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a  b  s  t  r  a  c  t

Vanadium-based  catalysts  have  been  investigated  in  the  partial  oxidation  of  ethanol  to  acetaldehyde
with  the aim  of understanding  relationship  between  vanadium  structure  and  acetaldehyde  productivity.
Hydrotalcite,  Al2O3, TiO2 and  SBA-15  with and  without  a 5%  of vanadium  content  were  prepared  to study
the  oxidative  dehydrogenation  of  ethanol.  They  were  characterized  by XRF,  TPR  (H2), NH3-TPD,  CO2-TPD,
RAMAN,  UV-vis,  Nitrogen  physisorption,  XRD  and  SEM.  The  most  easily  reducible  catalysts  (as  determined
by  TPR)  were  the most  active  ones.  In the  low  temperature  region  (150 ◦C),  the most  active  catalyst  was
the V/TiO2 which  presented  stable  activity  in the  production  of  acetaldehyde  up to TOS  =  200  h.  On  the

◦

cetaldehyde
anadium
itanium oxide
ydrotalcite

contrary,  in  the  high  temperature  region  (250 C),  the  most  active  catalyst  was  the  V/Al2O3catalyst.  The
most  promising  result  was  obtained  over  V/TiO2 catalyst  that  afforded  a total  ethanol  conversion  of
60.4%wt.  and  a selectivity  to acetaldehyde  of  76.2%wt.  at  TOS  =  164  h and  T = 150 ◦C.  Also,  hydrotalcite
was tested  for  the  first  time  for  this  type  of  reaction  providing  a conversion  lower  than  7%wt.  with  a
selectivity  of  100%wt.  to acetaldehyde  at T =  150–225 ◦C.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Green production of chemicals is in the spotlight both academic
nd industrial research worldwide with the aim to decrease the fos-
il carbon footprint. As a result, platform chemicals from biomass
ave attracted significant attention in the recent years. Ethanol
bio-ethanol) produced by fermentation of sugars is one of the most
mportant platform chemicals. As a result of the legislation-driven
ncrease in demand for biofuels, the production of bioethanol has
ignificantly increased (from ca. 10 billion US gallons in 2005 to ca.
5 billion US gallons in 2007 with predicted increase to 30 billion
S gallons in 2016 [1]) over the past years resulting in a drop in

ts price and increased availability. Currently, application of bio-
thanol as a fuel accounts for around 75% of the total amount of
io-ethanol produced [2] but the decrease in price makes the more
xtensive use of bio-ethanol for the production of the higher-value
ulk chemicals very attractive. The use of bio-ethanol could lead
lso to higher CO2 savings than its use as a fuel [3].
Acetaldehyde is an important intermediate used for the pro-
uction of various bulk chemicals, including acetic acid, acetic
nhydride, ethyl acetate, per acetic acid, butanol, 2-ethylhexanol,

∗ Corresponding author.
E-mail address: jose.hidalgo@unicre.cz (J.M. Hidalgo).

ttp://dx.doi.org/10.1016/j.molcata.2016.04.024
381-1169/© 2016 Elsevier B.V. All rights reserved.
pentaerythritol, chlorinated acetaldehydes, glyoxal, alkyl amines,
pyridens and others [4]. In 2012 the global acetaldehyde con-
sumption was  divided mainly between the production of pyridine
and pyridine bases (16% of total production), pentaerythritol (16%
of total production), acetate esters (14% of total production), the
remainder being used for the synthesis of 1,3-butylene glycol,
croton aldehyde and glyoxal, along with some smaller-volume
derivatives [4,5]. Recently, new applications for acetaldehyde have
been proposed. As acetaldehyde can be synthesized from vari-
ous stating materials the choice of it depends on its price and
its availability. Today, mainly ethylene is used due to its wide
availability and low price for synthesis of acetaldehyde by direct
oxidation, while ethanol and acetylene are used only to a small
extent. Ethylene oxidation to acetaldehyde, so called Wacker pro-
cess, developed in late 1950s, consists of oxidation of ethylene
using aqueous PdCl2 and CuCl2 as catalysts. Although this reac-
tion is characterized by advantages such as small amount of PdCl2
required for the reaction and regeneration of the catalyst, there
are some drawbacks which make this reaction economically quite
demanding. Among them belongs i) the need of using corrosive
resistant materials together with expensive titanium reactor tubing

or ii) need of purification of waste air and treatment of wastewa-
ter, in order to remove acetaldehyde, unconverted ethylene and
mainly chlorinated hydrocarbons, which are highly toxic and show
antimicrobial activity. Therefore, they must be treated before

dx.doi.org/10.1016/j.molcata.2016.04.024
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2016.04.024&domain=pdf
mailto:jose.hidalgo@unicre.cz
dx.doi.org/10.1016/j.molcata.2016.04.024
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Scheme 1. Different products obtai

ntering the wastewater plant to render them biologically degrad-
ble [4,6,7]. Thus, the acetaldehyde production via the oxidative
ehydrogenation (ODH) of ethanol could be a promising alterna-
ive to the Wacker process, occurring more simply in a single step
nd in tubular reactors, if high activities and selectivities can be
chieved under mild conditions.

Supported vanadium oxide catalysts have been studied by dif-
erent authors with the objective of elucidating their performance
n the oxidation of ethanol [7–9]. The oxidation of ethanol to
cetaldehyde is currently investigated with the aim of replacing the
onventional processes based on hazardous agents such as chro-
ate or permanganate [10]. Vanadium-based catalysts have been

lso used and studied for the partial oxidation or oxidative dehy-
rogenation reactions [3,5]. Besides, the dispersion and nature of
he vanadium over the adequate support is an important issue to
btain a high catalytic activity [11]. Several catalysts with some
anadium content were characterized with the aim of studying the
ype of vanadium present on their surface and its role in the partial
xidation of ethanol using high space velocity. Here we compare
he performance of some vanadium oxides supported on alumina,
itania, hydrotalcite and SBA-15 (SiO2) supports.

