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Abstract

This paper describes the results obtained on the catalytic hydrogenation of Paracetamol (4-acetamidophenol), carried out at 393 K, over
carbon-supported Ru, Co and Ni based monometallic catalysts, and over graphite-supported Ru–M (M= Co, Ni) bimetallic catalysts. A
comparative study of the effect of the different supported-metal catalysts and of the applied reduction temperature has been carried out. Two
selectivity parameters have been controlled: the production of by-products and thetrans–ciscomposition of 4-acetamidocyclohexanol (stereos-
electivity). Characterisation of the catalysts was performed by temperature-programmed reduction (TPR) and CO volumetric chemisorption. It
was found that the hydrogenation reaction of Paracetamol is structure sensitive, since intrinsic activity and selectivity values are modified with
variations in the metallic particle sizes. Generally, the catalytic activity, under our experimental conditions, follow the trend: Pt< Pd< Ni � Co
< Ru. The production of secondary compounds derived of hydrogenolytic cleavage (N-cyclohexylacetamide) and/or of partial hydrogenation
reactions (4-acetamidocyclohexanone), depends on the active metal: Ni<Ru<Co, among other factors. Concerning the stereoselectivity (trans
tocisratio), among the monometallic catalysts Co exhibited the highest T/C ratio, with the overall sequence: Co > Ni > Ru. Finally, the bimetallic
catalysts, particularly those of Ru–Ni, show an improved stereoselectivity (T/C ratio) in comparison with the corresponding counterparts.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Stereoselective hydrogenation;transandcis isomers; 4-Aminocyclohexanol; Ambroxol; Carbon-supported catalysts; Bimetallic catalysts

1. Introduction

Ambroxol, N-(2-amino-3,5-dibromobenzyl)-trans-4-ami-
nocyclohexanol, is a very significant and widespread bron-
chosecretolitic agent for the prevention and treatment of
some diseases of the respiratory track and bronchial tubes
[1,2] such as asthma and acute and chronic bronchitis. More-
over, recent investigations have confirmed the local anaes-
thetic properties of this compound for sore throat treatment
[1]. And there are some recent findings that suggest that
Ambroxol may preventHelicobacter pylori-associated gas-
tric carcinogenesis[3]. There are several routes according to
which the Ambroxol molecule may be prepared from the in-
termediatetrans-4-aminocyclohexanol[4–8]. In some cases,
the trans-4-aminocyclohexanol molecule is directly reacted
to yield Ambroxol[5], or else is used as an intermediate for
the synthesis of other intermediates[4,6,9,10].
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Synthesis oftrans-4-aminocyclohexanol is usually ap-
proached by catalytic hydrogenation of 4-acetamidophenol
(Paracetamol)[9,11–15], as shown inFig. 1. According
to the procedures, the catalytic hydrogenation of Paraceta-
mol yields acis/transmixture of 4-acetamidocyclohexanol.
Hydrolysis of this mixture yieldscis/trans-4-aminocyclo-
hexanol. Isomers are finally separated by fractional crystalli-
sation.

It is common knowledge that the synthesis of atrans
stereoisomer is achieved along with thecis form. But purity
has a great significance, as the quality control standards of
pharmaceutical ingredients allow to a less and less extent
the presence of contaminations derived from intermediates,
starting materials, side-products, optionally from isomers.
As the intermediate for Ambroxol production is the 4-
aminocyclohexanoltrans-isomer, and owing to the above
quality requirements, the formation ofcis-isomers and by-
products is not desired, their complete removal being a very
significant task. So, the practical way of synthesizing Am-
broxol would be to use a starting material free ofcis-isomer
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Fig. 1. Synthesis oftrans-4-aminocyclohexanol by catalytic hydrogenation of 4-acetamidophenol (Paracetamol).

at the earliest step of the multistage synthesis, as the purifi-
cation of the intermediates of the following synthesis steps
requires much more work and time and results in higher
yield and economic losses.

