reduced Pd/MgO sample.

HRTEM images: structures A and B, indicates with arrows, represent the MgO support; selected Pd particles are circled.

and reduced samples, spanning the range 330-350 eV. Two
of these peaks with an associated binding around 335 and
340 eV can be positively assigned to Pd 3ds;, and Pd 3dsy,.
The Pd 3ds,, binding energy (335.7 eV) of the calcined sam-
ple was shifted after reduction to a lower value (334.4 eV).
The splitting of the signals of Pd 3ds;, and Pd 3ds, were
obtained to 4.9 and 5.5 eV for the calcined and reduced
samples, and the peak ratio corresponds to the literature
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FIG.9. XPS (Mg Ka source) of the (a) calcined and (b) precalcined/
reduced Pd/MgO sample.
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FIG. 11. Effect of reaction temperature on the fractional conversion

value, i.e., 1.45 (12). The Pd 3ds/; binding energies are given
in Table 1 along with a quantitative estimation of the sur-
face elements in the calcined and reduced samples. The ob-
served (1.3 eV) shift to a lower energy after the reduction
step corresponds to a change of the oxidation state of palla-
dium from +2 to 0. Moreover, when their binding energy is
compared with that of palladium bulk metal (335.1 eV), the
magnesia-supported palladium particles (334.4 eV) appear
to be electron-rich as aresult of a metal-support interaction
where an electronic ligand effect is induced by the support.
Indeed, Mojet et al. (22) and Kappers et al. (23) have re-
ported that the use of magnesia as a support leads to the
formation of small electron-rich supported Pd and Pt par-
ticles. A decrease in the binding energy of Pd below the
value for bulk Pd has also been observed for Pd/Y zeolite
catalysts (24). The appearance of the two remaining peaks
with binding energies of 343.5 and 347.0 eV for the calcined
sample (see Fig. 10) that are very close to those (343.4 and
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FIG. 10. \ariation of the phenol fractional conversion (x) with time
on stream at 573 K (H), 553 K (@), and 423 K over a freshly activated
catalyst (A) and at 423 K after processing a total of 1 x 10* mol of phenol
per mole of palladium (¥); W/F =69 gmol~*h.

of phenol (x) over Pd/MgO (A) and that calculated from the temperature
dependence of the reaction equilibrium constants (dashed line); W/F =
69 gmol~th. Inset: variation of fractional conversion (x) with phenol molar
feed rate (F) at 423 K (A) and 573 K (@).

346.8 eV) recorded for the reduced sample (see Fig. 11)
is more difficult to explain. The possibilities of a contribu-
tion from an element other than palladium or a core level
shift due to the small size of the supported Pd clusters can
both be discounted. In the latter case, the energy differ-
ence between the two peak systems (nearly 9 eV) is far
too great. One possible cause may be a charging of the Pd
particles. In order to probe this effect, we determined the
Auger parameter « (¢ = Pd 3ds; binding energy + Pd MVV
kinetic energy), which is insensitive to charging effects, and
compared those generated for a Pd/MgO reference cata-
lyst which had a considerably higher Pd loading (23% w/w)
and which was also pretreated using the standard condi-
tions. The latter catalyst exhibited only two Pd peaks in the
XP spectrum. Considering the relative uncertainty in the
determination of the position of the broad Auger peaks,
essentially the same values for the Auger parameter were
obtained for both calcined and reduced samples to give an
average value of « = 668.4 + 1.3 eV. This is in accord with
the suggestion of a charging effect of the highly dispersed
Pd phase, a phenomenon that was largely unaffected by
treatment with hydrogen.

The Catalytic Reaction

Cyclohexanone and cyclohexanol were the only reac-
tion products observed over the entire temperature range
that was studied, suggesting that the hydrogenation of phe-
nol is stepwise with cyclohexanone as the partially hy-
drogenated product and cyclohexanol as the fully hydro-
genated product. The MgO-based catalyst used in this study
promoted only hydrogenation steps whereas Pd supported
onacidic carriers has been shown (3, 8) to generate benzene,
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cyclohexane, and dicyclohexylether, i.e., involvement of
hydrodehydroxylation and condensation reactions. Phenol
conversion was essentially independent of time on stream,
as illustrated by the representative profiles shown in Fig. 10,
and a steady-state conversion was readily achieved. A dis-
cernible induction period was apparent at higher reaction
temperatures wherein conversion increased over the first
two hours on stream before attaining a constant value.
The deactivation reported for other palladium systems
(5, 6, 8) was not observed in this study. Indeed, the same
batch of catalyst after prolonged use (phenol/Pd mole ra-
tio >1 x 10 delivered a fractional conversion of phenol
that was slightly higher (see Fig. 10) than that recorded for
the freshly activated sample. The effect of reaction tem-
perature on the fractional conversion of a fixed inlet molar
phenol feed rate is presented in Fig. 11. Phenol conver-
sion was essentially constant over the temperature interval
423 < T <523 K but did decline at more elevated tempera-
tures. A drop in activity has been attributed elsewhere (8)
to a temperature-induced decrease of the fraction of the
catalyst surface that is covered by reactants. The possibility
of thermodynamic limitations was considered by estimating
the pertinent gas-phase reaction constants using the NIST
database (25). The equilibrium constants (K; and K;) for
the stepwise hydrogenation of phenol can be presented in
the form of a temperature dependence where

6769

CeHsOH + 2H, (5)_1 CoHiO  logKy = —— —133 [6]

3332

CoHi100 + Ha 2 CeHinOH  log K, = — —65 [7]

The calculated gas-phase equilibrium conversion shows
(see Fig. 11) a marked temperature dependence with com-
plete conversion achieved at T <443 K and a continual
drop thereafter to a residual conversion (x < 0.03) at 573 K.
The catalytic system did not achieve equilibrium gas-phase
conversions at T <493 K, and while conversion in both
cases declines at higher temperatures, the presence of the
Pd/MgO catalyst ensured a consistently higher degree of
conversion and maintained an appreciable level of activity
up to 573 K. The catalytic data are clearly removed from
gas-phase equilibrium conversions and the response of ac-
tivity to changes in temperature can be attributed positively
to surface reaction phenomena. Indeed, the degree of con-
version was observed to drop with increasing inlet phenol
feed rate as is illustrated in the inset to Fig. 11 for the two
reaction temperature extremes.