Different authors used vanadium catalysts for the oxidation of
thanol. Chimentao et al. [12] studied the oxidation of ethanol to
cetaldehyde over Na-promoted vanadium oxide catalysts obtain-
ng an ethanol conversion of 20% with a selectivity to acetaldehyde
f 95% at 250 ◦C (the ethanol was vaporized before feeding it to
he reactor). Hsiu-Mei Lina et al. [13] used V2O5/TiO2/MCM-41
atalysts for the catalytic oxidation of ethanol at 300 ◦C obtain-
ng a conversion of 60% and a selectivity to acetaldehyde of
0%. In this case, a mixture of ethanol and air was  used with
HSV = 2.5 h−1. Kannan et al. [14] oxidized ethanol over micro-

orous vanadium silicate molecular sieves with MEL structure at
00 ◦C and WHSV = 2.6 h−1 obtaining a total conversion of 55% with

 selectivity to acetaldehyde of 67%. The published work from Tóth
t al. [15] was an example of using different metal oxides for the oxi-

ation of ethanol. Nevertheless, in this work the metal used was the
h and not the V. The total conversion in this case for the most active
atalyst was 97% and the selectivity to acetaldehyde 13.8%. SBA-15
aterials are being used mainly for other purposes different than
om the partial oxidation of ethanol.

the partial oxidation of ethanol. Nevertheless, some works were
published such as the research from Gayoung Lee et al. [16] who
used V2O5/SBA-15 materials for the oxidation of ethanol with the
aim of producing hydrogen gas. Guoan Du et al. [17] used vanadium
grafted SBA-15 for the oxidation of methanol but not for ethanol
and Li et al. [18] used Ni/SBA-15 for the steam reforming of ethanol.

Many works informed about the characterization of the vana-
dium supported over different metal oxides [18–26]. These studies
were a source of information which was used for the characteriza-
tion of the catalysts tested in this work. An aim of this work was the
characterization and obtaining a highly active and stable catalyst
for the partial ethanol oxidation to acetaldehyde. In the Scheme 1
are represented the possible products which could be obtained
from the oxidation of ethanol [9,27–29]. The acetaldehyde is the
suitable product in this case. Nevertheless, the acetaldehyde diethyl
acetal could be produced by the reaction between the ethanol and
the acetaldehyde as described by He et al. [29]. Other possible prod-
ucts could be the acetic acid as consequence of the oxidation of the
acetaldehyde [27] or the diethyl ether by the dehydration reaction
of ethanol.

2. Experimental

2.1. Materials

Eight catalyst samples were prepared to study the oxidative
dehydrogenation (ODH) of ethanol: hydrotalcite (HTC), Al2O3, TiO2
and SBA-15 and their respective vanadium containing catalysts, i.e.
V/HTC, V/Al2O3, V/TiO2 and V/SBA-15.

Two  commercial supports − TiO2 (Euro Support Manufacturing
Czechia s.r.o.) and �-Al2O3 spheres (Sasol, 1 mm  diameter) − and
two in-house prepared supports − HTC and SBA-15–were prepared
and used. The commercial supports were used after proper activa-
tion by drying and calcination. Mg/Al hydrotalcite with Mg/Al ratio
equal to 3:1 was  synthesized according to the procedure described

by Kikhtyanin et al. [31] using of magnesium nitrate (99% wt.,
Lach-Ner s.r.o.), aluminium nitrate nonahydrate (98%wt., Lach-Ner
s.r.o.), potassium hydroxide (99%wt., Lach-Ner s.r.o.) and potas-
sium carbonate (99%wt., Lach-Ner s.r.o.). Mesoporous silica SBA-15
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ig. 1. (A) Wide angle XRD patterns of the vandium catalysts: a − V/TiO2, b −
/Al2O3, c − V/HTC and d − V/SBA-15. (B) Small angle diffraction pattern of V/SBA-15.

upport was synthesized according to the method reported by
ukal et al. [32] by using of tetraethyl orthosilicate (reagent
rade 98%, Sigma-Aldrich), Pluronic® P-123 (purchased from Sigma
ldrich), hydrogen peroxide (30% wt. in water solution, Lach-Ner
.r.o.) and hydrochloric acid (35% wt., Lach-Ner s.r.o.).

The vanadium was added by incipient wetness impregnation
ethod using ammonium vanadate (99%wt., Lach-ner s.r.o.). The

recursor was added to the support in such amount to obtain 5%wt.
f vanadium in the final catalyst. It was dissolved in a diluted
olution of hydrogen peroxide (ratio hydrogen peroxide (30%wt.
queous solution, Lach-ner s.r.o.) and demineralized water 1:4)
nd then added to 20 g of dried supports (TiO2, Al2O3, HTC and
BA-15, respectively). The impregnated samples were dried at
20 ◦C overnight and then calcined at 450 ◦C for 6 h (heating ramp:
◦C/min from room temperature to 450 ◦C).
.2. Characterisation of catalysts

The composition of the catalysts was ascertained by X-ray flu-
rescence analysis (XRF) of the catalyst powder using a Philips

Fig. 2. SEM images. (a) V/SBA-15(x100,000 and x150,000); (b) V/
lysis A: Chemical 420 (2016) 178–189

PW 1404 with Rh cathode. The results were evaluated using the
UniQuant software.

The crystallographic structure of the catalysts was  determined
by examining the X-ray diffraction (XRD) patterns of the powder
samples obtained by using a Philips MPD  1880 applying CuK� radi-
ation (� = 1.5406 Å). The step size of 0.04◦ and a step time of 1 s were
used. The patterns were collected over the 2� range from 5◦ to 70◦

and evaluated by using the Xı́Pert HightScore Plus Software version
2. 1b.

The specific surface area (BET) of the catalysts was  determined
by N2 adsorption/desorption at −196 ◦C by using an Autosorb iQ.
All samples were dried before the analysis in a glass-cell at 200 ◦C
under vacuum for 16 h.

SEM images were obtained by using a scanning electron micro-
scope (SEM) JSM-7500F with a cold cathode − field emission SEM
(parameters of measurements: 1 kV, GB high mode).