The stereoselectivity on the hydrogenation reaction of
Paracetamol, as far as thecis and trans isomers ratio is
concerned, depends on the metal catalyst, the type of sup-
port, and the employed reaction conditions. The information
about catalysts compositions and conditions employed for
this reaction is very scarce, and mainly patents are found in
which no specifications are available, as far as basic research
is concerned. The catalysts that appear in the patent litera-
ture, for the synthesis oftrans-4-acetamidocyclohexanol and
trans-4-aminocyclohexanol, are based on non-noble metals
such as Ni and/or Co[11,12], Raney-Ni[13–15], and noble
metals such as Pd on charcoal[9], Pt oxide[13], and Rh on
Al2O3 [13].

In our attempt to design a more selective and/or cheaper
catalyst, and as our preliminary tests showed a higher activ-
ity for Ru based catalysts than for Pt and Pd, we have used
as the noble active phase ruthenium. Ru based catalysts are
used for the hydrogenation of substituted phenols[16,17]
and anilines[18] to produce the corresponding alkylcyclo-
hexanols and alkylcyclohexylamines, respectively. Also, the
modification of the Ru active phase with Co and Ni has been
carried out with the aim of improving the catalytic results.

It is well known that acidic oxide supports lead to strong
metal–support interactions leading to metal segregation in
bimetallic catalysts[19,20]. To avoid such effects, as well
as secondary reactions associated with the surface acidity
of supports, we have selected a high surface area graphite
and a carbon molecular sieve as supports of Ru, Co and Ni
monometallic catalysts, while graphite-supported Ru–Co
and Ru–Ni bimetallic catalysts have been prepared and
tested on the title hydrogenation reaction.

2. Experimental and methods

2.1. Catalysts preparation

Monometallic MxH and MxS (M = Ru, Co, Ni;x = wt.%
metal loading) and bimetallic samples Ru2M′yH (M′ = Co,
Ni; (2 + y) = wt.% total metal loading) were prepared

by the incipient wetness technique by (co)impregnation
of the carbon materials with metal salt/s water solutions
(Ru(NO)(NO3)3, Co(NO3)2·6H2O, Ni(NO3)2·6H2O). A
high surface area graphite, free of surface oxygen functional
groups[21], here denoted as H (HSAG,SBET = 297 m2/g;
Lonza Ltd.) and a carbon molecular sieve, named here as S
(SBET = 1500 m2/g), were used as supports. This S carbon
was synthesized by carbonisation of the copolymer Saran
(90% vinylidene chloride-10% vinyl chloride; Aldrich)
under inert conditions (N2; 100 cm3/min) at 1073 K, and
further activated by 17 oxidation–decomposition cycles
(oxidation under stream of air at 673 K and decomposition
of surface oxygen groups in flowing N2 at 1223 K) [22].
Characterisation of the oxygen surface functional groups
of the Saran material was carried out by temperature-
programmed desorption (TPD) following the gas evolution
with a quadrupole mass spectrometer.

2.2. Catalysts characterisation

Temperature-programmed reduction (TPR) measure-
ments were carried out in a quartz micro-reactor over
200–300 mg of prepared sample, under a continuous flow
of 20 cm3/min of a H2/He gas mixture (10% H2). The tem-
perature was increased from room temperature up to 800 K
at 2 K/min. H2 consumption was measured by on-line gas
chromatography (Varian 3400) using a thermal conductivity
detector (TCD).

The catalysts mean particle size was determined by CO
volumetric chemisorption. The CO chemisorption isotherms
were determined volumetrically, using an experimental sys-
tem described elsewhere[23], on the samples subjected to in
situ reduction pretreatment in flowing H2 at 673 and 773 K.
Mean particle sizes where determined assuming spherical
metal particles and M:CO= 1:1 stoichiometry.

2.3. Catalytic hydrogenation

Previous to the catalytic experiments, about 500 mg of the
corresponding catalyst sample were activated under flow-
ing hydrogen (30 cm3/min) at 673 (sample-400) or 773 K
(sample-500) for 2 h in a fixed-bed micro-reactor. These two
reduction temperatures were chosen in order to investigate
the influence of the metal particle size on the catalytic per-
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formance. The catalyst, so obtained, was manipulated care-
fully in order to avoid the oxidation of its surface. Then,
it was autoclaved along with 500 mg of Paracetamol (4-
acetamidophenol 98%; Research Chemical, Ltd.) and 130 ml
of ethanol. The system was purged and pressured with He
until the reaction temperature was reached. The catalytic
reaction was performed at 393 K and 50 bar of H2, keep-
ing the total pressure at 50 bar by introducing H2 gas dur-
ing the reaction whenever necessary. Manual liquid samples
were taken and analysed using a gas-chromatograph (Varian
3800) equipped with a flame ionisation detector (FID) and
a capillary column.

