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1. Background and Introduction

My PhD work is related to the topic “Clean Energy”

Climate change is one of the greatest environmental challenges of our time, with
the potential to alter all aspects of human life. A significant factor in climate change is
the emissions that are released into the atmosphere by human activity. One of these
processes 1s the burning of fuels to create energy for vehicles. The emissions from
burning fossil fuels contribute significantly to global warming and poor air quality.
Therefore, these environmental problems argue for the development and introduction
of fuel-cell vehicles (FCVs) [1,2]. Fuel cell vehicles (FCVs) have the potential to
significantly reduce the dependence on foreign oil and to lower harmful emissions
that cause climate change. FCVs run on hydrogen rather than on gasoline and

therefore emit nearly no harmful tailpipe emissions.

One of the key techniques to do so is the development of mobile hydrogen
sources for fuel cells [3,4]. Hydrogen is one of the most promising energy carriers for
the future. At present, steam reforming of natural gas and light oil fractions is widely
used in industry to produce hydrogen [5,6]. However, heavy reliance on fossil fuels
can cause the similar environmental problems as conventional vehicles: emission of
air pollutants and greenhouse gases, acidic rain, depletion of natural resources, and so
on. Consequently, the production of hydrogen from alternative resources has attracted
considerable interest. One convenient method could be the on-board reforming of
methanol to hydrogen [7,8], but the high toxicity of methanol is a too big restriction
for a broad application. Compared to methanol, dimethoxymethane (DMM) is a
preferring material for steam forming process to produce H,. It has the advantage of
high content of hydrogen, extremely low toxicity, environmentally benign.
Furthermore, it is a liquid and easy for storage and transportation at ambient
conditions. Steam reforming of DMM consists of the hydrolysis of DMM to methanol

and formaldehyde, which are further reformed to produce H, and CO..

CH;0CH,OCH;3 + H,O — 2CH30H + CH,O (1)

3



1. Background and Introduction

CH;0OH + H,0 — 3H, + CO» (2)
CHQO + HQO —>2H2 + COZ (3)
The overall reaction can then be expressed as,

CH;0CH,OCH; + 4H,0 — 8H, + 3CO, 4)

Taken together, DMM might be used as a fuel to be reformed to produce H, for
fuel cells. Thus, the synthesis of DMM and the improvement of DMM producing are

studied in this work.

Industrially, DMM is produced by a two-stage process: methanol oxidation to
formaldehyde on silver or ferric molybdate catalysts and dehydrative condensation of
the formaldehyde with methanol in the presence of liquid and solid acids [9,10]. So a
one-stage heterogeneous reaction process has economical and environmental benefits
in the production of DMM. It has been reported in the literature that DMM can be also
synthesized by the direct oxidation of methanol on crystalline SbRe,Oq [11],
Re/y—Fe,0O3 [12], heteropolyacids [13], RuO,/SiO, [14], Cu—ZSM-5 [15], and
V,05-TiO; [16,17]. Irrespective to the catalytic system, all the studies suggest that the
selective oxidation of methanol to DMM may involve two steps: (1) oxidation of
methanol to formaldehyde on redox sites and (2) condensation of formaldehyde
produced with additional methanol to DMM on acidic sites. Therefore, bi-functional
catalysts with both acidic and redox properties are required for this reaction:

CH;0H +1/2 O, — CH,O + H;O (5)

2CH3;0H + CH,O —CH3;OCH,OCH;3; +H,0 (6)
The overall reaction can then be expressed as,

3CH3;0H+1/20,—CH3;0CH,OCH3+2H,0 (7)

The mechanism of catalytic methanol oxidation was summarized by Tatibouét
[18]. The first reaction step is the formation of methoxy groups by dissociative
adsorption of methanol on dual acid-base site formed by an accessible cation and a
surface oxygen ion. The further transformation of adsorbed methoxy group will

depend on the acid strength of the adsorbing site, and on the nature of the active
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centers in close proximity. The basic or nucleophilic character of oxygen species close
to the methoxy group will lead to the break of a C—H bond, while weak acid sites will
favor the desorption of the reaction products. According to this scheme, the selective
formation of formaldehyde will require both weak acid and basic sites to limit the H
abstraction and to prevent a too strong adsorption of formaldehyde, respectively.
Strong acid sites prolong the residence time of formaldehyde species to form
dioxymethylene species, able to react with methanol to form DMM. If both acid and
basic sites are stronger than those needed for DMM formation, dioxymethylene
species will be oxidized into formate species which quickly react with methanol to
form methyl formate or are further oxidized to COx. If only strong acid sites are
present, only dimethyl ether is formed. The formation of these different products can
be summarized on an acid-base strength diagram ( Fig.1.1). Indeed, as both acidic and
redox sites are needed to oxidize methanol to DMM, bi-functional catalysts should be

the most active systems.
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Fig.1.1 Schematic representation of the main reaction products as a function of the

acidic-basic character of active sites [from ref.18].

Supported V,0s catalysts are usually used in this reaction of methanol oxidation
[18,19]. Moreover, it has been shown that the addition of SO42' species to TiO;

generates strong acidic sites at high temperature and can lead to high activity [20].
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Amiridis et al. [21] have also reported that, on vanadia—titania catalysts, the gaseous
SO, contained in the feed gas system could participate in the formation of surface
sulfate species which strongly interact with vanadia and then improve the catalytic
surface reactivity. Further, it has recently been reported that [22,23] the selective
oxidation of methanol to DMM over V,0s—Ti0O, (VTi) catalysts can be improved by
doping VTi catalysts with SO,* ions, suggesting that the surface acidity of the
catalysts could be greatly enhanced by the addition of SO4*. Therefore in order to
verify this proposal, we prepared various kinds of sulfated vanadia-titania, sulfated
binary vanadia-based oxides and sulfated binary titania-based oxides, which were

used to DMM synthesis via selective oxidation of methanol.
To summarize, the objective of this work was to study:

(1) Design and preparation of various series of sulfated vanadia-titania catalysts by
co-precipitation, sol-gel, impregnation, mechanical grinding to investigate how both
the preparation method and the sulfate content impact the acidic and redox properties
and finally influence the DMM synthesis. The obtained materials were thoroughly
characterized by complementary physico-chemical techniques (BET, ICP, XRD,
FTIR, Raman, XPS, TGA, O, chemisorption, redox cycles (TPR1/TPO/TPR2)). NH;
adsorption calorimetry and pyridine adsorption FTIR were used to investigate the
acidic properties. Isopropanol (IPA) probe reaction with the presence of O, was
employed to provide information about the surface acidity and redox properties

simultaneously.

(2) Since co-precipitation was by far the best preparation method in terms of
maximizing the surface area and the mesoporosity, sulfated vanadia-titania catalysts
were prepared by co-precipitation and calcined at different temperatures in order to
fix the right amount of surface residual sulfate (with or without washing with
deionized water) during the calcination step and to develop active surface structure
most appropriate for DMM synthesis. The catalysts were thoroughly characterized by
BET, XRD, ICP, XPS, SEM, TEM, Raman spectroscopy, TPR. Ammonia adsorption

6



1. Background and Introduction

microcalorimetry and pyridine adsorption FTIR were used to investigate in detail the
acidity of catalysts. The factors limiting the activity and selectivity were evaluated by

selective oxidation of methanol reaction to DMM.

(3) High surface area 25%V205—MXOy—SO42' (M= Ti, Zr, Al or Ce) catalysts were
prepared by co-precipitation and impregnation methods. The central theme in this
research was to understand how the different guest metal oxides could influence the
acidic, redox and catalytic properties of these catalysts. Moreover, the influence of the
host metal oxide on the types of surface VOy and sulfate species was also investigated.
The structural properties were characterized by BET, XRD, ICP, XPS and Raman
spectroscopies. The redox properties were investigated by TPR/MS technique, while
the acidic properties were studied by ammonia adsorption calorimetry and
simultaneous ammonia TPD-MS-TG-DSC measurements. The surface properties

will be correlated to the catalytic activity.

(4) Since the products of partial oxidation of methanol reaction are strongly related
with the proportion of acidic and redox sites of catalysts, 25%Mx0y—TiOz—SO42' (M=
Cr, Mn, Fe, Co or Mo) mixed metal oxides with high surface area were also evaluated
by this reaction. The catalysts were prepared by co-precipitation and thoroughly
characterized by BET, XRD, ICP, XPS, SEM, TEM, Raman spectroscopy, TPR-MS
and ammonia adsorption calorimetry measurements. Methanol oxidation reaction was
employed to provide information about the surface acidity and redox properties

simultaneously.



2. Experimental Description

The following chapter describes the catalysts preparation and experimental techniques

used in this work.
2.1 Catalyst preparation

2.1.1 Sulfated vanadia-titania (V,05-TiO/SO;") catalysts prepared by various

methods

Different synthesis routes were followed for obtaining four series of catalysts,
each one composed of three samples differing as to the calcination temperature. The
theoretical amount of vanadium pentoxide was fixed at 25wt% whatever the

preparation method used.
2.1.1.1 Preparation by co-precipitation

High surface area vanadia-titania-sulfate catalysts (denoted by VTiS) were
prepared by a co-precipitation method. 4 g of V,05-Ti04/SO4* sample were prepared
starting from 2.5 g of VOSO4xH,0 and 9.2 g of TiOSO4xH,SO4xH,0. At first, the
precursors were dissolved in 400 mL of deionized water, forming a solution (S1)
containing vanadium and titanium while 20 mL of a 28 wt% NH3-H,O solution was
placed in an ice bath. Then S1 was slowly dropped into the NH3-H,O solution under
vigorous stirring in the ice bath, and a brown precipitate formed immediately. This
precipitate was first aged for 1 h at room temperature and then filtered. The filtered
cake was redispersed by stirring into a mixture containing 1-butanol to form
homogeneous slurry. Finally the slurry was transferred to a beaker which was placed
in an oil bath to remove the solvent. At the temperature of 367 K (azeotropic point of
the water-butanol system), water and part of 1-butanol in the slurry were distilled, and
then at 391 K (boiling point of 1-butanol), the residual 1-butanol was further removed.
The VTiS—-1, VTiS-2 and VTiS-3 samples were prepared in this way, and then
calcined in air for 5 h at 673, 723 and 773 K, respectively (see Table 1).
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2.1.1.2 Preparation by co-precipitation with 1wt% poly-ethylene-glycol (PEG—400)

PEG-doped VTiS particles were synthesized by adding an amount of 1wt% of
PEG—400 into diluted NH3.H,O solution, followed by the same process as above. The
VTiS—4, VTiS-5 and VTiS—6 samples were prepared in this way, with calcination
temperatures of 673, 723 and 773 K, respectively. PEG is known to improve the
physical properties of the sample in terms of surface area and structure and it also

carries the role of reducing agent [24] (see Table 1).
2.1.1.3 Preparation by sol-gel method

The synthesis of mixed vanadia oxide (V,0s/Ti0;) was carried out using an
organic mixture containing vanadyl acetylacetonate and titanium (IV) isopropoxide in
propanol-2-ol as solvent. A homogeneous gel was obtained by hydrolysis and
precipitation after addition of water to this mixture. The amount of water added
corresponded to a volume ratio [H,O]/[Ti(OR)4] equal to 2. To obtain sulfated oxides,
sulfuric acid was added to the organic mixture, according to a molar ratio
nS/nTi=0.25. Next, the gels were filtered, and then dried for 12 h at 373 K. Finally,
the catalysts were obtained after calcination in air for 12 h. This longer time of
calcination compared to the other series of samples was justified by preliminary
TG-DTG experiments which have shown that decomposition of sol-gel precursors
required a slightly higher temperature and more time than the other precursors. The
VTiS-7, VTiS—-8 and VTiS-9 samples were prepared in this way, with calcination
temperatures of 673, 723 and 773 K, respectively (see Table 1).

2.1.1.4 Preparation by mechanical grinding

V,05-S0,%/TiO, catalysts were also prepared by mechanical grinding in an
agate mortar using TiO, (313 m*-g”' after calcination at 723 K, Millennium* G5) and
VOSO0,4.xH>0 in definite proportions corresponding to the theoretical amount of 25

wt% V,0s, and then calcined in air for 5 h. The VTiS-10, VTiS—11 and VTiS-12
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samples were prepared in this way, using calcination temperatures of 673, 723 and
773 K, respectively. However it should be noticed that the parent commercial TiO,

already contained some sulfates (0.17 wt% S) (see Table 1).

2.1.2 Vanadia-titania (V,0s5-TiO,) and sulfated vanadia-titania (V205—Ti02/SO42')

catalysts with different vanadia contents by impregnation

Vanadium oxide systems with different V,0s contents (denoted by VTi)
supported on commercial TiO, (Millennium* G5, uncalcined) were prepared by
incipient wetness impregnation, using ammonia vanadate (NH4VOs3) as metal
precursor and oxalic acid as complexing agent (NH4VO;/C,0,H, molar ratio=1/2).
After being kept at room temperature for 12 h to ensure their stabilization, the
resulting solids were dried at 373K overnight and then calcined in air at 673K for 6 h.

Pure TiO, catalyst, used as reference, was also calcined at 673 K in air for 6 h.

The sulfated vanadia-titania catalysts (denoted by VTiS) were prepared by
incipient wetness impregnation of 1 g of above mentioned vanadia-titania catalysts
with an aqueous solution containing the theoretical percentage of (NH4),SO4 to
achieve 5 wt% S04~ (1.7 wt% S). The resulting solids were then dried at 373 K

overnight and calcined at 673 K in air for 6 h (see Table 2).

2.1.3  Sulfated vanadia-titania  (V>05s—TiO-SO;")  catalysts prepared by

co-precipitation and calcined at different temperatures

5 g of V,0s-Ti0,/SO4* catalysts (25 wt% V,0s) were prepared by a
co-precipitation method [25] with 3.2 g of VOSO4sxHO and 11.5 g of
TiOSO4xH;SO4xH,0O as precursors, and 25 mL 28 wt% NH3.H,O solution as
precipitant. Samples VTiS—-573, VTiS—-623, VTiS-673, VTiS-673 and VTiS-723
were prepared in this way, and then calcined in air for 5 h at 573, 623, 673, 723 and
773 K, respectively. Additionally, samples VTiSw50-673 and VTiSw300-673 were

prepared by the same procedure of co-precipitation, washed with respectively 50 and

10



2. Experimental Description

300 mL deionized water while filtering the precipitate and then calcined at given

temperature of 673 K in air for 5 h (see Table 2).
2.1.4 V,05-M,O, and V205—Mx0y—S042'(M=T i, Zr, Al or Ce) catalysts

The theoretical amount of vanadium pentoxide was fixed at 25 wt% whatever the

host metal oxide was.

2.1.4.1 Prepared in two steps: co-precipitation of mixed oxides followed by sulphate

impregnation

Vanadia-based bimetallic oxides (denoted by VM(c1); M=Ti, Zr, Al or Ce) were
prepared by modifying a previous reported co-precipitation method [25]. The vanadia,
titania, zirconia, alumina and ceria precursors were VOCl;, TiCls, ZrOCl,, AI(NO3)s
and Ce(NOs)s, respectively. Briefly, VOCI; was dissolved into deionized water (ImL
VOCI; in 250 mL H;0) mixed with 5-8 mL diluted HNO; (38 wt% HNO3) with
vigorous stirring to form a vanadium-containing solution (S1). The oxide support
precursor was dissolved into a limited amount of deionized water to form the metal
ion containing solution (S2), while TiCls was dissolved in C;HsOH (1 mL TiCly in 30
mL C,HsOH) in an ice bath. S2 was slowly dropped into S1 with continuous stirring
to form a mixed solution (S3). Then S3 solution was slowly dropped into diluted
NH3.H,O placed in an ice bath to form the precipitate. The precipitate was first aged
for 1 h at room temperature, then filtered, washed several times with deionized water
until free from chloride ions, and the filtrate cake dried as reported in [25]. The
samples were all calcined at 673 K in air for 5 h, except for sample VAl(c1) which
calcination temperature was increased up to 773 K for a better decomposition of the

precursor.

The sulfated vanadia-based bimetallic oxides (denoted by VMS(c1-1); M=Ti, Zr,
Al or Ce) were prepared by incipient wetness impregnation of the above mentioned

supported-vanadia catalysts with an aqueous solution containing the given percentage
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2. Experimental Description

of (NH4)SO4 to achieve a theoretical amount of 5 wt% SO, (1.7 wt% S). The
resulting solids were then dried at 373 K overnight and then calcined at 673 K in air

for 5 h (see Table 3).
2.1.4.2 Prepared directly by co-precipitation from sulfated precursors

Sulfated vanadia-based bimetallic oxides (denoted by VMS(c2); M=Ti, Zr, Al or
Ce) were also prepared by co-precipitation. The precursors were VOSO4, TiOSOy,
Z1(S04)2, Alx(SO4)3 and Ce(SOy),, respectively. The details of the preparation method
have been previously described in [25]. Specially, Ce(SO4), was dissolved in
deionized water and then the pH was adjusted to around zero by adding dilute HNO;
(38 wt% HNO3) in order to complete the dissolution. Then the aqueous solution of
VOSO4 was added dropwise to Ce(SO4), solution with vigorous stirring to form a
mixed aqueous solution for precipitation with ammonia. At last, the samples were all
calcined at 673 K in air for 5 h, except sample VAIS(c2) which calcination

temperature was increased to 773 K (see Table 3).
2.1.5 M,0,/TiO>-SO; (M=Cr, Mn, Fe, Co or Mo) catalysts

The theoretical amount of each metal oxide (CrOx, Mn;0s;, Fe,Os3, Co304 and
MoOs3) was fixed at 25 wt%.

Sulfated binary titania-based oxides (denoted by MTiS; M=Cr, Mn, Fe, Co or
Mo) were prepared by a previous reported co-precipitation method [25]. In order to
obtain the similar content of sulfate for each sample, the same titania precursor was
used for all samples: TiOSO4xH,SO4xH,O. The other precursors were
Cr(NOs3)39H,0, Fe(NOs3)3-9H,0, Co(NO3),:6H,0, Mn(NOs3),xH>0,
(NH4)6M070,4:4H,0. The details of the preparation method have been previously
described in [25]. Specially for sample MoOs/TiO,-SO4>, theoretical required amount
of (NH4)sMo070,24-4H,0 was dissolved into a limited amount of deionized water and

then added to filtrated precipitate cake containing Ti. At last the mixed cake
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2. Experimental Description

containing Mo and Ti was dried as reported in [25]. All the samples were calcined at a

given temperature of 673 K in air for 5 h (see Table 4).

13



2. Experimental Description

2.2 Catalyst characterization

Different techniques were used to characterize the physico-chemical properties

of the catalysts which are listed as the following:

The surface areas and pore sizes were measured by nitrogen adsorption at 77 K
on a Micromeritics 2010 apparatus after heat pretreatment under vacuum for 3 h at a

temperature 100 K lower than the calcination temperature.

The X-ray diffraction (XRD) measurements were carried out on a Bruker D5005
powder diffractometer scanning from 3° to 80° (26) at a rate of 0.02 degree s using a
Cu Ka radiation (A=0.15418nm) source. The applied voltage and current were 50 kV

and 35 mA, respectively.

Elemental analysis was performed using ICP optical emission spectroscopy

(ICP-OES) with an ACTIVA spectrometer from Horiba JOBIN YVON.

The X-ray photoelectron spectra were measured on a KRATOS AXIS Ultra DLD
spectrometer equipped with a hemispherical electron analyzer and an Al anode (Al
Ko=1486.6 eV) powered at 150 W, a pass energy of 20 eV, and a hybrid lens mode.
The detection area analyzed was 700x300 um. Charge neutralization was required for
all samples. The peaks were referenced to the C—(C, H) components of the C1s band
at 284.6 eV. Shirley background subtraction and peak fitting to theoretical
Gaussian-Lorentzian functions were performed using an XPS processing program
(vision 2.2.6 KRATOS). The residual pressure in the spectrometer chamber was

5x10” Pa during data acquisition.

Scanning electron microscopy (SEM) was performed using a Philips 5800 SEM
electron microscrope. The samples were deposited onto scotch carbon and metallized

by sputtering. A gold film ensures a good conductivity for the observation.

14



2. Experimental Description

The recording of transmission electron micrographs was carried out using a
JEOL 2010 equipment operating at 200 kV with a high resolution pole piece and an
energy dispersive X-ray spectrometer (EDS) (Link Isis from Oxford Instruments). The
samples were dispersed in ethanol using a sonicator and a drop of the suspension was
dripped onto a carbon film supported on a copper grid and then ethanol was
evaporated. EDS study was carried out using a probe size of 15 nm to analyze borders
and centers of the particles and the small particles. Standard deviations were evaluated

for atomic ratio from at least 10 analyses.

Raman spectroscopy measurements were performed using a LabRAM HR (Jobin
Yvon) spectrometer. The excitation was provided by the 514.5 nm line of an Ar' ion
laser (Spectra physics) employing a laser power of 100 pW. The laser beam was
focused through microscope objective lenses (x100) down to a 1 um spot on the

sample.

The skeletal FTIR and pyridine adsorption FTIR spectra were recorded at room
temperature with a Bruker Vector 22 FTIR spectrophotometer (DTGS detector)
operating in the 4000—400 cm™' range, with a resolution of 2 cm™ and 100 acquisition
scans. In each skeletal FTIR experiment, 2 mg of sample was mixed with 198 mg of
KBr. In each pyridine adsorption FTIR measurement, the self-supporting wafer
(10-30 mg, 18 mm diameter) was first activated in situ at a temperature 100 K lower
than the calcination temperature in oxygen flow for 14 h, then evacuated at the same
temperature for 2 h and then exposed to pyridine (Air Liquide, 99.8%, vapor pressure
3.3 kPa) at room temperature for 5 min. The desorption was carried out by evacuation
for 30 min each at room temperature, 373 K, 473 K and 573 K, respectively . The
spectra were recorded at room temperature after adsorption and desorption at each

temperature (see scheme Fig.2.2.1).
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Fig.2.2.1 Scheme of the in-situ cell for adsorption FTIR (IRCELYON)

The microcalorimetric studies of ammonia adsorption were performed at 423 K
in a heat flow calorimeter (C80 from Setaram) linked to a conventional volumetric
apparatus equipped with a Barocel capacitance manometer for pressure measurements.
Ammonia used for measurements (Air Liquide, purity > 99.9%) was purified by
successive freeze-pump-thaw cycles. About 100 mg of sample was pretreated in a
quartz cell under evacuation overnight at a temperature 100 K lower than the
calcination temperature. The differential heats of adsorption were measured as a
function of coverage by repeatedly introducing small doses of ammonia gas onto the
catalyst until an equilibrium pressure of about 66 Pa was reached. The sample was
then outgassed for 30 min at the same temperature, and a second adsorption was
performed at 423 K until an equilibrium pressure of about 27 Pa was attained in order
to calculate the irreversibly chemisorbed amount of ammonia at this pressure (see

scheme Fig.2.2.2) [26,27].
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Fig.2.2.2. Scheme of adsorption microcalorimetry system (IRCELYON)

Temperature-programmed desorption (TPD) of ammonia was performed on a
Setaram TG-DSC 111 device coupled with a mass spectrometer (Thermostar, Pfeiffer)
as a detector. A capillary-coupling system was used. The TPD experiments were
carried out in the range 298-923 K under helium flow as the carrier gas (10 mL min™).
For each experiment, about 20 mg of sample with ammonia absorbed in previous
microcalorimetric experiments was used. Initially, the samples were purged with
helium at room temperature for 15 min and then heated with 5 K min™ up to 373 K.
The temperature was kept constant at 373 K for 30 min and then was linearly
increased up to 923 K with same ramp of 5 K min™. During this temperature increase,
the mass spectrometer was set at m/e=15 in order to avoid the interference of m/e
peaks of water fragmentation. For sulfate desorption, the gas phase composition was

analyzed by setting the mass spectrometer m/e=64 for SO, (see scheme Fig.2.2.3).