The UV–vis diffuse reflectance spectra of diluted and subse-
quently dehydrated samples were measured using a Cintra 303
spectrometer (GBC Scientific Equipment, Australia) equipped with
a Spectralon-coated integrating sphere using a Spectralon coated
discs as a standard. The spectra were recorded in the range of the
wavelength 190–850 nm with resolution of 1 nm scanned by the
rate of 100 nm/min. The samples were diluted by the pure silica
(Fumed silica, Aldrich) in the ratio 1:100 in order to obtain better
resolution of individual spectral bands and the linear dependence
of spectral area on the concentration of vanadium (for more details
see ref. [33]) All samples were granulated and sieved to fraction
of size 0.25–0.5 mm,  dehydrated before the spectra measurement
and oxidized in the glass apparatus under static oxygen atmosphere
(16–18 kPa) in two  steps: 120 ◦C for 30 min  and 450 ◦C for 60 min.
Subsequently, the sample was  cooled down to 250 ◦C and evacu-
ated for 30 min. After the evacuation, the samples were transferred
under vacuum into the quartz optical cuvette 5 mm thick and sealed
under vacuum. This procedure guaranteed complete dehydration
(independently checked by measurement of overtones of OH group
of vanadium for all catalysts (presence of vanadium (IV) was tested
independently by ESR without any measurable signal under the
same condition like DR UV–vis pretreatment).

Al2O3(x25,000); (c) V/TiO2 (x25,000);(d) V/HTC (x25,000).
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All Raman spectra were measured under dehydrated condi-
ions. The dehydration and oxidation protocol was the same as for
R UV–vis spectra measurement (see above). The Raman spectra
ere measured in glass cuvette by Nicolet DXR Smart Raman spec-

rometer equipped with CCD detection. Spectra were excited by
mart Excitation Laser (Thermo Scientific) with laser wavelength
t 780 nm.  The spectra were recorded by collecting of 2000 scans
scan time was 2 s with resolution 2 cm-1 in all cases). The laser
ower delivered to the sample varied depending on the sample
oncentration (max 50 mW).  Spectrograph aperture was 50 �m slit
equivalent to laser spot size approximately 3.1 �m at the sample).

The reducibility of the vanadium species in the vanadium-
ontaining catalysts was determined by H2-TPR using an AutoChem
920 (Micromeritics) instrument. 100 mg  of sample (50 mg  for
/SBA-15) in a quartz U-tube were oxidized in oxygen flow at
50 ◦C (2 h) prior to the measurement. Reduction was carried out
t T = 25–900 ◦C with a temperature ramp of 10 ◦C/minute under
educing gas flow (5 vol.% H2 in Ar). The changes of hydrogen con-
entration were monitored by a TCD detector.

Acid-base properties of materials were characterized by means
f CO2 and NH3 temperature programmed desorption (TPD) using
utochem 2920 (Micromeritics, USA). Typically 100 mg  of sample

n a quartz U-tube reactor was pretreated in He to 500 ◦C with tem-
erature ramp of 10 ◦C/min. In the case of NH3-TPD, the sample
as cooled to 180 ◦C and then it was saturated with ammonia by
ow of 25 ml/min of 10 vol.% NH3/He for 30 min. Subsequently,
he gas was changed to helium (25 ml/min) in order to removed
hysically/weakly adsorbed ammonia and flushing out until the
aseline was constant (60 min). After this procedure the tempera-
ure was increased to 500 ◦C with a rate of 15 ◦C/min to obtain the
H3-TPD curves. In the case of CO2-TPD, the sample pretreatment
as the same as in the case of NH3-TPD. After the pretreatment

he sample was cooled to 50 ◦C and the gas was  switched to gas
ixture of 10 vol.% CO2/He (25 ml/min). The sample was  saturated

y CO2 for 30 min. After that the gas was changed to helium and
eft for another one hour at 50 ◦C in flow of helium in order to
emove weakly adsorbed molecules. TPD curves were obtained by
ncreasing the temperature from 50 ◦C to 500 ◦C with the ramp of
5 ◦C/min.

.3. Catalytic tests

All the catalysts were tested with the aim to determine their
ctivity and selectivity in the oxidation (oxidative dehydrogena-
ion, ODH) of ethanol. A trickle bed reactor (stainless steel 316)
ith a length of 1000 mm was used. The reaction was  carried out

sing 2.2 g of catalyst. The catalyst was prepared in a form of pel-
ets with a diameter of 0.5 mm.  The catalyst bed had a length of
01 mm and was located in the central part of the reactor. The cat-
lyst and silicon carbide (0.5 mm particles) were mixed thoroughly
20 ml  SiC + 2.2 g of catalyst) and loaded into the reactor. Finally, the
emaining free volume of the reactor was filled with silicon carbide.
ir flow, used for the catalytic reaction, was fed directly (activation

 h at 400 ◦C; 5 ◦C/min from room temp.) or mixed with feedstock
efore entering the reactor. All catalysts were tested at 150, 200,
25 and 250 ◦C using 5 NL/h air flow, 1 bar of pressure and 5 g/h of
thanol. V/TiO2 catalyst was also tested using larger times of reac-
ion. The products were collected in two collectors, the first one
ooled by water to room temperature and the second one cooled to
◦C. Each two collected liquid samples were mixed to one sample

nd analysed using a GC-FID “Agilent 7890A” and GC-OFID “Agilent-

asson-ECE Instrumentation”. Gaseous products were analysed by
he method “Refinery Gas Analysis” RGA (Agilent Technologies)
ith a GC 7890A Agilent (USA). The products were identified by
lysis A: Chemical 420 (2016) 178–189 181

using standard reference compounds along with GC–MS analyses
using Thermo Scientific ITQ 1100 unit.

3. Results and discussion

3.1. Characterization

3.1.1. XRF, XRD and nitrogen physisorption
The elemental composition of the supports and supported

vanadium catalysts obtained by XRF is presented in Table 1 and
Table 2, respectively together with their BET areas determined by
physisorption of N2. All supports were pure with minimum content
of admixtures − SiO2 in Al2O3 and Al2O3 in TiO2. The Mg/Al atomic
ratio of the prepared HTC was  2.1:1. The BET area was similar for all
supports (approx. 160 m2/g) with exception of SBA-15 that exhib-
ited a large surface area due to its ordered mesoporous structure
(Table 1).

