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Abstract

The catalytic gas phase phenol hydrogenation activities/selectivities associated with,Rmégi@red by Pd(N§), and Pd(GHs0,),
impregnation have been compared with those delivered by Pd—-YhgBépared from &(DMF)10Yb,[Pd(CN)]s }~ precursor. The Pd metal
loading spanned the range 1-10% (w/w) and the reaction was conducted over the temperature interval 398—448 K. Phenol hydrogenation
yielded both cyclohexanone as a partially hydrogenated reactive intermediate and cyclohexanol as the fully hydrogenated product. The activated
catalysts have been characterized by HRTEM/EDX, XPS and XRD. The reaction exhibits a slight dependence on Pd particle size with a lower
specific hydrogenation activity associated with larger Pd particles. The incorporation of Yb resulted in an appreciable enhancement of phenol
conversion. Yb/Si@, however, did not exhibit any hydrogenation activity and the promotional effect of Yb in Pd-YbhiSi®ntatively
attributed to hydrogen transfer via surface Yb hydride. The effect of contact time and reaction temperature on activity/selectivity has been
considered and is discussed in terms of phenol/catalyst interaction(s). The promotional effect of Yb also extends to phenol hydrogenation
over supported Ni (5%, w/w Ni) where Ni—Yb/SjQ@elivered higher conversions and higher overall cyclohexanone yields when compared
with Ni/SiO,.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction by comparison, received less attent[@d—18] Reaction se-
lectivity, in terms of cyclohexanone production, is strongly

Phenol hydrogenation can proceed in a stepwise fashiondependent on reaction conditiof$,10,16,19]and selec-
with cyclohexanone as the partially hydrogenated and cy- tivities in excess of 95% have been quoted in the literature
clohexanol the fully hydrogenated products. The selective [2,7,10,14,15]However, in the sequential hydrogenation of
hydrogenation to cyclohexanone is of commercial signifi- phenol, cyclohexanone selectivity is inextricably linked to
cance as a viable synthetic route to a key raw material in thefractional phenol conversion and the higher the conversion
production of caprolactam for nylon 6 and adipic acid for the greater is the likelihood of complete hydrogenation to
nylon 66[1]. The alternative route, oxidation of cyclohex- cyclohexanol. The attainment of a high cyclohexanone selec-
ane requires high temperatures and pressures and generatéigity (>95%) at elevated conversions (>80%) remains a chal-
appreciable by-products that lower cyclohexanone yield and lenging catalysis problem. The latter can only be solved by
complicate the recovery/separation steps. Supported Pd hagstablishing a direct correlation between activity/selectivity
thus far been the predominant catalytic agent used to pro-and catalyst surface structure/properties. Recent findings
mote phenol hydrogenation in both gis-11] and liquid have highlighted the respective roles of metal loading
[12,13] phase operation. The use of Ni-based catalysts has,[2,3,5,8,14,16,20Q] acid-base support properti¢®,3,9,19]

and the incorporation of promoters such as algafi1,21]

- ) and alkaline[11,21] metals in modifying phenol/catalyst
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In an earlier communicatiorf22], we demonstrated sieves) into batches of {&n average particle diameter.
that a silica supported Pd-Yb bimetallic catalyst, derived The metal loadings were determined (to within2%) by
from a cyanide bridged lanthanide-palladium complex inductively coupled plasma-optical emission spectrometery
({(DMF)10Yb2[Pd(CN)]3}s0), exhibited quite distinct  (ICP-OES, Vista-PRO, Varian Inc.) from the diluted extract
phenol hydrogenation behavior when compared with of aqua regia.
monometallic Pd catalysts prepared from conventional High resolution transmission electron microscopy
nitrate and acetate salt precursors. This was manifest in(HRTEM) analysis was carried out using a Philips CM200
appreciably higher phenol conversions over the bimetal- FEGTEM microscope equipped with a UTW energy dis-
lic, an effect that we initially ascribed to possible electron persive X-ray (EDX) detector (Oxford Instruments) and
donation from Yb that serves to enhance the intrinsic hy- operated at an accelerating voltage of 200kV. The speci-
drogenation activity of the Pd sites. The earlier communi- mens were prepared by ultrasonic dispersion in 2-butanol,
cation was limited to a single Pd loading (5% w/w) and evaporating a drop of the resultant suspension onto a ho-
one reaction temperature (423 K): the Pd-Yb stoichiometry ley carbon support grid. The Pd particle size distribution
in the bimetallic systera= 3/2. We have since extended the profiles (and mean Pd sizes) presented in this study are
work to consider two additional Pd loadings (1% and 10%, based on a measurement of over 500 individual particles.
w/w Pd) with reaction over the range 398—-448 K and report The specific Pd surface are®§, m? grq~1) was calculated
herein the results of these additional studies. In addition, from the relationshig24]
we have obtained supplementary catalyst characterization

