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Abstract

The liquid phase hydrogenation of acetophenone was studied over a series of silica supported bimetallic catalysts with
various Ru/Cr atomic ratios. The catalysts were prepared by reduction of the metal salts with &tpRidus solutions and
were characterised by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) (ESCA). The hydrogenation
reaction was carried out in batch at a hydrogen pressure of 9 bar. The selectivity towards reduction of the carbonyl function
increases with the increasing amount of Cr ions added.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction on zeolites or oxides as catalyqts—-6]. Bimetallic
systemg[7-9] are often preferred in order to obtain
The catalytic hydrogenation of organic derivatives better activity, stability and selectivity of the catalytic
containing a carbonyl group, is a reaction widely used systems.
in the preparation of intermediates for the fine chemi-  Ruthenium, on various oxidic supports, has been
cals and pharmaceutical industries. The hydrogenationused for the selective catalytic hydrogenation of
of acetophenone is particularly important because of aromatics and carbonyl groud40,11] Bimetallic
the extensive industrial use of two of the possible reac- ruthenium/tin based systems, in particular, were suc-
tion products: 1-phenyl ethanol (PE) and 1-cyclohexyl cessfully used in the hydrogenation of carbonylic
ethanol (CHE). In fact, CHE is employed in the man- and carboxylic derivative§12—16] Chromium ions
ufacturing of some polymers, while PE finds use in have been used as promoters in Raney nickel based
the pharmaceutical and perfume industries. The reac-catalysts for the selective acetophenone reduction
tion is usually carried out in the liquid phase, at low [7-9]. In this paper, we present the results of a study
hydrogen pressure, using transition metals supportedon the liquid phase hydrogenation of acetophenone
using silica supported ruthenium based catalysts,

"+ Corresponding author. Tek39-0412346762; promo_ted by chromium ions, Whigh are prepared_by
fax: +39-0412346735. reduction at room temperature with agueous sodium
E-mail addressienarda@unive.it (M. Lenarda). tetrahydroborate.

1381-1169/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
PIl: S1381-1169(02)00079-1



134

2. Experimental
2.1. Materials

Acetophenone, PE, cyclohexyl methyl ketone
(CHMK), n-hexane, NaBh, RuCk-3H,O and CrC-
6H20 were Aldrich Chimica products, while hydro-
gen was from SIAD.

Silica was a 432(7)Grace silica catalyst support,
with a surface area of 3204y and pore volume of
1.65ml/g.

2.2. Catalysts preparation

The loading of ruthenium was fixed to 2% (w/w).
A series of catalysts, with Ru/Cr molar ratios 4:1,
1:1, and 1:4, respectively, and identified as Ru-
CrB/SIL(4/1), RuCrB/SIL(1/1), and RuCrB/SIL(1/4),
respectively, were prepared as described below.

An aqueous solution of RugBH,O and CrCs-
6H,0 was added to a vigorously stirred aqueous slurry
of SiOy. The resulting mixture was left to stand for
2h.

Then an aqueous solution of sodium borohydride
(molar ratio Ru:NaBH, 1:400) was added dropwise
to the slurry. After the reduction was completed, the
catalyst was filtered, washed first with distilled water
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analysis and not by comparative investigation of the
peak broadening after analysis for each pgzX.

2.4. X-ray photoelectron spectroscopy (XPS) (ESCA)

X-ray photoelectron spectra were obtained using
a Physical Electronics PHI 5700 spectrometer with a
non-monochromatic Mg K radiation (300 W, 15KkV,
1253.6 eV) as excitation source. High-resolution spec-
tra were recorded at a 4%5ake-off-angle by a concen-
tric hemispherical energy electron analyser, operating
in the constant pass energy mode at 29.35eV, using
a 720pm diameter analysis area. Under these con-
ditions, the Au 4f,; line was recorded with 1.16eV
FWHM at a binding energy of 84.0eV. The spec-
trometer energy scale was calibrated using Cgy2p
Ag 3ds/2 and Au 4f/,> photoelectron lines at 932.7,
368.3, and 84.0eV, respectively. Charge referencing
was done against Si 2p at 103.1 eV, because the signal
C 1s is overlapped with the Ru 3d peak. Samples
were mounted on a sample holder without adhesive
tape and kept overnight at high vacuum in the prepa-
ration chamber, before they were transferred to the
analysis chamber of the spectrometer for the mea-
sure. Each spectral region was scanned with several
sweeps till a good signal to noise ratio was observed.

and successively with acetone and then vacuum dried Survey spectra in the range 0-1200 eV were recorded

for 3h.