3. Results and discussion

3.1. Samples characterisation

Characterisation of the Saran support by TPD-MS showed
the presence of oxygen surface functional groups of the car-
boxylic acid, lactone, phenolic and carbonyl types[24–28]
as shown inFig. 2.

Figs. 3–5show the TPR profiles of the carbon-supported
Ru, Co and Ni monometallic samples.

Ru2S (Fig. 3) shows three main reduction peaks at ca.
360, 400 and 510 K, as well as a broad peak that starts at ca.
600 K. Since the first H2 consumption peak (360 K) appears
along with NO and CO2, it can be assigned to the decompo-
sition of the ruthenium precursor nitrates and of the supports
surface oxygen functional groups (carboxylic acid and lac-
tone types), respectively. The peak at 400 K would be due
to reduction of Ru(III) to Ru0 species and to decomposition
of the supports surface oxygen functional groups (lactone
type), as evolution of CO2 is also observed. Detection of

Fig. 2. TPD-MS profile of the Saran support: characterisation of surface functional groups.

Fig. 3. TPR profiles of carbon-supported ruthenium monometallic samples.

CH4 besides consumption peak at 510 K and the broad band
at high temperature, allows assignment of said peaks to gasi-
fication of supports surface carbon atoms around the metal
particles, as previously reported for other carbon-supported
ruthenium catalysts[21,29,30]. Also, detection of CO is ob-
served (starting at ca. 690 K) due to decomposition of phe-
nolic type surface groups of the Saran support.
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Fig. 4. TPR profiles of carbon-supported cobalt monometallic samples.

Ru2H shows one main hydrogen consumption peak at
ca. 440 K, with a small shoulder at ca. 400 K, and a broad
peak for the 498–673 K range. The shoulder at 400 K will
be due to decomposition of the precursor nitrates, since NO
species are detected, while peak at 440 K is assigned to re-
duction of Ru(III) to Ru0 species. Also, a small quantity of
CO2 is detected for the 400–440 K range due to the decom-
position of surface groups of the support. These functional
groups on the surface of the graphite support would have
been generated by oxidation of surface carbon atoms by the
NO species (generated by decomposition of the metal pre-
cursor). We have to take into mind that this support is clean
of surface oxygen functional groups before the preparation
of the samples[21]. On the other hand, the 498–673 K broad
hydrogen consumption peak may be assigned to the gasifi-
cation of carbon atoms of the graphitic support around the
metal particles (CH4 evolution).

The TPR profiles obtained for the carbon-supported Co
samples (Fig. 4) do not show important differences. Peaks
at ca. 430 and 460 K for Co5S and Co5H, respectively, are
due to decomposition of the metal precursor (NO detection),
reduction of Co(II) to Co0 species, and decomposition of
surface oxygen groups of the support (CO2 evolution) of
the carboxylic acid and lactone types. The broad peaks at
ca. 600–900 and 630–900 K observed for Co5S and Co5H,
respectively, as well as the 550 K peak for Co5S, may be
ascribed to gasification of surface carbon atoms of the sup-

Fig. 5. TPR profiles of carbon-supported nickel monometallic samples.

ports around the metal particles, since CH4 production is
detected. Also, production of CO was observed for Co5S
starting at ca. 600 K, consequently due to the decomposition
of phenolic type functional groups of the Saran support.

Similarly, carbon-supported Ni samples (Fig. 5) show
peaks due to decomposition of precursor nitrates (ca. 468 and
480 K), reduction of Ni(II) to Ni0 species (ca. 505 and 513 K)
and decomposition of surface oxygen functional groups (al-
most from 300 up to ca. 560 K). The broad consumption
peaks at high temperatures may be ascribed to gasification
of carbon atoms of the supports in the vicinity of the metal
particles (production of CH4). For Ni5S, CO is also detected
(ca. 650 K) due to decomposition of phenolic type surface
groups of the support.

