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Abstract Ceria, titania, and zirconia supported ruthenium
and copper catalysts were tested in the butyraldehyde
production by gas phase n-butanol partial oxidation. These
catalysts were characterized by means of N, adsorption—
desorption isotherms, temperature-programmed reduction
and X-ray photoelectron spectroscopy techniques. The
activity tests were performed in a fixed bed reactor at
0.1 MPa and 623 K using air and n-butanol mixture as
reactants (in stoichiometric proportion n-butanol/O,) to
generate butyraldehyde. For n-butanol partial oxidation,
the ruthenium catalysts showed higher activity and stability
than the copper ones. The n-butanol conversion was almost
similar for all the ruthenium catalysts, but the different
supports modified the metal dispersion and, as a result, the
product distribution was modified. The catalysts supported
on ZrO, and CeO, allowed the highest butyraldehyde
yields. The copper doping of the ruthenium catalyst also
improved the selectivity toward butyraldehyde.

Keywords Environmental catalysis - Heterogeneous
catalysis - Green chemistry

1 Introduction

Aldehydes are important organic molecules for the syn-

thesis of many different high-added value products. There
is an increasing interest in renewable sources for all type of
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chemicals. Bioalcohols, such as ethanol, butanol or glyc-
erol can be obtained from biomass and can be converted
to their corresponding aldehydes. Nevertheless, adequate
processes are required for these conversions. Nowadays,
industrial large-scale production of butyraldehyde takes
place through hydroformylation (oxo-synthesis) reaction of
propylene. This process uses metal (Co, Rh, Ru) hydrido-
carbonyls complexes as homogeneous catalysts [1] to
obtain in aldehyde mixtures: butyraldehyde and isobutyr-
aldehyde. The ratio between both products depends on
operating conditions (2-50 MPa and 363-453 K) and
the catalyst employed. Other processes for aldehydes pro-
duction also use homogeneous catalysts. For example
the process developed by Ruhrchemie/Rhone-Poulene [2]
employing two phases (water/organic solvent). This pro-
cess can be operated at 50 MPa of pressure compared to
hydroformylation process, has the advantage of facilitating
the separation of its homogeneous catalyst and optimizes
energy consumption. Nevertheless, the Ruhrchemie/
Rhoéne-Poulene and hydroformylation processes present
important problems as waste production and product
purification. Hence, the development of heterogeneous
catalysis processes, operating at less severe operating
conditions and minimizing waste production presents
economic and environmental benefits. Therefore, new
routes of saturated and unsaturated aldehydes production
are under study.

One of the most promising routes for aldehyde
production is selective alcohol catalytic oxidation. This
process with environmentally benign oxidants has been
developed in the recent years [3-5]. Nevertheless, in most
of the cases, the alcohol oxidation takes place in liquid
phase [6], but the presence of a solvent is usually necessary
to promote this reaction [2, 3, 6]. The presence of this
solvent generates additional problems to obtain a pure final

@ Springer



418

J. Requies et al.

product. Different catalysts have been used for the oxida-
tion of alcohols in liquid phase, for example, Cu-base
catalysts [7], Co-based [8, 9] and noble metal based cata-
lysts such as Ru, Pd and Os, among others [10-12].

Even if several studies have been published about the
aldehydes production from alcohols in the presence of
noble and non noble metals in liquid phase, few studies
have been published for processes operating in gas phase.
Some authors have studied the dehydrogenation of
n-butanol under different formulations of solid catalysts:
Cu-Ba [13], Ru/Fe,0O5 [14], and ZnO [15]. Parentis et al.
[16] studied the dehydrogenation reaction of primary
alcohols of low molecular weight (C,—C,) at low alcohol
conversion over a Cr/SiO, catalyst reaching high selec-
tivity toward the corresponding aldehyde. Besides, they
found that when oxygen was fed to this dehydrogenation
process the aldehyde selectivity was higher. However,
these studies were carried out at very low space velocity
and low partial pressure of alcohol.

The aim of this work is to provide and discuss new
information about activity and characterization of ruthe-
nium, copper and ruthenium-—copper catalysts supported
on different oxides (ZrO,, CeO, and TiO,) in the n-
butanol gas-phase partial oxidation. Previous results [17]
showed that higher activities and selectivities toward
butyraldehyde were reached using ruthenium catalysts.
Moreover, in processes operating in liquid phase some
condensation products were observed (butyl butyrate,
4-heptanone, butyl ether, etc.), while in gas phase main
by-products were CO,, H,, CH, and other saturated and
unsaturated hydrocarbons. It is well known [1] that pri-
mary alcohols are oxidized not only up to their corre-
sponding aldehydes, but to their corresponding acids or
even to more oxidized species (see Fig. 1). However, at
the operating conditions used in this work, the butyric
acid was not detected. This would indicate a much lighter
oxidation process.