The reaction equilibrium temperature dependences
given in Egs. [6] and [7] were used to calculate the equi-
librium product compositions at representative tempera-
tures, and the resultant reaction selectivities and yields in
terms of cyclohexanone formation are compared in Fig. 12
with those generated in the catalytic process. The catalytic

100 T T 100
—
A //
s \:\—\Aﬂ\ il (g/)
PN
o) N‘ S
2 50 e NG 150 =
% VAN o
S , .
> e o
s
///"
/// -
O 1 | LY Py O
410 470 530 590
T K

FIG.12. Cyclohexanone selectivity (BM/dashed line) and yield (A/
dotted line) as a function of reaction temperature where the data were
generated in the catalytic step (symbols) or calculated from the temper-
ature dependence of the reaction equilibrium constants (lines); W/F =
69gmol~th.

and gas-phase equilibrium systems clearly diverge in terms
of reaction selectivity. Under equilibrium conditions, cy-
clohexanol is the predominant product at lower reaction
temperatures but cyclohexanone is increasingly preferred
as the reaction temperature is raised. The opposing tem-
perature dependences in terms of phenol conversion and
cyclohexanone selectivity are seen to generate a maximum
in cyclohexanone yield at 493 K. In complete contrast, the
catalytic system generated cyclohexanone as by far the pre-
ferred product at lower temperatures, with a selectivity in
excess of 95% at 423 K. This high selectivity was stable
with prolonged catalyst use and the cyclohexanone selec-
tivity/yield that was generated using the freshly activated
sample was within 4% of the values generated after reaction
times in excess of 55 h. Selectivity, and likewise yield, did
however drop with a further increase in temperature as full
hydrogenation to cyclohexanol was increasingly promoted.
The source or surface requirement(s) for a high cyclohex-
anone selectivity has not been established in the literature
and even the reaction mechanism is not well understood.
Cyclohexanone can be generated from the hydrogen treat-
ment of phenol by (a) direct hydrogenation or addition of
two hydrogen molecules/four hydrogen atoms, (b) hydro-
genation to cyclohexanol followed by a dehydrogenation
step, or (c) formation of cyclohexen-1-ol followed by a tau-
tomerism. A nonplanar mode of phenol interaction with
the basic MgO support has been proposed (8) through the
hydroxyl function as opposed to a coplanar surface arrange-
ment which appears to predominate on acidic, e.g., Al,Os,
supports involving a strong interaction with the aromatic
nucleus. The former should favour a stepwise addition of
hydrogen and high cyclohexanone selectivity (13). A one-
site dissociative adsorption of both phenol and hydrogen on
palladium has been proposed by Chen et al. (10) to favour



CATALYTIC BEHAVIOR OF Pd/MgO 97

high cyclohexanone selectivities. It is not possible, from the
combination of catalyst characterisation and catalysis data
presented in this paper, to conclusively identify the predom-
inant surface arrangment that leads to the high cyclohex-
anone selectivity recorded for this Pd/MgO catalyst which
is, in turn, dependent on process conditions. The active
catalyst is characterised by a high dispersion of electron-
rich palladium crystallites (Dpg = 71%) which interact with
the MgO/Mg(OH), phase. The charge density at the metal
site will certainly have a considerable bearing on the na-
ture of the surface-activated hydrogen while the presence
of the electron-withdrawing residual chlorine component
may contribute to the active site(s). Indeed, Mahata and
Vishwanathan (9) have shown that the d-character of
supported palladium has a considerable influence on the
progress of phenol hydrogenation. Moreover, palladium
has a high intrinsic double bond isomerisation activity (26)
which may be further enhanced in this catalyst and this will
certainly promote cyclohexanone formation via step c. The
combination of high and stable activity and selectivity at
a low operating temperature (423 K) does, however, rep-
resent a significant step forward in the development of a
low-cost cyclohexanone production route.

CONCLUSIONS

A dilute palladium (1% w/w Pd)-on-MgO catalyst pre-
pared by impregnation with (NH,4),PdCls and activated
by precalcination/low-temperature reduction, operating in
the absence of thermodynamic limitations, selectively pro-
motes the gas-phase hydrogenation of phenol to cyclohex-
anone with a selectivity in excess of 95% at 423 K. Both ac-
tivity and selectivity drop at higher reaction temperatures
as cyclohexanol is increasingly preferred. Steady-state con-
version is readily achieved with no appreciable deactivation
after extended (>55 h) catalyst use. The activated catalyst
is characterised by a highly dispersed electron-rich metallic
palladium phase (Dpg=71%) which interacts with a sup-
port that is comprised of largely amorphous Mg(OH), and
crystalline needle-like MgO. There is also evidence of resid-
ual ammonium carbonate/ammonium hydrogen carbonate
and chlorine on the surface. The high cyclohexanone selec-
tivity is attributed to the nature of the surface activation of
hydrogen (which is influenced by the charge density at the
very small palladium crystallites) and/or phenol (through
the —OH group) which leads to a preferential partial hy-
drogenation.
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