17



2. Experimental Description
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Fig.2.2.3. Scheme of TG-DSC 111-MS system

Redox cycles (TPR1/TPO/TPR2), carried out in sequences consisting of a first
temperature programmed reduction (TPR) on the oxidized sample (TPR1), a
temperature programmed oxidation (TPO), and a second temperature programmed
reduction (TPR2), were performed using a TPD/R/O-1100 instrument (ThermoFisher).
Prior to the TPR1 run, the fresh sample was treated in a stream of O,/He (0.998% v/v,
flowing at 20 mL min"), ramping the temperature at 10 K min” from RT to a
temperature 100 K lower than the calcination temperature and maintaining it for 60
min, and then cooled to 313 K. The TPR1 measurement was carried out using Hy/Ar
(4.98% v/v) as reducing gas mixture, flowing at 20 mL min™'. The heating rate was 10
K min™ from 313 K to 1073 K (or 1223 K for bulk metal oxides). The TPO run was
carried out on the reduced sample (after TPR1) cooled at 313K in N, flow. After a
purge with Ar ( 20 mL min™), the oxidizing gas mixture composed of O,/He (0.998 %
v/v) flowed at 20 mL min™ through the sample from 313 to 1073 K. The oxidized
sample was further reduced during the TPR2 run, under the same experimental
conditions as TPR1 described above, up to a final temperature of 1223K. The H, or
O, consumption was detected by a thermal conductivity detector (TCD). The sample
size used was adjusted in order to have around 69 umol of metal oxide independently

of the loading of the oxides. This allowed us to maintain a K value of 100 s. The
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characteristic number, K, can be defined to facilitate the selection of appropriate
operating parameters; a fixed K value between 60 and 140 s guarantees optimal
conditions to obtain good TPR/TPO profiles [28,29]. The peak areas were calibrated
with given Hy/Ar (4.98% v/v) and O,/He (0.998% v/v) mixture injections for TPR and

TPO, respectively.

Gases evolving from the TPR reactor were analyzed by a mass spectrometer
(Omnistar, Pfeiffer) by a heated capillary. The signals for m/e=34 (H,S) and 64 (SO,)

were recorded.
2.3 Catalytic reactions

The reaction of isopropanol conversion was used to characterize the surface
acidity. This probe reaction was carried out in a fixed-bed glass tube reactor. About
100 mg of sample was loaded for each reaction. Isopropanol was introduced onto the
catalyst by bubbling air through a glass saturator filled with isopropanol maintained at
295K. Isopropanol and reaction products were analyzed by an online gas
chromatograph (GC), using a polyethylene glycol (PEG) 20M packed column
connected to a Flame Ionization Detector (FID). Prior to the test, each catalyst was
pretreated by heating in air at the same temperature as that used for calcination for 1 h

and then cooled in the air flow to the reaction temperature.

The oxidation of methanol was carried out in a fixed-bed micro-reactor made of
glass with an inner diameter of 6 mm. The methanol was introduced into the reaction
zone by bubbling O,/N; (1/5) through a glass saturator filled with methanol (99.9%)
maintained at 278 K. In each test, 0.2 g of catalyst was loaded, and the gas hourly
space velocity (GHSV) was 11400 mL g™ h'. The feed composition was maintained
as methanol:0,:N,=1:3:15 (v/v). The tail gas out of the reactor was analyzed by an
on-line GC equipped with an FID detector and a thermal conductivity detector (TCD).
The column used was PORAPAK N for the separation of methanol, DMM and other

organic compounds. The gas lines were kept at 373 K to prevent condensation of the
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2. Experimental Description

reactant and products. The reaction was carried out at atmospheric pressure. Prior to
the test, the samples were pretreated in the same way as for the isopropanol

conversion reaction [23].
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3. List of Catalysts

Table 1 Sulfated vanadia-titania catalysts used in this work

Catalyst Component Preparation method Precursors Calcination Temp.”(K)  Publication
VTiS-1  25%V,05—Ti0,~S04> co-precipitation VOS0,4xH,0, Ti0OSO4xH,S04xH,0 673 II
VTiS-2  25%V,05—TiO,—S04* co-precipitation VOSO,xH,0, TiOSO,4xH,SO4xH,O 723 IL 11, IV
VTiS-3 25%V205—T102—SO42' co-precipitation VOSO4xH,0, TiOSO4xH,SO4-xH,O 773 11
VTiS-4  25%V,05-TiO—S04> co-precipitation modified with PEG-400*  VOSO4xH,0, TiOSO4xH,SO4xH,0 673 II
VTiS-5  25%V,0s—Ti0,—S0,> co-precipitation modified with PEG-400*  VOSO4xH,0, TiOSO4xH,SO4xH,0 723 11, 11, IV
VTiS-6  25%V,05—Ti0,—SO4" co-precipitation modified with PEG-400*  VOSO4xH,0, TiOSO,4xH,SO4xH,0 773 II
VTiS-7  25%V,05—TiO,—SO4* sol-gel VO(CsH;0,),, TifOCH(CHs),]4 673 11
VTiS-8  25%V,05—Ti0,—SO4" sol-gel VO(CsH;0,),, TIIOCH(CHs);]4 723 IL II, IV
VTiS-9  25%V,05—TiO,—SO4* sol-gel VO(CsH;0,),, Ti{OCH(CHs),]4 773 11
VTiS-10  25%V,05-Ti0,~SO,* mechanical grinding VOSO0,xH,0, TiOSO,xH,SO4xH,O 673 II
VTiS-11  25%V,05—TiO,~S0,* mechanical grinding VOSO0,4xH,0, TiOSO4xH,S04xH,0 723 1L, 11, IV
VTiS-12  25%V,05-Ti0,~SO,* mechanical grinding VOSO,xH,0, TiOSO,4xH,SO4xH,O 773 II

“PEG-400: Polyethylene glycol 400;

® All catalysts were calcined in air
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3. List of Catalysts

Table 2 Sulfated vanadia-titania catalysts used in this work

Catalyst Component Preparation method Precursors Calcination Temp.b (K) Publication
5VTi 5%V,05—Ti0, impregnation NH4VO3, TiO, (Millennium* G5)* 673 Vv
S5VTiS 5%V,05—Ti0,/SO,* impregnation NH,4VOs3, TiO; (Millennium* G5)*, (NH4),SO4 673 Vv
15VTi 15%V,05—TiO, impregnation NH4VO3, TiO, (Millennium* G5)* 673 Vv
15VTiS 15%V,05—Ti0,/SO,* impregnation NH;VOs3, TiO; (Millennium* G5)*, (NHy4),SO4 673 A\
25VTi 25%V,05—TiO, impregnation NH4VO3, TiO, (Millennium* G5)* 673 Vv
25VTiS 25%V,05—Ti0,/SO,* impregnation NH;VOs3, TiO; (Millennium* G5)*, (NHy4),SO4 673 Vv
VTiS-573 25%V,05—Ti0,~S0,> co-precipitation VOSO0,4xH,0, TiOSO,xH,SO4 xH,O 573 1V, VI
VTiS-623 25%V,05—Ti0,—S0, > co-precipitation VOSO04xH,0, TiOSO4-xH,S04xH,0 623 1V, VI
VTiS-673 25%V,0s—Ti0,~SO4>  co-precipitation, washing VOSO0,4xH,0, TiOSO,4xH,SO4xH,0 673 IV, VI
VTiSw50-673  25%V,05—Ti0,—S0,> co-precipitation, washing VOSO0,4xH,0, TiOSO4xH,S04xH,0 673 1V, VI
VTiSw300-673  25%V,05—TiO,~SO04> co-precipitation VOSO,xH,0, TiOSO4xH,SO4-xH,0 673 IV, VI
VTiS-723 25%V,05—Ti0,~S0,*" co-precipitation VOS04xH,0, TiOSO4-xH,S04xH,0 723 1V, VI
VTiS-773 25%V,05-Ti0,~SO04> co-precipitation VOSO,4xH,0, TiOSO4xH,SO4-xH,0 773 IV, VI

*TiO, (Millennium* G5): uncalcined; ° All catalysts were calcined in air
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3. List of Catalysts

Table 3 V205—Mx0y—SO42' (M=Ti, Zr, Al or Ce) catalysts used in this work

Catalyst Component Preparation method Precursors Calcination Temp.”(K)  Publication
VTi(cl) 25%V,05-TiO, co-precipitation VOCl;, TiCly 673 VII
VTiS(c1-i) 25%V,05—Ti0,/SO4>  co-precipitation and impregnation VOCI;, TiCly, (NHy),SO4 673 VII
VTiS(c2) 25%V,05—Ti0,~S04> co-precipitation VOSO0,4xH,0, TiOSO,-aq 673 VII
VZr(cl) 25%V,05—Zr0O, co-precipitation VOCl;, ZrOCl,-8H,0O 673 VII
VZrS(cl-1) 25%V,05—Zr0,/SO,> co-precipitation and impregnation VOCIs, ZrOCl,-8H,0, (NH4)>SO4 673 VII
VZrS(c2) 25%V,05—Zr0,~S0,’ co-precipitation VOSO,4xH,0, Zr(SO4),xH,0 673 VII
VAl(cl) 25%V,05—Al,0; co-precipitation VOCI;, AI(NO3);-9H,0 773 VII
VAIS(c1-i) 25%V,05—A1L,05/SO,* co-precipitation and impregnation VOCI;, AI(NO3)3-9H,0, (NHy),SO4 673 VII
VAIS(c2) 25%V,05—AL0s—S0,* co-precipitation VOSO04xH,0, Al (SO4)5-xH,0 773 VII
VCe(cl) 25%V,05—Ce0, co-precipitation VOCI;, Ce(NO3);-6H,O 673 VIII
VCeS(cl-1) 25%V,05—Ce0,/S0,* co-precipitation and impregnation VOCI;, Ce(NO3)3:6H,0, (NHy),SO4 673 VII
VCeS(c2) 25%V,05s—Ce0,—~S04> co-precipitation VOSO04xH,0, Al (SO4)3-xH,0 673 VII

* All catalysts were calcined in air

23



3. List of Catalysts

Table 4 MxOy—TiOZ—SO42' (M=Cr, Mn, Fe, Co or Mo) catalysts used in this work

Calcination
Catalyst Component Preparation method Precursors Publication
Temp.” (K)
25CrTiS 25%CrO,~TiO,~SO,* co-precipitation Cr(NO3);3.9H,0, TiOSO4xH,SO4xH,0 673 VIII
25MnTiS  25%MnyO5—TiO,~SO4> co-precipitation Mn(NO3),.xH,0, TiOSO,4xH,SO4xH,0 673 VIII
25FeTiS 25%Fe,03-Ti0,~SO0,* co-precipitation Fe(NO3)3.9H,0, TiOSO,xH,S0,4xH,0 673 VIII
25CoTiS  25%Co03;04-TiOy—SO,* co-precipitation Co(NO3),.6H,0, TiOSO4xH,S04xH,0 673 VIII
25MoTiS  25%Mo0O;—TiO,—S0,> co-precipitation and impregnation (NH4)sM070,4.4H,0, TiOSO,4 xH,SO,4xH,0 673 VIII
TiS TiO,~SO,* co-precipitation Ti0OSO4xH,S04xH,0O 673 VIII

* All catalysts were calcined in air
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Abstract Mesoporous V-Ce-Ti—O oxides were synthe-
sized through the combination of sol-gel and hydrothermal
methods and were characterized by different techniques.
N, adsorption showed that the mesoporous oxides with
0-20 wt.% V,0s possessed the surface areas of about
160 m? g~' with narrow pore size distribution centered
around 4-5 nm. Vanadium species were highly dispersed
in the samples, as confirmed by the wide angle XRD and
Raman spectroscopy. The surface acidity of the materials
was determined by the microcalorimetric adsorption of
NH;. Temperature programmed reduction and O, chemi-
sorption were used to probe the redox property of the
materials. It was found that the mesoporous V-Ce-Ti-O
possessed bifunctional characters of acidic and redox
properties that catalyzed the oxidation of methanol to
dimethoxymethane (DMM). These bifunctional characters
were further enhanced by the addition of V,05 and SO427
onto V—Ce-Ti-O simultaneously. Such supported catalysts
exhibited excellent performance for the selective oxidation
of methanol to DMM. Specifically, 72% conversion of
methanol with 85% selectivity to DMM was achieved at
423 K over a SO4> —V,05/V-Ce-Ti-O catalyst.
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1 Introduction

V,05/TiO, catalysts are extensively studied in various
reactions such as selective oxidation of methanol to
formaldehyde [1] and methyl formate [2], selective oxi-
dation of aromatic compounds to aromatic aldehydes [3],
selective oxidation of olefins to phthalic anhydride [4],
ammoxidation of aromatic hydrocarbons [5] and selective
catalytic reduction of NOy [6]. It is generally true that the
V,05/TiO, with higher surface areas may work better since
more vanadia species could be dispersed on the surface to
act as active sites [7]. However, TiO, usually exhibits a
moderate surface area of about 50 m* g~' (e.g., Degussa
P25) [1, 2]. Although mesoporous titanium oxides may
provide a higher surface area to support more VO, species,
these materials were usually not thermally stable [8]. The
surface areas of these materials might be greatly decreased
upon the calcination at temperatures higher than 673 K.
Doping with rare earth elements was proved to be an
effective way to enhance the thermal stability of meso-
porous materials [9, 10], in which cerium was recently
reported as an excellent dopant in mesoporous titania [9].
In addition, cerium is known as an essential component for
three-way catalysts (TWC) due to its oxygen storage
capability. It also plays positive synergetic roles in some
catalytic systems [11]. Therefore, Ce doped mesoporous
titania might be used as supports for a variety of oxidation
reactions.

Among the aforementioned reactions, the oxidation of
methanol has been widely used as a probe reaction to
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characterize the activity of oxide catalysts and to correlate
the structures and surface acidic and redox properties [12].
It has been reported that methanol could be converted to
dimethyl ether (DME) on acidic surface, to formaldehyde
(FA) and methyl formate (MF) on oxidative surface, and to
dimethoxymethane (DMM) on acidic and oxidative
bifunctional surfaces [12].

In this work, mesoporous V-Ce-Ti—O materials were
first synthesized through the combination of sol-gel and
hydrothermal methods, and were characterized by X-ray
diffraction (XRD), N, adsorption, transmission electron
microscopy (TEM), O, chemisorption, laser Raman spec-
troscopy (LRS), temperature programmed reduction (TPR),
and microcalorimetric adsorption of ammonia. The surface
redox and acidic properties of the V-Ce-Ti—O could be
enhanced by the addition of V,0s5 and SO427. These
materials were tested for the selective oxidation of meth-
anol to DMM.

2 Experimental
2.1 Preparation of Samples

Mesoporous Ce-Ti—O has been synthesized by Yue and
Gao [9]. In this work, mesoporous V-Ce-Ti—O materials
were synthesized via the combination of sol-gel and con-
ventional hydrothermal methods. In a typical procedure,
5.48 g P123 (triblock copolymer pluronic) and 0.89 g
CeCl; - 7TH,O were dissolved in 25 mL absolute ethanol,
and then 16.10 g titanium butoxide (TBOT) was added
under vigorous stirring. Desired amounts of V,0s5 were
added into a mixed solution of 17.8 mL ethanol and 30%
H,0, under constant stirring, until V,05 was completely
dissolved. The molar ratio of V,05/H,0O, was 0.22. Then,
the solution containing vanadium was added dropwise into
the solution containing titanium precursor at room tem-
perature. The mixed solution formed was clear at first, and
then became a gel in 10 min. A sample 20V-Ti—O without
cerium cations was also prepared for comparison. A pre-
cipitate (no gel) was formed without the presence of cerium
cations. The gel (or precipitate) together with 70 mL dis-
tilled water was subsequently transferred into a Teflon-
lined autoclave and kept at 393 K for 24 h. Afterwards, the
gel (or precipitate) was filtered, washed with deionized
water and ethanol and dried at room temperature for 12 h.
The samples were then calcined at 673 K for 5 h in air
(temperature ramped at 1 K min~'). The samples Ce-Ti—
O, 10V-Ce-Ti-O, 20V-Ce-Ti-O, 40V-Ce-Ti-O and
20V-Ti-O prepared this way contained about 0, 10, 20, 40
and 20% V,05 (wt.%), respectively.

The V,05/V-Ce-Ti-0, SO,* /V-Ce-Ti-O and SO,” ~
V,05/V-Ce-Ti-O samples were prepared by using the
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incipient wetness impregnation method. Specifically, for
each preparation, a known amount of above mentioned
V-Ce-Ti-O oxide was added into the aqueous solution
containing the desired amount of vanadium oxalate and/or
Ti(SOy4), and stirred. After being kept at room temperature
overnight, the impregnated samples were dried at 373 K
and then calcined in air at 673 K for 5 h.

2.2 Characterization

Low angle and wide angle powder X-ray diffraction pat-
terns were collected on the Philips X'Pert Pro
diffractometer using Ni-filtered Cu Ko radiation
(4 = 0.15418 nm), operated at 40 kV and 40 mA. Nitro-
gen adsorption—desorption isotherms were measured at
liquid nitrogen temperature using a Micromeritics ASAP
2020. Prior to a measurement, the sample was degassed to
1072 Torr at 573 K for 4 h. Pore size distribution and pore
volume were calculated by the BJH method according to
the desorption isotherm branch. Elemental analysis was
performed on an ARL-9800 X-ray fluorescence spectrom-
eter. TEM images were obtained from a JEOL JEM 2100
transmission electronic microscope with an accelerating
voltage of 200 kV. The samples were dispersed in ethanol
under ultrasonic conditions and deposited onto copper grids
coated with ultrathin carbon films. Laser Raman spectra
were acquired on a Renishaw inVia Raman microscope
with the 514.5 nm line of an Ar ion laser as the excitation
source of about 2 mW. Spectra were recorded with 1 cm ™
resolution and 20 scans.

The dispersion of vanadium species was measured by
using the high temperature oxygen chemisorption method
(HTOC). About 0.1-0.2 g sample was reduced in flowing
H, (40 mL min~") at 640 K for 2 h, and evacuated at the
same temperature for 0.5 h. Oxygen uptake was measured
at 640 K.

Microcalorimetric adsorption of ammonia was per-
formed at 423 K by using a Tian-Calvet type heat flux
Setaram C80 calorimeter. The calorimeter was connected
to a volumetric system equipped with a Baratron capaci-
tance manometer for the pressure measurement and gas
handling. About 0.1 g sample was pretreated in 500 Torr
O, at 573 K for 1 h, followed by evacuation at the same
temperature for 1 h. The probe molecule ammonia was
purified with the successive freeze-pump-thaw cycles.

TPR measurements were carried out in a continuous
mode using a U-type quartz micro-reactor (3.5 mm inner
diameter). A sample of about 50 mg was contacted with a
H,:N5 mixture (5.13% volume of H, in N,) at a total flow
rate of 40 mL min~'. The sample was heated at a rate of
10 K min~' from room temperature to 1250 K. The
hydrogen consumption was monitored using a thermal
conductivity detector (TCD).



Mesoporous V-Ce-Ti-O for Methanol Oxidation to Dimethoxymethane 157
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The reaction of selective oxidation of methanol was carried M
out at atmospheric pressure in a fixed-bed micro-reactor
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(glass) with an inner diameter of 6 mm. Methanol was O O
introduced into the reaction zone by bubbling O,/N, (1/5) ~ O . A & O o o 00 o
through a glass saturator filled with methanol (99.9%) 3 o
maintained at 278 K. In each test, 0.2 g of catalyst was E k (d)
loaded, and the gas hourly space velocity (GHSV) was £
11400 mL g~ ' h™". The feed composition was maintained = ©
as methanol: O,:N, = 1:3:15 (v/v). Methanol, DMM, (b)
formaldehyde and other organic compounds were analyzed
by using a GC equipped with FID and TCD detectors (a)
connected to Porapak N columns. CO and CO, were
detected by using another GC with a TCD connected to a T T T T T T T
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TDX-01 column. The gas lines were kept at 373 K to
prevent condensation of reactants and products.

3 Results and Discussion
3.1 Structure Characterization

Figure 1 presents the low angle XRD patterns of V-Ce-Ti—O
samples. Only a single broad peak was observed for the
samples with the content of V,05 lower than 20%, indicating
the mesostructure that lacked of long range order [13—15]. The
intensity of this peak decreased gradually with the increase of
V,05 content, suggesting the increased disordered structures
of the samples.