Degradation products:
» saturated & unsaturated hydrocarbons
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Condensation products:
n-butyl butyrate, n-butyl ether,
4-heptanone. ..

Fig. 1 Simplified scheme reaction of the catalytic partial oxidation of
n-butanol
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2 Experimental
2.1 Catalyst Preparation

Ruthenium, copper, and ruthenium-copper catalysts were
prepared by the incipient wetness impregnation method.
Support materials used were zirconium dioxide (ZrO, was
obtained by calcination of zirconium hydroxide, kindly
provided by Eurosupport, The Netherland), cerium dioxide
(calcination of Ce(NOs5);-H,O SigmaUltra >99.0 %,
Sigma—Aldrich), and titanium dioxide (Degussa, Aeroxide
titandioxide P25). RuCl; (Johnson Matthey, metallic base
Ru 40 %) and Cu(NOs),-3H,O (Alfa Aesar, 98 %) salts
were used as ruthenium and copper precursors, respec-
tively. The monometallic catalysts: 5CuZr and 5CuTi
(5 wt% nominal copper weight), 2RuZr, 2RuTi and 2RuCe
(2 wt% nominal ruthenium), were prepared by a single-
step impregnation. The preparation of bimetallic catalyst,
designed as 2Ru5CuZr (2 wt% ruthenium and 5 wt% of
copper nominal), was carried out by impregnation of the
5CuZr catalyst with ruthenium precursor solution. After
impregnation and drying, the samples were calcined in air
at 773 K for 2 h.

2.2 Catalysts Characterization

The catalysts were characterized by several physico-
chemical techniques: plasma atomic emission spectroscopy
(ICP-AES), surface area (BET method), temperature-
programmed reduction (TPR) and X-ray photoelectron
spectroscopy.

2.2.1 Plasma Atomic Emission Spectroscopy

Ruthenium and copper contents were determined by ICP-
AES, using a Perkin-Elmer Optima 3300DV apparatus.
Previous dissolution of the ground samples in acid solu-
tions was required.

2.2.2 BET Surface Area

These measurements of the calcined catalysts were evalu-
ated from the N, adsorption—desorption isotherms obtained
at 77 K over the whole range of relative pressures, using a
Micromeritics ASAP 2100 automatic device on samples
previously degassed at 423 K for 24 h.

2.2.3 TPR Analysis

The temperature-programmed reduction was carried out
using a Micromeritics TPD-TPR 2900 apparatus, equipped
with a thermal conductivity detector. A continuous flow
(40 NmL/min) of 10 % (v/v) H,/Ar was passed over
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200 mg of calcined catalyst powder. The temperature was
increased from room temperature to 1,233 K at a rate of
10 K/min. The sample was previously outgassed at 523 K
during 30 min.

2.2.4 XPS Analysis

These measurements were carried out with a VG Escalab
200R spectrometer equipped with a hemispherical elec-
tron analyser and an Al Kol (hv = 1486.6 eV, 1 eV =
1.6302 x 10" J) 120 W X-ray source. The powdered
samples were deposited on a stainless steel sample holder,
placed in the pre-treatment chamber and degassed at
573 K. The spectra were collected at pass energy of 20 eV,
which is typical of high-resolution conditions. Intensities
were estimated by calculating the area of each peak, after
smoothing, subtraction of the S-shaped background, and
fitting the experimental curve to Lorentzian and Gaussian
lines (20 % L/80 % G). Both fresh and used catalysts were
analysed using this technique. Bonding energies reference
was C ls.

2.2.5 X-ray Diffraction (XRD)

XRD patterns were obtained using a Seifert XRD 3000P
diffractometer, equipped with a PWBrag-Brentano u/2u
2200 goniometer, bent graphite monochromator and auto-
matic slit, using a Cu Ko radiation (4 = 0.15418 nm) and
0.028° steps for scanning. Scherrer equation was used to
estimate the particle average size of the crystalline species.