The sample RuB/SIL was prepared by Sitn-
pregnation with an aqueous solution of RgGH,0.
The suspension was left to stand for 2h. The reduc-
tion with NaBH; was carried out as described above
for the other samples.

2.3. Powder X-ray diffraction (XRD)

The X-ray diffraction patterns were collected with a
Bragg—Brentano powder diffractometer using Ch K
radiation ¢ = 1.5418A) and a monochromator in
the diffracted beam. Diffraction data were analysed
with the Rietveld methofil 7], using the RIETQUAN
codes[18]. This program, in a fully automated ver-
sion, is particularly suited for a quantitative evalua-
tion of the phases present in the X-ray diffraction pat-

at 187.85eV of pass energy. The pressure in the anal-
ysis chamber was maintained lower than1® % Pa.

The PHI ACCESS ESCA-V6.0 F software package
was used for acquisition and analysis of the data. A
Shirley-type background was subtracted from the sig-
nals. Gauss—Lorentz curves (maximum 20% Lorentz)
were used for the fitting of the recorded data. Atomic
concentration percentages of samples were deter-
mined taking into account the corresponding area
sensitivity factor for the different measured spectral
regions. The absolute errors in atomic concentration
are 1.0% for carbon, 2.0% for oxygen, 2.0% for Si,
and ca. 5% for the other elements. For scaling rea-
sons, the intensity of each spectrum was normalised
at its maximum value in all the XPS figures.

2.5. Catalytic acetophenone hydrogenation

terns. The parameters of physical meaning, such as lat-
tice constant, phase abundance, average crystallite size The reactions were carried out in a 230 ml stainless
and microstrain, are worked out from the full pattern steel autoclave. In a typical hydrogenation experiment,
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100 mg of catalyst, 10 ml of solvent and 4.3 mmol of
acetophenone were charged into the autoclave.

The reactor was purged with hydrogen four times,
to remove the air, then was pressurised up to 9bar
and heated to 333 K. The reacting mixture was stirred
at 500 rpm. After the required reaction time, the re-
actor was cooled to room temperature and the reac-
tion mixture recovered for analysis. The products were
analysed by gas chromatography (Hewlett Packard
6890) with a HP-5 capillary column and with a FID
detector.

3. Results and discussion
3.1. Catalysts characterisation

3.1.1. XRD measurements

All the samples were analysed by powder XRD.
Experimental profiles were fitted according to the Ri-
etveld methods, and the results are showhi@ 1 In
Table 1 the obtained phase abundance, average crys-
tallite size, lattice strain values are reported.

All the samples were found to have a phase frac-
tion value corresponding to a Ru content (% wi/w),
that corresponds to one half the theoretical loading,
planned for the catalyst. This finding was confirmed
by the Atomic Adsorption data. The metal particles
resulted all of nanometric dimensions, wiB) val-
ues inferior to 2 nm. Crystalline phases of chromium
oxides were not found. Nevertheless, the presence of
Cr and B species appear to cause a modification of the
lattice parameters, that resulted, respectively, in val-
ues ofa = b = 2.9674 andc = 4.7304 versus the
values ofa = b = 2.7058 andc = 4.282 reported in
the literaturg20].

Table 1
Structural parameters of the reported samples, obtained with the
Rietveld fit

Sample Phase fraction Particles Average mean
Ru/Si (% w/w) dimension square strain
(D) (nm) (A2
RuB/SIL 1.2 2 2¢?
RuCrB/SIL(4/1) 0.9 1 3e?
RuCrB/SIL(1/1) 1.0 1 3e?
RuCrB/SIL(1/4) 0.5 ~ja 1e7?

