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The influence of Ge content on the activity and selectivity of Ru-Ge-B/Al,05 catalysts for the hydro-
genation of methyl oleate to oleyl alcohol was studied. The results of catalyst characterization by TPR
and XPS show that Ge is deposited on both the metal function aggregates and on the support surface.
The fraction of Ge deposited on the metal function is in strong interaction with Ru, so that its metallic
activity is significantly modified. Both dehydrogenating and hydrogenolytic activities of Ru are strongly
diminished by Ge addition. The Ge/Ru =2 is the optimum ratio for oleyl alcohol production.
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1. Introduction

The hydrogenolysis of methyl esters of fatty acids to produce
fatty alcohols is an important step in the production of deter-
gents from natural raw materials. Unsaturated fatty alcohols, in
particular, are used in industry for the manufacture of liquid deter-
gents, cosmetics, pharmaceuticals and defoamers. These alcohols
are generally obtained in laboratory scale from the hydrogena-
tion of carbonyl compounds with classical reducing agents such
as alkaline hydrides (LiAlH4, NaBHy4). Industrial production of fatty
alcohols is currently done using a catalytic hydrogenation technol-
ogy with fatty acids or its methyl esters as raw materials and copper
chromite [1] or zinc chromite [2-5] as catalysts. Unfortunately,
the intrinsic low activity of such catalysts requires the operation
at severe conditions (250-300°C; 20-35 MPa) [6] which favor the
non selective hydrogenation of C—C bonds which is undesirable
instead the required hydrogenation of carbonyl or carboxymethyl
groups. Metallic Cu® has a lower intrinsic hydrogenating activity,
has poor resistance to thermal sintering and weak mechanical sta-
bility. Some promoters like Cr are usually added to improve its
physicochemical and textural properties [7]. The use of promoters
can also improve the hydrogenating activity so less severe operat-
ing conditions are required.
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Thereis currently greatinterest in alternative, noble metal based
catalysts more selective toward the hydrogenation of carbonyl or
carboxymethyl groups without affecting the olefinic bonds present
in the original fatty molecule. Those catalysts should also be more
active so less severe operating conditions could be used. The rate
of hydrogenation of olefinic bonds with group VIII (Pt, Rh, Ru,
etc.) catalysts is normally higher than for C—0 bonds hydrogena-
tion [6]. For example, Ru-Sn and Rh-Sn catalysts supported on
Al,03, SiO,, or ZrO, for the hydrogenation of methyl laurate or
methyl palmitate have been tried [8]. In the case of the hydro-
genation of methyl oleate over Ru-Sn/TiO, catalysts it has been
found [9] that Sn addition decreases the overall conversion but
greatly improves the yield to alcohols, particularly the unsatu-
rated ones. Some works on these novel catalysts have shown that
Ru-Sn-B supported catalysts [10,11] can be active and selective
for the production of unsaturated fatty alcohols from the corre-
sponding fatty acid methyl esters [6-13]. It was found for example
that methyl oleate can be selectively hydrogenated to oleyl alcohol
using a Ru-Sn-B/Al, 03 catalyst at 4.5 MPa and 270 °C. Good activity
(80% conversion) and selectivity (80%) levels were observed with a
catalyst prepared impregnating the support with RuCl3 and SnCl,
(Sn/Ru=2) and then reducing these deposited salts with sodium
borohydride [14,15]. The better performance of noble metal sup-
ported catalysts promoted with Sn, Ge or Fe is currently explained
by an activation of carbonyl double bonds through an interaction
of its free electronic pair with the promoter atoms [16]. As the
promoter/Ru ratio increases, there are fewer Ru atoms exposed
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on the catalyst surface so the promoter has a physical poisoning
effect (blocking of surface Ru atoms). Besides, the possible forma-
tion of Ru/promoter alloys could also strongly affect the catalytic
properties of the metallic phase [17]. Echeverri et al. [14] have
reported that the selectivity to the unsaturated alcohol is higher
for the bimetallic catalysts prepared from chlorine-free precursors.
Surface chlorine would prevent an effective interaction between
ruthenium and tin species.

Other researchers have reported the selective hydrogenation
of citral to unsaturated alcohols using Pt/Ti-Al,03 catalysts pro-
moted by Ge [18]. They found that Ge addition greatly improves
the selectivity to the unsaturated alcohols.