All of the vanadium-doped catalyst samples except V/HTC con-
tained approximately the desired amount of vanadium pentoxide
(8 ± 0.5%wt.). The vanadium content in the V/HTC sample was sig-
nificantly larger than the desired one because hydrotalcite was
dehydrated during calcination of impregnated sample resulting in
a significant weight loss of support (approximately 50%wt.). The
specific surface area (SSA) of V/Al2O3 was the same as of the sup-
port, whereas the other catalysts exhibited drop in the SSA in the
range from 30 (for V/HTC) to 66 rel.% (for V/TiO2) relative to their
parent supports. Some changes in the SSA are very frequent for sup-
ported catalyst, especially in the case of porous materials, due to
the partial blocking of the pores, occupation of part of the space in
the pores by host species or partial changes in morphology of the
particles during impregnation and subsequent calcination.

The XRD patterns of the catalysts are shown in Fig. 1. All of
the samples show peaks attributable to the oxidic supports and no
crystalline phases of vanadium oxides were observed. V/TiO2 (see
pattern a in Fig. 1A) exhibitstypical set of diffractions for anatase
phase (at two theta 25.3, 37.05, 37.9, 38.7, 48.16, 54.05, 55.2, 62.9
and 68.98◦) and no diffraction lines for rutile can be seen (Fig. 1A
pattern a). V/Al2O3 catalyst exhibits relatively broad diffraction
lines at 19.6, 32.2, 36.7, 39.5, 45.5, 61.4 and 67.25◦ attributable
to gamma  alumina (Fig. 1A pattern b). XRD pattern of V/HTC con-
sists of two broad peaks at 43.1 and 62.9◦ typical for MgO  (Fig. 1A
pattern c). Low-intensity broad feature between 30 and 40◦ have
been previously attributed to partially crystalized Mg  orthovana-
date. [34,35] V/SBA-15 catalyst exhibits only a very broad band
between 15 and 30◦ which belongs to amorphous silica (see Fig. 1A
pattern d). Small angle XRD pattern of V/SBA-5 (Fig. 1B) exhibited
three peaks at 0.919, 1.593 and 1.836 that can be indexed on a 2-D
hexagonal lattice.

3.1.2. SEM
SEM images of V/SBA-15 show lenticular particles of approx.

0.5 �m in diameter with an ordered porous structure typical of a
SBA-15 material (Fig. 2(a)). For V/Al2O3 and V/HTC, the presence
of very small particles clustered to agglomerates is visible in the
images (Fig. 2(b) and (c)). For the TiO2 structure, two  types of appar-
ent structures were identified; the elongated structure could be
assigned to ordered TiO2 and the “sponge-like” form to the amor-
phous titanium oxide formed in suspense during the impregnation
of vanadium on the surface. No separate particles of vanadium
oxide were observed in any of the catalysts.

3.1.3. UV–vis and raman studies

UV-vis spectra of the dehydrated catalysts are presented in

Fig. 3. All catalysts exhibit several absorption bands in the region
2–6 eV which are conventionally attributed to the ligand to metal
charge-transfer transition of the O→ VV type. It must be noted that
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Table  1
XRF elemental analysis and specific surface area for supports.

Support XRF (%wt.) Specific surface area (m2/g)

Al2O3 MgO  SiO2 TiO2 Sum

Al2O3 99.1 – 0.3 – 99.4 153
TiO2 1.2 – – 97.2 98.4a 173
SBA-15 – – 99.8 – 99.8 645
HTC  37.3 62.2 – – 99.5 176b

a 1%wt. of SO3 should be added to the total amount. Hence, the real sum is 99.4%wt.
b The surface area corresponds to the support pre-treated under the same conditions as vanadium catalysts.

Table 2
XRF elemental analysis, specific surface area and energy of absorption edge for catalysts with vanadium.

Catalyst XRF (%wt.) Vanadium content (%wt.) �0 (eV) Specific surface area (m2/g)

V2O5 MgO  Al2O3 TiO2 SiO2 Sum

V/Al2O3 7.5 – 92.2 – – 99.7 4.2 2.50 154
V/TiO2 8.8 – 1.2 87.9 – 97.9 

V/SBA-15 7.4 – – – 89.2 96.6 

V/HTC 19.9 54.9 24.7 – – 99.5 

F
V

p
o
s

F
(

ig. 3. Diffuse reflectance UV–vis spectra of dehydrated vanadium catalysts. a −
/TiO2, b − TiO2, c − V/SBA-15, d − V/HTC, e − V/Al2O3.
arent TiO2 support exhibits strong absorption in the UV region
verlapping intensively with the absorption bands of vanadium
pecies (see Fig. 3 spectrum b). The other supports exhibit only

ig. 4. Raman spectra of the dehydrated vanadium catalysts in the range of 100–1200 cm
B). a − V/HTC, b − V/TiO2, c − V/SBA-15, d − V/Al2O3.
4.9 2.71 76
4.2 3.26 399

11.1 3.10 122

negligible intensity of absorption bands and therefore they are not
presented in Fig. 3 for the sake of its brevity and clarity. The method-
ology and assignment of signals used for UV–vis spectra was the
same as that described previously by M.  Setnička et al. [33,36,37].
The degree of dispersion of vanadium species was assessed by the
evaluation of the energy of the edge (�0) using Tauc’s law (see
Table 2). It is evident that the catalysts differ in distribution of vana-
dium species reflected in the differences in the value of the energy
of the edge. The highest �0 exhibits V/SBA-15 catalyst. The relative
amount of the monomeric and oligomeric tetrahedrally coordi-
nated species for V/SBA-15 catalyst was a 16% and 84%, respectively.
The other catalysts exhibit significantly lower values of �0 lay-
ing below the value of the metavanadate �0 (model compound for
linearly polymerized tetrahedrally coordinated units with V O V
bonds, �0 = 3.13 eV) indicating thus the presence of 2D octahedral
oxidic species. This is in agreement with the presence of 995 cm−1