data (TEM, XRD and XPS) and have extended the study to Spa= —— 1)
consider the influence of Yb on the phenol hydrogenation pipd
activity/selectivity of silica supported Ni. wheredpg is the mean particle size andis the Pd specific
mass (11.97 g cm?): dpg was obtained from
> nid
i dpg = = 2
2. Experimental Pa= S (2)
2.1. Catalyst preparation, activation and wheren; is the number of Pd particles of diametrand
characterization > ;ni > 500. A secondary ion mass spectrometric analysis
(SIMS, VG ESCALAB) of each activated catalyst (pressed
The transition metal (TM) complex{(DMF)i0Yb2 into indium foil) revealed only the presence of Si, Pd or

[TM(CN)4l3}0, Wwhere TM= Pd or Ni, was prepared using Ni and (in the case of the supported bimetallics) Yb on
a procedure previously described by Shore and co-workersthe surface. X-ray powder data were collected on a Bruker
[23]. The solution was contacted with a sample of fumed D8 Advance X-ray powder diffractometer (CuKradia-
SiO, (Aldrich, surface area >200%g~1) to deliver three tion) from activated/passivated samples that were loaded
Pd (1, 5, and 10%, w/w) and one Ni (5%, w/w) loading. in 0.5mm Lindeman glass capillaries in a glove box and
The DMF was removed from the impregnated Sidhder sealed. X-ray photoelectron spectroscopic (XPS) analyses
vacuum over a period of 12h at room temperature. The were conducted using a Kratos Axis Ultra spectrometer with
resulting white solid was loaded in a quartz boat, placed monochromatized Mg K radiation (1253.6 eV). A sample

in a furnace, flushed with Hfor ca. 10 min and reduced of activated/passivated catalyst was adhered to a conducting
under a steady Hflow with incremental temperature in-  carbon tape, mounted in the sample holder and subjected to
creases of 25K, approximately every 10 min, to a final UHV conditions ¢-1.3 x 10~/ Pa) overnight prior to anal-
temperature of 523K which was maintained for 30 min. ysis. Full range surveys (0—1000eV) and high resolution
The sample was then flushed in He and passivated in aspectra (range of30eV) of Pd 3d,2, Yb 4052, Si 2p, O 1s

1% (viv) & in He flow at room temperature. Samples of and C 1s were collected. The C 1s peak, centred at 284.5 eV
1, 5, and 10% (w/w) Pd and 5% (w/w) Ni on SiQvere served as reference to calibrate the binding energy values.
prepared employing the metal acetate dissolved in DMF The signals for Pd and Yb were much weaker than Si and
as precursor. The same fumed Si@as contacted with O, due to the low concentrations in the Si@atrix with

the acetate precursor and activated/passivated as above. Fahe result that extended scans were employed to improve the
comparative purposes, 1, 5, and 10% (w/w) Pd/Sand signal-noise ratio.

5% (w/w) Ni/SiO, were prepared by impregnation of the

same fumed silica with 2-butanolic solutions of Pd@ 2.2. Catalytic reactor system