The selective hydrogenation of methyl oleate to obtain oleyl
alcohol using Ru/Al, 05 catalysts modified by the incorporation of
Ge and B is studied in this work to complete a series of previous
works on the modification of supported Ru catalysts by incorpora-
tion of modifiers and promoters.

2. Experimental
2.1. Catalysts preparation

The support used was a commercial high-purity y-alumina
(Cyanamid Ketjen CK 300). Main impurities were Na (5 ppm), Fe
(150 ppm) and S (50 ppm). The extruded alumina pellets were
ground and sieved and the 35-80 mesh fraction was separated and
calcined under flowing air (3 h at 650 °C). The specific surface area
of this support was 180m? g-1, the pore volume 0.49cm3 g~! and
the average pore radius 5.4nm. The catalysts were prepared by
the incipient wetness method: this procedure was described by
Shoenmaker-Stolk et al. [19]. The support was wetted with exactly
the pore volume of an aqueous solution of metal precursor salts in
the required amounts to achieve the desired metal content. Wet-
ted samples were left to stand during 12h. A step of reduction
with excess sodium borohydryde aqueous solution was then per-
formed. Then the solids were filtered, washed with water until
acid neutrality and dried during 4h at 120°C under flowing N,.
The last preparation step included reduction with H, at 300°C,
cooling, and hydrogen purging with N, as described before. The
amount and concentration of the solutions were adjusted in order
to have a 1.0 wt% of Ru on the final catalyst whereas the Ge content
was varied in the range 0.5-4.0 wt%. As all the catalysts are sup-
ported onto Al, 05 they will named only by the metallic compound,
i.e,, Ru(1.0)-Ge(0.5)-B, being the number between parentheses the
corresponding metal weight percentages.

2.2. Catalysts characterization

2.2.1. Evaluation of the Ru, Ge and B contents

The composition of the metallic phase was determined by
inductively coupled plasma-optical emission spectroscopy (ICP-
OES, Perkin Elmer, Optima 2100 DV) after digestion in an acid
solution and dilution.

2.2.2. Temperature programmed reduction

TPR tests were performed in an Ohkura TP2002 apparatus
equipped with a thermal conductivity detector. Prior to reduc-
tion, the calcined catalysts (ca. 0.1 g loaded in a U-shaped reactor)
were heated at 120°C and kept at that temperature for 1h in a
stream of argon to remove water. The samples were then cooled
to room temperature under this atmosphere and switched to 5%
H,/Ar (50 ml min—!) mixture. Then it was heated from room tem-
perature to 850 °C at a heating rate of 10°C min~!. The effluent gas
was passed through a cold trap before TCD cell in order to remove
water from the exit stream.

2.2.3. Cyclohexane dehydrogenation

The dehydrogenation of cyclohexane (CH) to benzene is a reac-
tion thatis insensitive to the structure of the metallic active site and
was used as one of the test reactions for the metallic function. It was
performed under the following conditions: catalyst mass=0.1g,
T=300°C, P=1atm, hydrogen flow=80cm3 min~!, cyclohexane
flow=1.61cm3 h~! (Merck 99.9%). The catalyst sample was previ-
ously reduced at 500 °C under flowing H, during 1 h. Cyclohexane
was supplied by Merck (spectroscopy grade, 99.9% pure), with a
specified sulphur upper limit of 0.001%.

2.2.4. CO chemisorption

The experiments were performed in a chemisorption equipment
designed ad-hoc. The reduced catalyst was placed in a quartz reac-
tor and reduced further in situ under a hydrogen stream (500 °C,
1h, 60cm3 min—1). Then, the carrier was switched to N, and the
adsorbed hydrogen was desorbed (500°C, 60 cm? min~1) for 1h;
then the cell was cooled down to room temperature. Then 0.25 cm?
pulses of diluted CO (3.5% CO in N, ) were fed to the reactor. Non
chemisorbed CO was quantitatively transformed into CH4 over a
Ni/Kieselgur catalyst and detected in a flame ionization detector
connected on-line.