2The peak is too weak and broad to allow a clear evaluation
of the phase fraction and particles dimension.
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Fig. 1. X-ray diffraction patterns (logarithmic scale) ve? Bf

the indicated specimens. Data points refer to experimental data
and full lines to a fit according to the Rietveld methods. The
broad peak at@= 43 refers to a Ru nanocrystalline phase. The
satisfactory goodness of the fiRfp values between 5 and 7%)
enable us to determine the final structural parameters in terms
of physically meaningful quantities, i.e. phase abundance, average
crystallite size, and lattice strain.

3.1.2. ESCA measurements

All the bimetallic catalysts samples were analysed
by ESCA and binding energies (eV) and XPS ratios
Ru/Cr** are reported imable 2

A survey of the XPS spectra showed evidence of the
presence of C 1s, O 1s, Si 2p, Ru 3d, and Cr 2p in the
chromium containing samples, and in the remaining
sample also, evidence of B 1s along with Na 1s, Si 2p
and O 1s correspond to SiO

3.1.2.1. RuB/SIL. The Ru 3d,, peak overlaps with
the C 1s signal, but the Ru 8d can be seen without
problems. The position of Ru 3@ peak at 280.0eV
corresponds to Ru(0), while the peak at 282.0eV to
Ru(lll), with a corresponding Ru(0)/Ru(lll) ratio of
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Table 2 and one to Ru(lll) 35% at 280 + 0.5eV. The Cr
Binding energies (eV) and XPS atomic ratios for reported samples 2ps/2 signal indicates the existence of Cr(lll) 77% at
Sample Ru 3¢ Cr 2p2 Ru/Crvt 5760+ 0.5eV and Cr(VI) 23% at 579 + 0.5eV.
RUB/SIL fosrebod - 3.1.2.3. RUCIB/SIL(1/1). The Ru 3d,2 peak over-
RUCrB/SIL(4/1) 279.0+£ 0.5  576.0+ 0.5 1.2 laps the C 1s signal, but the Rus3gl can be seen
281.0+ 0.5 without problems. The broad peak at 281.0 eV can be

RuCrB/SIL(1/1) 2288206&i g-g 5770£05  0.22 decomposed in two peaks at 280.0 and 282.0 eV, cor-

RUCIB/SIL(1/4)  280.0+ 0.5  577.0+ 05  0.05 responding to Ru(0) 52% and Ru(lll) 48%ig. 2).
282,04 0.5 B 1s is very noisy with two maxima at 19P+

0.5 and 1930 + 0.5eV, clearly due to boron being

in an oxidised state. The Cr 2p peak was found at

5770 + 0.5eV, and corresponds to the presence of
3/1. The presence of still unreduced ruthenium species only Cr(ll); no Cr(VI) was detected.

can be explained by the fact that the samples have
been handled in air. 3.1.2.4. RuCrB/SIL(1/4). The Ru 3@, signal was

B 1s has a very noisy signal with a maximum at deconvoluted in two contributions, one at 28&
1930 + 0.5eV corresponding to an oxidised boron (.5eV that corresponds to Ru(0) 61%, and the other
species. at 2820+ 0.5 eV, corresponding to Ru(lll) 39%.

The B 1s signal is very noisy with a maximum at
3.1.2.2. RuCrB/SIL(4/1). The Ru 3d,> signal is 1930+0.5eV. Cr 2> peak is at 570+ 0.5eV and
asymmetric and the doublet Ru 33g overlaps the  corresponds to the presence of Cr(lll); no Cr(VI) was
C 1s signal. Anyway, the Ru 3@ signal was anal-  detected.
ysed and can be described as the combination of a It can be easily seen from the ESCA data, that the
peak corresponding to Ru(0) 65% at 2793 0.5eV Ru/Cr species ratios (1.2, 0.22, and 0.05) observed on
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Fig. 2. XPS spectrum of RuCrB/SIL(1/1).
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Scheme 1. Reaction scheme for the hydrogenation of acetophe-
none. AP: acetophenone; PE: 1-phenyl ethanol; CHMK: cyclo-
hexyl methyl ketone; CHE: 1-cyclohexyl ethanol.