From these results we can conclude that the support has
no influence on the reduction temperature of Co and Ni.
The differences found for the Ru based samples may be due
to specific interactions between the metal precursor and the
Saran support.

Fig. 6 shows the TPR profiles of the bimetallic Ru–Co
samples, compared to those of the corresponding counter-
parts. All Ru–Co samples show one main hydrogen con-
sumption peak, suggesting that Ru and Co species are in
intimate contact or else strongly interacting. But two trends
may be observed depending on the cobalt loading. Sam-
ples with less cobalt content, Ru2Co0.5H and Ru2Co1H,
are reduced at ca. the same temperature as Ru2H (440 K),
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Fig. 6. TPR profiles of graphite-supported Ru–Co bimetallic samples
(results of Ru2H and Co5H are also shown for comparison).

while Ru2Co2H is reduced at the same temperature as Co5H
(460 K). For the former samples, it is quite clear that Co
reducibility has been enhanced, what is in agreement with
other studies carried out with silica[31,32] and alumina-
supported[33] Ru–Co bimetallic samples. This phenomenon
can be explained as follows: Ru0 species, that are gener-
ated at low temperatures, are capable of chemisorbing hy-
drogen molecules and supply the H active species to Co(II)
by a mechanism commonly known as “hydrogen spillover”.
Moreover, it has been proposed that the reduction of cobalt
in the Ru–Co/SiO2 sample by the hydrogen spillover ef-
fect can be due to formation of an alloy, that would make
such spillover effect much easier[31,32]. For the latest
(Ru2Co2H), the effect observed is the opposite, since cobalt
delays the reduction of the ruthenium atoms. This suggests
a Co enrichment as well as a strong interaction of Ru and
Co atoms.

Bimetallic sample Ru2Ni2H (Fig. 7) shows one main
consumption peak centred at ca. 480 K, that fits quite ap-
proximately with the mean temperature of the monometallic
samples (440 and 513 K for Ru2H and Ni5H, respectively).
These results are in good agreement with those found for
silica-supported bimetallic Ru–Ni samples[34]. Again, the
apparition of a sole reduction peak, convincingly shows that
Ni and Ru must be strongly interacting or else very close
together, suggesting the formation of bimetallic Ru–Ni par-

Fig. 7. TPR profile of the graphite-supported Ru–Ni bimetallic sample
(results of Ru2H and Ni5H are also shown for comparison).

ticles. The formation of bimetallic Ru–Ni clusters has been
suggested previously[35–37]. It can also be deduced that
Ni reducibility has been enhanced by the spillover effect.

Table 1 shows the CO adsorption amount (Nads;
�mol/gcat) and mean particle size (d; nm) determined by the
CO chemisorption measurements for the carbon-supported
monometallic samples reduced at 673 and 773 K. Sinter-
ing of metal particles is more pronounced for Co and Ni
based samples compared to that of Ru. The carbon support
seems to play no important role in dispersion, in agreement
with the TPR results. Only Co5H, when reduced at 773 K,
suffers a strong sintering of the metal particles, or else sto-

Table 1
CO adsorbed amount and mean particle size of carbon-supported Ru, Co
and Ni monometallic samples, reduced at 673 and 773 K, as determined
by CO chemisorption

Sample Reduced at 673 K Reduced at 773 K

Nads (�mol/gcat) d (nm) Nads (�mol/gcat) d (nm)

Ru2S 93 2.6 50 4.9
Ru2H 79 3.4 58 4.6
Co5S 125 6.4 44 18
Co5H 80 9.8 16 50
Ni5S 57 13 37 20
Ni5H 45 15 25 28
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Table 2
CO adsorbed amount and mean particle size of graphite-supported Ru–Co
and Ru–Ni bimetallic samples, reduced at 673 and 773 K, as determined
by CO chemisorption

Sample Reduced at 673 K Reduced at 773 K

Nads (�mol/gcat) d (nm) Nads (�mol/gcat) d (nm)

Ni5H 45 15 25 28
Ru2Ni2H 65 9.4 24 25
Ru2H 79 3.4 58 4.6
Ru2Co0.5H 95 3.6 25 13
Ru2Co1H 100 4.3 37 12
Ru2Co2H 105 5.7 28 21
Co5H 80 9.8 16 50

ichiometry of CO adsorption changes. Results obtained for
the graphite-supported bimetallic samples (Table 2) show
how the addition of the second metal causes sintering of
the metal particles, when compared to Ru2H, this strongly
dependent on the amount of the second metal and reduction
temperature. These results suggest that Co and Ni have a
higher sintering capability than Ru. On the other hand, it
is important to point out that the CO adsorption amount
(Nads) determined for the Ru–Co samples are very similar,
independent of the Co loading.