2.2.5. X-ray photoelectron spectroscopy (XPS)

The XPS measurements were carried out using a multitechnique
system (SPECS) equipped with a dual Mg/Al X-ray source and a
hemispherical PHOIBOS 150 analyzer operating in the fixed ana-
lyzer transmission (FAT) mode. The spectra were obtained with
pass energy of 30 eV; an Mg Ka X-ray source was operated at 200 W
and 12 kV. The working pressure in the analyzing chamber was less
than 5.9 x 10~7 Pa. The XPS analyses were performed on the solids
after treatment with hydrogen/Argon at 300 °C carried out in the
reaction chamber of the spectrometer. The spectral regions corre-
sponding to Ru 3ds;; and Ge 3ds, core levels were recorded for
each sample. The calibration of the spectra was performed with
the Al 2p line (74.4 eV) from an Al,03 support. The data treatment
was performed with the Casa XPS program (Casa Software Ltd.,
UK). The peak areas were determined by integration employing
a Shirley-type background. Peaks were considered to be a mix-
ture of Gaussian and Lorentzian functions in a 70/30 ratio. For the
quantification of the elements, sensitivity factors provided by the
manufacturer were used.

2.2.6. Transmission electron microscopy

Transmission electron micrographs (TEM) and electron diffrac-
tion patterns (ED) were obtained inaJeol JEM 1200 EXII microscope.
The supported catalysts were ground in an Agatha mortar and dis-
persed in ethanol. A diluted drop of each dispersion was placed on
a 150 mesh copper grid coated with carbon.

2.2.7. Methyl oleate hydrogenation

A stainless steel stirred autoclave (240 cm3 effective volume)
was used for these reaction tests. Operating conditions were: tem-
perature: 290°C; hydrogen pressure: 50atm; mass of catalyst:
1g; reactant (methyl oleate, 99% from Sigma-Aldrich) volume:
4cm3; solvent (n-dodecane) volume: 60 cm? and stirring speed:
800 rpm. Reactant and solvent (methyl oleate and n-dodecane)
were Sigma-Aldrich 99% grade.

Reaction products were analyzed by GC (Varian 3400 CV) using
a Chevron ZB-FFAP capillary column (length: 30 m, inner diame-
ter: 0.25 mm ID). Analysis conditions were: injector temperature:
220°C, column temperature: 200 °C for 1 min, 2°Cmin~! ramp up
to 260°C and then isothermal. Identification of reaction products
was previously done by GC-MS (Shimadzu QP-50000), using the
same capillary column. Only oleyl alcohol, methyl stearate, stearyl



M.A. Sdnchez et al. / Catalysis Today 213 (2013) 81-86 83

N—Geﬁ 0)
A Ru-Ge(0.5)

Ru-B

TCD signal (a.u.)

Ge

100 200 300 400 500 600 700
Temperature (°C)

Fig. 1. TPR of Ru(1%)-Ge(x)-B/Al, 053 catalysts.

alcohol and methyl oleate were only detected as significantly com-
pounds in the reactor samples.

3. Results and discussion

Chemical analysis determined by inductively coupled plasma-
optical emission spectroscopy of catalysts shows metal contents
in close agreement with the expected theoretical ones for all the
samples. The specific surface area of the support (180 m2 g~1) does
not change after metal precursors impregnation due to the small
quantities added.

Temperature programmed reduction profiles of bimetallic and
monometallic catalysts are shown in Fig. 1. The monometallic
Ge catalyst displays a reduction peak at ca. 600°C which can be
attributed to the reduction of Ge oxide species [20]. On the other
hand, it can be seen that the monometallic Ru catalyst has two
reduction peaks at 120°C and 173 °C. Previous studies [6] indicate
that the first peak may be due to the reduction of chlorinated Ru
species. The second, smaller peaks could be assigned to ruthenium
oxide reduction [21,22]. All bimetallic catalysts have a reduction
peak located near 200 °C which is currently assigned to the reduc-
tion of RuO, to Ru° [23]. At higher Ge loadings the reduction of Ru
oxide species proceeds at higher temperatures and the intensity of
the reduction peak corresponding to segregated Ge species (600 °C)
increases. The Ru-Ge(x)-B catalysts with lower content of Ge (i.e.
x<1) do not show reduction peaks at higher temperatures indi-
cating that all the Ge is reduced a lower temperature. The shift of
the reduction peak of Ru oxide species was previously found for the
Pt-Ge/Al, 03 catalysts. It was attributed to a hindering of the reduc-
tion of Pt species by a stronger interaction with Ge or to physical
blocking [24]. The temperature range of reduction between 200 °C
and 350°C can be assigned to Ge species in strong interaction with
Ru.