2.3 Activity Test

The activity tests were carried out in a bench-scale unit
equipped with a tubular stainless steel reactor (1.15 cm i.d.
and 30 cm length). The reactor was electrically heated in a
furnace to the reaction temperature and a PID control was
used to maintain the selected operation temperature con-
stant. The effluent stream was cooled to room temperature
and the gaseous and liquid products were separated. Prior
to reaction, the catalysts were activated in situ with
100 NmL/min of 10 % (v/v) H,/N, mixture at 0.1 MPa and
523 K during 2 h. The reduced catalysts were tested under
the following conditions: 16.2 gguon Zea h~', 0.1 MPa of
total pressure and 623 K feeding 0.081 g/min of n-butanol
(BuOH). The required molar flow of air was fed in order to
obtain the stoichiometric molar ratio of n-butanol to oxy-
gen (BuOH/O, = 0.5). To avoid temperature gradients in
the catalytic bed, the catalyst (300 mg) was diluted with
SiC at a 1:9 mass ratio. The particle size range was
between 0.42 and 0.50 mm. The gas phase was on-line
analyzed by a Micro GC Varian equipped with a high
sensitivity TCD. Three columns: Molecular Sieve, Poraplot

Q and CP-4900 were used in different modules for the
complete gas separation. The liquid phase was analyzed by
a GC (HP 6890) equipped with a FID and a TCD detectors
and the column used was a DB-Wax. For a better under-
standing of catalytic activity and product distribution, the
following parameters were calculated:

(i) n-butanol conversion:

FFeed _ FOul
BuOH conv (%) = P 720 100 (1)
BuOH
(i1) Product yield:
Fput
Y(%) = — 1 x 100 2)
F BuOHconverted

73]
1

where F; are the moles of the compound produced.

3 Results
3.1 Characterization Results

3.1.1 Chemical Composition and Characterization
Textural

Table 1 shows the chemical composition of the catalysts
prepared. It can be observed that for the monometallic
catalysts, the load of copper was higher when ZrO, was
used as support, followed by the loads obtained for the
TiO, and CeO, supports, respectively. The higher metal
copper loading was corresponding with higher BET sur-
face. Similar behaviour was observed for ruthenium cata-
lysts, but unfortunately, for the catalyst 2RuTi it was not
possible to measure the metal content due to its incomplete
disaggregation. Finally, the ruthenium—copper bimetallic
catalyst presented lower metal contents than the corre-
sponding monometallic catalysts.

The BET surface area, the total pore volume, and the
average pore diameter (calculated using BJH method) are
summarized in Table 2. For the zirconia-supported cata-
lysts, the addition of the metallic phase, copper, copper—
ruthenium or ruthenium, caused a severe decrease of BET
area. This effect can be associated to pore blockage by
metal incorporation and hence the specific surface area was
reduced [18]. These data of surface area are in agreement
with the micropore volume diminution and the rise of the
average catalysts pore diameter (Table 2). The catalysts
supported on ZrO, presented the highest microporosities,
and no high differences were observed among them,
whereas the Cu and Ru supported on cerium and titanium
oxides catalysts showed higher mesoporosities. The
incorporation of copper or ruthenium on the ceria support
did not change significatively its textural characteristics.
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Table 1 XPS results for fresh

and used catalysts, M 2p or 3d is Catalysts M 2p (3d) Ru 3dsp, Ru 3p;), Cu 2p3p Ru/M at Cu/M at ICP-AES
representing the different (M wt%)
supports used in the studied 5CuZr fresh 182.2 - 934.0 - 0.1 6.18
reaction: Ce, Ti, or Zr
(0.128)
5CuZr used 182.2 - 932.5 (40) - 0.08
934.2 (60)
5CuTi fresh 458.6 - 933.9 - 0.27 5.40
(0.073)
5CuTi used - - - - -
2RuZr fresh 182.2 282.1 (61) - 0.06 - 1.26
283.0 (39) (0.02)
2RuZr used - 462.3 (69) - 0.04 -
466.0 (31)
2RuTi fresh 458.7 280.4 (66) - 0.03 - n.d.
282.2 (34)
2RuTi used 458.9 280.1 - 0.005 -
2RuCe fresh 882.5 281.2 (65) - 0.05 - 0.90
282.8 (35)
2RuCe used 0.008
2Ru5CuZr fresh  182.1 281.0 (66) 934.2 0.1 0.19 0.99 (Ru)
282.9 (34) (0.013) (0.10)
2Ru5CuZr used  182.1 (80) 458.5 (67) 933.7 (37) 0.04 0.32 4.73 (Cu)
Theoretical bulk ratio (Cu/M or 180.1 (20) 462.6 (33) 9362 (63)

Ru/M) in parenthesis

Table 2 Physical and textural properties of the catalysts

Catalysts BET Total pore Micropore Average
surface volume volume pore
area (mz/g) (cm3/g) (cm3/g) diameter

(A)

ZrO, 391.8 0.23 0.10 23.1

5CuZr 171.8 0.12 0.02 42.3

2RuZr 168.9 0.12 0.01 44.8

2Ru5CuZr 161.6 0.11 0.02 48.6

TiO, 66.6 0.15 0.04 87.8

5CuTi 59.2 0.14 0.002 1343

2RuTi 44.7 0.08 0.013 93.7

CeO, 57.4 0.10 0.002 137.2

5CuCe 56.0 0.10 - 70.3

2RuCe 55.3 0.10 - 279.2

However, both the surface area and pore volume decreased
when ruthenium was incorporated on the titania supports.
This effect was much lower when copper is the metal
incorporated; this can be attributed to bigger copper par-
ticles diameter.