Fig. 8. Possible reactions in the hydrogenation of Paracetamol at 393 K (1: Paracetamol, 2:trans-4-acetamidocyclohexanol, 2′: cis-4-acetamidocyclohexanol,
3: N-cyclohexylacetamide, 4: 4-acetamidocyclohexanone, and 5: 4-acetamidocyclohexenol).

3.2. Catalysts reactivity in the hydrogenation of
Paracetamol

The catalytic hydrogenation of Paracetamol, under our
experimental conditions, yields a mixture ofcisandtrans-4-
acetamidocyclohexanol,N-cyclohexylacetamide and partial
hydrogenation products (such as 4-acetamidocyclohexanone).
According to the mechanism proposed by Tobicı́k and Cer-
veny [38] for the hydrogenation of alkyl-substituted phe-
nols, and Neri et al.[39] for the hydrogenation of phenol,
the hydrogenation of Paracetamol will follow the reaction
scheme shown inFig. 8.

Table 3shows the catalytic results (intrinsic activity and
selectivity values) in the hydrogenation of Paracetamol ob-
tained with the monometallic catalysts when submitted to
the studied reduction treatments. TOF values (specific activ-
ity) were calculated using CONadsas the total surface metal
sites. Selectivity values are divided in two parts:

(1) Chemoselectivity: for total hydrogenation (SH), hy-
drogenolysis toN-cyclohexylacetamide (SN) and partial
hydrogenation (SPH) reactions.

(2) Stereoselectivity in the total hydrogenation reaction (ST
= (trans/(cis + trans)) × 100).

From the data shown inTable 3, it should be noted that, in
general, the catalytic activity follows the trend Ru > Co�
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Table 3
Catalytic results of carbon-supported monometallic catalysts on the hydrogenation reaction of Paracetamol at 393 K

Catalyst d (nm) Intrinsic activity
(�mol/gM s)

TOFCO (s−1) Chemoselectivity (%) Stereoselectivity (%)

SH SN SPH ST SC

Ru2S-400 2.6 93 0.020 55 39 6.0 42 58
Ru2S-500 4.9 317 0.127 78 12 10 47 53
Ru2H-400 3.4 21 0.005 87 9.0 4.0 49 51
Ru2H-500 4.6 90 0.031 88 6.5 5.5 53 47

Co5S-400 6.4 3.6 0.001 97 1.0 2.0 55 45
Co5S-500 18 n.d. n.d. 83 1.0 16 61 39
Co5H-400 9.8 14 0.008 75 1.0 24 61 39
Co5H-500 50 6.4 0.019 66 1.0 33 64 36

Ni5S-400 13 1.4 0.001 88 3.0 9.0 51 49
Ni5S-500 20 n.d. n.d. 82 4.0 14 61 39
Ni5H-400 15 2.0 0.002 91 2.0 7.0 59 41
Ni5H-500 28 n.d. n.d. 97 0.5 2.5 63 37

n.d.: non-determinable.

Ni, while chemoselectivity (SH) follows the opposite trend.
Generally, too, an increase in activity values is observed
with particle size, particularly for Ru based catalysts, what
seems to indicate that the reaction is structure sensitive.