Raman band in the spectra of V/Al2O3 and V/TiO2 (see Fig. 4 for
details). V/HTC catalyst exhibits �0 equal to 3.1 eV that is in good
accordance with the spectra reported in literature. [38] Value of �0
is given by the superposition of the present isolated surface vana-

dium species and Mg-vanadates (especially Mg3V2O8 as evidenced
by Raman spectroscopy see Fig. 4)

From the Raman spectra (Fig. 4), we  could conclude that the
samples contained wide variety of surface species ranging from

−1 (A) and the detail of the spectra in the range of VO vibration around 1000 cm−1
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ig. 5. H2-TPR patterns for vanadium catalysts, a − V/HTC, b − V/SBA-15, c − V/Al2O3,
 − V/TiO2.

solated monomeric VO4 species and oligomeric species with
d coordination to V2O5 microcrystallites with octahedral coor-
ination. The distribution of species differed significantly from
upport to support. V/SBA-15 catalyst exhibited Raman signals
t 1040 cm−1 with a shoulder at low-Raman shift side evidenc-
ng the presence of well-dispersed VOx species with tetrahedral
oordination. No Raman signal at 995 cm−1 was  detected indicat-
ng thus the absence of V2O5 microcrystallites. Surprisingly, this
and (995 cm−1) is clearly visible together with other signals at 702,
24, 407, 301, 282, 197 and 145 cm−1 in the spectra of V/TiO2 and
/Al2O3 which indicates the presence of octahedral oxidic species

n these catalysts. However, no bands at 2.6 and 3.1 eV are visible
n the DR UV–vis spectra of these samples (cf. spectra in Fig. 3).
t is well-know that Raman spectroscopy is much more sensitive
s compared with UV–vis spectroscopy, therefore the presence of
aman signals at 995 cm−1 and the absence of UV–vis bands at 2.6
nd 3.1 eV is not in contradiction. It means that the content of oxi-
ic species is relatively low, under the detection limit of UV–vis
pectroscopy, but above the detection limit of Raman spectroscopy
24]. Both V/TiO2 and V/Al2O3 exhibit Raman signals at around
040 cm−1 with a shoulder at 1028 cm−1 proving the presence of
etrahedrally coordinated vanadium species. Comparison of these
aman signal shapes indicate a broader distribution of vanadium
pecies in the case of the alumina catalyst. It must be noted that the
trong Raman signals at 638, 515, 396 and 143 cm−1 in the spec-
rum of V/TiO2 belong to the spectrum of the support (anatase).
39] V/HTC exhibits quite different character of Raman spectra.
wo broad Raman signals at 864 and 366 cm−1 dominate the spec-
rum. According to the literature, these bands can be ascribed to
he symmetric stretching mode (864 cm−1) and deformation mode
366 cm−1) of Mg3V2O8 orthovanadate formed in the catalysts by
olid-state reaction of the vanadium precursor with MgO  oxide dur-
ng the calcination of the catalyst. The broadening of the band at
64 cm−1 results from the overlap of several bands, especially band
t 825 cm−1 belonging to V-O-Mg vibration of the tetrahedrally
oordinated VO4 species, 860 cm−1 band assigned to Mg3V2O8 and
he band above 900 cm−1 attributed to Mg2V2O7 [38–41].

.1.4. Temperature programmed reduction (TPR)
TPR patterns are shown in Fig. 5. V/TiO2 showed two  reduc-
ion peaks (at 516 and 717 ◦C) with a shoulder at 462 ◦C which
eflects the presence of VOX units with a different degree of
olymerization and/or different coordination environment. High-
emperature reduction peak can be attributed to the reduction of
lysis A: Chemical 420 (2016) 178–189 183

small amount of the oxide-like species responsible for the Raman
peak at 995 cm−1. The other catalysts exhibit only one asymmet-
ric reduction peak. The position of its maximum decreased in
the following order: V/HTC (683 ◦C) > V/SBA-15 (638 ◦C) > V/Al2O3
(539 ◦C). The character and reduction temperatures for V/Al2O3 and
V/SBA-15 are typical and attributable to the reduction of tetrahe-
drally coordinated VOx surface species. The very high reduction
temperature for V/HTC catalyst (685 ◦C) evidences the presence of
hardly reducible magnesium vanadate domains. By comparison of
the TPR patterns, it can be noted that vanadium on TiO2 is the most
easily reducible one whereas vanadium on the calcined hydrotal-
cite support exhibits the lowest reducibility among all catalysts.
The changes in the oxidation state of the vanadium, calculated
from the consumption of hydrogen, are summarized in Table 3.
The oxidation state change was found to be between 1.3 and 2.1.
The values very close to 2 (for silica and titania catalysts) evidence
the almost quantitative reduction of vanadium from state VV to VIII.
The significantly lower hydrogen consumption in the case of V/HTC
catalyst (1.3) can be caused either by the formation of the hardly
reducible Mg  vanadates or by the inaccuracy in the determination
of the vanadium amount in the sample insert into reactor caused by
the uncontrolled state of hydration/dehydration of catalyst during
weighing.

3.1.5. Temperature programmed desorptions (TPD)
NH3-TPD characterization was conducted to survey the acidity

of each catalyst and appropriate support (Fig. 6) All materials are
showed a broad NH3 desorption peak stretched in a wide range
from 200 to 450 ◦C corresponding to the intermediate and stronger
acid sites (it must be noted that ammonia from the weakest sites
was removed before TPD experiment by flushing the sample by
the carrier gas at 180 ◦C for 60 min). All TPD profiles exhibit the
maximum of desorption peaks in a relatively narrow range of tem-
peratures between 260 and 290 ◦C, but differ in the shape and width
of the peaks which indicates variation in the distribution of the
strength of acid sites. It can also be observed (Fig. 6) that the char-
acteristics and the amount of acid sites varied when vanadium was
deposited by impregnation on the surface of supports. The maxi-
mum  of the TPD peak is slightly shifted to the lower temperature
evidencing weakening of acid sites after impregnation with vana-
dium. In addition, a distinct TPD peak at 386 ◦C has developed in
the case of V/TiO2. Quantitative analysis (Table 3) clearly shows
that SiO2 support contains the lowest amount of acid sites. On the
other hand, TiO2 exhibits the largest amount of desorbed ammo-
nia and the desorption takes place up to the highest temperature
evidencing a high content and high population of strong acid sites.
This high strength of acid sites on the surface of TiO2 could be asso-
ciated with the presence of traces of sulfur in the material acting as
strong acid site.