3.1.2 TPR Results

The TPR profiles for the calcined catalysts at 773 K are
showed in Figs. 2 and 3. For monometallic ruthenium
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catalysts on different supports, three peaks of reduction
were observed in the range between 381 and 462 K. These
peaks can be associated to ruthenium oxide reduction with
different interaction with the support [19-21]. The ruthe-
nium oxidation can be associated to the calcination treat-
ment under airflow. According to several authors [20, 21]
after this treatment, the ruthenium would be mainly in the
RuO, form. This phenomenon was observed for several
ruthenium catalysts as Ru/SiO,, Ru/Al,03, Ru/TiO, [20]
and Ru/CeO, [21] catalysts. For monometallic copper
catalysts, two reduction peaks were observed in the range
between 395 and 472 K. These peaks can be associated to
different copper oxide species interaction with the support.
The less intense TPR peak can be attributed to fine copper
particles well dispersed, while the most intense peak can be
associated with larger copper oxide particles [22]. For the
catalysts supported on ceria, two additional reduction peaks
were observed that can be attributed to the reduction of
superficial (at 720-729 K) and bulk CeO, (at 1005-
1010 K) [22]. Similarly, the peaks centered at 710 and
861 K showed by the catalysts supported on zirconia can
be associated to the reduction of zirconia [23].

For the bimetallic catalyst (2Ru5CuZr), only two
reduction peaks were observed. These peaks correspond to
the reduction peaks of Ru and Cu oxides. In this case, the
highest peak associated to copper reduction is slightly
shifted to lower temperatures as compared to the same peak
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Fig. 2 TPR profiles of Ru
catalysts on different supports
= | 2Ru5CuZr
« .
c
=)
=1
Q.
£
2 .
g 700 770 840
o Temperature (K)
T
388415 457 2RuTi
T T T T T T
400 600 800 1000
Temperature (K)
Fig. 3 TPR profiles of Cu L YT L L . L
catalysts on different supports
392 /445
—_ 855 K|
3 2Ru5Cuzr -
“-u’ 5Cuzr
c
2
=
o
£ /
=]
g
8 720 800 880
. Temperature (K)
305410 5CuTi
T T T T T T
400 600 800 1000

Temperature (K)

5CuZr. This could be due to the hydrogen spillover effect
favored by the presence of ruthenium [24].

3.1.3 XPS Results

The Cu 2p, Ru 3d and 3p, Ti 2p, Ce 3d and Zr 3d core-
levels of fresh and used catalysts, and the metal/supported
intensity ratio are summarized in Table 1. The fresh cata-
lysts were measured as calcined samples. In this table, the
chemical state changes of Cu and Ru and their relative
proportion on the support surface were showed for both
fresh and used catalysts. The binding energies of the Cu
2psn peak for fresh samples are in a close range
(933.7-934.2 eV). These values can be assigned to Cu?t
species [25, 26]. Some decrease of the binding energy for
copper catalysts after reduction and reaction was observed
in this Cu 2p3/, level. According to this, peak in the range
between 932.7 and 932.8 eV, part of the copper seems to

be in its metallic state after their use under partial oxidation
reaction [25]. This effect can be observed in the 5CuZr
catalyst. The catalysts analyzed after their use in n-butanol
partial oxidation reaction showed one additional peak of
Cu®t. The Cu®" peak is accompanied by a shake-up
satellite line positioned at 8 eV higher BE, characteristic of
Cu?* ions. Hence, in oxidation conditions to peaks were
detected on the catalytic surface: Cu® and Cu®*. Hence,
after the studied condition some oxidation of metallic Cu
occurred. For the fresh catalysts, the Zr 3d energy level
took a value between 181.7 and 182.1 eV corresponding to
ZrO, [26], and in the case of the Ti 2p, the values regis-
tered at 458.6-458.7 eV can be assigned to the presence of
typical Ti*" (TiO,). The Zr spectra were unchanged after
its use in reaction. The 5CuTi presented the highest surface
copper support atomic ratio, and the 5CuZr presented the
lowest copper/support atomic ratio at fresh conditions.
After being used in reaction, the Cu/Zr ratio decreased with
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respect to the fresh catalyst. In copper catalytic systems,
the Cu/M ratio was close or higher than bulk one. This can
be related with the high deposition of copper on the outer
surface of titania or zirconia support.