the catalyst surface are quite different from the Ru/Cr
ions ratios (4, 1, and 0.25) of the solution used in the
catalysts’ preparation, resulting in effective Ru/Cr ra-
tios approximately one fourth of the theoretical. This
finding clearly can be an indication of a partial cov-

erage of the ruthenium nanopatrticles by oxidised Cr
species.

3.2. Catalytic tests

The acetophenone hydrogenation has a quite com-

plex reaction schemeS¢heme ) that has been the
subject of several mechanistic stud[8s5]. The re-
duction, in fact, of the carbon—oxygen double bond
gives PE, the hydrogenation of the aromatic ring gives
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Table 3

Product distribution and total conversion after 1h reaction time
for the studied catalysts

Catalyst Ru/Cr  Conversion Product (%)
0 R
(ESCA) (%) PE CHMK CHE
RuB/SIL — 90 22 36 42
RuCrB/SIL(4/1) 1.2 59 58 22 20
RuCrB/SIL(1/1) 0.22 33 67 21 12
RuCrB/SIL(1/4) 0.05 26 70 20 10

Conversion (%): moles of acetophenone reacted/moles of ace-
tophenone introduced per cent.

the CHMK, and both compounds undergo further hy-
drogenation to CHE.

Product distribution data for all studied catalysts
after 1 h of reaction time are reported Table 3and
Fig. 3

The monometallic RuB/SIL catalyst showed quite
a high catalytic activity with 90% conversion after 1 h
of reaction. Nevertheless, the catalyst is not selective,
the reaction mixture being in fact constituted after 1 h
of reaction by a mixture of the aromatic alcohol (PE)
and the alicyclic ketone (CHMK) formed by hydro-
genation of the aromatic ring, and by the totally re-
duced alicyclic alcohol (CHE) that can be generated
both by the reduction of PE and CHMK. The aromatic
ring hydrogenation appeared to be the prevailing re-
action. This is not surprising due to the nanometric
dimensions of the metal particles and the well-known
hydrogenation ability of ruthenium catalygts0,21]
After 90 min, all the acetophenone is converted and
after 3 h the only product detected was alicyclic alco-
hol (CHE).

When chromium ions were added to the ruthenium
catalyst until an effective Ru/Cr atomic ratio of 1.2
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Fig. 3. Product distribution and total conversion after 1 h of reaction time for the studied catalysts.
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Fig. 4. Products distribution and conversion versus reaction time over RuCrB/SIL(4/1) catalyst.

was reached on the surface, the selectivity towards theamounts of chromium ions causes an initial strong

reduction of the carbonyl function sharply increased.
In fact, after 1 h of reactionTable 3 Fig. 3), the PE
production increased by 36%, while that of CHMK

selectivity rise toward the carbonyl reduction but
successive additions only slightly modify the prod-
uct distribution. A decrease of the conversion was

decreased by 14%, and the overall acetophenone con-observed as chromium ions are added to the ruthe-

version decreased by 30%. Addition of more Cr ions
(Ru/Cr = 0.22) caused a further 30% decrease of
the conversion, but only an 11% increase of the PE
production. A further decrease of the Ru/Cr atomic
ratio to 0.05 resulted only in slight modifications of
the product distribution.

In Fig. 4, a typical course of acetophenone trans-
formation on the Ru/Cr catalyst RuCrB/SIL(4/1) is
reported as an example.

In Table 4 the product distribution data at various
reaction times for the same catalyst are summarised.