Figure 2 shows the wide angle XRD patterns for the V-Ce—
Ti—O oxides. The diffraction peaks due to anatase were
observed for all the samples. No other diffraction peaks were
observed for the V-Ce—Ti—O samples with 0-20% of V,0s,

Mo @
3 ©
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Fig. 1 Low angle XRD patterns of (a) Ce-Ti-O, (b) 10V—-Ce-Ti-O,
(¢) 20V—Ce-Ti-O and (d) 40V—Ce-Ti-O

2 6 (Degree)

Fig. 2 Wide angle XRD patterns of (a) Ce-Ti-O, (b) 10V-Ce-Ti-O,
(¢) 10V/10V-Ce-Ti-O, (d) 20V-Ce-Ti-O, (e) 20V-Ti-O and (f)
40V-Ce-Ti-O

indicating that vanadia and ceria species were highly dis-
persed in the oxides. In the sample with 40% V,Os, weak
diffraction peaks of crystalline V,0Os5 appeared, suggesting the
occurrence of agglomeration of vanadia species. Crystalline
V,05 was also observed for the 20V-Ti—O without the pres-
ence of cerium. The 10V-Ce-Ti—O was used to support
additional 10% V,Os, and the resulted 10V/10V-Ce-Ti-O
displayed only the diffraction peaks of anatase, indicating the
highly dispersed V,0s5 on the surface of 10V-Ce-Ti-O.
Figure 3 shows the nitrogen adsorption—desorption isotherms
and corresponding BJH pore size distributions for the V-Ce—
Ti—O oxides. The surface areas and pore parameters are
summarized in Table 1. All the oxides prepared exhibited
typical IV nitrogen isotherms, characteristic of mesoporous
materials, according to the [UPAC classification [16]. Narrow
pore size distributions were derived from the hysteresis loops
as seen in the inserts of Fig. 3. The surface area, average pore
size and pore volume for the Ce-Ti—-O were found to be
160 m? g~', 5.2 nmand 0.3 cm® g™, respectively. With the
incorporation of less than 20% V,0Os, the surface areas of the
formed V-Ce-Ti—O oxides changed little, while pore sizes
and pore volumes decreased apparently. Further increase of
V5,05 to 40% led to the significantly decreased surface area
(62 m> gfl) and increased pore size (12.7 nm). The surface
area of the 20V-Ti—O (91 m> g_l) was much lower than that
of the corresponding 20V—Ce-Ti-O (159 m? g™ "), suggest-
ing that cerium might play an important role in maintaining
the thermal stability of the V-Ce-Ti—O oxides. Such effect of
cerium was also reported by Radwan et al. [17]. Addition of
10% V5,05 on the 10V—Ce-Ti—O decreased the surface areas
to about 130 m? g~' and increased the pore sizes to about
7 nm. Simultaneous addition of V,0s and SO,>~ resulted in a

@ Springer



158 J. Liu et al.
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Table 1 Surface areas, pore parameters and O, uptakes for the V-Ce-Ti-O samples
Sample SBET Pore size Pore volume O, uptake V density calculated
(m* g™ (nm) (em* g™ (umol g~") (V nm ™)
Ce-Ti-O 160 52 0.30 6 -
10V—Ce-Ti-O 162 5.0 0.27 534 4.0
20V-Ce-Ti-O 159 3.6 0.20 990 74
20V-Ti-O 91 8.4 0.31 861 11.3
40V—Ce-Ti-O 62 12.7 0.26 1516 294
10V/10V-Ce-Ti-O 134 7.2 0.30 870 7.8
5804>"-10V/10V-Ce-Ti-O 128 7.4 0.26 894 8.4

@ Springer



Mesoporous V-Ce-Ti-O for Methanol Oxidation to Dimethoxymethane

159

sample 5S04> —10V/10V—-Ce-Ti-O with the similar surface
area and pore size as the 10V/10V-Ce-Ti-O.

The TEM images of 10V-Ce-Ti-O, 10V/10V-Ce-Ti-O
and 580,% —10V/10V—Ce-Ti-O are shown in Fig. 4. No
long range ordered structures were observed for the samples.
Small particles (around 7 nm) with uniform size distribution
were clearly seen for the 10V—Ce-Ti—O. Addition of 10%
V,0s5 only and simultaneous addition of 10% V,05 and 5%
SO4>~ increased the particle size to about 10 nm. The meso-
porosity of the V-Ce-Ti—-O oxides was mainly due to the
inter-particle voids.

The Raman spectra of the V-Ce-Ti—O oxides are pre-
sented in Fig. 5. It is well known that the bands around 149,
199, 408, 528 and 645 cm™ ! are characteristic of anatase,
whereas the bands around 144, 148,611 cm ! are ascribed to
rutile phase [18]. Thus, all the V-Ce-Ti-O oxides studied in
this work exhibited typical Raman features of anatase. No
rutile phase was observed. Bulk CeO, usually exhibits a
strong band at 460 cm ™' due to the F,, Raman active mode
characteristic of fluorite-structured materials [19]. The
absence of the Raman line due to CeO, for all the V-Ce-Ti—
O samples indicated the highly dispersed Ce**" cations in the
lattice of the samples, similar to the system of Ce-Ti—-Cu—-O
oxides [20]. Additional Raman features around 800-—
1200 cm ™" observed are due to the different surface vanadia
species. Only the Raman signals due to highly dispersed
vanadia species were observed for the samples with V,05
less than 40%. Specifically, the bands around 1024-
1030 cm ™" could be assigned to isolated monomeric (or
oligomeric) terminal V=0 species [21], while the bands
around 940 cm™ ' and 830 cm ™! are characteristic of poly-
meric V-O-V species [22] and octahedral decavanadate
species Vi9Oag [5, 23] (or isolated VO,>~ tetrahedral
structure [24]), respectively. When V,05 reached 40%, a
clear band at 999 cm™' corresponding to V=0 symmetric
stretching vibration of crystalline V,0s was discerned,
indicating the formation of crystalline V,0s. Addition of
10% V,0s5 onto the 10V-Ce-Ti—O did not result in new
Raman features as compared with those of 10V-Ce-Ti-O,
suggesting again that the additional V,0s was highly dis-
persed on the 10V—Ce-Ti-O, in accordance with XRD
results. In addition, the modification of SO42_ on the 10V/
10V—Ce-Ti—O did not influence the dispersion of vanadia
species (spectrum not shown).

3.2 Surface Redox and Acidic Properties

The adsorption of O, has been used to evaluate the dis-
persion of supported V,05 [25-27]. Parekh and Weller
[25, 26] proposed a low temperature oxygen adsorption
method (LTOC) while Oyama et al. suggested a high
temperature oxygen adsorption method (HTOC) [27].

Fig. 4 Transmission electron microscopy (TEM) images of (a) 10V—
Ce-Ti-0, (b) 10V/10V-Ce-Ti-O and (¢) 550,>"—10V/10V-Ce-Ti-O
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Fig. 5 Raman spectra of (a) Ce-Ti-O, (b) 10V-Ce-Ti-O, (¢) 10V/
10V—Ce-Ti-0, (d) 20V-Ce-Ti-O and (e) 40V-Ce-Ti-O

It was suggested that the HTOC might exert less possibility
of bulk reduction and sintering [28], and we used the
technique to estimate roughly the dispersion of vanadium
species. In this technique, the samples were first reduced in

H, at 640 K, at which only surface vanadium species were
supposedly reduced [27]. O, adsorption was then per-
formed at 640 K to titrate the number of reduced vanadium
cations on the surface with the ratio of O/V = 1.

Table 1 gives the O, uptakes and corresponding V
densities for the different V-Ce—Ti—O oxides. It is seen that
the Ce-Ti—O did not seem to adsorb O, (6 pmol g~ only),
indicating that little species could be reduced in the sample
(or non-redox). The incorporation of vanadium species
increased the O, uptakes. Since the Ce-Ti—O almost did
not adsorb O,, O, was mainly adsorbed on vanadium
species in the V-Ce-Ti—O samples. Wachs [29] reported
that the theoretical density for the monolayerly dispersed
vanadium species on TiO, was 7.9 V nm 2. Since the
10V—Ce-Ti-O possessed 9.6% V,05 (measured by XRF,
see Table 2) and the surface area of 162 m* g~ ', the den-
sity of vanadium species was calculated to be 3.9 V nm ™2,
lower than the monolayer capacity. The surface density of
vanadium as titrated by O, adsorption for the sample was
4.0 Vnm™? almost same as the amount of vanadium
contained in the sample. This implied that all the vanadium
species in the 10V-Ce-Ti—-O sample were titrated by the
O, adsorption at 640 K. Similarly, the 20V-Ce-Ti—O and
10V/10V—-Ce-Ti-O contained vanadium species of 7.5 and
9.0 Vnm 2, according to their surface areas in Table 1
and the contents of V,0s5 in Table 2. The titrated surface
densities of vanadium in the two samples were 7.4 and
7.8 V. nm ™2, respectively, suggesting again that the O,
adsorption at 640 K titrated most of the vanadium species
in the samples. The content of V,05 in the 40V-Ce-Ti—O
was not measured. Supposing it contained 40% V,0s with
the surface area of 62 m” g~ ', the density of vanadium was
calculated to be 42.7 V nm 2. The surface density of
vanadium for this sample as titrated by O, adsorption
was 29.8 V nm ™2, much greater than the monolayer dis-
persion capacity (7.9 V nm~?), indicating that the HTOC
technique did titrate sublayers of vanadia species. Without
the presence of Ce, the 20V-Ti—O exhibited lower surface

Table 2 Selective oxidation of methanol over different catalysts at 423 K

Catalyst Content® (wt.%) Conv. (%) Selectivity (%)
Ce V,0s S0,2~ DMM® FA® MPF® DME®

Ce-Ti-O 1.6 - - 0.9 0 0 0 100
10V-Ce-Ti-O 15 96 - 12 62 22 16 0
20V-Ce-Ti-O 1.1 18.0 - 31 26 22 51 1
20V-Ti-O - - - 22 48 40 11 1
2.550,%7/20V-Ce-Ti-O 1.0 17.8 25 40 9] 1 7 1
10V/10V-Ce-Ti-O 13 18.2 - 29 52 18 29 1
580,>=10V/10V-Ce-Ti-O 13 17.7 55 72 85 0 14 1

* The contents of Ce, V,05 and SO427 were measured by XRF

® DMM = dimethoxymethane; FA = formaldehyde; DME = dimethyl ether; MF = methyl formate
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area as compared to the 20V-Ce-Ti-O, leading to the
lower O, uptake and lower dispersion of vanadium species.

Temperature programmed reduction (TPR) is a technique
usually used to characterize the reducibility of various metal
oxides or supported catalysts. Figure 6 shows the TPR pro-
files of different V-Ce—Ti—O samples. No TPR peaks were
observed for the Ce-Ti-O, indicating the non-redox feature
of the sample, consistent with the result of O, adsorption.
Two TPR peaks can be seen for the 10V-Ce-Ti—O around
775 and 797 K, which might be ascribed to the reduction of
monomeric and polymeric surface VO, species from V> to
V3T [30, 31]. These two peaks shifted to higher temperatures
with the increase of vanadia content. Addition of 10% V,0s5
on the 10V-Ce-Ti-O did not seem to change the TPR profile,
but increased the peak intensities. Bulk V,0s5 displayed a
completely different reduction feature, which has been dis-
cussed thoroughly before [32]. The significantly lower
reduction temperatures for the V-Ce-Ti—O than for bulk
V5,05 suggested the enhanced reducibility (or redox ability)
of the V-Ce-Ti—O samples.

Microcalorimetric adsorption of ammonia has been used
to determine the number, strength and strength distribution
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Fig. 6 TPR profiles of (a) Ce-Ti-O, (b) 10V-Ce-Ti-O, (c) 10V/10V—
Ce-Ti-O, (d) 20V-Ce-Ti-O, (e) 40V—Ce-Ti-O and (f) V,0s

of surface acidities [33]. Differential heats versus coverage
for NH; adsorption on the V-Ce-Ti-O samples are
depicted in Fig. 7. The Ce-Ti—O exhibited the initial
adsorption heat of 151 kJ mol™' with NH; saturation
coverage of 2.6 pmol m~ 2. The incorporation of V into the
Ce-Ti—O enhanced the surface acidity since both the initial
heat and saturation coverage of NHj; increased. Specifi-
cally, the initial heat and ammonia coverage increased
to 183 kJ mol™' and 4 pmol mfz, respectively, for the
10V-Ce-Ti-O. Addition of SO,>~ into V-Ce-Ti-O also
increased the surface acidity. For example, addition of
2.5% SO42_ into the 20V-Ce-Ti-O increased the initial
heat from 158 to 173 kJ mol~" and the saturation coverage
of ammonia from 3.5 to 4.4 pmol m~2. However, when
more SO427 (5.5%) was added into the 10V/10V-Ce-Ti-O,
much lower initial heat (15 kJ molfl) was measured, due
to the endothermic interaction of ammonia with polymer-
ized surface sulfates. Similar phenomenon was also
reported by Desmartin-Chomel et al. for the sulfated tita-
nia, and the existence of polymerized sulfate species were
observed by FTIR [34]. Thus, the initial heat of ammonia
adsorption for the samples with high contents of SO,*~
cannot be used as an indication of strength of surface
acidity. However, it is clear that the density of acid
sites as determined by the adsorption of ammonia was
significantly higher for the 5% SO,* —10V/10V—Ce-
Ti-O (4.6 pmol m™2) than for the 10V/10V—-Ce-Ti-O
(3.9 pmol m™2). The sample SO,>/20V-Ce-Ti-O with
2.5% SO42_ did not show the decreased initial heat. This
might be an indication that no polymerized surface sulfates
were formed in the 2.550427/20V—Ce—Ti—O [34].
Infrared spectroscopy for ammonia adsorption is a fre-
quently used tool to probe the surface acidity (Brgnsted and
Lewis sites). The FTIR spectra of adsorbed NHj for the
V—Ce-Ti-O samples are presented in Fig. 8. The Ce-Ti—O
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Fig. 7 Differential heat versus coverage for NH;3 adsorption at 423 K
over the V-Ce-Ti-O catalysts
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collected at room temperature

exhibited the bands at 1598, 1261 and 1164 cm ™", belonging
to NH; coordinately adsorbed on Lewis acid sites [34]. The
bands at 1666 and 1463 cm™"' were related to the adsorbed
NH; on Brgnsted acid sites [34]. Figure 8 shows that the
Ce-Ti—O possessed mainly Lewis acidity with only weak
Brgnsted acidity. The incorporation of 10% V,0Os into Ce—Ti—
O greatly enhanced the Brgnsted acidity, as illustrated by the
increased intensity around 1440 cm™". The enhanced surface
Brgnsted acidity might be created by the hydroxyl groups on
the vanadia species in the 10V—Ce-Ti—O. The Lewis acidity
with the band around 1164—1188 cm™" due to the surface of
Ce-Ti—O was still seen in the 10V—-Ce-Ti—O. This band
disappeared when additional 10% V,0s5 was added into the
10V-Ce-Ti—O, probably due to the covering of Ce-Ti—O
surface by dispersed V,0s. The band around 1249 cm™'
could be ascribed to the Lewis sites on the surface of dispersed
V,0s. Further addition of 5% SO427 onthe 10V-Ce-Ti—O did
not seem to increase the surface Brgnsted acidity. In stead, a
band around 1197 cm™' appeared, which was owing to the
Lewis acidic sites generated upon the addition of sulfate. The
generation of Lewis acid sites due to the addition of sulfate on
TiO; has been reported elsewhere [34].

3.3 Selective Oxidation of Methanol
to Dimethoxymethane

Methanol and its derivatives have been widely studied due to
their industrial importance [12]. In addition, the catalytic
oxidation of methanol is a convenient structure-sensitive
reaction, which has been widely used to characterize the
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surfaces of metal oxides for their acid/base and redox prop-
erties [12, 35]. The results for the conversion of methanol over
the Ce-Ti-O and V-Ce-Ti-O catalysts under oxidative
atmosphere were given in Table 2.

The data in Table 2 showed that the conversion of
methanol was very low (0.9%) over the Ce-Ti—O at 423 K.
The only product was DME. This is due to that the Ce-Ti—
O was lack of redox property, as evidenced by the results of
O, adsorption and TPR. Incorporation of V into Ce-Ti—O
drastically improved the activity of selective oxidation of
methanol. For example, the conversion of methanol on the
10V-Ce-Ti—O was 12% with DMM as the main product
(62%). The increased activity and selectivity to DMM were
due to the enhanced surface acidic and redox properties of
the V-Ce-Ti-O. The 20V-Ce-Ti-O sample exhibited
higher methanol conversion and higher selectivity to MF
than the 10V-Ce-Ti—-O. The 20V-Ti-O exhibited lower
methanol conversion than the 20V-Ce-Ti—O and produced
more formaldehyde. Addition of 2.5% SO4>~ into the
20V—Ce-Ti-O increased the conversion of methanol from
31 to 40% and the selectivity to DMM from 26 to 91%,
owing to the enhanced surface acidity. It has been reported
that the selective oxidation of methanol to DMM might
involve two steps: (1) oxidation of methanol to formalde-
hyde on redox sites and (2) condensation of formaldehyde
produced with additional methanol to DMM on acidic sites.
Thus, the strengths of surface acidity and redox ability of a
catalyst were two important aspects in determining the
selective oxidation of methanol to DMM [36-40].

Addition of V,05 and SO427 onto V-Ce-Ti-O
enhanced further the surface redox and acidic properties.
For example, the addition of 10% V,05 onto 10V-Ce-Ti—
O increased the conversion of methanol from 12 to 29%
and the selectivity to MF from 16 to 29%, due to the
enhanced surface redox ability. Further addition of 5.5%
SO42_ increased the conversion of methanol from 29 to
72% and the selectivity to DMM from 52 to 85%, owing to
the enhanced surface acidity. The selectivity of DMM was
quite high (85%) over the SO427—10V/ 10V—Ce-Ti-O,
even at high conversion of methanol (72%). This result
appears promising for the industrial application. Thus, we
demonstrated in this work that the mesoporous V-Ce-Ti—O
oxides could act as the appropriate supports for V,0O5 and
SO4>~ to achieve the excellent performance for the selec-
tive oxidation of methanol to DMM.

4 Conclusion

Mesoporous V—Ce-Ti—O materials were successfully syn-
thesized via a combination of sol-gel and hydrothermal
methods, which possessed the surface areas of about
160 m* g=' and pore sizes of about 4-5nm. Such
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materials exhibited weak surface acidity and redox ability
that could be significantly enhanced by the addition of
V,0s and SO,>~ simultaneously on the surface, leading to
the bi-functional catalysts with strong acidic and redox
characters that favored the selective oxidation of methanol
to dimethoxymethane. Specifically, the 5% SO,* —10%
V/10% V-Ce-Ti-O exhibited the excellent performance for
the selective oxidation of methanol to DMM. The conversion
of methanol reached 72% over the 5% SO427—10% V/10%
V—Ce-Ti-O with 85% selectivity to DMM at 423 K.
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ARTICLE INFO ABSTRACT

Article history:

The introduction of sulfates into vanadia-titania catalysts and the influence of the preparation method
on the properties of the sulfated samples have been studied. Series of V,05-TiO5/SO4%~ (VTiS) catalysts
were prepared by co-precipitation, sol-gel and mechanical grinding methods and calcined at different
temperatures. Their structural properties were characterized by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA) and X-ray photoelectron
spectroscopy (XPS). Co-precipitation was by far the best preparation method in terms of maximizing the
surface area and the mesoporosity. Temperature-programmed reduction (TPR) revealed that only the
vanadia species were reducible. The results from XRD and FT-IR showed that V,05 was well dispersed on
the surface of TiO,. XPS showed that the surface vanadium oxide was composed of stoichiometric V,04
and V,0s, as well as V,03 species especially for the samples prepared by mechanical grinding.
Meanwhile, titanium was present in its fully oxidized state in all the VTiS samples, and the sulfur-
containing species presented an oxidation state of +6. The reaction of isopropanol (IPA) conversion in air
was used to characterize the surface acid/base and redox properties. The higher activity for the IPA
conversion over the VTiS catalysts as compared to TiO, was possibly due to the generation of redox sites
upon the addition of V,0s. Moreover, the surface acidic properties were enhanced and the redox
properties weakened upon addition of SO4%~ species.
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1. Introduction

V,05-TiO, catalysts are commonly used for a number of
industrially important reactions, including the selective oxidation
of o-xylene to phthalic anhydride [1-5], the selective catalytic
reduction (SCR) of NO, [6-10], the selective oxidation of alkanes
[11-14], the ammoxidation of hydrocarbons [12-15], the selective
oxidation of toluene to benzaldehyde and benzoic acid [16,17], the
selective oxidation of methanol to formaldehyde [18] and methyl
formate [19], and the selective oxidation of ethanol to acetalde-
hyde [20]. Extensive studies have been devoted to such catalysts
regarding the dispersion, surface structure, oxidation states and
reducibility of the supported vanadia species under different
conditions, and these properties have been correlated to the
performance in selective oxidation reactions. Excellent summaries
about these studies can be found in refs. [21-26]. Moreover, it has
been shown that the addition of SO4%~ species to TiO, generates
strong acidic sites at high temperature and can lead to high activity
in the SCR reaction [27]. This effect is especially strong in the case

* Corresponding author. Fax: +33 472445399.
E-mail address: aline.auroux@ircelyon.univ-lyon1.fr (A. Auroux).

0926-860X/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2008.12.037

of 5042*/T102 catalysts, which show higher activity than V,0s5
based catalysts at high temperature [28]. Chen and Yang [29,30]
have reported that the addition of SO, increased the NO removal
activity of V,05/TiO, due to the formation of surface sulfate species
enhancing the surface acidity of catalyst. Amiridis et al. [7] have
also reported that, on vanadia-titania catalysts, the gaseous SO,
contained in the feed gas system could participate in the formation
of surface sulfate species which strongly interact with vanadia and
then improve the catalytic surface reactivity. Furthermore, it has
recently been reported that TiO,-supported V,0s catalysts
modified by SO42~ ions possess a better activity in the selective
catalytic reduction of NO, [31,32], suggesting that the surface
acidity of the catalysts could be greatly enhanced by the addition of
S04%~. Moreover, in the SCR reaction, it is certain that both the
acidity and the redox properties of the catalysts are controlling
factors of the reactivity [30,32].

Supported vanadium oxide catalysts can be prepared by several
methods, such as impregnation, co-precipitation, liquid-phase
grafting and chemical vapour deposition [33]. The principal
techniques of catalyst preparation involve two stages: the first
stage is dispersion and is achieved by impregnation, grafting, or co-
precipitation, while the second stage is calcination. Although the
synthesis of V,05/TiO, systems has been extensively studied, the
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Table 1
Chemical analysis, X-ray photoelectronic spectroscopy analysis, BET surface area, average pore radius, and pore volume of the samples.
Sample Preparation method Calcination CA (wt.%) XPS (wt.%) Sger (m?2g~')  Average pore Pore volume
temperature (K) " - diameter (nm) (mlg')
Ti S \% Ti S
VTiS-1 Co-precipitation 673 12.56  40.72 145 142 372 15 250 12.6 0911
VTiS-2 723 1337 4384 <03 17.7 357 03 105 20.7 0.644
VTiS-3 773 1359 4396 <03 176 366 - 58 n.d. n.d.
VTiS-4 Co-precipitation with 1 wt.% PEG 673 1245 4137 249 141 359 27 243 104 0.794
VTiS-5 723 1338  45.11 <0.3 182 362 - 74 22.7 0.556
VTiS-6 773 13.67 4423 <03 181 365 - 51 n.d. n.d.
VTiS-7 Sol-gel 673 9.65 39.50 567 352 136 15 7 n.d. n.d.
VTiS-8 723 114 44.83 135 191 261 5.0 43 12.7 0.153
VTiS-9 773 1229 4690 <03 244 275 03 32 n.d. n.d.
VTiS-10  Mechanical grinding 673 1439  31.02 8.19 25 397 57 145 n.d. n.d.
VTiS-11 723 1243  34.59 6.51 3.7 425 44 132 7.3 0.290
VTiS-12 773 15.27 39.10 1.37 3.1 44.4 4.0 117 n.d. n.d.
TiO, Millenium 723 - - 0.17 - - 02 313 4.6 0.37

n.d.: not determined.

introduction of sulfates into vanadia-titania catalysts and the
influence of the method of preparation on the properties of
sulfated V,0s5/TiO, have received little attention. Thus, in the
present work, we study the influence of the preparation method
and the effect of the calcination temperature on the properties of
VTiS catalysts, focusing especially on the structural and redox
properties.