CO2-TPD profiles are shown in Fig. 7. Three different regions of
CO2 desorption can be distinguished: the desorption peak at about
100 ◦C can be attributed to the desorption of weakly bonded CO2,
peaks between 150 and 300 ◦C belong to CO2 desorption from sites
of medium strength, and finally the desorption at high tempera-
tures (above 350 ◦C) originates from strong sites. Acidic supports
(SBA-15 and TiO2 according to their point of zero charge) exhibit
only low-temperature desorption peak centered at about 100 ◦C,
whereas TPD profiles of more basic supports (Al2O3 and HTC) con-
tain also second desorption peak at higher temperatures (peaks
centered at 296 and 208 ◦C for Al2O3 and HTC, respectively). The
amount of CO2 desorbed from the supports increases in the follow-
ing sequence: TiO2 < SBA–15 < Al2O3 < HTC (see Table 3). The order

follows the basicity of the supports; the larger CO2 amount in the
case of SBA-15 can be caused by its much larger surface area in
comparison with TiO2. The TPD profiles varied greatly when vana-
dium was supported on the individual oxide carriers. The presence



184 J.M. Hidalgo et al. / Journal of Molecular Catalysis A: Chemical 420 (2016) 178–189

150 200 250 300 350 400 450

0.00 0

0.005

0.010

0.015

0.02 0

0.02 5

TC
D

 s
ig

na
l (

a.
u)

Temperature (°C)

150 20 0 25 0 30 0 35 0 40 0 45 0

0.00 0

0.00 5

0.01 0

0.01 5

0.02 0

0.02 5

TC
D

 s
ig

na
l (

a.
u.

)

150 20 0 25 0 30 0 35 0 40 0 45 0

0.00 0

0.00 5

0.010

0.01 5

0.020

0.02 5

TC
D

 s
ig

na
l (

a.
u.

)

Tempe rature (°C)

150 20 0 25 0 30 0 35 0 40 0 45 0

0.00 0

0.00 5

0.01 0

0.015

0.020

0.02 5

TC
D

 s
ig

na
l (

a.
u.

)

A B

C D

g sup

o
o
s
I
o
(
o
a
s

3

s
F
m

T
T

Temperature (°C)

Fig. 6. NH3-TPD profiles of catalysts (dashed lines) and correspondin

f vanadium on the acidic supports increases distinctly the amount
f desorbed CO2 molecules. In the case of V/SBA-15, weak basic
ites are generated as indicated by a TPD peak centered at 131 ◦C.
n the case of V/TiO2, there is only one very broad desorption peak
bserved indicating the presence of basic sites of medium strength
TPD peak centered at 262 ◦C). Contrarily, the presence of vanadium
n basic supports (Al2O3 and HTC) led to a slight decrease in the
mount of CO2 desorbed and the maxima of the desorption peaks
hifted to lower desorption temperatures.

.2. Catalytic tests
Two groups of tests were carried out and the resulting conver-
ions and selectivities are reported in Figs. 8 and 9 and Table 4. In
igs. 8 and 9 the catalysts are organized in the following order:
etal oxides without vanadium followed by metal oxides with

able 3
emperature programmed reduction and desorptions characteristics.

Material H2-TPR NH3-TPD 

Tmax (◦C) e−/V Tmax (◦C) 

V/Al2O3 540 1.6 263 

Al2O3 – – 288 

V/TiO2 516, 718 2.1 269, 386 

TiO2 – – 276 

V/HTC  685 1.3 261 

HTC  – – 266 

V/SBA-15 637 2.0 263 

SBA-15 – – 265 
Tempe rature (°C)

port (full lines). (A) V/Al2O3, (B) V/TiO2, (C) V/HTC and (D) V/SBA-15.

vanadium and then mesoporous SBA-15 and V/SBA-15. The last one
was the blank reaction without catalyst.

The first group of experiments included the use of the supports
Al2O3, TiO2, SBA-15 (mesoporous SiO2) and hydrotalcite. The aim
was to obtain information about the individual activity of each
support without vanadium depending on the temperature of the
reaction. At 150 ◦C, the most active support was the TiO2 providing
ethanol conversion of about 6%wt. At 250 ◦C, the most active cata-
lysts were the Al2O3 and TiO2 affording ethanol conversion of ca. 18
and 17%wt., respectively (Fig. 8). The selectivities to acetaldehyde
(AA) were higher than 75% when the conversions were higher than
17%wt. Partial oxidation of ethanol to acetaldehyde was  found to be
the main reaction for all supports. In general, it can be concluded for
the supports that the production of AA is favoured when the total

conversion of ethanol is higher. The results obtained using titanium
oxide could be compared with those obtained by Idriss et al. [44].
They tested TiO2, CaO, Fe2O3 and SiO2 for the partial oxidation of

CO2-TPD

nNH3 (�mol/g) Tmax (◦C) nCO2 (�mol/g)

110 95, 256 93
117 100, 296 150
162 98 169
186 262 24
87 102, 208 358
90 165 319
8 131 149
12 155 94
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Fig. 7. CO2-TPD profiles of catalysts (dashed lines) and correspondin

thanol obtaining the highest yields for the Fe2O3 and the lowest
nes for the SiO2 (the conversion was negligible at 200 or 250 ◦C). In
omparison, in our experiment the yields obtained using the TiO2
ere much higher which can be explained by the use of different

xperimental conditions.
To the best of our knowledge, hydrotalcite (HTC) was  used, for

he first time, as catalyst in the partial oxidation of ethanol afford-
ng a selectivity of 100%wt. to acetaldehyde at conversions lower
han 7%wt. The low activity could be due to the non-acid nature of

he hydrotalcite. Due to this low activity and to the molar ratio
xygen/feedstock, the oxidation to acetaldehyde was  favoured.
evertheless, the Al2O3 presented low activity and lower selectiv-

ty to acetaldehyde than the HTC indicating that the natural acidity

Fig. 8. Total conversions for the partial oxidation of eth
Tempe rature (°C)

ort (full lines). (A) V/Al2O3, (B) V/TiO2, (C) V/HTC and (D) V/SBA-15.