For ruthenium catalysts, the Ru 3ds,, level was ana-
lyzed. According to literature [27-29] the Ru 3ds),
core-level can show different binding energies in the ran-
ges of 279.9-280.7, 280.7-281.0, 281.7-282.6 and
282.6-283.3 eV that can be ascribed to Ru®, RuO,, RuOs,
and RuOy, respectively. Hence, it seems that different Ru
oxides and ruthenium metallic species were present in
ruthenium catalysts. After their use in reaction, less intense
Ru 3ps/, peaks were measured since the Ru 3d component
overlapped with the C 1s components. In addition to this, it
was very complicate to assign a fix value to Ru signal in
the 2RuCe catalyst. For the 2RuZr the peak centered at
461.5 eV can be assigned to metallic ruthenium and the
peak situated at 462.5 eV corresponds to RuO, [30].
The Ru*" species can be derived from oxidation under the
reaction conditions. Finally, in the 2RuTi used catalyst
only metallic ruthenium was detected. Regarding the sur-
face Ru/support atomic ratio, at fresh conditions the 2RuZr
showed the highest ruthenium dispersion on the support
surface. The second one was the catalyst supported on
ceria. Finally, the catalyst with the lowest ruthenium dis-
persion was the catalyst supported on titania. As in previ-
ous results the Ru/M bulk ratio was lower than measured
ones, this can be related to the ruthenium preferent depo-
sition on the outer support surface. After reaction, the
ruthenium dispersion on the surface decreased for all
the ruthenium catalysts as compared to fresh catalysts. In
the case of 2RuTi and 2RuCe this dispersion reduction was
extremely high. The surface ruthenium reduction for 2RuTi
was around the 80.4 %, and in the case of the 2RuCe was
over 83.5 % as measured by XPS. For the 2RuZr, the
ruthenium surface reduction was approximately 25.8 %.

For the Ru—Cu fresh bimetallic system, the behavior was
very similar to the one of monometallic systems. For the
2Ru5CuZr fresh calcined catalyst two different ruthenium
species were detected, RuO, and RuO, [29] with values of
binding energies of 281.0 and 282.9 eV, respectively.
Regarding to copper, the binding energy of 934.2 can be
assigned to Cu®" [25] in the 2Ru5CuZr fresh catalyst. For
the used 2RuSCuZr catalyst, new peaks of copper were
detected at 933.7 and at 936.3 eV. The peak at 933.7 eV
corresponds to Cu?" [25, 26] and the peak situated at
936.2 eV could be assigned to Cu”" strongly interacting
with the support. After the reduction or after its use in
reaction, this catalyst suffered both reduction and oxidation
processes. Regarding the ZrO, support, a new phase of Zr
was detected by XPS. This new peak of Zr detected at
180.1 eV could be due to the reduction of the ZrO, to
metallic zirconium [31]. For the ruthenium and copper
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atomic support ratio, the fresh bimetallic system presents
higher ruthenium and copper dispersions on the ZrO,
support than the monometallic ones. In addition, in this
case of the measured Ru or Cu/Zr ratio were also higher
than bulk ratios. After reaction, this effect was maintained
for the copper, but no for the ruthenium: the surface cop-
per/support atomic increased as compared to the equivalent
values for the fresh catalyst, and the surface ruthenium/
support ratio decreased.

3.1.4 XRD

As it was reported in our previous work [32], where part of
these catalysts were tested in another reaction, the XRD
patterns showed that the catalysts contained different
crystal species. For the reduced 5Cu/TiO, catalysts re-
flexions associated to Cu® (PDF 01-085-1326) and anatase
and rutile type TiO, (PDF 01-071-1166 and 01-075-1750
respectively) were detected [32]. In the case of the reduced
5Cu/ZrO, catalyst only ZrO, reflexions (PDF 01-079-
1771) were registered. In addition, the absence of any Cu®
signal was indicative of a good dispersion of this Cu on
ZrO, support [32]. In the case of the reduced 2Ru5Cu/ZrO,
catalyst no reflexions of Ru and Cu phases were observed
suggesting good dispersion of metal phases [32]. Finally,
the reduced 5Cu/TiO, catalysts presented an average Cu’
particle of 51.4 nm [32].