V,05-Ti0,/S04% " catalysts were prepared by co-precipitation,
co-precipitation with 1 wt.% PEG-400 (poly-ethylene-glycol-
400), sol-gel, and mechanical grinding methods. The textural
properties and the crystalline structure of the materials were
studied by using BET, X-ray diffraction (XRD), and FT-IR
techniques, while the redox properties were measured by using
TPR. Moreover, the samples were also tested in the isopropanol
(IPA) conversion probe reaction and the results analyzed in
relation with the addition of SO,

2. Experimental
2.1. Catalyst preparation

Different synthesis routes were followed for obtaining four
groups of catalysts, each one composed of three samples differing
as to the calcination temperature.

The theoretical amount of vanadium pentoxide was fixed at
25 wt.% whatever the preparation method used.

2.1.1. Preparation by co-precipitation

High surface area vanadia-titania-sulfate catalysts (denoted by
VTiS) were prepared by a co-precipitation method. 4 g of V,05-
Ti0,/SO4%~ sample were prepared starting from 2.5g of
VOSO4xH,0 and 9.2 g of TiOSO4-xH,SO4-xH,0. At first, the
precursors were dissolved in 400 mL of deionized water, forming
asolution(S1)containing vanadium and titanium while 20 mL of a
28 wt.% NH3-H,0 solution were placed in an ice bath. Then S1 was
slowly dropped into the NH3-H,0 solution under vigorous stirring
in the ice bath, and a brown precipitate formed immediately. This
precipitate was first aged for 1 h at room temperature and then
filtered. The filtered cake was redispersed by stirring into a
mixture containing 1-butanol to form a homogeneous slurry.
Finally the slurry was transferred to a beaker which was placed in
an oil bath to remove the solvent. At the temperature of 367 K
(azeotropic point of the water-butanol system), water and part of
1-butanol in the slurry were distilled, and then at 391 K (boiling

point of 1-butanol), the residual 1-butanol was further removed.
The VTiS-1, VTiS-2 and VTiS-3 samples were prepared in this way,
and then calcined in air for 5 hat 673, 723 and 773 K, respectively
(Table 1).

2.1.2. Preparation by co-precipitation with 1 wt.% PEG-400

PEG-doped VTiS particles were synthesized by adding an
amount of 1wt.% of PEG-400 into diluted NH5-H,O solution,
followed by the same process as above. The VTiS-4, VTiS-5 and
VTiS-6 samples were prepared in this way, with calcination
temperatures of 673, 723 and 773 K, respectively (Table 1). PEG is
known to improve the physical properties of the sample in terms of
surface area and structure and it also carries the role of reducing
agent [34].

2.1.3. Preparation by sol-gel method

The synthesis of mixed vanadia oxide (V,05/TiO,) was carried
out using an organic mixture containing vanadyl acetylacetonate
and titanium (IV) isopropoxide in propanol-2-ol as solvent. A
homogeneous gel was obtained by hydrolysis and precipitation
after addition of water to this mixture. The amount of water added
corresponded to a volume ratio [H,O]/[Ti(OR)4] equal to 2. To
obtain sulfated oxides, sulfuric acid was added to the organic
mixture, according to a molar ratio nS/nTi = 0.25. Next, the gels
were filtered, and then dried for 12 h at 373 K. Finally, the catalysts
were obtained after calcination in air for 12 h. This longer time of
calcination compared to the other series of samples was justified
by preliminary TG-DTG experiments which have shown that
decomposition of sol-gel precursors required a slightly higher
temperature and more time than the other precursors. The VTiS-7,
VTiS-8 and VTiS-9 samples were prepared in this way, with
calcination temperatures of 673, 723 and 773 K, respectively
(Table 1).

2.1.4. Preparation by mechanical grinding

V,05-50,427/TiO, catalysts were also prepared by mechanical
grinding in an agate mortar using TiO, (313m?g ! after
calcinations at 723 K, Millennium™* G5) and VOSO,4-xH,0 in definite
proportions corresponding to the theoretical amount of 25 wt.%
V,0s, and then calcined in air for 5 h. The VTiS-10, VTiS-11 and
VTiS-12 samples were prepared in this way, using calcination
temperatures of 673, 723 and 773 K, respectively (Table 1).
However, it should be noticed that the parent commercial TiO,
already contains some sulfates (0.17 wt.% S).
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2.2. Catalyst characterization

Elemental analysis was performed using ICP atomic emission
spectroscopy (ICP-AES) with a flame PerkinElmer M1100 spectro-
meter.

The surface areas and pore sizes were measured by nitrogen
adsorption at 77 K on a Micromeritics 2010 apparatus after heat
pretreatment under vacuum for 3 h at a temperature 50 K lower
than the calcination temperature.

The X-ray diffraction (XRD) measurements were carried out on
a Bruker D5005 powder diffractometer scanning from 3° to 80° (26)
at a rate of 0.02°s ! using a Cu Ko radiation (A =0.15418 nm)
source. The applied voltage and current were 50 kV and 35 mA,
respectively.

The thermogravimetric analyses (TGA) were performed
on a SETARAM Labsys instrument in the 303-1073 K tem-
perature range, with a heating rate of 5 K min~', under nitrogen
flow.

The X-ray photoelectron spectra (XPS) were measured on a
KRATOS AXIS Ultra DLD spectrometer equipped with a hemi-
spherical electron analyzer and an Al anode (Al Ko = 1486.6 eV)
powered at 150 W, a pass energy of 20 eV, and a hybrid lens mode.
The detection area analyzed was 700 wm x 300 wm. Charge
neutralization was required for all samples. The peaks were
referenced to the C-(C, H) components of the C 1s band at 284.6 eV.
Shirley background subtraction and peak fitting to theoretical
Gaussian-Lorentzian functions were performed using an XPS
processing program (vision 2.2.6 KRATOS). The residual pressure in
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the spectrometer chamber was 5 x 10° mbar during data
acquisition.

The skeletal FT-IR spectra were recorded at room temperature
with a Bruker Vector 22 FTIR spectrophotometer (DTGS detector)
operating in the 4000-400 cm ' range, with a resolution of 2 cm ™!
and 100 acquisition scans. In each experiment, 2 mg of sample
were mixed with 198 mg of KBr.

H,-TPR measurements were carried out in a continuous
mode using a U-type quartz microreactor (16 mm diameter).
50 mg of the calcined samples were first pretreated in situ for
1h at 673 K (1 Kmin™') in air flow. After cooling and a step of
purge of the lines in Ar flow, an H,:Ar mixture (H,:Ar volume
ratio of 1% and total flow of 20 mL min~!) was sent through the
sample while increasing the temperature up to 1073 K with a
rate of 5 Kmin~!. The hydrogen consumption was monitored
using a DelsiNermag (DN) 11 thermal conductivity detector
(TCD).

The reaction of isopropanol conversion was used to characterize
the surface acidity. This probe reaction was carried out in a fixed-
bed glass tube reactor. About 100 mg of sample were loaded for
each reaction. Isopropanol was introduced onto the catalyst by
bubbling air through a glass saturator filled with isopropanol
maintained at 295 K. Isopropanol and reaction products were
analyzed by an online gas chromatograph, using a PEG 20M packed
column connected to a Flame Ionization Detector (FID). Each
catalyst was pretreated by heating air at the same calcination
temperature for 1 h and then cooled in the same flow to the
reaction temperature.
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Fig. 1. X-ray diffraction (XRD) patterns for VTiS catalysts prepared by different methods: (a) co-precipitation, (b) co-precipitation with 1 wt.% PEG-400, (c) sol-gel and (d)

mechanical grinding.
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3. Results and discussion
3.1. Surface structure

The results of bulk (chemical analysis) and surface (XPS)
analysis, as well as surface area and porosity data for all the
samples, are given in Table 1. Depending on the preparation
method and calcination temperature, the sulfur wt.% varied greatly
and remained difficult to control. The sulfur content was observed
to be higher for sol-gel and mechanical grinding than for co-
precipitation method and in any case it decreased with increasing
calcination temperature. The chemical analysis (CA) results can be
compared to the surface analysis obtained from XPS measure-
ments. Sol-gel samples are noticeably enriched in vanadia species
at their surface compared to the co-precipitated samples (Table 1)
probably due to a segregation of vanadia on the surface. On the
contrary, the samples prepared by mechanical grinding display
much less vanadia species at their surface than expected from
chemical analysis. The sample area analyzed by XPS and the
particle size certainly play an important role in this observation
and stem for the heterogeneity of these samples.

The XRD patterns of all VTiS samples are presented in Fig. 1. It
can be seen from the figure that typical diffraction peaks
characteristic of anatase TiO, are observed for all VTiS samples
except for VTiS-7, indicating that calcination at 673 Kin air for 12 h
is not sufficient to obtain the crystalline anatase phase. VTiS-1 and
VTiS-4 samples are poorly crystallized and contain amorphous
TiO,. The intensities of the peaks due to anatase TiO, increased
with increasing calcination temperature. A weakly crystalline
vanadia phase appeared only when the calcination temperature
reached 773 K, indicating that vanadium oxide was present in a
highly dispersed manner. It also appears that sulfate ions delay the
crystallization and the sintering upon calcination, since sulfate-
free oxides are more crystalline than sulfated ones [32]. Very
similar XRD diffraction lines were observed for the co-precipitated
VTiS samples doped or not with 1 wt.% PEG-400, but the intensities
of the peaks were stronger for the former, which suggests the
agglomeration of TiO, and V,0s5 particles upon the addition of
1 wt.% PEG-400.

Table 2 lists the average sizes of the TiO, particles as
determined by the Debye-Scherrer formula from the XRD data,
and found to be around 12 nm for VTiS-2 and VTiS-5, 21 and 9 nm
for VTiS-8 and VTiS-11, respectively, which samples were all
calcined at the same temperature of 723 K. The crystal size
increased with increasing calcination temperature, suggesting the
agglomeration of TiO, particles, in consistence with the surface
area data given in Table 1.

The influence of the preparation method on the thermal
properties of the 673 K calcined samples was investigated by
thermal analysis; the results are illustrated in Fig. 2a and b for
samples VTiS-1 and VTiS-7, respectively. A significant weight loss
beginning at 700 K and corresponding to a DTG peak maximum
around 755-760 K was observed for both samples, temperature at
which the decomposition of water and organic ligands is already
completed. This phenomenon is attributed to the decomposition of
sulfate species present in the solid and is confirmed by the very low
amount of sulfur remaining in samples VTiS-2 and VTiS-3. Besides,
for sample VTiS-7 in addition to a little shift of this peak to a higher
decomposition temperature a shoulder in the region between 770
and 820K, centered at 780 K was observed corresponding to a
subsequent decomposition of the remaining sulfur species.
Moreover, a further small weight loss was observed in the
temperature range of 873-990 K, which is related to the oxygen
loss from vanadium(V) oxide species to vanadium(IV) oxide
species, as already reported by several authors [35,36]. This
transformation is stronger for VTiS-1 sample than for VTiS-7

Table 2
Calculated average size of TiO, particles in the VTiS catalysts prepared at various
calcination temperatures by different preparation methods.

Sample Calcination temperature (K) FWHM (°) Average size (nm)
VTiS-1 673 1.23 7
VTiS-2 723 0.67 12
VTiS-3 773 0.44 19
VTiS-4 673 1.09 7
VTiS-5 723 0.61 13
VTiS-6 773 043 18
VTiS-7 673 - -
VTiS-8 723 0.39 21
VTiS-9 773 0.34 24
VTiS-10 673 0.90 9
VTiS-11 723 0.89 9
VTiS-12 773 0.78 10

according to the higher vanadia content. Very similar TG-DTG
curves to VTiS-1 were observed for VTiS-4 and VTiS-10 samples.

The VTiS-1 sample, prepared by co-precipitation and calcined at
673K in air flow for 5h, displays the largest surface area of
250 m? g~ !. Moreover, it was found that increasing the calcination
temperature decreased the surface area, down to the lowest value
at 773 K(58 m? g~ ') for the same series of samples. Adding PEG did
not change significantly the surface area of the co-precipitated
samples. Indeed no benefit was gained upon PEG addition.
Comparatively, samples prepared by the sol-gel method displayed
lower surface area. Generally, in sol-gel methodology the proton
concentration plays an important role and may be was too high
upon addition of sulfuric acid to obtain larger surface areas. In
addition, the very low surface area of sample VTiS-7 calcined at
673 K could be explained by an incomplete solvent removal during
the gel-drying step and/or an incomplete decomposition of the
sol-gel precursor at this temperature. A minimum calcination
temperature of 723 K was needed to form the V,05-Ti0,-S04%~
catalyst. Samples prepared by mechanical grinding maintained a
relatively high surface area at high temperature.
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Fig. 2. TG and DTG curves of the calcined (a) VTiS-1 and (b) VTiS-7 catalysts.
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Table 3
Binding energies and V/Ti atomic ratios (surface and bulk composition) of the VTiS catalysts.
Sample Calcination Binding energy (eV) (V/Ti)¢ (V[Ti)®

temperature (K) :

V 2ps2 Ti 2p3)> S 2pip

VTiS-1 673 516.5 (19%)° 517.6 (81%)° 459.0 169.0 0.36 0.29
VTiS-2 723 516.5 (21%)° 517.7 (79%)° 459.0 169.3 0.47 0.29
VTiS-3 773 516.3 (21%)° 517.7 (79%)° 459.0 - 0.46 0.29
VTiS-4 673 516.4 (29/)b 517.6 (71%)° 459.0 169.0 0.37 0.28
VTiS-5 723 516.4 (20%)° 517.7 (80%)° 459.1 - 0.47 0.28
VTiS-6 773 516.6 (21%)° 517.6 (79%)° 459.1 - 0.47 0.29
VTiS-7 673 516.3 (12%)° 517.5 (88%)° 459.0 169.1 2.5 0.23
VTiS-8 723 516.5 (9%)° 517.7 (91%)° 459.0 168.9 0.71 0.24
VTiS-9 773 516.4 (11%)° 517.6 (89%)° 459.0 169.0 0.83 0.25
VTiS-10 673 515.7 (13%)? 517.0 (73%)° 518.0 (14%)° 459.4 169.1 0.06 0.44
VTiS-11 723 515.7 (12%)* 516.9 (73%)° 518.0 (15%)° 459.2 169.1 0.08 0.34
VTiS-12 773 515.7 (13%)* 516.9 (81%)° 518.0 (6%)° 459.3 169.0 0.06 037

 Binding energies (BEs) between 515.7 and 515.8 eV correspond to V3" in V,0s.
Binding energies (BEs) between 516.3 and 517.0 eV correspond to V4* in V,0,.
Binding energies (BEs) between 517.5 and 518.0 eV correspond to V°* in V,0s.

b
C
4 Surface atomic ratio determined by XPS.

€ Bulk atomic ratio determined by chemical analysis (for comparison).

The catalysts as well as the TiO, support present nitrogen
adsorption-desorption isotherms of type IV with H1 or H3
hysteresis loops, according to the IUPAC classification [37],
characteristic of mesoporous materials. The average pore dia-
meters and pore volumes of the samples calcined at 723 K are
summarized in Table 1. The surface area and pore volume for VTiS-
2 were found to be 105 m? g !, and 0.644 cm® g~ !, respectively,
slightly higher than those of VTiS-5, calcined at the same
temperature (see Table 1) which could be explained by the
agglomeration of TiO, and V,0s particles with the addition of
1 wt.% PEG-400. VTiS-8 prepared by sol-gel method exhibited a
considerably decreased pore volume of about 0.153 cm® g~ (due
to the change in the crystallographic phase as shown by the XRD
results), while the average pore size increased very slightly. Finally,
the average pore size and pore volume for VTiS-11 were 7.3 nm,
and 0.290 cm® g~ !, respectively.

Information about the relative amounts and dispersion of
vanadia and sulfate species as well as indications about the
oxidation state of vanadium in the catalysts were acquired by XPS.
The C 1s peak at 284.6 eV was used as an internal standard for the
calibration of binding energies. The binding energy (BE) references
of the V 2p3), line used to identify the vanadium oxide phases in
the catalysts were calculated based on the data in refs. [38,39].
Andersson [38] has reported the V 2ps);, line position for several
vanadium oxides by standardizing the spectra to the O 1s signal at
529.6 eV. Since in this study the O 1s peak is centered at around
530.4 eV, ie. allows a shift of ~0.8 eV in V 2p;), signal toward
higher BEs, the reference V 2p;), peak position for V,0s, VOi3,

Table 4

Binding energies and O 1s concentration (in atomic %) for the different oxygen species (TiO, + V505, —-OH, and -S04%~

V,0,4 and V,03 could be fixed around 517.5, 517.1, 516.4 and
515.8 eV, respectively.

For all samples, Table 3 presents the binding energies of the V
2p3)2, Ti 2p3j2, and S 2pq; lines as well as the V/Ti atomic ratios
from XPS measurements and chemical analysis. Moreover, Table 4
reports the relative components from the decomposition of the O
1s line. As example the V 2p Ti 2p, and S 2p XPS spectra for VTiS-4
sample are presented in Fig. 3a-c, respectively. Besides the V 2p
XPS spectrum of VTiS-10 catalyst is given in Fig. 4 for comparison.
Only two peaks related to the presence of V> and V** could be
detected for the VTiS-4 sample, centered at 517.6 and 516.4 eV,
respectively, while the presence of three oxidation states for ViTS-
10 was established by V 2ps,, peaks centered at 518.0, 517.0 and
515.7 eV characteristic of V>*, V#*, and V3* species, respectively
[40-42]. No differences were detected among the various samples
for the Ti and S XPS peaks.

The observed values of the V 2ps, line revealed that the surface
of catalysts prepared by co-precipitation, co-precipitation with
PEG and sol-gel, the pentavalent, fully oxidized state of vanadia
was predominant. The sol-gel samples presented about 10% V#*
species while the co-precipitated samples were slightly more
reduced, presenting contributions of ~20% V#*. The formation of
V* species may be due to the exposure of the catalysts to X-
radiation under ultra-high vacuum (UHV) operating conditions.

Samples prepared by mechanical grinding showed a totally
different repartition of vanadia species. The main contribution
(>70%) corresponded to V** species; a slight displacement toward
higher BEs (+0.4 eV) and the presence of ~12% V>* were observed,

) present on the VTiS catalyst surfaces.

Sample Calcination Binding energy (eV) of O 1s

temperature (K) .

TiO, and V,0s -OH S04%~

VTiS-1 673 530.4 (78%) 531.7 (15%) 532.4 (7%)
VTiS-2 723 530.4 (90%) 531.7 (10%) -
VTiS-3 773 530.3 (85%) 531.5 (15%) -
VTiS-4 673 530.4 (73%) 531.4 (10%) 532.2 (16%)
VTiS-5 723 530.4 (89%) 531.5 (11%) -
VTiS-6 773 530.4 (84%) 531.5 (16%) -
VTiS-7 673 530.3 (79%) 531.5 (15%) 532.5 (6%)
VTiS-8 723 530.3 (62%) 531.6 (22%) 532.3 (16%)
VTiS-9 773 530.3 (88%) 531.5 (12%) -
VTiS-10 673 530.5 (62%) - 532.1 (38%)
VTiS-11 723 530.4 (67%) - 532.0 (33%)
VTiS-12 773 530.4 (71%) - 532.1 (29%)
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Fig. 3. (a) V 2p, (b) Ti 2p, and (c) S 2p XPS spectra for the calcined VTiS-4 sample.

indicating that a large amount of sulfate could favor the reduction
of V(V) to V(IV) and even to V(III). As seen in Table 2, the BE position
of the Ti 2ps;, line was at 459.0 + 0.1 eV (value of pure TiO, is
~458.8 eV [43]. This position was maintained for all samples, with the
exception of mechanical grinding catalysts, whose value had shifted
to 459.3 eV.

Binding energies of 169.0 eV were measured for the S 2p line.
According to the literature data [44], these binding energy values
are typical of sulfur in the S® oxidation state on the catalyst
surface, as in Na,SO4 or Fe,(SO4)3. The peaks at 161-162.8 eV
assigned to sulfide and at 164 eV assigned to elemental sulfur were
not observed. The S° species might be present in the form of
bidentate sulfate on the surface of TiO,, either chelating or
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Fig. 4. V 2p XPS spectra for the calcined VTiS-10 sample.

bridging, as proposed in the literature [45]. The results of chemical
analysis and X-ray photoelectron spectra for the S element showed
that the S content decreased rapidly with increasing calcination
temperature. The S content in the VTiS samples calcined at 773 K
was very low (S < 0.3 wt.%), beyond the detection capacity of CA,
suggesting that most of the sulfate ions might have decomposed
during calcination of the VTiS catalysts at this high temperature
and as confirmed by TG analysis.

The XPS spectra of the O 1s line were identical and could be
divided into three bands centered at 530.4 eV (vanadium and
titanium bonded oxygen; both vanadia and titania are thought to
contribute in the formation of this band), 531.5eV (Ti-OH
contribution [46], and ~532.2 eV (sulfate contribution).

This latter contribution was not observed for samples calcined
at high temperature (773 K) except for those prepared by
mechanical grinding which display a large amount of sulfur.

As can be noted in Table 3, the surface V/Ti ratios are higher for
samples prepared by the sol-gel method, which is an indication
that vanadium is more heterogeneously distributed and prefer-
entially located on the external surface of the particles. Besides, the
very low surface V/Ti atomic ratio of samples prepared by
mechanical grinding should be only indicative of the very high
heterogeneity of these samples.

3.2. Infrared analysis

The skeletal IR spectra of samples calcined at 723 K (and sample
VTS-12) are reported in Fig. 5. It can be seen that water molecules
were incorporated, as evidenced by the two intense peaks centered
at 3440 and 1624 cm™!, which are characteristic of the stretching
vibrations of O-H and the bending vibrations of H-O-H,
respectively. This indicates that a number of hydrogen bonds
were formed between the hydroxyl groups on the surface of the
samples and adsorbed water molecules. Thus, it appears that the
samples contained a number of surface hydroxyl groups, although
the VTiS samples had been calcined at 723 K. This observation was
confirmed by the XPS analysis of the O 1s band (Table 4).
Appropriate surface hydroxyl groups may be the active sites of the
catalysts, although superfluous surface hydroxyl groups can have
an adverse effect on catalytic activity [47,48]. The band at
1029 cm™! can be assigned to the stretching mode of the
(V=0)3* double bond [49,50]. In addition, for VTiS-11, two bands
at 1090 and 1135 cm™! can be observed and attributed to surface
vibrations of water molecules causing deformations of TiOg
octahedra surrounding surface Ti atoms [51,52]. This spectrum

VTiS-8§
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Fig. 5. FT-IR skeletal spectra of VTiS catalysts in the high frequency (4000-
1500 cm™!) and low frequency (1500-400 cm ') regions (2 mg sample in 198 mg
KBr).
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also shows a band at 1201 cm™! ascribed to the asymmetric

stretching mode of S-0 linkages [53], confirming the incorporation
of sulfur species into the titania structure. In particular, there are
three weak peaks at 981 cm™~! characteristic of free SO42~ on the
titania surface, with peak positions matching the literature data
[54]. Furthermore, the symmetry of the sulfate ions on the TiO,
surface should be C 3v, and their configuration could be unidentate
-Ti-SO4 [30]. For VTiS-12, the intensity of the bands at 1201 and
981 cm™! decreased, which suggests that the amount of free S04~
decreased with increasing calcination temperature. In addition, the
spectrum of VTiS-12 shows that the 1090 cm~! band disappeared
and the intensity of the band at 1135 cm~' decreased, indicating
the decomposition of the water molecules adsorbed on the surface
due to the increased calcination temperature.