of the alumina (similar effect of the support TiO2) favoured the
oxidation to other products. SBA-15, as confirmed by the NH3-TPD
results, presents low acidity. Hence, SBA-15 tests resulted in a selec-
tivity of 100%wt. to acetaldehyde at 150 and 200 ◦C, but at 225 and
250 ◦C the selectivity was  lower than 100%wt. It can be inferred
that the acido-basic character of the supports affected the activity
and yield of the desired acetaldehyde.

The second group of experiments was focused on vanadium
containing catalysts. Among the vanadium catalysts (Fig. 9), the

two most active catalysts were V/Al2O3 and V/TiO2. For V/TiO2,
the activity was studied only at 150 ◦C as at T > 150 ◦C a highly
exothermic reaction destabilized the experimental conditions and
the temperature in the reactor increased from 160 to more than

anol. Xt (%wt.) is the total conversion by weight.
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Fig. 9. Selectivities to AA (Acetaldehyde) an

00 ◦C. For V/HTC, the conversion was lower than 12%wt. in all
ases. Nevertheless, the highest yields to AA were found for this cat-
lyst at 200–250 ◦C. The highest yield to acetaldehyde diethyl acetal
ADA) was found for the mesoporous V/SBA-15 catalyst. Interest-
ngly, the most porous material presented the highest yields to the
igher molecular weight product. Nevertheless, this activity to ADA
as influenced by the addition of vanadium to the SBA-15 support.

Theoretically, the ideal amount of molecular oxygen (according
o the stoichiometry) for obtaining a mole of AA from a mole of
thanol is a half mole. In our experimental conditions, the amount
f moles of molecular oxygen was approximately a half of the
mount of ethanol. So, the total oxidation of ethanol was limited
y the amount of oxygen. Nonetheless, to investigate the effect of
2/ethanol ratio, V/Al2O3 and V/TiO2 were also tested with 5 and
0 NL/h of air flow rate while keeping ethanol feed rate constant.
or the test with V/TiO2, when the amount of oxygen increased two
imes the selectivity to AA decreased more than 50% indicating that
in this case) the first oxidation to AA was the easiest step of oxi-
ation of ethanol. For V/Al2O3 catalyst was also found a decrease
f the selectivity to AA. So, the selectivity to oxidation of ethanol
o acetaldehyde was larger than the selectivity to the consecutive
xidation of acetaldehyde to acetic acid or other products (Fig. 10).

All results from all the tests carried out are summarized in
able 4. Also in blank tests oxidation of ethanol was  observed. Nev-
rtheless, the total conversion was lower than 2% at 150 and 200 ◦C
nd 3.1% at 225 ◦C. At 250 ◦C the total conversion was 9% which
as higher than the activity found for catalysts SBA-15 or HTC
ncreasing the difficulty of studying their activity. A possible origin
f this activity could be the presence of iron oxide in the stain-

ess steel which could act as a catalyst [42–44]. The lower activity
ound for HTC or SBA-15 tests could be due to their influence in the
A (Acetaldehyde Diethyl Acetal) by weight.

inhibition of the production of acetic acid. Nevertheless, these
hypotheses could not be yet proven. The production of 1,3,5 Triox-
ane (detected by GC–MS) was not described previously in literature
as a product of the partial oxidation of ethanol. Nevertheless, in the
products, its amount was much lower compared to the amount of
acetaldehyde or aldehyde diethyl acetal.

The production of ADA could be favoured by the under-
stoichiometric concentration of molecular oxygen. This low
amount inhibited oxidation of AA to other products but the pro-
duction of ADA only needed the presence of acid sites, ethanol and
AA [30]. So, the conditions favoured the production of AA and ADA
instead of other products. The most acidic metal oxide catalysts
Al2O3 and V/Al2O3 yielded the largest amount of ADA. In the case
of the test using V/SBA-15 a high amount of ADA was  obtained.
These results could be explained by the mechanism proposed by B.
Beck et al. [9] in which the vanadium active sites produced addi-
tional Bronsted acidity during the reaction (reduction of vanadium
oxide generating “ OH” from “O” bonded to vanadium atoms).

The high activity of the V/TiO2 catalyst at low temperature was
a motivation for performing a long term test for a better under-
standing of its stability. In fact, the activity of this catalyst at low
temperature exceeded the catalytic activity in ethanol dehydro-
genation reported in other works [45–47]. Also, the space velocity
used in this case was much higher than the one used normally in
other tests described in literature [48,49].

Catalyst V/TiO2 was  tested during 212 h (Fig. 11) at 150 ◦C. Con-
version and selectivities were stable affording a total conversion of

61%wt. at TOS = 152 h. The conversion was approximately 60% and
the selectivity between 76 and 78% at 56–188 h. The differences in
the conversion vs. the time could be due to the adsorption of ethanol
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ig. 10. (A) Ethanol conversion and selectivity to acetaldehyde (AA) at 5 and 10 NL/
t  150 and 250 ◦C respectively. ADA (Acetaldehyde Diethyl Acetal); Triox (1,3,5 Trio
t  TOS = 3 h.

nd AA over the surface which reacted to form ADA because when
he conversion decreased the selectivity to ADA increased.