or Ni(NO3)2. A 5% (w/w) Yb on SiQ was also prepared

where weighed amounts of SiCand Yb powder were Prior to reaction, each catalyst sample was activated
charged into a reaction flask in a drybox. Liquid ammonia (10K min~1 in 60 cn® min~1 dry Hp) in situ under atmo-
was then vacuum-transferred into this flask at 195K, the spheric pressure in a fixed bed glass reactdr & 15 mm)
mixture was stirred for ca. 3 h and the liquid ammonia was at 523K (in the case of Pd and Pd-Yb) and 673K (in the
then pumped away. Each sample was sieved (ATM fine testcase of Ni and Ni/Yb). The catalytic reactor approximated
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plug flow pattern and has been fully described previously and percentage cyclohexanone yieYd (o %) is given by
[2,16] but some details, pertinent to this study, are given be- [CeH100]out
low. A Model 100 (kd Scientific) microprocessor controlled Yc—0 = -7
infusion pump was used to deliver an aqueous solution of [CeHsOHin
phenol at a fixed calibrated flow rate, carried through the where [] denotes concentration, and in and out refer to the or-
catalyst bed in a stream of dry,HThe phenol molar feed  ganic entering and exiting the reactor. All the reactants were
rate was varied from.8 x 107410 9.4 x 103 h~1 in order Analar grade and were used without further purification.

to test adherence to pseudo-first order kinetics where H

was maintained at least twelve times in excess of stoichio-

metric guantities; the gas space velocity was kept constant3. Results and discussion

at 3620 L. The catalyst was supported on a glass frit and

a layer of glass beads above the catalyst bed served as a The Pd-based catalysts considered in this study are listed
pre-heating zone to ensure that the reactants were vaporizein Table 1, which includes the mean Pd particle sizes de-
and reached the reaction temperature (398-448 K) beforerived from TEM analyses. The activated monometallic Pd
contacting the catalyst. The reactor was operated, using thecatalysts derived from the nitrate and acetate precursors are
criteria outlined elsewherg25], with negligible internal denoted A/B/C and I/1I/11l, respectively. The mean Pd diam-
or external diffusion retardation of reaction rate (effec- eterwas found to increase with increasing Pd loading for the
tiveness factor >0.99). Heat transport effects can also bethree catalyst families. This is well illustrated by the TEM
disregarded when applying the criteria set down by Mears generated Pd size distribution histograms showfigm 1

[26]; the temperature differential between the catalyst par- where a broadening of the size distribution and overall shift
ticles and bulk fluid phase was1K. Repeated catalytic  to higher values is evident at higher Pd loadings. It is in-
runs generated results that were reproducible to within structive to note that the Pd particle size in the Pd-Yb4SiO
+7%. The reactor effluent was frozen in a liquid nitrogen bimetallic catalysts was less sensitive to metal loading and
trap for subsequent analysis which was made using an Althe size distribution profiles are similar at each loading
Cambridge GC94 chromatograph equipped with a flame (Fig. 19. The nature of the Pd metal dispersion in these cat-
ionization detector and employing a DB-150xm0.20 mm alysts can be assessed from the representative TEM images
i.d., 0.33um capillary column (J&W Scientific), as de- presented irFig. 2 As a general observation, the Pd parti-
scribed elsewherg/]. Quantitative analysis was based on cles in both monometallic catalysts are characterized by a
relative peak area with acetone as solvent where analyticalrounded morphology whereas a significant proportion of the
repeatability was better thah0.1% and the detection limit ~ Pd particles in the Pd-Yb/Si3ample adopted more faceted
corresponded to a phenol conversion less than 0.1 mol%.shapes, indicative of subtle changes in the metal/support

x 100 (5)

The overall fractional conversion of phendkpfeno) is interaction(s). The EDX analyses, reported previo(i2g],

given by revealed a thin coating of Yb spread over the catalysts sur-
[CeHsOH]in — [CeHsOHJout face with no evidence of any distinct clustering or particles

Xphenol = [CoH=OHI, 3) of Yb in the Pd—Yb/Si@ samples. Representative X-ray

powder patterns of monometallic Pd/Si@nd Yb/SiG and
while reaction selectivity (as a percentage) in terms of cy- pimetallic Pd—Yb/Si@ are shown irFig. 3 The diffraction
clohexanone formatiorSt—o) can be represented by pattern for Yb/SiQ did not reveal the presence of crys-
_ [CeH100]out 100 (@) talline Yb or a known hydride of ytterbium. However, there
"~ [CsH50H]in — [CeHsOH]out is evidence (indicated ifrig. 3) of crystalline Yb(NH)3

Sc=o

Table 1
Effect of Pd precursor and presence of Yb on the mean Pd particle diandgtebtained from TEM analysis and the associated specific phenol
hydrogenation pseudo-first order rate constakfsT = 448K