It is worth noticing that no OH groups were detected by XPS
analysis under high vacuum (Table 4), thus confirming that only
molecular water was adsorbed on the mechanical grinding
samples.

In the low frequency region, the appearance of large broad
bands in the 500-900 cm~! range with maxima at 600 cm™"' or at
530 cm ™! is probably characteristic of Ti-O-Ti anatase structure or
of vanadate species in the interlayer spaces [55].

3.3. Redox properties

TPR is frequently used to study the redox properties of metal
oxide catalysts. Normalized TPR spectra of the VTiS catalysts
calcined at 723K are presented in Fig. 6, which shows the H,
consumption (a.u.) as a function of the temperature. The TPR
profile of pure TiO; is given for comparison. The temperature of
maximum reduction (Ty;) and the consumption of dihydrogen
(mol g~ 1) are presented in Table 5.

For TiO, support, only a very weak H, consumption peak
around 830K was observed, which might be due to a slight
reduction of the surface Ti species. This indicates the low
reducibility of TiO,.

It is supposed generally that at lower temperature, the surface
species (probably the tetracoordinated V species) would be
reduced, whereas at higher temperature the more polymeric or
bulk-like vanadium oxide would be reduced [56]. In this Ho-TPR
study it was not possible to distinguish the different VO, surface
species possibly present because only one reduction peak was
observed for all the catalysts. However, the elevated reduction
temperature of VTiS-11 could indicate the presence of bulk-like
V,05 crystallites.

As can be seen in Fig. 6, only one peak of reduction, appearing
around 862 K, was obtained for VTiS-2, VTiS-5 and VTiS-8,
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Fig. 6. TPR profiles of the VTiS catalysts.

Table 5
Reducibility of the catalysts as revealed by the H,-TPR measurements.

Catalyst T (K) H, consumption (mol g~ ")
VTiS-11 861, 890, 961 3420
VTiS-8 860 1311
VTiS-5 863 2320
VTiS-2 862 2724
TiO, 830 -

2 Maximum temperature of the TPR peaks.

probably due to the reduction of highly polymeric vanadia or
crystalline vanadia species. For VTiS-11 prepared by mechanical
grinding, the intensity of this peak increased and the temperature
of the maximum of the peak (T,,ax) shifted to higher values (984 K).
Moreover, a reduction peak of crystalline V,0s is visible around
961 K for VTiS-11, similar to that observed for bulk V,05[57,58], in
agreement with the XRD results. Namely, bulk V,0s5 is known to
give rise to TPR peaks located at 910, 932, 971, 1044 and 1102 K,
corresponding to intermediate oxides in the transformation of
V,0s5 to V,03, which has been discussed thoroughly in the
literature [57]. Additionally, the H, consumptions (pmolg™')
were found to vary in the order VTiS-11 > VTiS-2 > VTiS-5 > VTiS-
8, suggesting that the reduction extents of these catalysts varied in
the same order.

3.4. Isopropanol probe reaction

It is well known that isopropanol undergoes dehydration
reactions to produce propylene (PPE) and diisopropyl ether (DIPE)
on acid sites, while it undergoes a dehydrogenation reaction to
acetone (ACE) on basic sites in inert atmosphere. In addition, IPA
can also be oxidatively dehydrogenated to ACE in an oxidative
atmosphere, which can be used to probe the surface redox
properties. Thus, the conversion of IPA and selectivities to PPE,
DIPE and ACE in air can be used to characterize the surface acidic
and redox properties.

Table 6 presents the results for the probe reaction of IPA
conversion in air at 393 K on VTiS samples calcined at 723 K and
TiO, as a reference. It can be seen that TiO, mainly produced the
dehydration products (PPE and DIPE) with a total selectivity of
98%, suggesting the acidic character and lack of redox activity
of TiO, in good agreement with the results from TPR. Addition of
25 wt.% V5,05 apparently created a large amount of redox sites
since the oxidative product ACE was produced with a high
selectivity (77% and 79% for VTiS-2 and VTiS-5, respectively, in
which samples display very low amounts of sulfur species). The
addition of significant quantities of sulfate ions (samples VTiS-8
and VTiS-11) seemed to increase the amounts of dehydration
products (PPE and DIPE), while there was less of the oxidation
product (ACE) although the difference was not large for sample
VTiS-8. Therefore, the surface acidic properties might be
enhanced and the redox properties weakened upon the addition
of sulfate ions.

Table 6
Catalytic activities of TiO, and VTiS catalysts in the isopropanol probe reaction at
393K in air.

Sample Conversion of IPA (%) Selectivity (%)

BRE! ACE DIPE
VTiS-2 9 9 77 14
VTiS-5 8 9 79 12
VTiS-8 5 13 71 16
VTiS-11 7 23 37 40
TiO, 6 28 2 70

IPA, isopropanol; PPE, propylene; DIPE, diisopropyl ether; ACE, acetone.
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4. Conclusions

V,05-Ti0,/S04%~ catalysts were prepared by co-precipitation,
co-precipitation with 1wt.% PEG-400, sol-gel and mechanical
grinding methods. This investigation has demonstrated the
existence of important differences between the catalysts prepared
by different preparation methods. The XRD and skeletal IR results
suggest that vanadia species were well dispersed up to a calcination
temperature of 773 K. The XPS results indicate that the Ti and S
species present in the catalysts were all in fully oxidized states, while
surface V species were mainly about 80-90% V°* and about 10-20%
V4 with additionally 6-15% V>* in the samples prepared by
mechanical grinding. The presence of V3* was related to the higher
concentration of SO, ions, which can facilitate the reduction of
vanadium oxide once the catalysts are exposed to high vacuum and
the XPS electron beam. TPR results show that the reducibilities
varied in the order VTiS-11 > VTiS-2 > VTiS-5 > VTiS-8. To sum up,
the structural and redox properties of V,0s5-Ti0,/S0,42~ catalysts
were influenced by the preparation method and the concentration
of sulfate ions. It should be possible to control the concentration
of S04~ by choosing the right preparation route and proper
calcination temperature, and therefore to tune the acidic and redox
properties of such catalysts.
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The influence of the preparation method on the surface and catalytic properties of sulfated vanadia-titania
catalysts has been studied. V,05-Ti0,/SO4%~ (VTiS) catalysts with 25 wt% V,0s5 and 0.2-6.5wt% S were
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(DMM) were performed atatmospheric pressure in a fixed-bed micro-reactor. The Raman spectrarevealed
that vanadia existed in the form of a crystalline V,05 phase. The results of ammonia adsorption of
microcalorimetry showed a much lower heat of adsorption for samples with high content of SO4%~. Mean-
while, pyridine adsorption of FT-IR showed that both Lewis and Brgnsted acid sites were present on the
surface of all VTiS catalysts. The catalytic performance was also influenced by the preparation methods.
VTiS-CP catalyst, prepared by co-precipitation, exhibited the highest DMM yield with a DMM selectivity
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V2 05 —Ti02/50427

Adsorption microcalorimetry
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Methanol selective oxidation
Dimethoxymethane

of 86% for 61% methanol conversion at 423 K.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

During the last 20 years, numerous papers [1-7] have been
devoted to the development of selective catalysts for the par-
tial oxidation of methanol, with important industrial applications
as a target. V,05-TiO, (VTi) catalysts are recognized as suitable
systems for the partial oxidation of methanol [1-3], and recent
publications [4,5] show that the selective oxidation of methanol
to dimethoxymethane (DMM) over V,05-TiO, catalysts can be
improved by doping VTi catalysts with SO42~ ions. In the reac-
tion of methanol oxidation, DMM has usually been regarded as
a by-product and has not been extensively studied. DMM has
an extremely low toxicity and can be used as an excellent sol-
vent in pharmaceutical and perfume industries, as a reagent in
organic synthesis [8], and as an intermediate for the production
of concentrated formaldehyde [9]. Importantly, it has been also
recently reported that DMM can be effectively steam-reformed
to produce H, for fuel cells [10]. Generally DMM is produced by
condensation of formaldehyde with methanol over acidic cata-
lysts [11]. Furthermore, methanol is one of the most important
chemical intermediates used in the chemical industry, and the oxi-
dation of methanol has been widely used as a probe reaction to

* Corresponding author. Fax: +33 472445399.
E-mail address: aline.auroux@ircelyon.univ-lyon1.fr (A. Auroux).

1381-1169/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2009.04.011

characterize the activity of oxide catalysts [12-14] interpreted in
terms of both structural and chemical (acidic and redox) proper-
ties.

It is well known that the acidity of solid catalysts is an impor-
tant factor that determines their applications as industrial catalysts,
and, consequently, many of their catalytic properties can be directly
related to their acidity [15]. Adsorption microcalorimetry can be
used to determine the distribution of heats of adsorption as well as
the “acidity spectrum” of a catalyst surface. Previous results in the
literature [15,16] have also shown that heats of ammonia adsorp-
tion can be taken into account for characterizing the surface of
acid catalysts and correlated with their activity and selectivity in
a variety of reactions. This motivated the use of ammonia adsorp-
tion microcalorimetry and pyridine adsorption FT-IR in conjunction
with catalytic performance tests to investigate the influence of
the preparation method on the surface and catalytic properties of
V,05-Ti0,/S042~ catalysts.

The surface structure and vanadium dispersion were studied by
Raman spectroscopy and O, chemisorption, respectively. Ammo-
nia adsorption calorimetry was used to determine the number and
strength of the surface acid sites of the V,05-Ti0,/S042~ (VTiS)
catalysts, while the nature of the acid sites present on the catalysts
was determined by pyridine adsorption FT-IR. The catalytic reaction
of selective oxidation of methanol to DMM over V,05-Ti05/S04%~
catalysts was tested and the results analyzed in relation with the
preparation methods.
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2. Experimental
2.1. Catalyst preparation

In this work, four samples with the same theoretical amount of
vanadia loading (25 wt%) were prepared by using different proce-
dures, namely co-precipitation (sample VTiS-CP), co-precipitation
with 1% polyethylene glycol (VTiS-CPEG), sol-gel (VTiS-SG) and
mechanical grinding (VTiS-MG). The precursors were respectively
VO0S04 and TiOSO4 for VTiS-CP and VTiS-CPEG, vanadyl acetylacet-
onate and titanium isopropoxide plus sulfuric acid for VTiS-SG, TiO,
and VOSOy for VTiS-MG. The samples were all calcined at 723 K in
air for 5 h, except sample VTiS-SG for which the calcination time was
increased up to 12 h for a better decomposition of the precursors.

The details of the preparation methods have been previously
described in [17].

2.2. Catalyst characterization

Raman spectroscopy measurements were performed using a
LabRAM HR (Jobin Yvon) spectrometer. The excitation was provided
by the 514.5 nm line of an Ar* ion laser (Spectra Physics) employ-
ing a laser power of 100 wW. The laser beam was focused through
microscope objective lenses (100x) down to a 1 wm spot on the
sample.

The dispersion of the vanadium species was measured on a
Micromeritics 2010 apparatus by using the high temperature oxy-
gen chemisorption (HTOC) method [18]. The samples were reduced
in purified H, flow (154 mLmin~!)at 640 K for 2 h followed by evac-
uation at the same temperature for 4 h, and then oxygen uptake was
measured at the same temperature.

The pyridine adsorption infrared spectra were recorded with a
Bruker Vector 22 FT-IR spectrophotometer (DTGS detector), in the
4000-400 cm~"! range, with a resolution of 2cm~! and using 100
scans. The self-supporting wafer (10-30 mg, 18 mm diameter) was
first activated in situ at 573 K in oxygen flow for 14 h, then evacu-
ated at the same temperature for 2 h and then exposed to pyridine
(Air Liquide, 99.8%, vapor pressure 3.3 kPa) at room temperature
for 5min. The desorption was carried out by evacuation for 30 min
each at room temperature, 373 K, 473 Kand 573 K. The spectra were
recorded at room temperature after adsorption and desorption at
each temperature.

The microcalorimetric studies of ammonia adsorption were per-
formed at 423K in a heat flow calorimeter (C80 from Setaram)
linked to a conventional volumetric apparatus equipped with
a Barocel capacitance manometer for pressure measurements.
The ammonia used for the measurements (Air Liquide, purity
>99.9%) was purified by successive freeze-pump-thaw cycles.
About 100 mg of sample was pretreated in a quartz cell under evac-
uation overnight at 623 K. The differential heats of adsorption were
measured as a function of coverage by repeatedly introducing small
doses of ammonia gas onto the catalyst until an equilibrium pres-
sure of about 66 Pa was reached. The sample was then outgassed
for 30 min at the same temperature, and a second adsorption was
performed at 423 K until an equilibrium pressure of about 27 Pa was
attained in order to calculate the irreversibly chemisorbed amount
of ammonia at this pressure.

2.3. Catalytic reaction

The oxidation of methanol was carried out in a fixed-bed micro-
reactor made of glass with an inner diameter of 6 mm. The methanol
was introduced into the reaction zone by bubbling O,/N; (1/5)
through a glass saturator filled with methanol (99.9%) maintained
at 278 K. In each test, 0.2 g of catalyst was loaded, and the gas hourly
space velocity (GHSV) was 11,400 ml g~ h—!. The feed composition

was kept constant at methanol:0,:N; = 1:3:15 (v/v). The tail gas out
of the reactor was analyzed by an on-line GC equipped with an FID
detector and a TCD detector. The column used was PORAPAK N for
the separation of methanol, DMM and other organic compounds.
The gas lines were kept at 373K to prevent condensation of the
reactant and products. The reaction was carried out at atmospheric
pressure.

3. Results and discussion

The samples are listed in Table 1 together with their surface areas
and chemical compositions. As can be seen, the vanadia loadings
were close to the theoretical one (25 wt%) but the sulfur amount
varied greatly with the preparation method.

3.1. Surface structures

Oxygen adsorption can be used to evaluate the dispersion of a
metal oxide on the surface of a support. Parekh and Weller [19,20]
proposed a low temperature oxygen chemisorption (LTOC) method
while Oyama et al. [18] suggested a HTOC method. Prereducing the
samples at the same temperature as that used to measure oxy-
gen uptakes (640K) seems to prevent bulk reduction and leads to
more reliable dispersion values [18,21]. Therefore, this method was
adopted for the measurements of vanadium dispersion in this work.

The surface oxygen atom densities were calculated starting from
the oxygen uptakes (determined by O, chemisorption) and the
BET surface areas (determined by N, adsorption at 77 K), and are
reported in Table 1. The total number of vanadium sites on each
sample (expressed as the number of V atoms per unit surface
area) was calculated starting from the metal content determined
by chemical analysis and is also reported as comparison in Table 1.
Wachs et al. reported that the theoretical density for the monolayer
dispersion of vanadia on TiO; is 7.9 x 108 Vm~2 [22]. From the total
vanadium loadings presented in Table 1 it can be noticed that all
samples display loadings higher than the monolayer capacity, thus
confirming the existence of a crystalline V,05 phase in our samples
as determined by Raman analysis (see next paragraph) and XRD
[17].

The oxygen site density values were 8.6 x 108, 17.6 x 1018,
24.1 x 10’8 and 3.2 x 10'® m~2 for VTiS-CP, VTiS-CPEG, VTiS-SG and
VTiS-MG, respectively.

Unfortunately, the oxygen atom site densities were higher than
the average density of V=0 groups on the low-index planes of V5,05
(5.0 x 10'8 atom m~2) [18], indicating that the HTOC technique did
titrate some bulk V,0s5, making it impossible to calculate the real
dispersion of vanadium. Indeed, this technique is better suited for
the study of samples prepared by impregnation or atomic layer
deposition. However, the determination of the oxygen site density
makes it possible to compare the surface properties of the different
samples independently of their specific surface area.

The surface structure of vanadia and titania species on the
VTiS catalysts was examined by Raman spectroscopy, from 1600
to 200cm~!, as shown in Fig. 1. It has been generally recog-
nized that the Raman bands at 1030 and 900-100cm~! represent
terminal V=0 bonds in monomeric vanadyl and polymeric vana-
date species, respectively [23-25]. Crystalline V,05 displays Raman
bands around 996, 703, 530, 483, 406, 306 and 285 cm~! [26,27]. It
is important to note that there were some yellow particles among
the white particles of sample VTiS-MG; thus, the VTiS-MG catalyst
is not homogeneous, and consequently both types of particles were
analyzed. As can be seen in Fig. 1, all the catalysts exhibited typical
Raman features of crystalline V,05 with bands around 1002, 710,
535,489, 412,310 and 291 cm~. The formation of crystalline V,05
on the catalyst surface has also been observed by XRD [17]. It can be
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Chemical analysis, BET surface areas, oxygen uptakes, and oxygen atom site density on the surface of V,05-TiO,/SO4?" catalysts.

Catalyst CA (Wt%) Sger (M2 g1) 0, uptake (mmolg~')? Total loading (x 108 V m~2)P O site density (x10'® atom m~—2)°
\% Ti S
VTiS-CP 134 43.8 0.2 105 0.75 15.1 8.6
VTiS-CPEG 13.4 45.1 0.2 74 1.08 214 17.6
VTiS-SG 11.4 448 14 43 0.86 313 241
VTiS-MG 124 34.6 6.5 132 0.35 11.1 3.2
3 Reduction of samples by H, and O, adsorption were both performed at 640 K.
b Supposing that all the vanadium atoms are located on the surface.
¢ Supposing that each surface V adsorbs an oxygen atom.
also seen that strong Raman bands due to the covalent character of "
—u— VTiS-CP

Ti-O bonds [22] appeared at 650, 528 and 408 cm~! for all the VTiS
catalysts except for VTiS-MG-yellow particles, suggesting that these
yellow particles were mostly composed of vanadia. It was reported
in the literature [28] that the sulfate species present on sulfated
V,05/TiO; samples display a characteristic band around 1370 cm™!
in the Raman spectra due to terminal S=0 bonds. However, this
band was not observed for our VTiS catalysts, even though surface
sulfate species were detected by IR for the VTiS-MG catalyst [17].

3.2. Surface acidity

Ammonia adsorption microcalorimetry measurements were
carried out to determine the number, strength and strength dis-
tribution of the surface acid sites of catalysts [15,29]. The results
of the microcalorimetric measurements were used to complement
the acidity study by FT-IR, and were correlated with the catalytic
activity. The surface acidity was thus determined in terms of num-
ber of acid sites and sites strength. The results are presented in
Figs. 2-4 and Table 2. Figs. 2 and 3 represent the differential heats
and integral heats of NH3 adsorption vs. coverage, respectively. As
the samples displayed quite different surface areas (see Table 1)
the adsorbed volumes have been expressed in umol NH3 per m2 of
catalyst.

The initial heats of ammonia adsorption observed on co-
precipitated VTiS samples doped or not with 1wt% PEG-400
were similar. The initial heats of NH3 adsorption were 209 and
196 k] mol~! for the VTiS-CP and VTiS-CPEG samples, respectively
(see Table 2), which indicates that these two samples are quite
acidic, in agreement with the results from Hammett titration [30].
As can be seen in Fig. 2, low initial heats of adsorption were
observed for the VTiS-SG and VTiS-MG samples, containing high
content of sulfur. The low heat values recorded for the first four
ammonia increments (which were totally consumed by the sam-
ple) were followed by an increase to higher heats of adsorption,
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Fig. 1. Raman spectra of VTiS catalysts.
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Fig. 2. Differential heat vs. coverage (in umol m~2 of catalyst) for NH3 adsorption at
423 K over VTiS catalysts.
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Fig. 4. Volumetric isotherms of NH3 adsorption at 423 K for the VTiS catalysts.
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Table 2

Total and irreversible adsorption of ammonia at a pressure of 27 Pa and an adsorption temperature of 423 K.

Sample Vier® (27Pa) (umolg1) Vior? (27 Pa) (pmol m-2) Viee® (umolg!) Vier? (pmol m-2) Quni (kjmol-1) Qued (27Pa) (g 1)
VTiS-CP 243 23 123 1.2 209 32
VTiS-CPEG 193 2.6 77 1.1 196 23
VTiS-SG 281 6.5 216 5.0 3 26
VTiS-MG 503 3.8 392 3.0 10 54

2 Total amount of NH; retained as determined at 27 Pa of equilibrium pressure.

b “Irreversible” amount of NH3 retained as determined from the difference between the amounts adsorbed in the first and second adsorptions at 27 Pa.

¢ Heat evolved from the first NH3 dose.
d Total heat evolved at 27 Pa of NH3 equilibrium pressure upon NH3 adsorption.

corresponding to what is normally expected for a strong acid. This
strange phenomenon can only be interpreted by the combination of
two phenomena, endothermic and exothermic, respectively, thus
inducing a lower initial heat. The very strong acid sites due to
sulfate ions are supposed to create either a strong or dissociative
chemisorption. It has been reported in the literature [16,31] that
the first doses of NH3 could dissociate at the surface (endothermic
phenomenon) with the formation of OH species, evidenced by NH3
adsorption infrared spectroscopy [31]. The lower heats of adsorp-
tion are then attributed to the contribution of NH3 dissociation to
the differential heat of adsorption. Another explanation could be
the formation of ammonium sulfate (however this last possibil-
ity implies a transformation that is too exothermic [32], making
it unlikely) or more probably ammonium sulfite. This particular
behavior observed for samples containing a relatively high amount
of sulfur made it difficult to appreciate the initial heats of adsorption
of the sulfated oxides. As this phenomenon was scarcely observed
by adsorption calorimetry for sulfated zirconias it is supposed to
imply a special type of sulfur species on the catalyst surface, which
could involve the support type and/or the preparation method. For
co-precipitated catalysts with or without 1wt% PEG-400, which
contain a much lower amount of sulfur species, the heats of NH3
adsorption gradually decreased with NH3 coverage, revealing the
heterogeneous strength distribution of these catalysts. Fig. 4, which
represents the ammonia adsorption isotherms, did not reflect this
particular behavior of samples VTiS-SG and VTiS-MG, thus con-
firming that these two samples are more acidic due to their higher
sulfate species content.

As shown in Fig. 3, ammonia adsorption integral heat curves for
VTiS-CP and VTiS-CPEG catalysts can be approximately viewed as
sections of parabolas, and the highest parabola should correspond
to the sample on which the titration of the largest amount of strong
sites occurred [33]. The coverage being reported per unit of sur-
face area (instead of g of catalyst) the two curves are very close
and confirm the similar acidic behavior of the samples prepared
by co-precipitation. The curves, for VTiS-SG and VTiS-MG samples,
display a plateau in the low coverage region for the first four NH3
doses, which can be associated to the strange phenomenon of very
low initial differential heats of adsorption for these two samples.
Therefore the parabolic sections of the curves are shifted to higher
coverages.