All Ru catalysts are selective towards the total hydro-
genation of the aromatic ring, but there are some impor-
tant differences: Ru2S produces a very large amount of
N-cyclohexylacetamide, particularly when it is reduced at
673 K (Ru2S-400). Since particle sizes of Ru catalysts,
Ru2S-400 and Ru2H-400, are rather similar, these results
may be only explained as due to the microporosity of
the Saran support. Considering that the stereoisomers are
rather big, the steric hindrance inside the pores will force
further reaction toN-cyclohexylacetamide. The reduction
treatment at 773 K causes sintering of metal particles and
probably a migration towards the outer part of such pores.
Steric hindrance decreases resulting in the production of
a larger quantity of total hydrogenated products. Also, the
presence of surface acidic functional groups (of the pheno-
lic type), that have not yet decomposed with the reduction
treatment at 673 K (see TPR results), could be responsible
for N-cyclohexylacetamide production, by dehydration of
the cyclohexanol derivative, as previously observed in the
hydrogenation of phenol[39] with a Pd/Al2O3 catalyst.

Apart from the increase ofSH with particle size, an in-
crease in thetrans composition is also observed for the Ru
catalysts, mainly due to the decrease of the hydrogenoly-
sis product (SPH increases only slightly), what fits well with
the above discussion (thetrans isomer is bigger than thecis
form). These results suggest that hydrogenolytic cleavage is
favoured over the small Ru particles and/or in the presence
of acidic sites of the support. Also the adsorption mode of
the Paracetamol molecule, that depends on the metal particle
size (among other factors), has an effect on the selectivity
values and will be explained later.

Results obtained with the Co based catalysts show that
an increase in the metal particle size results in a decrease
of SH and an increase in stereoselectivity towards thetrans

form. These results are in agreement with previously re-
ported results on the hydrogenation of phenol[39,40] and
on the competitive hydrogenation of toluene and benzene
[41]. Shin and Keane[40] explain how the chemisorption
mode of the phenol molecule (co-planar or non-planar to the
catalysts surface) determines the selectivity of the reaction.
In this way, a planar adsorption will favour formation of the
cyclohexanol derivative, and tocis formation by hydrogen
addition in one step[42]. On the other hand, a non-planar
chemisorption mode (favoured over large metal particles)
and hydrogen addition in various steps will lead to cy-
clohexanone and/or thetrans stereoisomer formation[42].
Moreover, it has been proposed[39] that phenol hydrogena-
tion takes place between phenol molecules chemisorbed on
the support and hydrogen activated on the metal particles,
and that depending on the Lewis acid–basic properties of
the support, the adsorption mode is different: acidic proper-
ties lead to cyclohexanol formation (co-planar adsorption),
while a basic character favours cyclohexanone formation
by a non-planar adsorption.

Also, studies carried out by Richard et al.[41] on the
competitive hydrogenation of toluene and benzene over
different carbon-supported Pt based catalysts show that the
ratio of the adsorption coefficients of toluene and benzene
(KT/B) depends on the electron density of the metal par-
ticles. In this sense, the lowestKT/B was obtained with a
graphite-supported Pt catalyst. Since toluene is a better elec-
tron donor than benzene, the lowerKT/B value is explained
as due to a high electron density of the metal particles
because of an electron transfer from the support, which is
favoured when the metal particles are located at the edges
of the graphite basal planes. Also a correlation with the
selectivity results for the hydrogenation of cinnamaldehyde
(C6H5–CH=CH–CHO) was carried out[41]. It was in-
ferred that the higher selectivity towards cinnamyl alcohol
(C6H5–CH=CH–CH2OH) over the graphite-supported Pt
catalysts was due to the high electron density of the metal ag-
gregates, that lowers the probability of activation of the C=C
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Table 4
Catalytic results of graphite-supported Ru–Co and Ru–Ni bimetallic catalysts on the hydrogenation reaction of Paracetamol at 393 K

Catalyst d (nm) Intrinsic activity
(�mol/gM s)

TOFCO (s−1) Chemoselectivity (%) Stereoselectivity (%)

SH SN SPH ST SC

Ni5H-400 15 2.0 0.002 91 2.0 7.0 59 41
Ni5H-500 28 n.d. n.d. 97 0.5 2.5 63 37

Ru2Ni2H-400 9.4 23 0.014 99.6 0.3 0.1 60 40
Ru2Ni2H-500 25 10 0.017 99 0.5 0.5 65 35