Catalyst Pd precursor Pd (%, wiw) d (nm) k (x10°(molh~t
(m?gs)™h)
Pd/SIG-A PA(NGs)2 1 1.9 3.1
Pd/SiQ-I Pd(GH30z)2 1 34 25
Pd-Yb/SiG-| {(DMF)10Yb2[Pd(CN}]3} 0o 1 5.0 5.7
Pd/SiQ-B Pd(NGs)2 5 5.2 2.3
Pd/SiG-II Pd(C2H302)2 5 6.0 2.0
Pd-Yb/SiQ-II {(DMF)10Yb,[Pd(CN}]3} 0 5 5.1 5.4
Pd/SiGQ-C PA(NG)2 10 8.3 2.4
Pd/SiQ-III Pd(CzH302)2 10 7.4 1.8

Pd-Yb/SiQ-IIl {(DMF)10Yb[Pd(CNY]3} oo 10 6.3 49
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Fig. 1. Palladium particle size distribution associated with activated 1%
(w/w) (open bars), 5% (w/w) (hatched bars), 10% (w/w) (solid bars) Pd
loadings: (a) Pd/Si®(A, B, and C) derived from the Pd(Ng{» precursor;

(b) Pd/SiQ (I, Il, and Ill) derived from the Pd(gH30,), precursor; (c)
Pd-Yb/SiG (I, Il, and 1) derived from the{(DMF)10Yb2[Pd(CN}]3} o
precursor.

and Yb(NH)2 [27] in addition to some unidentified species.
The X-ray powder pattern associated with Pd/Si®©con-
sistent with an exclusive cubic symmetry where the d spac-
ings (2.24801, 1.94622, 1.37579, 1.17231, 1.12192, and
1.00515A) and relative intensities are in excellent agree-
ment with those reported by Kern and Eyg&8]. The pat-
tern for the Pd-Yb bimetallic revealed only the presence of
crystalline Pd species, an observation that is in keeping with
the TEM-EDX detection of Yb as a surface film. The broad
character of Pd diffraction maxima in Pd-Yb/Si€uggests
short range order. It should be noted that extended exposure
of this sample to K has generated a pattern with sharper
maxima.

Cyclohexanone and cyclohexanol were the only observed
reaction products in the gas phase transformation of aqueous
phenol solutions over each silica supported Pd and Pd-Yb
catalyst. At temperatures in excess of a3 K there was
evidence of benzene formation (hydrodehydroxylation) that
was more significant over the higher Pd loaded catalysts
and which was further promoted &t> 473 K. In prelimi-
nary studies, the transformation of methanolic phenol solu-
tions yielded anisole as a major product, formed through a
catalyzed methylation step. The catalytic study was accord-
ingly limited to an aqueous phenol feed to the reactor (with
vaporization prior to reaction) at temperatures less than
473K in order to assess the intrinsic hydrogenation activity
of these catalysts. There was no detectable condensation
to form dicyclohexylether, as has been reported for Pd on
acidic support43,9]. The product composition associated
with the monometallic Pd/Si©was largely independent
of time-on-stream whereas the Pd-Yb/gi€atalysts were
characterized by distinct short range temporal variations in
terms of activity/selectivity. The latter is illustratedfig. 4
where the fractional phenol conversion over the Pd-Yb sys-
tem can be seen to decrease with a concommitant increase
in cyclohexanone selectivity att < 2 h but steady state ac-
tivity/selectivity is ultimately attained. The anti-sympathetic
relationship betweemRghenol and Sc=p is to be expected in
a sequential hydrogenation scheme where complete hydro-
genation should be enhanced at higRgfenor IN marked
contrast, phenol conversion/cyclohexanone selectivity over
both Pd/SiQ catalysts was essentially time invariant. All
the catalytic data quoted from this point on refer to steady
state conversions.