The quantitative results of NH3 adsorption are summarized in
Table 2. The total amount of ammonia adsorbed at an equilibrium
pressure of 27 Pa (Vio) and the amount irreversibly adsorbed at
the same pressure (V) are indicative of the total number of acid
sites on the surface of the sample and the amount of strong acid
sites, respectively. Reported in wmolg~1, both Vio; and Vi, varied
in the order of VTiS-MG > VTiS-SG > VTiS-CP > VTiS-CPEG, greatly
influenced by the preparation method and consequently by the
sulfur amount. When Vot and Vj,, are expressed per unit surface
area, the total and strong surface acid sites densities for the VTiS-
CP and VTiS-CPEG samples are similar, while the VTiS-SG sample
possesses more total and strong surface acid sites than VTiS-MG,

which confirms the role played by the surface area in the deter-
mination of the acidity of solids (see Table 2 and Fig. 2). The
data in Table 2 clearly indicate that most of the adsorbed ammo-
nia is strongly chemisorbed on samples VTiS-SG and VTiS-MG,
while the co-precipitated samples display a large part of physisorp-
tion.

IR spectroscopy of pyridine adsorption on supported vanadium
oxide surfaces has been examined widely in the literature [34-37],
as it can be used to distinguish between the different types of sur-
face acid sites in the catalysts.

Fig. 5(A)-(D) present the IR spectra of pyridine adsorption on
VTIiS catalysts, after desorption at different temperatures: (a) 298 K,
(b) 373K, (c) 473 K, and (d) 573 K. All the spectra reported in Fig. 5
were obtained by subtracting the spectrum of the fresh catalyst
(without pyridine adsorption at room temperature) from those
obtained after pyridine adsorption. The same adsorption bands
characteristic of pyridine on Lewis and Brensted acid sites were
observed for all VTiS catalysts, and no significant shift in the peak
frequency positions was observed as a function of the prepara-
tion method. The bands at 1609, 1575, 1487 and 1448 cm~! have
been assigned to the 8a, 8b, 19a and 19b vibrational modes of
pyridine coordinated to Lewis acid sites [34,36]. The bands at
1638 (v8a), 1575 (v8b), 1487 (v19a) and 1537cm~! (v19b) cor-
respond to pyridinium ions bonded to Brgnsted acid sites. The
bands around 1487 (v19a) and 1575cm~! (v8b) are associated
simultaneously to both Brensted and Lewis acid sites. In addi-
tion to these peaks, at a desorption temperature of 298 K, the IR
spectra of the catalysts show a peak at 1437 cm~! correspond-
ing to physisorbed pyridine. It has been reported in the literature
[38] that pure V,05 presents low Brgnsted and Lewis acidities,
while TiO, exhibits strong Brgnsted and Lewis acidities accord-
ing to the relative intensities of the bands around 1536 and
1446 cm1.

Two Lewis and Bransted acid site peaks at ~1448 and 1537 cm ™!,
respectively, were used to compare the acidity, i.e. the number and
strength of the acid sites of the different catalysts. The absolute con-
centration of surface acid sites determined in this manner is subject
to a ~10% error, as estimated in the literature [39,40]. However, reli-
able and valuable information can be obtained on a relative scale,
when comparing the acidity in a series of catalysts [40].

Fig. 6 shows the integrated intensities of these two bands
estimated by band-separation techniques of the spectra for VTiS
catalysts. A quantitative comparison of the acid site populations of
the samples can be performed by calculating the area under the
LPy and BPy peaks [34,41,42]. Because of the possibility of physical
re-adsorption on the surface with increasing evacuation temper-
atures, it is reasonable to compare the acid site populations at
an evacuation temperature higher than 400 K. Therefore, the con-
centration of Brensted and Lewis acid sites varied in the order of
VTiS-MG > VTiS-CP > VTiS-CPEG > VTiS-SG, which indicates that the
mechanical mixing sample which comes from the simple addition
of titania and vanadyl sulfate is more acidic than the other samples,
thus confirming the calorimetric results.
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3.3. Methanol oxidation reaction

Methanol and its derivatives have been widely studied due to
their industrial importance. In addition, the catalytic oxidation of
methanol is a convenient structure-sensitive reaction. The distri-
bution of products reflects the nature of the surface active sites:
methanol is converted to formaldehyde (FA) and methyl formate
(MF) on redox sites, to dimethyl ether (DME) on acidic sites, and
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to DMM on acidic and redox bi-functional sites [12,13]. Hence, the
conversion of methanol can also be used to evaluate the surface
acidic and redox properties of VTiS catalysts. The results are shown
in Table 3 and Fig. 7.

The VTiS-CP catalyst, prepared by the co-precipitation method,
showed the highest methanol conversion to DMM, but a dras-
tic decrease in selectivity was observed for reaction temperatures
higher than 423 K. In addition, the distribution of products on VTiS-
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Fig. 6. Integrated intensity of BPy and LPy bands as a function of temperature on VTiS catalysts. (A) BPy band (1537 cm'); (B) LPy band (1448 cm™').
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Table 3
Catalytic activities of the VTiS catalysts in the methanol oxidation reaction.

Sample Temp. (K) Methanol conversion (%) Selectivity (%)
DMM FA MF DME o,
393 13 98 0 1 1 0
403 24 96 0 3 1 0
, 413 4 93 0 6 1 0
Miach 423 61 86 1 12 1 0
433 72 40 13 46 1 0
443 87 1 6 74 2 17
393 10 98 0 1 1 0
403 17 9% 0 3 1 0
) 413 23 83 9 7 1 0
[V IHEHOREG 423 28 56 26 17 1 0
433 37 24 38 37 1 0
443 76 1 10 73 1 15
393 7 96 0 1 3 0
403 12 97 0 2 1 0
) 413 19 96 0 3 1 0
[VIE=S(E 423 33 93 0 6 1 0
433 47 89 0 10 1 0
443 65 72 2 25 1 0
393 2 93 0 0 7 0
403 4 93 0 0 7 0
) 413 8 91 2 0 7 0
VTiS-MG oo 15 90 2 1 7 Y
433 21 88 3 1 8 0
443 33 84 3 3 10 0

DMM: dimethoxymethane; FA: formaldehyde; MF: methyl formate; DME: dimethyl ether; COy: CO, (or CO).

CP catalyst indicates that the surface acidity was strong enough to
catalyze the reaction of methanol to DMM, without producing a
large amount of FA and MF as oxidation products (see Table 3). The
catalytic performance of the VTiS-CPEG sample was similar to that
of VTiS-CP, with a slightly lower activity and selectivity to DMM (at
423K, VTiS-CP: conversion=61%, Spmm = 86%, vs. VTiS-CPEG: con-
version =28%, Spym = 56%). This can be attributed to a decreased
reducibility and surface acidity upon addition of 1 wt% PEG-400. For
samples prepared by sol-gel and mechanical grinding, a different
behavior was observed. In fact, even increasing the reaction temper-
ature up to 443 K, no formic acid (FA) production could be observed,
and a very high selectivity towards DMM (72 and 84% respectively
for VTIS-SG and VTIS-MG) was maintained. These results can be
related to the higher percentage of SO42~ present on these two
samples, which can both inhibit the activity of the redox sites (con-
nected to FA production) and/or prevent the deactivation of the
acidic sites even at high reaction temperature [4].

Furthermore, the selectivity to DME (usually created on strong
acid sites) over the VTiS-MG catalyst prepared by mechanical
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Fig. 7. DMM selectivity vs. methanol conversion over VTiS catalysts.

grinding was higher and increased with increasing reaction tem-
peratures. Of all catalysts studied in this work, the VTiS-CP sample
was found to be the most effective in the selective oxidation of
methanol to DMM with 61% conversion of methanol and 86% selec-
tivity to DMM, probably due to the presence of the highest amount
of vanadia surface species and an appropriate content of SO42~.

4. Conclusion

As expected, the surface and catalytic properties of
V,05-Ti0,/S042~ catalysts were greatly influenced by differ-
ent preparation methods. Crystallites of V5,05 were detected for all
samples by Raman spectroscopy. Moreover, Raman spectroscopy
also suggested that the sample prepared by mechanical grinding
was not homogeneous. The ammonia adsorption calorimetric
study showed the special behavior of NH3 dissociation at the
surface of some samples, those containing a high content of sulfur.
However, pyridine adsorption FT-IR did not show an obvious
difference of surface acidity between the samples, and indicated
the coexistence of both Lewis and Brensted acid sites for all VTiS
catalysts studied in this work. The co-precipitated catalyst VTiS-CP
was found to exhibit the best performance for the selective oxida-
tion of methanol to DMM. Specifically, the conversion of methanol
could be as high as 61% over VTiS-CP, with a high DMM selectivity
of 86% at 423 K. Meanwhile, catalytic methanol oxidation was
also successfully used to investigate the quantities of surface
active sites. In conclusion, the acidic and catalytic properties were
affected on one hand by the preparation method and on the other
hand by the SO42~ content.
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Abstract The surface acidic properties of sulfated
vanadia—titania catalysts prepared by various methods were
investigated by adsorption microcalorimetry, using ammo-
nia as probe molecule. The acidic characteristics of the
samples were shown to be strongly affected by the prepa-
ration method, calcination temperature, and sulfur content.
The samples prepared by sol-gel and mechanical grinding
exhibited higher acidity than co-precipitated samples.
Moreover, increasing the calcination temperature of co-
precipitated samples resulted in a decrease in surface area
from 402 to 57 m* g~ and sulfur content from around 4 to
0.2 mass%, but up to a certain point generated a stronger
acidity. The optimal calcination temperature appeared to be
around 673 K.

Keywords Acidity - Calorimetry - Dimethoxymethane -
Methanol selective oxidation - V,0s—TiO/SO,>~

Introduction

Vanadia-titania catalysts can be found in wide applica-
tions, such as the methanol selective oxidation to formal-
dehyde [1] and methyl formate [2], and the selective
oxidation of ethanol to acetaldehyde [3]. In addition,
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sulfated vanadia—titania catalysts are starting to have new
applications in the partial oxidation of methanol to dim-
ethoxymethane (DMM) [4, 5], which can undergo further
steam reforming to produce hydrogen.

The knowledge of the number and strength of the sites
existing at the surface of a catalyst is of paramount interest,
as the first step in any catalytic reaction is the adsorption
and the subsequent activation of the reactant molecules.
Adsorption microcalorimetry [6, 7] is a useful technique to
describe, in detail, the quantitative and energetic features of
surface sites. It allows, if properly arranged, the simulta-
neous determination of the adsorbed amounts of a suitable
probe molecule and of the heat evolved at increasing sur-
face coverage.

Although, we have previously reported the influence of
the preparation method on the surface properties of some
sulfated vanadia-titania catalysts calcined at a given tem-
perature of 723 K [4, 8], the purpose of this article is to
study in detail the influence of the calcination temperature
and washing with deionized water on the surface acidity of
V,05-Ti0,/SO,*~ catalysts prepared by different methods.
Results about the physicochemical characteristics of the
samples and their acidity as studied by ammonia adsorption
microcalorimetry are presented.

Experimental

Samples with the same theoretical amount of vanadia
loading (25 mass%) were prepared using different proce-
dures, namely co-precipitation (samples named VTiS—CP),
co-precipitation with 1-mass% polyethylene glycol (VTiS—
CPEG), sol-gel (VTiS-SG), and mechanical grinding
(VTiS-MG). The precursors were VOSO, and TiOSO, for
VTiS-CP and VTiS-CPEG, respectively, vanadyl
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acetylacetonate and titanium isopropoxide plus sulfuric acid
for VTiS-SG, TiO, and VOSO, for VTiS-MG.

In this study, the samples VTiS—-CP-723, VTiS—-CPEG-
723, and VTiS-MG-723 were prepared by the corre-
sponding procedures cited above and calcined at 723 K in
air for 5 h, except sample VTiS—SG-723 for which the
calcination time was increased up to 12 h for a better
decomposition of the organic precursors.

The VTiS-CP-573, VTiS-CP-623, VTiS—-CP-673, and
VTiS—CP-773 samples were prepared by co-precipitation
and calcined in air for 5 h at 573, 623, 673, and 773 K,
respectively. Moreover, the samples VTiSw50—CP-673 and
VTiSw300-CP-673 were prepared by co-precipitation,
washed, respectively, with 50 and 300 mL deionized water
and then calcined at 673 K in air for 5 h.

The details of the preparation methods have been pre-
viously described in [4].

Elemental analysis was performed using ICP atomic
emission spectroscopy (AES-ICP) with a flame PerkinElmer
M1100 spectrometer. The BET surface areas were mea-
sured using nitrogen adsorption at 77 K on a Micromeritics
2010 apparatus.

The microcalorimetric studies of ammonia adsorption
were performed at 423 K in a heat-flow calorimeter (C80
from Setaram) linked to a conventional volumetric appara-
tus equipped with a Barocel capacitance manometer for
pressure measurements. Before each experiment the sam-
ples were outgassed overnight at a temperature of 100 K
lower than the calcination temperature. After a first adsorp-
tion, performed by repeatedly adding successive amounts
of NH3 onto the sample until an equilibrium pressure of

about 67 Pa was reached, the sample was evacuated for
30 min, to remove the weakly adsorbed NH3, and a second
adsorption was performed to determine the amount of
ammonia irreversibly adsorbed.

Results and discussion

The results of bulk analysis (chemical analysis) as well as
surface area for all the VTiS samples are given in Table 1.
Depending on the preparation method and calcination
temperature, the sulfur mass% varied greatly and remained
difficult to control. The sulfur content was observed to be
higher for samples prepared by sol-gel and mechanical
grinding than by co-precipitation method. Meanwhile for
co-precipitated samples, the sulfur concentration decreased
with increasing the calcination temperature and by washing
with deionized water, thus suggesting that the sulfur species
did not seem to be tightly anchored to vanadia species or
support surface. Additionally, the way the sulfur species
anchored to the support surface was strongly affected by the
preparation method, leading to different surface acidities.
Furthermore, sample VTiS—CP-573 displayed a high sur-
face area of 402 m” g~'. With increasing the calcination
temperature, the surface area decreased, down to the lowest
value at 773 K (57 m? g~ '). Washing with deionized water
did not significantly change the surface area of the same
series samples. In addition, comparing samples prepared by
different methods and calcined at 723 K, it was found that
adding PEG did not influence the surface area of the
co-precipitated samples and indeed no benefit was gained

Table 1 Chemical analysis, BET surface areas, ammonia adsorption data from microcalorimetry measurements at 423 K

Catalyst CA/mass% Sger/m’ g~ Vi/umol g=' VA umol m™>  Vo/umol g=' Vo/umol m™%  Q5/) g~!
v Ti S
VTiS-CP-723 134 438 0.2 105 243 2.3 123 1.2 32
VTiS-CPEG-723 134 451 0.2 74 193 2.6 77 1.1 23
VTiS-SG-723 114 448 1.4 43 281 6.5 216 5.0 26
VTiS-MG-723 124 346 6.5 132 503 3.8 392 3.0 54
VTiS-CP-573 104 339 32 402 578 1.4 264 0.7 61
VTiS-CP-623 109 347 40 368 591 1.6 358 1.0 70
VTiS-CP-673 126 41.0 2.6 287 608 2.1 374 1.3 69
VTiS-CP-723 134 438 0.2 105 243 2.3 123 1.2 32
VTiS-CP-773 134 444 02 57 163 2.9 69 1.2 16
VTiSw50-CP-673 13.1 399 0.8 290 568 2.0 319 1.1 69
VTiSw300-CP-673 126 416 0.2 289 551 1.9 275 1.0 63

# Total amount of NH; retained as determined at 27 Pa of equilibrium pressure

° “Irreversible” amount of NHj retained as determined from the difference between the amounts adsorbed in the first and second adsorptions at

27 Pa

¢ Total heat evolved at 27 Pa of NH; equilibrium pressure upon NH; adsorption
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upon PEG addition. It was also found that sample VTiS—
SG-723, prepared by sol-gel method, displayed the lowest
surface area of 43 m* g~

Ammonia adsorption microcalorimetry measurements
were carried out to determine the number, strength, and
strength distribution of the surface acid sites of catalysts [9,
10]. The surface acidity was thus determined in terms of
number of acid sites and sites strength. The results are
presented in Figs. 1 and 2 and Table 1. Figure la—c rep-
resents the differential heats of adsorption versus coverage
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Fig. 1 Differential heat versus coverage (in pmol g~ ' of catalyst) for
NHj; adsorption at 423 K over VTiS catalysts a VTiS catalysts
prepared by different methods and calcined at 723 K, b VTiS
catalysts prepared by co-precipitation and calcined at various
temperatures, ¢ VTiS catalysts prepared by co-precipitation, washed
with different amount of deionized water and then calcined at 673 K

of ammonia, while Fig. 2a—c gives the volumetric iso-
therms of NH3 adsorption.

As shown in Fig. la, the initial heats of ammonia
adsorption observed on co-precipitated VTiS samples
doped or not with 1-mass% PEG—400 were similar, around
200 kJ mol ™!, which indicates that these two samples are
quite acidic, in agreement with the results from Hammett
titration [11]. However, very low initial heats of adsorption
were observed for the VTiS-SG-723 and VTiS-MG-723
samples, containing high content of sulfur. The low heat
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Fig. 2 Volumetric isotherms of NH; adsorption at 423 K for VTiS
catalysts a VTiS catalysts prepared by different methods and calcined
at 723 K, b VTiS catalysts prepared by co-precipitation and calcined
at various temperatures, ¢ VTiS catalysts prepared by co-precipita-
tion, washed with different amount of deionized water and then
calcined at 673 K

@ Springer



846

H. Zhao et al.

values recorded for the first four ammonia increments
(which were totally consumed by the sample) were fol-
lowed by an increase to higher heats of adsorption, corre-
sponding to what is normally expected for a strong acid.
This strange phenomenon can only be interpreted by the
combination of two phenomena, endothermic and exo-
thermic, thus inducing a lower initial heat. The very strong
acid sites due to sulfate ions are supposed to create either a
strong or a dissociative chemisorption. It has been reported
in the literature [12] that the first doses of NH; could
dissociate at the surface (endothermic phenomenon) with
the formation of OH species, evidenced by NH3 adsorption
infrared spectroscopy [12]. The low heats of adsorption are
then attributed to the contribution of NHj dissociation to
the differential heat of adsorption. Another explanation
could be probably the formation of ammonium sulfite [13].
This particular behavior observed for samples containing a
relatively high amount of sulfur made it difficult to
appreciate the initial heats of adsorption of the sulfated
oxides. As this phenomenon was scarcely observed by
adsorption calorimetry for sulfated zirconias it is supposed
to imply a special type of sulfur species on the catalyst
surface, which could involve the support type and/or the
preparation method. For co-precipitated catalysts with or
without 1-mass% PEG—400, which contain a much lower
amount of sulfur species, the heats of NH; adsorption
gradually decreased with NHj3 coverage, revealing the
heterogeneous strength distribution of these catalysts.
Figure 2a, which represents the ammonia adsorption iso-
therms, did not reflect the particular behavior of samples
VTiS—-SG-723 and VTiS-MG-723, thus confirming that
these two samples chemisorbed more ammonia and were
more acidic due to their higher sulfate species content.

In Fig. 1b are shown the differential heats of adsorption
versus ammonia coverage on samples prepared by co-pre-
cipitation and calcined at different temperatures (system
VTiS-CP). Relatively, low initial heat of adsorption was
obtained for sample VTiS—CP-673. However, it is note-
worthy that no low initial heats were observed for VTiS—
CP-573 and VTiS—-CP-623 samples which contained a
higher sulfur concentration than sample VTiS—CP-673 thus
confirming the role played by the calcination temperature in
the determination of the sulfate-type species on the catalyst
surface. In order to determine how the sulfur concentration
could influence the acidity of VTiS catalysts, NH; adsorp-
tion microcalorimetry experiments were also performed on
the VTiSw catalysts, washed with deionized water and then
calcined at 673 K. After washing with different amounts of
deionized water, the content of sulfur (chemical analysis)
drastically decreased from 2.58 mass% (VTiS—CP-673) to
0.75 mass% (VTiSw50-CP-673) and even to <0.1 mass%
(VTiSw300-CP-673). As can be seen in Fig. lc, the low
initial heat of adsorption previously observed for sample

@ Springer

VTiS—CP-673 disappeared for the washed catalysts at low
ammonia coverage (<40 pmol g~ "). Beyond this value, the
profiles of the three curves are similar, characteristic of
vanadia—titania mixed oxides. This phenomenon could
suggest that only a high concentration of sulfur species can
modify significantly the relatively strong acidity of VTi
catalysts prepared by co-precipitation.

The quantitative results of NH; adsorption are summa-
rized in Table 1. The total amount of adsorbed ammonia at
an equilibrium pressure of 27 Pa (Vi) and the amount
irreversibly adsorbed at the same pressure (V) are indic-
ative of the total number of acid sites and amount of strong
acid sites on the surface of the sample, respectively. For
samples prepared by different methods and calcined at
723 K, both Vi, and Vi, reported in pmol gfl, varied in
the order of VTiS-MG-723 > VTiS-SG-723 > VTiS—CP-
723 > VTiS-CPEG-723, greatly influenced by the prepa-
ration method and consequently by the sulfur amount. In
addition, the adsorption isotherms for these samples
(Fig. 2a) varied in the same order with a maximum uptake
of 360, 270, 400, and 610 pmol g_1 for VTiS—CP-723,
VTiS-CPEG-723, VTiS-SG-723, and VTiS-MG-723,
respectively. For co-precipitated samples calcined at dif-
ferent temperatures, the maximum uptake values of V., and
Vi Were obtained for sample VTiS—CP-673, calcined at
673 K. The maximal ammonia uptake was analogous for all
the samples except for VTiS—CP-723 and VTiS—-CP-773
samples (see Fig. 2b and c), due to their drastic decrease
in surface area. Furthermore, the total and strong surface
acid sites densities of co-precipitated samples (Table 1)
increased with increasing calcination temperature up to a
maximum at 673 K (sample VTiS—CP-673), despite a slight
decrease in surface area and sulfur content when compared
to samples VTiS—CP-573 and -623 respectively. Interest-
ingly, it was the only co-precipitated sample displaying low
initial heats of adsorption. Above 673 K a drastic decrease
of the number of acid sites was observed. The data in
Table 1 clearly indicate that most of the adsorbed ammonia
is strongly chemisorbed on samples VTiS—-SG-723 and
VTiS-MG-723, while all the co-precipitated series samples
display a large part of physisorption.