The metallic accessibility obtained by CO chemisorption and
the mean cyclohexane conversion are reported in Table 1 for the
Ru(1%)-Ge(x)-B catalysts. It can be seen that Ge addition decreases

Table 1
Metal dispersion (%), metal particle size (nm) and cyclohexane conversion of the
Ru-Ge(x)-B/Al, 03 catalysts.

Catalysts CO/Ru drgv (NM) CH conversion (%)
Ru-B 58 2.0 43.2
Ru-Ge(0.5)-B 26 - 28.1
Ru-Ge(1.0)-B 6 5.3 11.8
Ru-Ge(2.0)-B 2 6.3 5.0
Ru-Ge(4.0)-B - - 4.8
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Fig. 2. TEM and particle size distribution of the RRu-Ge(1.0)-B/Al,03h-
Ge(1.0)-B/Al,03 catalyst.

both the CO chemisorption as well as the activity for dehydrogena-
tion of cyclohexane. This phenomenon is easily explained taking
into account that Ge could not chemisorbed CO and they have not
dehydrogenation activity. Thus, by a geometric effect the Ge species
block the actives sites of Ru. These results are in agreement with
TPR studies where the reduction profiles show a strong interaction
between Ru and Ge.

Fig. 2 shows a representative TEM micrograph and metal par-
ticle size distribution of the studied catalysts, and the results are
also compiled in Table 1. Ru particle size in the monometallic cata-
lysts displays an average of 2.0 nm with a narrow size distribution.
An increase in the particle size and a broadening in the particle
size distribution take place in the bimetallic catalysts. This may be
attributed to the fact that Ge is partially located close to Ru species
in agreement with chemisorption TEM and hydrogenation results.

XPS study is carried out for the chemical states identification of
elements present in the Ru-Ge-B catalyst system. XPS spectra for
bimetallic catalysts are given in Fig. 3. As the peak of Ru 3ds, over-
laps with that of C 1s, the peak of Ru 3ds/, was employed for all the
catalysts to determine the chemical state of Ru. XPS results show
that Ru® metallic species are present in all catalysts with binding
energy (BE) values in the range between 279.2 eV and 280.1eV, in
accordance with the values for metallic Ru reported in the literature
[15,17,25]. An additional 3dsj, peak about 284 eV was also found
which can be assigned to the presence of oxidated Ru species. Sim-
ilar results were reported by Elmasides et al. [26] who found that
after a higher reduction temperature (550 °C), about 20% of the Ru
remains in the Ru2* state on Al,03. An incomplete reduction of Ru
has previously been reported for monometallic Ru/Al,O3 catalysts
[27].

A single peak of B 1s (not shown) found at 192.8 eV in Ru-Ge-B
catalyst can be attributed to B3*, possibly in the form of sodium
borate adsorbed on the alumina support near to the Ru clusters. In
the B 1s spectrum, no peak around 187 eV was observed, indicating
the absence of metal boride in the present catalyst system [28]. The
—0.5 eV shift observed in the bond energy of B3* implies an increase
in its electronic density possibly due to a charge transfer from Ru
atoms.
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Fig. 3. XPS signals of Ru 3ds; in the Ru-Ge(x)-B/Al,03 catalysts.

The Ge 3ds, peak was used to determinate the oxidation state of
Ge and its superficial concentration. This peak can be deconvoluted
in two peaks associated to Ge° (29.8 eV) and Ge™ (32.2 eV) (results
not shown). It is noted that these oxidized Ge species cannot be dis-
criminated into Ge2* or Ge*" since the binding energy of both Ge
oxides are very close [29]. However, from XPS results it was possi-
ble to evaluate the percentage of the Ge reduced and the oxidized
species, resulting Ge°/(Ge™ + Ge°)=1.00 and 0.78 for Ru-Ge(1.0)-B
and Ru-Ge(4.0)-B catalysts, respectively. This clearly shows that as
the Ge content increases lower amount of Ge is reduced to metallic
state. The presence of Ge° can be explained by the catalytic effect
of Ru on the reduction of Ge oxides because by TPR it was deter-
mined that Ge begin the reduction at 500°C while the reduction
pretreatment performed before XPS analysis was carried out at
300°C.