We have shown elsewhere that phenol hydrogenation
kinetics can be adequately represented using a standard
pseudo-first order treatmefit6,22] This can be tested by
integrating the design equation for a plug flow reactor where
pseudo-first order dependence will yield a straight line plot
relating fractional conversiognheno) 10 W/Fphenol (Catalyst
weight to phenol molar flow rate ratio) according to

1 w
In ( ) =k (6)
1-— Xphenol Fphenol

Three representative plots are giverrig. 5Swhere it is clear
(correlation coefficient >0.995) that the pseudo-first order




SG. Shore et al./Journal of Molecular Catalysis A: Chemical 212 (2004) 291-300 295

Fig. 2. Representative low resolution TEM images of (a) Pd#BO(b) Pd-Yb/SiQ-II, and (c) HRTEM of an isolated larger Pd particle in Pd—Yb/giO

treatment holds. A least-squares fit, forced to go through the electropositive lanthanide metal, possibly facilitated through
origin, was used to determine rate constants that were con-the intimate association of the Yb film with the supported Pd
verted to specific values usirifg. (1) and are recorded in  particles. The latter can be probed by XPS analysis and rep-
Table 1 Taking each catalyst family in turn, the specific rate resentative spectra for a silica supported Pd and Pd-Yb are
constant is lower for the higher Pd loadings/larger Pd par- given in Fig. 6 over the binding energy range 332-341eV
ticle sizes, albeit the dependence is slight. This observationwherein two peaks arise that can be positively assigned to
is largely in keeping with earlier work that suggested an in- Pd 3d;,» and Pd 3d,>. Focusing on the Pd 3@ signal, the
variant specific rate where the average Pd patrticle size (onextracted binding energy of 334.4 eV for Pd/SiDis in ex-
MgO) exceeded ca. 2 nfg,8]. One significant feature isthe  cellent agreement with that recorded elsewhere for Pd/MgO
appreciably higher hydrogenation rates associated with the[7]. The XPS spectrum for the Pd-Yb bimetallic over the
Pd-Yb bimetallic system that extends over the entire range same range of binding energies is essentially equivalent and
of Pd loadings. It has been shown elsewh@@ that the the shift of the Pd 3¢}, peak by 0.2eV to 334.2eV may
d-character of supported Pd governs, to a great extent, phebe suggestive of some slight increase in electron density at
nol hydrogenation activity where electron deficient Pd sites the Pd sites. This difference in XPS response is, however,
exhibit a lower inherent rate of phenol consumption. The negligible and the observed enhancement of phenol hydro-
higher specific rate constants associated with Pd-Yb/SiO genation due to Yb inclusion can not then be attributed to
may then be linked to electron donation from the strongly electronic effects.
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Intensity (a.u.)

Fig. 3. XRD patterns associated with (a) Pd/giQ (b) Pd-Yb/SiQ-Il, and (c) Yb/SIQ with peak assignments for Yb(NHb and Yb(NH)s.

While there is a dearth of literature on Pd-Yb catalyst mobile with hydrogen release at elevated temperatures. We
systems, there is, however, eviderj28] that alloying Pd have now initiated a program of catalyst characterization
with lanthanides has an appreciable impact on hydrogen ad-involving in situ XRD and H chemisorption/TPD to estab-
sorption behavior. Ytterbium is known to form a dihydride lish and quantify the surface hydride species and hydrogen
by reaction with hydrogen at room temperature and atmo- uptake/release characteristics of Pd—Yb/Si@der reaction
spheric pressurf80—-32] The formation of higher hydrides  conditions.
is possible at higher temperatures and elevated pressure The relationship between fractional conversion of phenol
[33] with a switch from an orthorhombic to a face-centered and cyclohexanone selectivityS{_p) where tempera-
cubic structure at temperatures in excess of 673K. ture was kept constant and thW#Fphenol parameter var-
Imamura et al., in studying silica supported Pd-Yb prepared ied is shown inFig. 7. The parameteiV/Fphenol (Units,
by the reaction of Pd/Si©with Yb dissolved in liquid ghmol1) has the physical significance of contact time.
ammonia, have reported that the presence of Yb served toln every instance, higher conversions (corresponding to
generate a higher concentration of surface active hydrogenhigher W/Fpheno values) favored complete hydrogenation
[35] with a subsequent enhancement of propf8& and to the alcohol. The selectivity profiles coincided for both
propyne[37] hydrogenation rates. Our bimetallic synthe- families of Pd/SiQ regardless of Pd loading while com-
sis strategy differs from that of Imamura et al. in that we plete hydrogenation was preferred over the Pd-YbSiO
introduce both Pd and Yb simultaneously to the support systems at eacRphenos illustrating the intrinsically grater
({(DMF)10Yb2[Pd(CNu]3}~ precursor) as opposed to a hydrogenation capability of the supported bimetallic. The
stepwise addition. Our one step synthetic route should favor effect of reaction temperature on phenol hydrogenation ac-
amore intimate and uniform interaction of both metals on the tivity can be assessed from the entriesFig. 8 wherein
silica support. The Yb/Si@sample did not exhibit any hy-  the fractional conversion of phenok)(relative to that at
drogenation activity under the same reaction conditions. The 398 K (X3ggk) is plotted as a function of temperature. In
enhanced hydrogenation over Pd-Yb/gi®clearly a syn- every instance the steady state phenol conversion decreased
ergetic effect where the Yb component may act as a sourceover the temperature interval 398K 7' < 448 K. A drop
of surface hydrogen via the hydride. It has been shown in phenol conversion with increasing temperature has been
[38] that the hydrogen associated with Yb-H films is highly reported previously{3,8—-10,15] and has been attributed
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Fig. 5. Pseudo-first order kinetic relationships for the hydrogenation of