Conclusions

V,05-Ti0,/S0,*" catalysts were prepared by co-precipi-
tation, co-precipitation with 1-mass% PEG-400, sol-gel,
and mechanical grinding methods. The investigation has
demonstrated the existence of differences in surface acidity
between catalysts prepared by various methods, calcined at
different temperature and more or less washed with deion-
ized water. Co-precipitation method was by far the best
preparation method in terms of maximizing the surface area
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and 673 K was the optimal calcination temperature in terms
of maximizing the total acidity. The ammonia adsorption
calorimetric study showed the special behavior of NHj
dissociation at the surface of samples VTiS—SG-723, VTiS—
MG-723, and to a small extent VTiS—CP-673. Meanwhile,
the data from calorimetric study performed on the washed
catalysts (system VTiSw) indicated that a high concentra-
tion of sulfur affected only the very strong acidity of VTiS
catalysts. For co-precipitated samples, the strongest acidity
found for sample VTiS—CP-673 cannot be associated to the
sulfur content which was smaller for this sample than for
VTiS—CP-573 and VTiS—CP-623 samples, but to the sul-
fate-type species on the catalyst surface. To sum up, the
acidic properties of VTiS samples were affected by the
preparation method and calcination temperature as well as
by the type of sulfur species present on the surface.
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V,05/TiO, and V,05/Ti0,-S0,4~ catalysts with various vanadia loadings (5, 15 and 25 wt% V,05) were
prepared by successive incipient wetness impregnations and the effect of doping with SO42~ was
studied. The catalysts were characterized by XRD, BET, XPS, Raman spectroscopy, redox cycles (TPR1/
TPO/TPR2), ammonia adsorption microcalorimetry and tested in the selective oxidation of methanol to
dimethoxymethane (DMM). The Raman spectra revealed the formation of crystalline V,05 particles
when the vanadia coverage was higher than 15 wt%. Redox cycles revealed that the monomeric vanadia
species were easier to reduce but more difficult to oxidize than the polymeric and crystalline species. The
supported vanadia species were found to be composed of stoichiometric V,04 and V,0s5, as shown by
XPS. The ammonia adsorption microcalorimetric study evidenced acid sites with adsorption heats
Quir > 110 k] mol ™!, in amounts which increased upon the addition of SO4?~ but decreased with
increasing vanadia loading. Furthermore, the results of the methanol oxidation reaction suggest that the
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addition of SO4%~ on highly dispersed supported vanadia catalysts promoted the catalytic activity.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Supported vanadium systems, mainly on TiO, support, are
among the most widely studied catalysts for the partial oxidation
of methanol [1-6], which is known to proceed via dissociative
chemisorption to form surface V-OCHs and support —-OH inter-
mediates [7,8]. Thus the nature and the surface area of the support
as well as the structure of the vanadium species are all key factors
in the formation of active surface species [9]. According to
spectroscopic investigations, isolated monomeric vanadyl species,
polymeric vanadia species and V,0s crystallites may coexist on the
titania support, their relative abundances being related to the
vanadia content [10-13].

It is well known that the surface acidity exerts an important
role in the partial oxidation of methanol, and it has been shown
that the addition of SO42~ species to TiO- generates strong acidic
sites at high temperature and can lead to high activity in the
selective catalytic reduction (SCR) reaction [14]. Amiridis et al.
[15] and Dunn et al. [16] have also reported that, on vanadia-
titania catalysts, the gaseous SO, contained in the feed gas system
could participate in the formation of surface sulfate species which
strongly interact with vanadia and then improve the catalytic

* Corresponding author. Fax: +33 472445399.
E-mail address: aline.auroux@ircelyon.univ-lyon1.fr (A. Auroux).

0920-5861/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2009.08.005

surface reactivity. Moreover, recent articles [17,18] show that the
addition of the proper concentration of SO42~ to TiO (anatase)-
supported vanadium oxide can improve the catalytic activity in
the selective oxidation of methanol to dimethoxymethane
(DMM), which can undergo further steam reforming to produce
hydrogen. Thus, it is very important to study the acidity of these
solids in terms of the nature, amount, strength and strength
distribution of their surface sites, from the fundamental and
applicative points of view. Adsorption microcalorimetry of a basic
probe molecule is a useful technique to describe, in detail, the
quantitative and energetic features of the surface sites [19,20],
and we have applied it to measure the acidity of the catalysts
studied in this work.

Considering that most commercial titanias are sulfated to some
extent due to the usual preparation procedure involving a sulfate,
we investigated the influence of vanadia content in the presence of
a very small amount of sulfate species (0.2-0.7 wt% S) in the
reaction of selective oxidation of methanol to DMM. Moreover, in
order to examine the role of sulfate species, sulfated vanadia-
titania catalysts (1.1-1.8 wt% S) were prepared. Thus, this paper
presents a study of the acidic and redox properties of V,05-TiO,
and V,05-Ti0,/S042~ catalysts with different amounts of vanadia
and sulfate. The samples were fully characterized by XRD, BET, XPS
and TPR/TPO. In addition, Raman spectroscopy was used to provide
complementary information about the nature of the surface
vanadium oxide species present in titania-supported vanadia
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catalysts. A tentative correlation with the activity in partial
oxidation of methanol was established.

2. Experimental
2.1. Catalyst preparation

Vanadium oxide systems with different V,05 contents (denoted
by VTi) supported on commercial TiO, (Millennium* G5, uncal-
cined) were prepared by incipient wetness impregnation, using
ammonia vanadate (NH4VO3) as metal precursor and oxalic acid as
complexing agent (NH4VO3/C,0,H, molar ratio = 1/2). After being
kept at room temperature for 12 h to ensure their stabilization, the
resulting solids were dried at 373 K overnight and then calcined in
air at 673 K for 6 h. Pure TiO, catalyst, used as reference, was also
calcined at 673 K in air for 6 h.

The sulfated vanadia-titania catalysts (denoted by VTiS) were
prepared by incipient wetness impregnation of 1g of above
mentioned vanadia-titania catalysts with an aqueous solution
containing the theoretical percentage of (NH4),SO4 to achieve
5 wt% S042~ (1.7 wt% S). The resulting solids were then dried at
373 K overnight and calcined at 673 K in air for 6 h.

2.2. Catalyst characterization

Elemental analysis was performed using ICP atomic emission
spectroscopy (ICP-AES) with a flame PerkinElmer M1100 spectro-
meter.

The surface areas, pore volumes and pore sizes were measured
by nitrogen adsorption at 77 K on a Micromeritics 2010 apparatus
after heat pretreatment under vacuum for 3 h at a temperature of
623 K.

The X-ray diffraction (XRD) measurements were carried out on
a Bruker D5005 powder diffractometer scanning from 3° to 80° (26)
at a rate of 0.02°s ! using a Cu Ko radiation (A =0.15418 nm)
source. The applied voltage and current were 50 kV and 35 mA,
respectively.

The X-ray photoelectron spectra (XPS) were measured on a
KRATOS AXIS Ultra DLD spectrometer equipped with a hemi-
spherical electron analyzer and an Al anode (Al Ko = 1486.6 eV)
powered at 150 W, a pass energy of 20 eV, and a hybrid lens mode.
The detection area analyzed was 700wm x 300 wm. Charge
neutralization was required for all samples. The peaks were
referenced to the C-(C, H) components of the C 1s band at 284.6 eV.
Shirley background subtraction and peak fitting to theoretical
Gaussian-Lorentzian functions were performed using an XPS
processing program (Vision 2.2.6 KRATOS). The residual pressure
in the spectrometer chamber was 5 x 10~° mbar during data
acquisition.

Raman spectroscopy measurements were performed using a
LabRAM HR (Jobin Yvon) spectrometer. The excitation was
provided by the 514.5 nm line of an Ar" ion laser (Spectra physics)
employing a laser power of 100 wW. The laser beam was focused
through microscope objective lenses (100x) down to a 1 um spot
on the sample.

Redox cycles (TPR1/TPO/TPR2), carried out in sequences
consisting of a first temperature-programmed reduction (TPR)
on the oxidized sample (TPR1), a temperature-programmed
oxidation (TPO), and a second temperature-programmed reduc-
tion (TPR2), were performed using a TPD/R/0O-1100 instrument
(ThermoFisher). Prior to the TPR1 run, the fresh sample was treated
in a stream of O,/He (0.998% v/v, flowing at 20 mL min '), ramping
the temperature at 10 K min~" from RT to 623 K and maintaining it
for 60 min, and then cooled to 313 K. The TPR1 measurement was
carried out using H,/Ar (4.98% v/v) as reducing gas mixture,
flowing at 20 mL min~'. The heating rate was 10 Kmin~' from

313 Kto 1073 K for VTi and VTiS systems and up to 1223 K for bulk
V,0s. The TPO run was carried out on the reduced sample (after
TPR1) cooled at 313K in N, flow. After a purge with Ar
(20 mL min~!), the oxidizing gas mixture composed of O,/He
(0.998% v/v) flowed at 20 mL min~"' through the sample from 313
to 1073 K. The oxidized sample was further reduced during the
TPR2 run, under the same experimental conditions as TPR1
described above, up to a final temperature of 1223 K for VTi and
VTiS systems. The H, or O, consumption was detected by a thermal
conductivity detector (TCD). The sample size used was adjusted in
order to have around 69 pmol of V,0s5 independently of the
vanadia loading of the sample. This allowed us to maintain a K
value of 100s. The characteristic number, K, can be defined to
facilitate the selection of appropriate operating parameters; a fixed
K value between 60 and 140 s guarantees optimal conditions to
obtain good TPR/TPO profiles [21,22]. The peak areas were
calibrated with given H,/Ar (4.98% v/v) and O,/He (0.998% v/v)
mixture injections for TPR and TPO, respectively.

The microcalorimetric studies of ammonia adsorption were
performed at 423 K in a heat flow calorimeter (C80 from Setaram)
linked to a conventional volumetric apparatus equipped with a
Barocel capacitance manometer for pressure measurements. The
ammonia used for measurements (Air Liquide, purity > 99.9%) was
purified by successive freeze-pump-thaw cycles. About 100 mg of
sample was pretreated in a quartz cell under evacuation overnight
at 623 K. The differential heats of adsorption were measured as a
function of coverage by repeatedly introducing small doses of
ammonia gas onto the catalyst until an equilibrium pressure of
about 66 Pa was reached. The sample was then outgassed for
30 min at the same temperature, and a second adsorption was
performed at 423 K until an equilibrium pressure of about 27 Pa
was attained in order to calculate the irreversibly chemisorbed
amount of ammonia at this pressure.

2.3. Catalytic reaction

The oxidation of methanol was carried out in a fixed-bed micro-
reactor made of glass with an inner diameter of 6 mm. The
methanol was introduced into the reaction zone by bubbling O,/N»
(1/5) through a glass saturator filled with methanol (99.9%)
maintained at 278 K. In each test, about 200 mg of catalyst was
loaded, and the gas hourly space velocity (GHSV) was
11,400 mLg 'h~'. The feed composition was maintained as
methanol:0,:N, = 1:3:15 (v/v). The tail gas out of the reactor
was analyzed by an on-line GC equipped with an FID detector and a
TCD detector. The column used was PORAPAK N for the separation
of methanol, DMM and other organic compounds. The gas lines
were kept at 373 K to prevent condensation of the reactant and
products. The reaction was carried out at atmospheric pressure.

3. Results and discussion
3.1. Structure properties

The X-ray diffraction patterns of the VTi and VTiS catalysts are
shown in Fig. 1. The typical diffraction peaks characteristic of
anatase TiO, were observed for all the catalysts. No crystalline
vanadia phase appeared even for a V5,05 content close to 25 wt%,
indicating that vanadium oxide was present in a highly dispersed
manner. However, the presence of V,05 crystallites with size less
than 4 nm, which is beyond the detection capacity of the powder
XRD technique, cannot be excluded. In addition, as shown in Fig. 1,
the addition of SO42~ did not affect the dispersion of VTi catalysts.

The results of bulk (chemical analysis) and surface (XPS)
analysis, the surface and bulk V/Ti ratios as well as the BET surface
areas are listed in Table 1. TiO, possessed a high surface area of
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Fig. 1. X-ray diffraction (XRD) patterns of VTi and VTiS catalysts.

209 m? g !. Generally, in V,05-TiO, systems the surface area
continually decreases with increasing V,0s5 content. In this work,
the surface areas of the catalysts containing 5 and 15 wt% V,0s5
were maintained around 200m?g~! and then decreased to
165 m? g~ ! when the V,05 content reached 25 wt%. In addition,
the surface areas of the VTi catalysts also decreased upon addition
of SO,2". Similar pore volumes (0.26-0.38 cm® g !) and average
pore sizes (5.7-6.4nm) were obtained for all catalysts. As
presented in Table 1, the commercial TiO, support in the supported
vanadia catalyst was already sulfated with 0.2-0.7 wt% S, and the
sulfur concentration in the VTiS systems slightly decreased from
1.76 wt% (5VTiS) to 1.11 wt% (25VTiS) with increasing vanadia
loading. However, the surface and bulk V/Ti ratios were similar for
all the catalysts, indicating that the vanadium was homogeneously
distributed on the surface of TiO, support.

Table 2 presents the binding energies (BE) of V 2p3),, O 1s, Ti
2ps3;2 and S 2pq lines and the relative components from the
decomposition of V 2p3; and O 1s lines. The binding energy

Table 1

references [23,24] of the V 2p 3, line for V,05 and V,04 are around
517.5 and 516.4 eV, respectively. As seen in Table 2, all the
catalysts exhibited about 20% V** species, except the 5VTi and
5VTiS samples which were more reduced, presenting a contribu-
tion of ~50% V*4*. This difference observed at low vanadia loading
indicates that a high dispersion of vanadium oxide could favor the
reduction of V(V) to V(IV) upon exposure to X-radiation under
ultra-high vacuum operating conditions. The BE position of the Ti
3ps2 line was around 459.0 + 1 eV and maintained for all the
catalysts, suggesting the presence of Ti*" of TiO, [25]. The XPS spectra
of the S 2p line displayed the same band centered at 169.0 eV, which
is typical of sulfur in the S®* oxidation state and in the form of
bidentate sulfate (SO,2~) species on the surface of TiO, [26,27].

In a previous paper [28] we have already reported that the O 1s
spectra can be decomposed into three peaks to gain information
about the O 1s components, which are the lattice oxygen of the
TiO, + V,05 oxides, the bridged oxygen of surface hydroxyl groups
(Ti-OH) and the oxygen of sulfates (SO427) respectively. We
obtained the same results in this work for all VTi and VTiS samples.

The surface structure of vanadia and titania species on the VTiS
catalysts was examined by Raman spectroscopy, from 1600 to
200 cm™', as shown in Fig. 2. Previous studies by Wachs et al. [10-
13,29,30] have already shown that, depending on the vanadia
loading, two types of surface vanadia species and microcrystalline
phase V,0s5 particles can be present on the surface of V,05-TiO,
catalysts. Under hydrated conditions and at low surface coverage a
broad Raman band at ~940 cm~! is present, corresponding to the
distorted tetrahedral vanadia species in polymeric metavanadate
compounds. This band quickly shifts to ~994 cm~! as the vanadia
loading is increased, which is due to microcrystalline V,05 [13,29].
The Raman spectra of the catalysts prepared for this work were in
agreement with the observations reported in the literature.

For the present catalysts, broad Raman bands at 947 and
807 cm™! assigned to polymerized vanadia species were detected
for the submonolayer coverage [10] corresponding to approxi-
mately 5 wt% vanadia, regardless of whether SO~ was added.

Chemical analysis, X-ray photoelectronic spectroscopy analysis, V/Ti atomic ratios for surface and bulk composition and BET surface area of the samples.

Sample Sger (m?g=1) C.A. (Wt%) XPS (wWt%) V/Ti (surface atomic ratio) V/Ti (bulk atomic ratio)
\% Ti S \% Ti S
5VTi 197 2.82 50.42 0.62 4.45 48.43 0.53 0.09 0.06
5VTiS 174 2.74 50.13 1.76 3.40 46.41 3.33 0.07 0.05
15VTi 206 7.73 48.48 0.18 8.34 45.71 0.65 0.17 0.16
15VTiS 178 8.05 47.02 1.41 7.75 43.78 2.50 0.17 0.15
25VTi 165 14.45 40.77 0.68 18.98 36.32 Traces 0.5 0.4
25VTiS 134 13.82 38.87 1.11 14.69 36.75 1.84 0.38 0.4
TiO, 209 - - <0.2 - - <0.2 - -
Table 2

Binding energies and concentration (in atomic %) of the different oxygen (TiO, + V505, -OH, and -50,4%~) and vanadia species present on the surface of VTi and VTiS catalysts.

Sample Binding energy (ev)
V 2p3)2 O 1s Ti 2p3)2 S 2pip2
V504 V505 TiO, and V,05 -OH S04~
5VTi 516.0 (53%) 17.0 (47%) 29.8 (81%) 30.9 (12%) 531.9 (7%) 458.6 168.5
5VTiS 516.1 (52%) 17.1 (47%) 530.0 (72%) 531.1 (11%) 531.9 (17%) 458.8 168.7
15VTi 516.4 (21%) 517.7 (79%) 530.3 (82%) 531.0 (9%) 532.0 (9%) 459.1 168.9
15VTiS 516.4 (19%) 517.6 (81%) 530.4 (74%) 531.1 (9%) 532.1 (17%) 459.0 168.8
25VTi 516.2 (17%) 517.4 (83%) 530.2 (87%) 531.3 (13%) - 459.0 169.0
25VTiS 516.3 (16%) 517.5 (84%) 530.1 (77%) 531.3 (12%) 531.9 (11%) 459.0 169.0
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Fig. 2. Raman spectra of VTi and VTiS catalysts.

Upon increasing the vanadia loading up to 15 wt%, the catalyst
became heterogeneous, and consequently both types of particles
were analyzed. 15VTi-particle-1 exhibited the Raman bands due to
polymeric vanadate species, similar to those of sample 5VTi, while
15VTi-particle-2 gave rise to strong Raman bands typical of
crystalline V,05 around 998, 702, 524, 489, 425,307 and 287 cm™ .
The catalyst with 25 wt% vanadia content is also rather hetero-
geneous, as shown by 25VTi-particle-1 and 25VTi-particle-2, but
the major Raman band at 998 cm™! due to crystalline V,05 could
be detected on both types of particles.

3.2. Redox cycles with temperature-programmed reduction and
oxidation

The reversibility in a redox cycle of the VO, species of the
studied VTi and VTiS catalysts was investigated by TPR and
oxidation analysis (TPR1/TPO/TPR2 cycle). Table 3 summarizes the
most important results, in terms of maximum temperatures (T
and T,,») of the reduction and oxidation peaks and of the integrated

Table 3
Redox behavior of the VTi and VTiS catalysts from TPR/TPO experiments.

Sample Experiment The maximum Reduction or oxidation
temperatures of peaks
Peak 1 Peak 2 (wmol Hy g, 1) or
(Tm1) (Tm2) (umol 05 g, ')
5VTi TPR1 749 976 29,043
TPO 829 - 9,468
TPR2 873 n.d.? 20,248
5VTiS TPR1 813 993 48,759
TPO 838 - 8,905
TPR2 853 nd.? 19,964
15VTi TPR1 730, 774 944 28,616
TPO 777 - 10,065
TPR2 916 n.d.? 20,272
15VTiS TPR1 753,784 945 32,932
TPO 775 878 10,075
TPR2 1015 nd.? 21,193
25VTi TPR1 749, 797 928 24,394
TPO 775 924 9,433
TPR2 931 1084 19,702
25VTiS TPR1 752, 802 930 27,236
TPO 773 921 8,813
TPR2 929 n.d.? 21,845
Pure V,05  TPR1 938, 974 1110, 1195 22,096
TPO 779 935 10,379
TPR2 978,1015 n.d.? 23,513

? Not determined.

H, and O, consumptions. Fig. 3 shows the reduction and oxidation
profiles of all the studied catalysts.

3.2.1. Temperature-programmed reduction in H,

When reducing bulk V5,05 in the temperature range from RT up
to 1223 K, four peaks were observed, located at 938,974, 1110 and
1195 K, respectively. The first peak should be assigned to the
formation of VgO13, the second to VO,, and with the completion of
hydrogen consumption V,05 is reached [31]. For the VTi and VTiS
systems, conventional TPR runs were carried out up to 1073 K only
to study the reducibility of the vanadia species. More than one
reduction peak was observed, indicating the presence of several
types of oxygen-containing vanadium species on the TiO, surface.
In addition, considering that different vanadia species such as
monomeric, polymeric and crystalline VO, species may coexist at
the surface of the studied catalysts, the peaks do not necessarily
represent different steps of reduction of the same species but
should rather be considered to result from a superposition of
reduction steps of several different species [29]. Referring to the
literature [32], the maximum temperature of reduction peaks
(Tmq) in the low-temperature region (<900 K) indicates the
presence of monomeric VO, species (T, < 770 K) and polymeric
VO, species (Ty2=774-813K) in the VTi and VTiS systems
(Table 3).

From a comparison of the TPR profiles of the VTi samples, T;;,; of
reduction peaks was found to be shifted to higher values with
increasing V,0s content, indicating that more polymeric vanadia
species might be formed, as confirmed by Raman spectroscopy
measurements. Additionally, the addition of SO~ might inhibit
the reduction of vanadia, since the reduction peak maxima shifted
to higher temperatures for samples with low V,0s content,
possibly due to an increased proportion of polymeric vanadia
species upon re-calcination, or due to the formation of the sulfate
species “crowding” the vanadyl species together and leading to
more polymerization [15].

For example, an increase of 60 K was observed for the Ty,; value
of sample 5VTiS compared to sample 5VTi (5VTi: Ty =749 K;
5VTiS: Ty =813 K). When the V,0s5 content was increased to
15 wt%, this peak (Ty1=784K) acquired a shoulder at lower
temperature (753 K), indicating that insoluble vanadium species
became heterogeneous, which was consistent with the Raman
spectra showing that sample 15VTi contained both polymeric VO,
and microcrystalline V,0s particles. When the V,0s5 content
reached 25 wt%, a similar TPR behavior was detected with sample
25VTi (see Table 3).

Furthermore, considering the rather different amounts of
reducible VO, species in VTi and VTiS systems, the H, consumption
has been expressed as wumol H, per gram of vanadium (pmol g, ).
Obviously, the H, consumption continually decreased with
increasing V,0s content, possibly due to the formation of highly
polymeric VO, species. However, the H, consumption increased
with the introduction of S0,2~, thus indicating the reduction of
S042~ ions [33].