Ru/Al, Ge/Al, and Ru°/(Ru® +Ru™) surface atomic ratios as cal-
culated from XPS data and Ru/Al and Ge/Al bulk from chemical
analysis are displayed in Table 2. According to the chemical (bulk)
composition and XPS analysis of catalysts the Ru/Al atomic ratios
from XPS data are higher than those obtained from chemical anal-
ysis. Therefore there are Ru surface enrichment for all Ru-Ge
catalysts. Concerning the Ge/Al atomic ratio, it can be also observed
Ge surface enrichment. A surface enrichment of Ru species was
previously found by Pouilloux et al. [15].

It must be pointed out that the B-containing catalyst exhibited
a higher proportion of reduced Ru that the catalyst prepared with-
out B (Ru°/(Ru°® +Ru™)=0.32). It can be seen in Table 2 that the
increases of Ge decreases the Ru°/(Ru® +Ru™™*) ratio in agreement
with TPR results where it was reported a shift of reduction peak of
Ru oxides species at higher temperatures.

The results show the existence of an important amount of
Ge° that could be alloyed with Ru, together with an important
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Fig. 4. Hydrogenation of methyl oleate on the Ru(1%)-Ge(x)-B/Al, O3 catalysts.

fraction of oxidized Ge, likely placed both in the metallic phase and
on the support. These conclusions confirm the results obtained
from cyclohexane dehydrogenation, CO chemisorption and TPR.
Ru-Ge-B catalysts would show an important fraction of inter-
metallic alloys or a strong interaction between the metals but a
poor hydrogenation catalytic performance. These last results are in
agreement with those reported in the literature for the Pt-Ge/Al,03
catalysts. Borgna et al. [30] found that the Ge addition to Pt in
catalysts supported on y-Al,03 produces an enhancement of the
electrophilic character of Pt and it also geometrically modifies the
surface Pt with the consequent drops of the dehydrogenation activ-
ity. de Miguel et al. [20] reported that in Pt-Ge/y-Al,03 catalysts,
small amounts of free Pt would exist and the alloyed phase would
be important, a certain blocking of Pt by Ge atoms being also found.

Fig. 4 shows the conversion values of methyl oleate as a func-
tion of time for the studied catalysts. The conversion values at the
end of experiments (360 min) follow the order reported in Table 1,
as it is expected. Similar tendencies were found on Ru-Sn-B/Al;03
catalysts [31]. Pouilloux et al. [15] found that the increase of the tin
content of Ru-Sn-B/Al,05 catalysts does not change significantly
the catalyst activity for hydrogenation of methyl oleate because
there are different reaction mechanisms at different tin contents.
The results of the present work showed that the activity decreases
with the increase of Ge content. Ge atoms presumably blocks Ru
hydrogenolytic ensembles upon its deposition on the Ru aggre-
gates. It can also be seen that the conversion after 120 min of
reaction remains virtually unchanged.

The fact that full conversion was not achieved on most catalyst
even at long reaction times (360 min) was unexpected. Only the
Ru-B catalyst permitted a conversion of 100%, probably because Ge
strongly decreases the hydrogenation activity of Ru. This is reflected
by the decrease of the cyclohexane conversion from 43.2% to 4.8%
in the Ru-B/Al, 03 to Ru-Ge(4.0)-B/Al,03 catalyst series. The ini-
tial reaction rate was almost the same for all the catalysts but after
2h reaction time the conversion reached a plateau. This behav-
ior in a batch type reactor can be explained by the occurrence of
two phenomena: (i) thermodynamic limitations or (ii) catalysts
deactivation. Thermodynamic limitation can be excluded because
with Ru-B catalysts a conversion of 100% was achieved. The deac-
tivation could be due to coke deposition or metal phase sintering.
The deposition a small amount of coke on the metal surface can
easily deactivate the hydrogenation function of the catalyst. The
elucidation of the deactivation mechanism would require more
experimental work.