3.2 Catalysts Activity

The main C4+ products derived from the activity test carry
out were butyraldehyde, and other by-products such as
n-dibutyl-ether, n-butylbutyrate and 4-heptanone. Traces of
other condensation by-products were also detected, but
their concentrations were very low so they were despised.
As light by-product hydrogen, and other compounds such
as CO, CO,, CHy, and saturated and unsaturated hydro-
carbons (C3 and C4) were identified.

In order to analyze the effect of metallic phase and
catalyst support, the activities of the different catalysts are
compared after 2 (Fig. 4a) and 27 (Fig. 4b) hours on
stream. Figure 4 a and b show the product yields obtained.
The yields to n-dibutyl ether and 4-heptanone are presented
combined as C7 4+ C8. The behaviour all of the catalytic
systems were rather similar. At the beginning of the
activity test low quantities of 4-heptanone and dibutyl-
ether were detected. After 27 h on stream these compounds
were not detected and the b-butylbutyrate selectivity was
the most important contribution. As a result for times on
stream larger than 27 h C7 4 C6 yield and butyraldehyde
yield are almost the same. This clarification has been
included in the new version. According to the results, both
the support and the metallic phase influenced on both



Bio n-Butanol Partial Oxidation to Butyraldehyde 423
Fig. 4 BuOH conversion, total B3 Butyraldehyde W C7+C8 B Gas Flow A BuOH Conversion
gas flow produced and yields in 100% 14
liquid stream a at 2 h on stream
b at 27 h on stream L 12
c 80% 2
o
3 -10 9
[0 ()
2 60%- A -n
5 % : M
o g
u —
L =
& 40% " 6 5
3 :
2 L 4
s m 5
20% =~
A
AL
0% T T - . T T
5CuZr 2RuZr 2Ru5CuZr 2RuCe 5CuTi
Catalysts
B [3 Butyraldehyde l C7+C8 [l Gas Flow A BuOH Conversion
100% 14
12
c 80%
o
3 - 10 g
] A A ] 2
2 60% W‘ A [,
o] i A ]
(&) [ ] e s
o A e L 2
& 40%- 7 ¢ 3
ke 7 c
o 7 -4 3
> e S
20% 7z ~
7 2
o
0% T J:::a T T * T 0
2RuZr 2Ru5CuZr 2RuCe
Catalysts

conversion and reaction yields. Under the conditions
studied, the ruthenium catalysts showed the highest
n-butanol conversion, around 62—-66 %, after 27 h on stream
(Fig. 4b). The n-butanol conversion was almost similar for
all ruthenium catalysts. At the first hours on stream the
n-butanol conversion (Fig. 4a) was lower than at 27 h on
stream, and for times on stream higher than 7 h the per-
formance remained stable. For higher times on stream the
2RuZr, and 2RuTi allowed higher butyraldehyde yields
while condensation by-products decreased. This same
behavior was shown by the 2RuCe system, but its butyr-
aldehyde yield decreased with time on stream. This lower
butyraldehyde yield was in agreement with a higher
light compounds production. Furthermore, the 2RuZr
and 2RuCe catalysts showed the best yields towards

butyraldehyde production, followed of 2RuTi catalyst.
Ruthenium catalyst supported on ZrO, showed a greater
tendency towards the formation of condensation products,
associated to a lower light compounds formation, while the
quantities produced by the rest of the catalysts were very
low. The 2RuCe catalyst after 2 h on stream presented the
highest butyraldehyde yield (close to 80 %), but for higher
hours on stream, the butyraldehyde yield decreased and the
gas by-produced increased. The 2RuTi was the catalyst
which the highest n-butanol conversion, but the catalyst
producing the lowest butyraldehyde yields; this can be
explained analyzing the gas composition of the gas gen-
erated. The gas flow produced was the lowest due to its
composition, rich in C3-C4 saturated and unsaturated
hydrocarbons. On the whole, the presence of Ru in the
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catalysts decreased the gas flow obtained and modified the
gas composition. TA higher gas flow of these catalysts
indicates higher contents of CO,, H,, and CO, while a
lower gas flow indicates higher contents of hydrocarbons
such as C3Hg, C3Hg, C4H;o and C4Hg. The presence of Ru
in the catalyst favoured the presence of short paraffin and
olefin products in the gas stream. For example, for the
2RuZr, 2RuTi and 2RuCe the main product in the gas
stream was CO, and the presence of hydrocarbons could be
confirmed. These hydrocarbons were C3Hg, and C3Hg. In
the case of the 2RuTi, C4H,y and C,Hg were also detected.
Hence, even if the 2RuTi presented the highest n-butanol
conversion, its n-butyraldehyde and C7 + C8 yields, and
its total gas-flow were lower due to the presence of sig-
nificant amount of C4Hg and C4H;( in gas phase.