The comparison of the activity of supports and supports impreg-
ated with vanadium provides clear evidence of the catalytic
ole of vanadium in these catalysts. Moreover, it can be inferred

hat surface vanadyl species are the active sites since the V/HTC
here vanadium is mainly in the form of magnesium vanadates

ffords only low conversion of ethanol comparable with the neat

Fig. 11. Long term test for the catalyst V/TiO2. T = 150 ◦C; 5 NL
flow rates at 150 and 250 ◦C. (B) Selectivities over the V/TiO2 and V/Al2O3 catalysts
; AcA (Acetic Acid); DE (Diethyl Ether); Others. Each measurement was carried out

support. The characterization by spectroscopic methods indicates
the presence of V2O5 microcrystallites in V/Al2O3 and V/TiO2, but
their concentrations are low and no conclusions about their cat-
alytic activity can be drawn. On the other hand, it is obvious that
there are monomeric and oligomeric tetrahedral species present

in V/TiO2, V/SBA-15, V/Al2O3. While the spectral data suggest that
there are some differences in the population of these centers, the
interference from the supports makes their quantification (with

/h air flow rate; 1 g of catalyst; 5 g/h Ethanol flow rate.
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Table  4
Total conversions and selectivities (%wt.) obtained for all tests (also for blank reaction). AA (Acetaldehyde); ADA (Acetaldehyde Diethyl Acetal); Triox (1,3,5-Trioxane); AcA
(Acetic  Acid); DE (Diethyl Ether); Others. All measurements were carried out at TOS = 3 h.

Catalyst Al2O3 TiO2 HTC V/Al2O3 V/TiO2 V/HTC SBA-15 V/SBA-15 Blank

T = 250 ◦C
Total Conversion (%wt.) 17.71 17.30 6.21 51.21 – 11.94 10.13 17.00 8.96
AA  (%wt.) 75.32 77.45 100.00 65.98 – 65.62 74.13 80.42 66.38
DE  (%wt.) 5.76 5.92 0.00 5.67 – 0.00 0.00 0.00 0.06
Triox  (%wt.) 0.00 0.00 0.00 10.77 – 0.27 2.02 2.64 2.72
AcA  (%wt.) 2.75 0.00 0.00 0.43 – 1.43 11.69 0.12 29.69
ADA  (%wt.) 16.17 16.63 0.00 15.34 – 11.99 12.16 16.82 0.82
Others (%wt.) 0.00 0.00 0.00 1.82 – 20.69 0.00 0.00 0.33

T  = 225 ◦C
Total Conversion (%wt.) 8.12 9.63 6.96 29.46 – 7.19 7.07 8.09 3.08
AA  (%wt.) 39.78 74.27 100.00 65.76 – 66.54 39.45 65.71 73.06
DE  (%wt.) 29.99 0.00 0.00 7.87 – 0.00 0.00 0.00 0.26
Triox  (%wt.) 0.00 0.00 0.00 6.14 – 4.97 49.28 1.18 2.23
AcA  (%wt.) 0.00 0.00 0.00 0.40 – 0.20 0.00 0.00 23.69
ADA  (%wt.) 30.23 25.73 0.00 18.31 – 7.16 11.27 33.11 0.43
Others (%wt.) 0.00 0.00 0.00 1.51 – 21.13 0.00 0.00 0.33

T  = 200 ◦C
Total Conversion (%wt.) 3.68 6.14 5.16 18.82 – 4.74 1.01 3.97 1.14
AA  (%wt.) 50.98 64.24 100.00 59.42 – 60.25 100.00 0.00 51.60
DE  (%wt.) 0.00 0.00 0.00 7.94 – 0.00 0.00 0.00 0.82
Triox  (%wt.) 0.00 0.00 0.00 15.48 – 1.96 0.00 18.68 4.85
AcA  (%wt.) 0.00 0.00 0.00 0.12 – 0.21 0.00 0.00 39.75
ADA  (%wt.) 49.02 35.76 0.00 15.48 – 8.16 0.00 81.32 2.11
Others (%wt.) 0.00 0.00 0.00 1.57 – 29.41 0.00 0.00 0.88

T  = 150 ◦C
Total Conversion (%wt.) 1.14 6.37 4.14 3.89 36.80 3.07 0.14 4.74 1.45
AA  (%wt.) 0.00 68.25 54.73 85.07 72.81 44.11 100.00 87.52 39.02
DE  (%wt.) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.49
Triox  (%wt.) 0.00 0.00 22.94 6.19 0.00 1.32 0.00 3.85 7.07
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AcA  (%wt.) 0.00 0.00 14.71 1
ADA  (%wt.) 100.00 31.75 7.63 0
Others (%wt.) 0.00 0.00 0.00 7

he exception of V/SBA-15) virtually impossible. Nonetheless, it
an be clearly seen that the support affects greatly the perfor-
ance/activity of these species. As a result, the activity of the

anadyl species on SBA-15 is significantly lower than when these
pecies are supported on TiO2 and Al2O3. It is thus inferred that the
inding energy of the vanadyl species to the support is essential
ince it facilitates the activation of oxygen in the V-O-T (where T
tands for Si, Al or Ti) bond that takes part in the oxidation reac-
ion. It is also clear that further investigations with catalysts having
ontrolled distribution of vanadyl species is essential to understand
he activity and selectivity of these catalysts in partial oxidation of
thanol.

. Conclusions

Eight catalysts were characterized and tested in the partial oxi-
ation of ethanol. The vanadyl species observed by spectroscopic
ethods (Raman and UV-vis) were unambiguously identified as

he active species in the partial oxidation of ethanol. The con-
ersion of ethanol was found to depend on the reducibility of
hese species determined by TPR. The differences in reducibility
re clearly caused by the support and its properties. Among the
nvestigated catalysts, V/TiO2 was the most active catalyst at low
emperature (150 ◦C) outperforming the catalysts reported in the
iterature up to now. Moreover, it provided a stable activity over a
eriod of nearly 200 h on stream.

In addition, for first time, formation of 1,3,5 Trioxane was

bserved in this type of reaction. Mg/Al hydrotalcite (with and
ithout vanadium) was also tested for the first time giving us

ome more information about the partial oxidation of ethanol over
asic mixed oxide catalysts. In particular, the exclusive formation

[

[

1.33 0.06 0.00 0.00 45.90
25.86 10.87 0.00 8.63 2.75
0.00 43.64 0.00 0.00 2.77

of acetaldehyde from ethanol over HTC, though at low conversion
of ethanol, is of interest.
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