phenol over Pd/Si@C (A), Pd/SiG-Ill (M), and Pd-Yb/Sig-ll (@):
T = 448K.

to thermodynamic limitation$3,15] and/or a temperature
induced decrease of the fraction of the catalyst surface that
is covered by reactant($3]. Thermochemical calculations
have revealed that the gas phase equilibrium does exhibit a
marked temperature dependeifice At the same inlet phe-

nol partial pressure, complete conversion under equilibrium
conditions is achieved &t < 443 K with a continual drop
thereafter to a residual conversion at 573 K. The catalytic
data generated in this study are far removed from gas phase
equilibrium conversions and the response of activity to
changes in temperature can be attributed positively to sur-
face reaction phenomena. In the case of both monometallic
Pd catalysts the activity temperature dependence was a
function of Pd loading where the Pd dilute systems were
less sensitive to temperature changes and the profiles for
both nitrate and acetate-based catalysts coincided at a com-
mon % Pd, w/w. In marked contrast, incorporation of Yb
on the surface ensured a consistently higher degree of
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Intensity (a.u.)

344 340 336 332
Binding Energy (eV)

Fig. 6. XPS of (a) Pd/Si@ll and (b) Pd-Yb/SiG-II.

conversion that was largely maintained over the entire tem- values ofXphenol Were achieved with a decrease in reac-
perature interval, an effect that was common to all metal tion temperature (sefeig. 8) where stepwise hydrogenation
loadings. must prevail with a higher associated cyclohexanone se-
Variations in reaction temperature also had a consider- lectivity. A temperature induced desorption serves to lower
able effect on selectivity as can be seen from the relation- Xphenol While a complete hydrogenation to cyclohexanol is
ship between conversion and cyclohexanone selectivity (atfavored.
a fixed inlet molar feed rate) presentedriy. 9. The lines The effect of incorporating Yb with Ni on phenol hy-
provided are intended merely as a guide to aid visual assessérogenation is considered ifable 2 There are clear cut
ment and do not possess any “fitting” significance. In con- differences in the catalytic behavior of Ni and Pd and, under
trast to the trends shown Fig. 7, variations in temperature  the same reaction conditions, each Pd system was signifi-
that result in increased phenol conversion also served to en-cantly more active than the Ni counterpart. It is, however,
hance the selectivity with which the partially hydrogenated generally accepted that Pd-based catalysts are inherently
cyclohexanone was produced. This response can be linkednore effective than Ni catalysts in promoting aromatic
to temperature induced changes in the phenol/catalyst inter-hydrogenation reactionf89]. The monometallic Ni/SiQ
action(s) that are known to govern selectivify’]. Taking catalysts prepared from the nitrate and acetate precursors
the relationships plotted iRig. 9, the predominant temper-  delivered comparable rate constants and cyclohexanone se-
ature related selectivity response can be flagged: the highelectivities/yields. The presence of Yb again resulted in a