Monometallic copper catalysts showed lower activities
than the ruthenium and bimetallic ones. Among monome-
tallic copper catalysts, the best performance was measured
for the 5CuTi catalyst: 55 % conversion after 27 h, while
for the 5CuZr n-butanol conversion was approximately
46 %. For both copper catalysts, the stability was similar,
although the 5CuZr started with higher conversions
(Fig. 4a, b). After the initial deactivation, for zirconia
supported catalyst the activity remained almost stable
under reaction conditions. It is remarkable that during the
time on stream for the SCuZr catalyst the butyraldehyde, n-
butyl-ether and 4-heptanone yields decreased, while the
total gas flow increased (light product). For the SCuTi the
behavior was different, the total gas flow also increased,
the n-butyraldehyde yield increased and the C7 + C8
product decreased. In this case, the copper catalysts sup-
ported on ZrO, also showed a greater tendency towards the
formation of condensation products, while the quantities
produced by the 5CuTi catalyst were insignificant. Nev-
ertheless, comparing the result of butyraldehyde yield, the
ruthenium catalysts presented higher butyraldehyde yield
than the measured for the monometallic copper ones. As it
can be observed in Fig. 4a and b, the gas production was
very high for the monometallic copper catalysts (SCuZr
and 5CuTi). The main gas by-products obtained with these
catalysts were H, and CO,, and no hydrocarbons were
detected.

The bimetallic 2Ru5CuZr supported catalyst showed a
good activity in this type of reaction. After 27 h on stream,
the conversion reached was a little bit higher than the one
reached by the ruthenium monometallic catalyst supported
on ZrO;: 64.3 %. The catalyst activity of 5CuZr improved
substantially with the incorporation of ruthenium:
2Ru5CuZr. As 5CuZr catalyst, the 2Ru5CuZr catalyst
started with higher conversions for the first hours (79 % of
n-butanol conversion, Fig. 4a, b). After an initial deacti-
vation, its activity remained almost stable under reaction
conditions after 27 h on stream. The 2Ru5CuZr showed
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higher activity than 2RuZr, and 5CuZr, but an intermediate
selectivity to butyraldehyde between those obtained using:
2RuZr and S5CuZr: 2RuZr > 2Ru5Cu Zr > 5CuZr
(Fig. 4b). The bimetallic catalyst reduced the butyralde-
hyde selectivity and also the condensation products.
Regarding the condensation by-products, as 5CuZr and
2RuZr, the presence of ZrO, increased this by-products
yield. For the bimetallic catalyst the yield towards con-
densation products was slightly lower than the one
obtained using 2RuZr, but higher than the one of the cat-
alyst 5CuZr. The copper presence increased light products
avoiding condensation products. The gas composition of
this last catalyst had a similar behaviour than the one
showed for 2RuZr catalyst, but lower amounts of C3Hg and
C;Hg were obtained. Finally, it is remarkable that during
the time on stream for the 2Ru5CuZr the total gas flow
decreased and the C7-C8 yields increased.

4 Discussion

The activity and yield of the copper catalysts were different
depending on the support used. The copper TiO, supported
catalyst presented higher activity and stability than the ones
showed by the copper ZrO, supported one. The copper
dispersion on the catalyst surface of the ZrO, was lower for
ZrO, than for the TiO, (XPS). Nevertheless, the copper
content of the SCuZr was higher than the one of the SCuTi
(ICP-AES). This could indicate that part of the copper was
incorporated inside the zirconia structure, and this copper
incorporated to ZrO, structure was not active in the n-
butanol oxidation process. The high porosity of the zirconia
(BET) could help this copper incorporation into the zir-
conia structure. A higher copper dispersion on the catalyst
implied higher activity. After reaction, the copper disper-
sion on the surface was lower for the 5CuZr and part of the
copper on the external surface was oxidized (XPS), hence
some deactivation took place in this catalyst due to metallic
copper loss on external surface. This is coherent with the
activity lowering measured. For the copper catalyst sup-
ported on TiO, the behaviour was different. No deactiva-
tion was observed, hence it is probable that no sinterization
took place on the catalytic surface due to a higher inter-
action between the support and the active metal than in the
case of the 5CuZr (TPR). Regarding the butyraldehyde
selectivity, this was higher for the SCuZr catalyst than for
the 5CuTi, although the n-butanol conversion was higher
for the 5CuTi. This effect was due to a higher oxidation of
n-butanol to CO, and H, when using 5CuTi than when
5CuZr was used; hence the gas flow obtained with 5CuTi
was higher than with 5CuZr. In addition, the presence of
ZrO, increased this by-products yield. This effect could be
attributed to the basic nature of the zirconia support, which
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favoured the condensation/oligomerization reactions [33,
34].