Ru2H-400 3.4 21 0.005 87 9.0 4.0 49 51
Ru2H-500 4.6 90 0.031 88 6.5 5.5 53 47

Ru2Co0.5H-400 3.6 53 0.014 88 4.0 8.0 52 48
Ru2Co0.5H-500 13 40 0.039 83 6.0 11 53 47
Ru2Co1H-400 4.3 37 0.012 89 4.0 7.0 53 47
Ru2Co1H-500 12 33 0.026 86 5.0 9.0 55 45
Ru2Co2H-400 5.7 42 0.016 90 4.0 6.0 53 47
Ru2Co2H-500 21 7.2 0.010 84 5.0 11 56 44

Co5H-400 9.8 14 0.008 75 1.0 24 61 39
Co5H-500 50 6.4 0.019 66 1.0 33 64 36

n.d.: non-determinable.

bond. Also, steric effects due to the increase of the metal par-
ticle size may play a role on the adsorption modes of Parac-
etamol. The increase of the metal particle size increases the
steric repulsion with the substituents of the aromatic ring,
and so planar adsorption probability decreases[43].

Indeed, our Co catalysts show results that may be due
to both effects, since there is a strong change in the mean
particle sizes (and hence in the electron density), and the
carbon supports have different acid–basic properties. The
graphite material used in this study is an electron-donor
support[44], while the Saran material contains acidic sur-
face oxygen functional groups. The reduction treatment at
773 K of Co5S leads to sintering of metal particles and to
the decomposition of such surface groups (see TPR results)
losing the acidic character of Co5S-400. On the other hand,
and taking in mind that the Saran support has no Lewis basic
properties (even when no surface acidic functional groups
are present) due to its irregular micrographitic structure, the
similarity in particle sizes, chemoselectivity and stereose-
lectivity values of Co5S-500 and Co5H-400 suggests that
the variations of the electron density (due to changes in the
mean particle size) plays a more important role for the Co
catalysts. The larger the metal particle, the higher the elec-
tron density (and higher the steric hindrance), and hence the
probability of co-planar aromatic ring adsorption decreases.

Since the mean particle sizes found for the cobalt cata-
lysts are in a range of sizes bigger than that found for Ru, the
effects due to the adsorption mode over large metal particles
and, consequently, the variations ofSPH values observed for
the Ru catalysts are less pronounced. Yet, results obtained
with the Ru based catalysts agree with the above discussion.
The increase in the particle size increases the electron den-
sity of the Ru particles and, consequently,SN decreases and
SPH increases. The role of the supports Lewis acid–basic
properties is important when metal particles are rather small,

what is the case of Ru based catalysts. Note that for the
Ru2S catalysts, selectivity is governed mainly by the micro-
porosity and presence of acidic surface functional groups.

As for the Ni catalysts, a similar behaviour to that found
for the Co catalysts is observed. Contrary to what was found
for the hydrogenation of alkyl-substituted phenols with a
Ni/Al 2O3 catalyst[38], our Ni catalysts were poorly selec-
tive towards hydrogenolytic cleavage products because of
their less acidic character.

All graphite-supported Ru–Co bimetallic catalysts show
similar selectivity results independent of the Co loading and
reduction temperature (Table 4). Chemoselectivity (SH) and
stereoselectivity values, in terms of thetrans composition,
are close to those of the Ru2H catalysts, the effect of the
mean particle sizes not being observed. These results suggest
that the catalytic reaction is governed by ruthenium metal
particles, or else (and as the CO adsorbed amounts deter-
mined for these bimetallic catalysts suggest) by bimetallic
Ru–Co clusters or Ru–Co alloyed particles.

Graphite-supported Ru–Ni bimetallic catalysts are much
more selective (SH andST) than the Ru2H and Ni5H cata-
lysts, leading almost completely to the total hydrogenation
products. For this bimetallic system too, the increase in the
metal particle size leads to an enhancement of thetransfrac-
tion. It is worth noting that, among the catalysts used in this
study, Ru2Ni2H-500 gives the highest T/C ratio.

4. Conclusions

In this paper we show that the parameters affecting the
hydrogenation of 4-acetamidophenol to yield the desired
stereoisomer of 4-acetamidocyclohexanol can be controlled
by selecting the proper bimetallic system. Also, the support
material, the reduction temperature treatment and the result-
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ing metal particle sizes (as determined by CO chemisorp-
tion) may contribute to maximize the desired catalytic prop-
erties, particularly the stereoselectivity.
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