T T T T l I
0.9 1
90 | B
X
>
o X . 4
8 x 08
(2] 65 | i
0.3 4
1 |
40 L . . 390 420 450
0.3 0.6 0.9 TK
Xphenol Fig. 8. Temperature dependence of the fractional phenol conversion

(x) relative to that recorded at 398 Kkabgk) over 1% (w/w) (&,A),

5% (w/w) (M) and 10% (w/w) @,0) Pd/SIQ prepared from

the nitrate (open symbols) and acetate (solid symbols) precursors and
over Pd-Yb/Si@-1 (V),Pd-Yb/SiQ-lIl (®) and Pd-Yb/Sig-lll (%):

W/ Fohenol= 128 gmol T2,

Fig. 7. Relationship between cyclohexanone selectii ) and frac-
tional phenol conversiorxgheno) over Pd/SiQ derived from nitrate A)
and acetatel) precursors and over Pd-Yb/SiG®) where W/Fphenol
was varied and temperature was kept constant at 398 K.
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Fig. 9. Relationship between cyclohexanone selectiviy_6) and fractional phenol conversiongfeno) over Pd/SiQ derived from nitrate A,
dashed lineW/ Fphenol = 128 gmolit?) and acetate M, dotted line, W/ Fphenol = 43gmol i) precursors and over Pd-Yb/SiQ®, solid line

W/ Fphenol= 64 9 moHTl) where the temperature was varied.

Table 2

Hydrogenation rate constark, (per gram of transition metal), cyclohexanone selectiv®y_) and yield {{c—o) associated with phenol conversion over
Pd/SiG, Ni/SIiO,, Pd-Yb/SiQ, and Ni-Yb/SiQ at 423K where the Pd (or Ni) loading 5% (w/w): W/Fphenol = 128gmotth

Nitrate precursor Acetate precursor Bimetallic

Pd/SIQ Ni/SiO, Pd/SIQ Ni/SiO, Pd-Yb/SiQ Ni-Yb/SiO,
k (x10°molh~tg1) 23 9 20 10 42 19
S0 (%) 62 16 74 15 68 25
Ye—o (%) 27 3 25 4 47 15

significant enhancement of activity. Imamura et[4D,41]

an effect that extends to silica supported Ni. A pseudo-first

have also noted an enhanced catalytic activity associatedorder kinetic analysis combined with TEM characterization

with Ni-Yb/SiO, when compared with Ni/Si@in hydrogen

has been used to deliver specific rate constants that were

transfer reactions involving ethane and buta-1,3-diene. Theslightly lower for larger metal particles; the average Pd par-

promotional effect of Yb in phenol hydrogenation extends
to Ni on silica where the positive influence may again be
ascribed to hydrogen transfer from the surface Yb hydride.
In common with Pd-Yb/Si@ both phenol conversion and

product distribution showed short-term temporal variations:
the values given ifTable 2represent steady state conver-
sion. While phenol conversion over Ni-Yb was greater
than that recorded for both Ni/Siatalysts, the cyclohex-

ticle sizes spanned the range 2—-8 nm for 1% to 10%, w/w
Pd. While Yb/SiQ did not exhibit any hydrogenation activ-
ity the specific rates associated with the Pd—Yb bimetallic
systems were appreciably greater than the monometallic
Pd/SIQ at each Pd loading. This Pd-Yb synergistic effect
is tentatively attributed to a greater availability of reactive
hydrogen from surface Yb hydride species. The Yb com-
ponent in Pd-Yb/SiQ@is present as a thin coating with no

anone selectivity was also greater resulting in a significant evidence of distinct Yb particle formation or, on the basis

improvement (by over a factor of three) in cyclohexanone
yield.

4. Conclusion
In the hydrogenation of phenol over Pd/SiCand

Pd-Yb/SiQ, the presence of Yb has a significant impact on
catalytic activity and selectivity. In the case of the supported

monometallic Pd, use of palladium acetate or nitrate as the
metal precursor has little effect on catalyst performance.

of XPS analysis, disruption to the Pd site electron density.
A decrease in the effective contact time lowered fractional
conversion (over each catalyst) with a preferential formation
of cyclohexanone. Where the contact time was maintained
constant, an increase in reaction temperature lowered both
conversion and cyclohexanone selectivity.
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