All ruthenium catalysts showed a high activity and
stability in the partial oxidation from n-butanol to butyr-
aldehyde. The ICP-AES data showed that the ruthenium
content was similar in these catalysts. The total pore vol-
ume reduction in the ZrO, and TiO, support after the
ruthenium incorporation (BET) indicates that the ruthe-
nium incorporation was mainly on the support outer sur-
face. These data are in good agreement with the dispersion
measured by XPS. However, it seems that the initial dis-
persion of ruthenium (XPS) have no influence in the
activity, but it influenced the butyraldehyde yield. The
higher initial dispersion was obtained for the 2RuZr, and
the lower dispersion was measured for 2RuTi, while the
2RuCe presented as an intermediate ruthenium dispersion
(XPS). The 2RuTi catalyst reached the highest n-butanol
conversion and its stability was quite high after the highest
time on stream (27 h), but the butyraldehyde yield was
lower for 2RuCe and 2RuZr. Using the 2RuZr catalyst (the
catalysts with the highest metal dispersion) higher butyr-
aldehyde yield after 27 h on stream was obtained. This
catalyst also presented the highest condensation by-prod-
ucts production (Fig. 4a, b). As all of catalysts supported
on ZrO,, this result was due to the condensation/oligo-
merization reactions being favoured by the ZrO, presence.
After reaction all monometallic ruthenium catalysts lost
ruthenium surface (XPS). The monometallic catalyst with
the minimum ruthenium dispersion loss was 2RuZr, while
the 2RuTi and 2RuCe presented higher ruthenium disper-
sion losses. Nevertheless, no activity decay was observed
during the time on stream for any of these catalysts. In
addition to Ru particles sinterization, it is possible that
some volatile metal oxides formation also occurred: metal
crystallite stability depends on the volatility of metal oxi-
des and the strength of the metal oxide—support interaction,
so the formation of volatile RuO4 accounts for the relative
instability of ruthenium [35]. But, it seems that the pres-
ence of small ruthenium amounts on the catalyst surface is
enough to maintain high activities in the n-butanol partial
oxidation to produce butyraldehyde.

The bimetallic 2Ru5CuZr supported catalyst showed a
good activity in this type of reaction. This bimetallic cat-
alyst reduced the butyraldehyde selectivity and also the
condensation products with respect to 2RuZr. It seems
clearly that the copper hydrogenation and dehydrogenation
activity help avoiding these condensation products. For the
2Ru5CuZr catalyst the ruthenium dispersion after reaction
was lower than the one measured for the fresh (no reduced)
catalyst, but at the same time, the copper amount on the
catalytic surface was higher than on the fresh catalyst
(XPS). It seems that after reduction and its use in n-butanol
oxidation some changes took place in the support. This

changed could take place due to the reduction of ZrO, to
metallic zirconium (XPS, TPR). This phenomenon had a
high initial influence in the activity of this catalyst as
compared to the ruthenium and copper monometallic cat-
alysts. The conversion was very high along the first hours
(79 % of n-butanol conversion at 2 h). Even though, after
27 h the activity decreased along the time on stream
(64.3 % of n-butanol conversion). The initial high con-
version was due to the high dehydrogenation capacity of
this catalyst that can be related to the production of high
amounts of gas-flow rich in H, and CO,. During the time
on stream this dehydrogenation capacity decreased and the
heavier products generation increased with respect to those
appearing in gas phase.

5 Conclusions

Ruthenium catalysts supported on ZrO,, TiO,, CeO, and
ruthenium—copper catalyst supported on ZrO, were found
to exhibit promising activities and stability for the
n-butanol air partial oxidation to butyraldehyde in gas
phase. Hence, this new route of n butyraldehyde production
seems to be a new promising alternative.

The copper metallic catalysts supported on ZrO, and
TiO, presented lower activities than the ruthenium ones.
The 5CuTi catalyst presented higher activity and stability
than 5CuZr. These results can be related to a possible
incorporation of the copper to non accessible areas on the
ZrO, structure.

Ruthenium incorporation to S5CuZr catalyst highly
increased the conversion and the stability of the catalyst as
compared to the corresponding Cu monometallic catalyst.
The presence of Cu in this bimetallic catalyst improved the
selectivity towards butyraldehyde.
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