Percent values of reaction products yields and conversion (%) at
120 min are given in Table 3. At this reaction time methyl oleate
conversion has reached its higher value for all catalysts. At higher
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Table 2

Results of XPS studies performed on more representative catalysts.
Catalyst Ru/Al bulk Ru/Al XPS Ru°/(Ru® +Ru"") XPS Ge/Al bulk Ge/Al XPS B/Al XPS
Ru-B 0.0051 0.0038 0.48 - - 0.009
Ru-Ge(1.0)-B 0.0052 0.0222 0.47 0.0072 0.021 0.081
Ru-Ge(4.0)-B 0.0053 0.0092 0.38 0.0296 0.081 0.088

Table 3
Percent values of conversion and yield to different products at 120 min reaction
time. Ru(1%)-Ge(x)-B/Al, 03 catalysts.

Catalysts Conversion Oleyl Stearyl Methyl

(%) alcohol (%) alcohol (%) stearate (%)
Ru-B 99.46 0.00 98.00 1.46
Ru-Ge(0.5)-B 86.00 0.00 43.14 42.86
Ru-Ge(1.0)-B 89.06 2.30 27.29 59.47
Ru-Ge(2.0)-B 78.57 19.45 8.58 50.54
Ru-Ge(4.0)-B 61.30 0.72 10.15 50.43

reaction times the oleyl alcohol is further transformed into stearyl
alcohol which is the final product in the reaction scheme. It can be
seen in Table 3 that monometallic catalyst is the most active, and
its hydrogenating activity is enough high to hydrogenate nearly all
C—Cand C—0 bonds. As the Ge content is increased the formation of
stearyl alcohol and methyl stearate decreases. Moreover, it can be
seen in Table 3 that the highest yield to oleyl alcohol was obtained
with the Ru-Ge(2.0)-B catalyst. Higher amounts of Ge in the cat-
alyst formulation (4 wt%) leads to an increase in methyl stearate
formation. For catalysts with 1 and 2% Ge fatty alcohols (stearyl
and oleyl alcohols from hydrocracking of carboxymethyl group)
were only detected at the highest reaction times. The incorporation
of Ge significantly modifies the hydro/dehydrogenating activity of
Ru, as it can be seen in Table 3. Narasimhan et al. [6] found that the
maximum selectivity to oleyl alcohol is obtained with an atomic
ratio Ru:Sn=2. This is because the increase in the amount of Sn
favors the Sn-Ru interaction enhancing the selectivity toward oleyl
alcohol [11]. The same effect can be expected when Ge is added. If
the Ge content is high (4 wt%), the ability to hydrogenate the C—O
group becomes low, whereas the remaining hydrogenating activity
is enough to hydrogenate C—C double bonds so significant quanti-
ties of methyl stearate can be produced. As Ge content decreases,
there are more Ru exposed atoms and the hydrogenating activity
increases. The hydrogenation of both C—C and C—O groups may
then occur leading to stearyl alcohol production.

Fig. 5 shows the yields to different reaction products and
the conversion as a function of time for the catalyst with the
highest selectivity (Ru-Ge(2.0)-B/Al, 03 catalyst). As expected the

100 |
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B 60}
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>.
©
= 40
o
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20
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Fig. 5. Products yield and conversion as a function of time. Ru-Ge(2.0)-B/Al;03
catalyst.

conversion continuously increases, i.e. methyl oleate concentration
decreases. The yield to stearyl alcohol increases since it is a final
product. Methyl stearate and oleyl alcohol show a maximum in the
yield plot because they are intermediates products.

The highest amount of oleyl alcohol (60% selectivity)
was obtained with the Ru-Ge(2.0)-B/Al;03 catalyst. With
Ru-Sn(2.0)-B/Al,03 at the same reaction conditions an oleyl
alcohol selectivity of 45% is only got [32]. Higher oleyl alcohol
selectivities (70-80%) have been reported by other researchers
using Ru-Sn/Al, O3 catalysts [14,15]. Co-Sn-B/Al, 03 catalysts have
been also reported with an oleyl alcohol selectivity of 70% [33,34].
Ru-Sn-B/ZnO catalysts have low reported selectivity values (40%)
to unsaturated alcohols [35].

4. Conclusions

The results of catalyst characterization by TPR and XPS show
that Ge is deposited both on the metal function and on the support.
The fraction of Ge deposited on the metal function is in strong inter-
action with Ru, so that its metallic activity is significantly modified.
The dehydrogenation and hydrogenolysis activity of Ru are strongly
diminished by Ge addition. The Ge/Ru=2 is the optimum ratio for
higher oleyl alcohol production.
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