The enhanced selectivity of the mixed metals cat-

alytic systems toward the hydrogenation of the ace-
tophenone carbonyl function can be attributed to the
creation of new active sites of the type M<f#.
On these sites, the carbonyl group is activated by
the bonding of the oxygen atom to the oxophylic
Cr3tcations that facilitates the attack of the hydride
on the catalyst surfac—9]. Addition of increasing

Table 4
Product distribution and total conversion for increasing reaction
times for the RuCrB/SIL(4/1) catalyst

Reaction time (h)  Conversion (%) Product (%)

PE CHMK CHE
1 59 58 22 20
3 81 32 30 38
6 98 4 27 69

Conversion (%): moles of acetophenone reacted/moles of ace-
tophenone introduced per cent.

nium catalysts. ESCA measurements showed that the
RW/Rutratio on the catalyst surface decreases as
the Cr content increases. Nevertheless, th&/Rui+
ratio is observed to go from 3/1 to 2/1 and 1/1, as
the Ru/Cr ratio decreased from pure Ru to Ru/Cr
(4/1) and Ru/Cr (1/1). Further chromium additions
(Ru/Cr, 1/4) left the RYRU* ratio almost unaltered.
These findings can be explained, supposing that the
increasing amounts of chromium ions added probably
prevented the complete reduction of the ruthenium
cations during the catalysts’ activation, resulting in a
strong decrease of the hydrogenation activity. On the
other hand, a mere physical coverage of the ruthe-
nium active sites by Cr oxidised species evidenced
by ESCA data, surely contributes to the activity re-
duction. It is consequently readily explainable that,
while the initial addition of Cr ions to the starting
solution used to obtain RuCrB/SIL(4/1) strongly in-
creased the selectivity, but only slightly affected the
overall activity, the further addition of Cr caused a
slight selectivity increase, coupled to a strong activity
decrease, and in spite of the overwhelming amount of
Cr ions added (Ru/Ce 0.05), the RuCrB/SIL(1/1)
and RuCrB/SIL(1/4) gave similar performances.

4. Conclusions

We can conclude that, room temperature reduction
of a solution of ruthenium salt with aqueous sodium
borohydride slurried with silica allows the preparation
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of nanostructured catalysts that resulted very active in [4] N. Lavaud, P. Magnoux, F. Alvarez, L. Melo, G. Giannetto,
the low-pressure hydrogenation of acetophenone. The M. Guisnet, J. Mol. Catal. A Chem. 142 (1999) 223.
addition of chromium salts to the starting solution gave [ '\:'ngr?::h;k\h/arc""}:‘;'ughi‘;rgg:'tgl P'TOF;’;"OZ;' (i'; ;C)h;‘ée'd"
rise to Cat_aIyStS’ with an increase_d selectivity toward [6] I. -Bergault,’C.-Jc-JIy-VuiIIemin’, P. Foﬂilloux,)lH. Delmas, Cétal.
the reduction of the carbonyl function, but at the same Today 48 (1999) 161.

time depressed the overall catalyst performance. The [7] S. Hamar-Thibault, J. Masson, P. Fouilloux, J. Court, Appl.
selectivity increase is attributable to the strong inter- Catal. A: Gen. 99 (1993) 131.

action of the oxygen atom of the carbonyl with the Cr [8] J. Mallsst?n, S. Vidal, P. Cividino, P. Fouilloux, J. Court, Appl.
ions. The overall hydrpgenation_ap_tivity decreas_e can g giﬁé .M':{chgtlean,. ?\/('192231;47,\','. Arai, S.G. Hedge, R.V.
be due both to the minor reducibility of the Ru ions Chaudhari, Appl. Catal. A: Gen. 193 (2000) 71.

caused by the presence of adjacent chromium ions, and[10] P. Kluson, L. Cerveny, Appl. Catal. A: Gen. 128 (1995) 13.
to the partial coverage of the reduced ruthenium sur- [11] P. Kluson, L. Cerveny, J. Mol. Catal. A 108 (1996) 107.

face active sites by aggregates of chromium(lil) oxide. [12 M. Toba, S. Tanaka, S. Niwa, F. Mizukami, Z. Koppany, L.
Guczi, K.-Y. Cheah, T.-S. Tang, Appl. Catal. A: Gen. 189

(1999) 243.
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