3.2.2. Temperature-programmed oxidation after TPR with O,

The reoxidation behavior of the catalysts starting from the V3"
oxidation state obtained after TPR1 was analyzed by TPO. The TPO
profiles are shown in Fig. 3(a) and (b) TPO. The TPO profiles of bulk
V,0s5 exhibit two separate peaks (T =779 K and Ty = 935 K).
Hence, oxidation occurs at lower temperature than reduction with
hydrogen. The TPO profiles resemble more or less the TPR profiles
viewed from higher to lower temperature. This suggests that the
transitions observed in the TPR experiments are reversed in the
TPO experiments. Thus, for bulk V,0s, the peak at 779 K
corresponds to the transition of V,03 to VO,, and the second
peak at 935 K to the formation of V,0s. For VTi and VTiS systems,



74 H. Zhao et al./Catalysis Today 152 (2010) 70-77

(bulk V203) Temperature (K) Z)T emperal
(a) TPR1 L 1200 (b) TPRI1 (bulk V208 Temperature (K) | —_—
(VTi) Temp (K) (VTiS) Temperature (K)
- 1000 r 1000
o - 800 5 - 800
- -, -
= £ T £
- + & - - 60
= ik V208 - = o=
= s »
Il V205
E:':B - 400 z}f 400
- 200 - 200
E T : T 0 T T 0
0 30 60 90 120 90 120
Time (min) Time (min)
1200
(b) TPO Temperature (K)
(a) TPO - - 1200
iy, A7 Tempemure (K) L 1000
e W rhaapsiever- 1000
= hulk V208 "8, ~ L 500
= o
o0 - 800 hulk V205 -
> £ =2 | )
£ = & -600 =
= Fe0 T =
& =
50 20 [ 400
@n - 400 w 1
200
- 200
o T T T T 0
i 3 i i 0 30 60 9% 120
0 30 60 90 120
Time (min) Time (min)
Temperature (K}
{a) TPR2 E 1200 (b) TPR2 - 1200
r 1000 - 1000
oo I 800 e - 800
- balk V208 . > e
] e B z
- Fe) — = F 60 ~
i = = e
g &
= F 400 @ - 400
L 200 - 200
0 T 0
] 30 60 9 120 150 0 120 150
Time (min) Time (min)

Fig. 3. Redox cycles of (a) VTi catalysts, (b) VTiS catalysts and bulk V,0s. Profiles of reduction (TPR1, TPR2) and oxidation (TPO) as a function of temperature and time
(10 Kmin~") (bulk V505, red; 5VTi and 5VTiS, green; 15VTi and 15VTiS, blue; 25VTi and 25VTiS, orange). All spectra were magnified (5x ) except bulk V,0s. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of the article.)

Table 4
Ammonia adsorption data from microcalorimetry measurements at 423 K.
Sample Vior® (27 Pa) (wmolg ") Viot® (27 Pa) (pmolm2) Vie” (umolg 1) Vie” (nmolm2) Qunic” (kJmol™1)
5VTi 498 2.5 291 1.5 194
5VTiS 486 2.8 316 1.8 219
15VTi 483 23 275 13 210
15VTiS 514 29 335 1.9 231
25VTi 425 2.6 213 1.3 220
25VTiS 406 3.0 243 1.8 145
TiO, 517 2.5 279 1.3 210

2 Total amount of NH; retained as determined at 27 Pa of equilibrium pressure.
b “Irreversible” amount of NH; retained as determined from the difference between the amounts adsorbed in the first and second adsorptions at 27 Pa.

€ Heat evolved from the first NH3 dose.
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Table 5
Catalytic activities of the VTi and VTiS catalysts in the methanol oxidation reaction.

Sample Temp. (K) Con. of Selectivity (%)
methanol (%) 5y A MF DME  co,
5VTi 403 6 88 6 6 0 0
413 9 74 8 17 0 0
423 12 59 12 28 0 0
433 21 30 13 57 0 0
453 41 9 20 59 1 11
5VTiS 403 12 87 0 0 13 0
413 19 85 0 0 15 0
423 28 77 3 1 19 0
433 32 47 10 32 12 0
453 71 6 16 19 23 36
15VTi 403 22 90 3 7 0 0
413 37 59 6 34 1 0
423 51 28 12 58 1 1
433 84 0 6 13 0 81
15VTiS 403 22 94 1 2 2 0
413 36 84 2 11 3 0
423 52 53 5 39 3 0
433 86 1 7 12 2 77
25VTi 403 31 93 2 4 0 0
413 49 74 7 19 1 0
423 67 24 17 58 1 0
433 92 0 2 35 2 61
25VTiS 403 25 95 2 1 2 0
413 36 85 7 7 1 0
423 58 54 13 31 2 0
433 92 0 1 37 5 56

DMM: dimethoxymethane, FA: formaldehyde, MF: methyl formate, DME: dimethyl
ether, CO,: CO, (or CO).

the same transitions that were observed in TPR are also seen in
TPO, being inversely related. Compared to bulk V,0s, the
supported vanadia catalysts (VTi and VTiS) are not only easier
to reduce but also easier to reoxidize, indicating that the support
promotes both reduction and reoxidation. From a comparison of
TPR1 and TPO profiles, it appears that the polymeric or crystalline
vanadia species present on the TiO, support are the easiest to
reoxidize but most difficult to reduce, whereas highly dispersed
vanadia species present on TiO, are the easiest to reduce but the
most difficult to reoxidize. This is in agreement with the results
obtained by Majunke and Baerns [34].

3.2.3. Temperature-programmed reduction after TPO with H,

A second reduction analysis (TPR2) was performed on the
samples freshly reoxidized by TPO. Fig. 3(a) and (b) TPR2
comparatively present the collected reduction profiles. As shown
in this figure, part of the vanadia species were not reduced at the
temperature of 1223 K, and the remaining part necessitated a
much higher temperature to be reduced, which made it difficult to
reach the maximum of the reduction peak and the stoichiometric
consumption of hydrogen. In all cases, the positions and shapes of
the peaks of the TPR2 profiles were different from those of TPR1;
the TPR2 profiles showed a shift toward higher temperatures than
TPR1. The lack of overlap between TPR1 and TPR2 suggested a
mobility of the vanadia species leading to more aggregated vanadia
phase [35]. The newly created vanadia species were more
crystalline, especially for the sample with 25 wt% V,0s which
presented the highest reduction temperatures.

3.3. Acidity properties
The acidity of the catalysts was determined by ammonia

adsorption microcalorimetry [20]. Table 4 presents the initial heats
of adsorption (denoted by Qini¢) and the amount of ammonia
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Fig. 4. Differential heat versus coverage (in umol g~! of catalyst) for NHs adsorption
at 423 K over (a) VTi and (b) VTiS catalysts.
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Fig. 5. Acidity spectra of the VTi and VTiS catalysts.

adsorbed under an equilibrium pressure of 27 Pa. Fig. 4 displays
the differential heats of ammonia adsorption as a function of
coverage for the VTi and VTiS catalysts and pure TiO, support,
while Fig. 5 shows the acid site strength distribution of the
catalysts which gives the number of sites of a given strength.
The initial heat of ammonia adsorption on TiO, was found to be
about 210 k] mol~!, suggesting that the TiO, support used in this
work is strongly acidic. The addition of V,05 did not change
significantly the initial heat, while the addition of SO42~ slightly
increased the initial heat except for the 25VTiS sample. Addition-
ally, the amount of irreversibly absorbed ammonia (Vj.),
corresponding to strong chemisorption, decreased with increasing
V,0s content, but the strong acid site densities became similar
when V;,; was expressed per unit surface area, which reveals that
the decrease of the number of acid sites can be attributed to the
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decrease of surface area. Nevertheless, the number and the density
of strong acid sites (see Vi) increased upon the addition of S04

We have shown in previous studies [28] on sulfated vanadia-
titania prepared by sol-gel that the first doses of ammonia were
fully adsorbed with very low heats evolved, thus inducing very low
initial differential heats of adsorption. This observation was
explained by a combination of both an endothermic effect such
as NHs dissociation [36] or the formation of ammonium sulfite [37]
and the exothermic adsorption; however, such an effect was not
observed in the present study, or only to a very low extent on
sample 25 VTiS. Moreover, the heat of NHsz adsorption gradually
decreased with NHs coverage for all the studied -catalysts,
suggesting a heterogeneous strength distribution of these cata-
lysts, as shown in Fig. 4.

Fig. 5 shows the acid site strength distributions of all the
catalysts. For the VTi samples, the populations of strong acid sites
(Qairr > 160k mol~!) and medium acid sites (110 < Qgifr <
160 k] mol~!) decreased with increasing amount of V,0s, while
the amount of weak acid sites with 60 < Qi <110 k] mol !
increased. For the VTiS samples, it is clear that the strong and
medium acid sites increased upon the addition of SO42~ even if the
low initial heats of adsorption made it difficult to calculate the
number of strong acid sites for sample 25VTiS.

3.4. Selective oxidation of methanol

The selective oxidation of methanol to dimethoxymethane
(DMM) may involve two steps: (1) oxidation of methanol to
formaldehyde on redox sites and (2) condensation of formalde-
hyde produced with additional methanol to form DMM on acidic
sites. Thus, bifunctional catalysts with redox and acidic characters
are required for the reaction. In addition, the relative strengths of
surface acidity and redox ability of a catalyst may be important in
determining reaction pathways as well as selectivity to DMM.

In this work, the conversion of methanol increased with
increasing V,0s content, due to enhanced redox properties. This
behavior supported the results of the TPR1 measurements, in
which the H, consumption (expressed as pwmol H, per gram of
catalyst and not per g of V) increased with the vanadia loading.
Meanwhile, the selectivity to DMM increased slightly upon the
addition of SO42 due to the enhanced acidity (see Table 5).
Nevertheless, samples 15VTiS and 25VTiS possessed similar
catalytic behaviors even as the vanadia content increased from
15 to 25 wt%. Many researchers claim that amorphous monomeric
VO, species with terminal V=0 bonds are the most active species
for reactant adsorption and C-H bond breaking, particularly when
compared to crystalline V,05 [38-41]. As evidenced by Raman
spectroscopy, crystalline V,05 species are present on sample
15VTi, and even more crystalline V,05 particles were detected for
sample 25VTi. The formation of crystalline V,05 species with
increasing vanadia loading would also be applicable to the
polymeric vanadia species in the VTiS systems, as evidenced by
TPR measurements.

Among all the VTi and VTiS catalysts, sample 25VTiS showed
the highest yield at the reaction temperature of 423 K, with 58%
methanol conversion and 54% DMM selectivity. Fu and Shen [17]
have already reported positive effects upon the addition of
different sulfates to the V,05/TiO, system for the selective
oxidation of methanol to DMM. They mention good results over
Ti(SO4),-modified  V,0s5/TiO,  catalysts  (Sger=82m?g ';
V,05% =10 wt%; S% = 0.2 wt%) with DMM selectivities of 89-92%
for 48-60% methanol conversions. It seems that the enhanced
DMM selectivity is strongly affected not simply by the addition of
SO42~, but also by the nature of the sulfate-carrier-vanadia
interaction, the amount of exposed carrier surface, the vanadia
loading, and the catalyst surface area. In addition, when sulfated

species ((NH,4),SO,4) were added to the VTi system, the conversion
of methanol obviously increased for sample 5VTiS and the
selectivity to DME (created on strong acid sites) too, which
suggests that the addition of SO,  on a “monolayer-type”
vanadia-titania catalyst easily improves both the redox (con-
firmed by TPR experiments) and surface acidity properties. Thus,
these results indicate that monomeric and polymeric vanadia, as
opposed to crystalline V,0s, are the most reactive species in
methanol oxidation, a model reaction for V,05/TiO, catalysts.

4. Conclusion

A series of V,05-TiO, (VTi) catalysts were prepared by incipient
wetness impregnation and modified with SO4%~ species. Raman
spectroscopy suggested that microcrystalline V,0s5 particles
started to be formed for sample 15VTi. Moreover, the Raman
spectra also suggested that the samples with higher vanadia
loadings were not homogeneous. XPS showed that titanium and
sulfur were present in their fully oxidized states for all the VTi and
VTiS catalysts, while the state of vanadium was composed of
stoichiometric pentavalent and tetravalent V. The maxima of the
reduction peaks in TPR1 profiles indicated the presence of isolated
monomeric vanadia species (T < 770 K) and polymeric vanadia
species (T, = 774-813 K) on the support surface. The monomeric
species are more easily reduced but more difficult to oxidize than
the polymeric and crystalline species. The ammonia adsorption
calorimetry study showed that the number of acid sites with
Quifr > 110 k] mol~! was obviously increased upon the addition of
S042~. The best catalytic behavior in this work was obtained on
sample 25VTiS with, 58% DMM selectivity for 58% methanol
conversion at 423 K. Consequently, the acidic and redox properties
were related with the vanadia content and the addition of sulfate
species, which finally affected the catalytic behavior of the
methanol oxidation to dimethoxymethane.
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ABSTRACT

The selective oxidation of methanol to dimethoxymethane (DMM) over sulfated vanadia-titania cata-
lysts, prepared by co-precipitation and calcined at different temperatures, was studied in the 393-
473 K interval under steady state conditions. The catalysts were characterized by X-ray diffraction
(XRD), Brunauer-Emmett-Teller isotherms (BET), inductively coupled plasma optical emission spectros-
copy (ICP-OES), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), and Raman
spectroscopy. The redox and acidic properties were examined using temperature programmed reduction
(TPR), isopropanol probe reaction, ammonia adsorption calorimetry, and pyridine adsorption FTIR tech-
niques. As evidenced by pyridine adsorption FTIR, some Bronsted acid sites transformed to Lewis sites
upon removal of sulfate species by washing the samples with deionized water. A high sulfur content
increased the number of Bronsted acid sites but reduced their strength. The best catalyst revealed the
presence of amorphous polymeric VO, species with terminal V=0 bonds, and both redox and Bronsted
acid sites, resulting from an adequate balance between the calcination temperature and the sulfate con-

centration. These are the key parameters for optimizing the DMM production.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Dimethoxymethane (DMM) is especially interesting for indus-
trial applications [1-4], since it is suitable as fuel additive with a
high chemical stability, as solvent in the perfume industry and as
reagent in organic syntheses. Industrially, DMM is produced by a
two-stage process: methanol oxidation to formaldehyde on silver
and ferric molybdate catalysts and dehydrative condensation of
the formaldehyde with methanol in the presence of liquid and so-
lid acids [3,4]. Thus, a one-stage heterogeneous reaction process
has economical and environmental benefits in the production of
DMM, where three methanol molecules are incorporated into
one DMM molecule (3CH30H +1/20, — CH,(OCHs); + 2H,0). It
has been reported in the literature that DMM can be also synthe-
sized by the direct oxidation of methanol on crystalline SbRe;O¢
[5], Re/y-Fe,03 [6], heteropolyacids [7], RuO,/SiO, [8], Cu-ZSM-5
[9], and V205/T102—TI(SO4)2 []0]

Irrespective to the catalytic system, all the studies suggest a
dual mechanism involving redox and acidic sites (Bronsted in case
of Keggin structures [3,11], or Lewis for Re-based catalysts [6]).
Additionally, Wachs indicated that the surface Brénsted acid sites
can facilitate oxidation reactions requiring the participation of dual

* Corresponding author. Fax: +33 472445399.
E-mail address: aline.auroux@ircelyon.univ-lyon1.fr (A. Auroux).

0021-9517/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2010.02.028

redox-acid sites [12]. Achieving an adequate balance between the
two kinds of active sites is thus a crucial prerequisite for optimal
DMM production.

Furthermore, the contributions of different VO, species to the
catalytic performance have been debated for some time in previous
studies [13-24]. Many researchers claim that amorphous mono-
meric VO, species with terminal V=0 bonds are the most active
species for reactant adsorption and C-H bond breaking compared
to crystalline V,0s5 [13-15]. Grzybowska-Swierkosz [16] pointed
out the necessary participation of both monomeric and polymeric
species. Tatibouét [17,18] proposed that a surface site constituted
by a vanadyl V=0 double bond standing up and a near “oxygen va-
cancy” constituted by the sixth coordination of a vanadium (vana-
dyl down) could be the most appropriate for DMM formation. In
contrast, Gervasini et al. [19] found higher catalytic activity for
polymeric rather than for monomeric VO, species in partial oxida-
tion of o-xylene to phthalic anhydride (PA), and Van Hengstum
et al. [20] reported that vanadia multilayers and/or crystallites
did not affect the selective oxidation of toluene. Weckhuysen
et al. [21] stated that the V-O-support bond is important in meth-
anol oxidation, a model reaction for V,05/TiO, catalyst. Moreover,
density functional theory (DFT) has demonstrated that the oxygen
atom in the V-O-Ti bond is the most reactive toward atomic
hydrogen adsorption, the limiting step of the oxidation reaction,
because of the high stability of terminal V=0 bonds [22]. Wachs
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and Weckhuysen [23], on the other hand, stressed the critical role
of bridging oxygen in V-O-support as mentioned also by Bulushev
et al. [24].

We have recently studied the reactivity of sulfated vanadia-
titania catalysts prepared by various methods to selectively cata-
lyze methanol oxidation to DMM [25]. These previous results
[25,26] investigated how both the preparation method and the sul-
fate content impacted the DMM synthesis. In this work, the chal-
lenge lied in: (1) fixing the right amount of surface residual
sulfate (with or without washing with deionized water) during
the calcination step in order to tune the acidity of the coprecipitat-
ed V205—Ti02/SOﬁ’ catalysts and (2) developing active surface
structure most appropriate for DMM synthesis during the calcina-
tion process. The VTiS samples were characterized by X-ray diffrac-
tion (XRD), Brunauer-Emmett-Teller isotherms (BET), inductively
coupled plasma optical emission spectroscopy (ICP-OES), X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FTIR), Raman spectroscopy, ammonia
adsorption calorimetry, and pyridine adsorption FTIR. This study
reports, in detail, the effects of surface structure, nature, and
strength of active acidic sites on the performance of the selective
oxidation of methanol to DMM.

2. Experimental
2.1. Catalyst preparation

Five gram of V,05—TiO, /SOf{ catalysts were prepared by a co-
precipitation method [27] with 3.2 g of VOSO4 x H,0 and 11.5 g of
TiOSO4 x H,SO4 x Hy0 as precursors, and 25 mL 28 wt.% NH3-H,0
solution as precipitant. Samples VTiS-573, VTiS-623, VTiS-673,
VTiS-673, and VTiS-723 were prepared in this way, and then cal-
cined in air for 5 h at 573, 623, 673, 723, and 773 K, respectively.
Additionally, samples VTiSw50-673 and VTiSw300-673 were pre-
pared by the same procedure of co-precipitation, washed with,
respectively, 50 and 300 mL deionized water while filtering the
precipitate and then calcined at given temperature of 673 K in air
for 5 h.

2.2. Catalyst characterization

Elemental analysis was performed using ICP optical emission
spectroscopy (ICP-OES) with an ACTIVA spectrometer from Horiba
JOBIN YVON.

The surface areas and pore sizes were measured by nitrogen
adsorption at 77 K on a Micromeritics 2010 apparatus after heat
pretreatment under vacuum for 3 h at a temperature 100 K lower
than the calcination temperature.

The X-ray diffraction (XRD) measurements were carried out on
a Bruker D5005 powder diffractometer scanning from 3° to 80° (20)
at a rate of 0.02 degree s™! using a Cu Ko radiation (1=0.15418
nm) source. The applied voltage and current were 50kV and
35 mA, respectively.

The X-ray photoelectron spectra were measured on a KRATOS
AXIS Ultra DLD spectrometer equipped with a hemispherical elec-
tron analyzer and an Al anode (Al Ko =1486.6 eV) powered at
150 W, a pass energy of 20 eV, and a hybrid lens mode. The detec-
tion area analyzed was 700 pm x 300 pum. Charge neutralization
was required for all samples. The peaks were referenced to the
C-(C, H) components of the Cls band at 284.6eV. Shirley
background subtraction and peak fitting to theoretical Gaussian-
Lorentzian functions were performed using an XPS processing
program (vision 2.2.6 KRATOS). The residual pressure in the
spectrometer chamber was 5 x 10~° mbar during data acquisition.

Scanning electron microscopy (SEM) was performed using a
Philips 5800 SEM electron microscope. The samples were depos-
ited onto scotch carbon and metallized by sputtering. A gold film
ensures a good conductivity for the observation.

The recording of transmission electron micrographs was carried
out using a JEOL 2010 equipment operating at 200 kV with a high
resolution pole piece and an energy dispersive X-ray spectrometer
(EDS) (Link Isis from Oxford Instruments). The samples were dis-
persed in ethanol using a sonicator and a drop of the suspension
was dripped onto a carbon film supported on a copper grid and
then ethanol was evaporated. EDS study was carried out using a
probe size of 15 nm to analyze borders and centers of the particles
and the small particles. Standard deviations were evaluated for
atomic ratio from at least 10 analyzes.

Raman spectroscopy measurements were performed using a
LabRAM HR (Jobin Yvon) spectrometer. The excitation was pro-
vided by the 514.5 nm line of an Ar* ion laser (Spectra physics)
employing a laser power of 100 pW. The laser beam was focused
through microscope objective lenses (100x) down to a 1-pum spot
on the sample.

H,-TPR measurements were performed using a TPD/R/0-1100
instrument (ThermoFisher). Prior to the TPR run, the fresh sample
was treated in a stream of O,/He (0.998% v/v, flowing at
20 mL min~!), ramping the temperature at 10 K min~! from RT to
a temperature 100 K lower than the calcination temperature and
maintaining it for 60 min, and then cooled to 313 K. The TPR mea-
surement was carried out using Hp/Ar (4.98% v/v) as reducing gas
mixture, flowing at 20 mL min~'. The heating rate was 10 K min~!
from 313 K to 1073 K. The H, consumption was detected by a ther-
mal conductivity detector (TCD). The sample size used was ad-
justed in order to have around 69 pmol of V,05 independently of
the vanadia loading of the sample. This allowed us to maintain a
K value of 100 s. (The characteristic number, K, can be used to facil-
itate the selection of appropriate operating parameters; a fixed K
value between 60 and 140 s guarantees optimal conditions to ob-
tain good TPR profiles [28,29].) The TPR peak areas were calibrated
with given H,/Ar (4.98% v/v) mixture injections.

The skeletal FTIR and pyridine adsorption FTIR spectra were re-
corded at room temperature with a Bruker Vector 22 FTIR spectro-
photometer (DTGS detector) operating in the 4000-400cm !
range, with a resolution of 2 cm™! and 100 acquisition scans. In
each skeletal FTIR experiment, 2 mg of sample was mixed with
198 mg of KBr. In each pyridine adsorption FTIR measurement,
the self-supporting wafer (10-30 mg, 18 mm diameter) was first
activated in situ at a temperature 100 K lower than the calcination
temperature in oxygen flow for 14 h, then evacuated at the same
temperature for 2 h and then exposed to pyridine (air liquid,
99.8%, vapor pressure 3.3 kPa) at room temperature for 5 min.
The desorption was carried out by evacuation for 30 min each at
room temperature, 373 K, 473 K, and 573 K, respectively. The spec-
tra were recorded at room temperature after adsorption and
desorption at each temperature.

The microcalorimetric studies of ammonia adsorption were per-
formed at 423 K in a heat flow calorimeter (C80 from Setaram)
linked to a conventional volumetric apparatus equipped with a
Barocel capacitance manometer for pressure measurements.
Ammonia used for measurements (air liquid, purity > 99.9%) was
purified by successive freeze-pump-thaw cycles. About 100 mg
of sample was pretreated in a quartz cell under evacuation over-
night at a temperature 100 K lower than the calcination tempera-
ture. The differential heats of adsorption were measured as a
function of coverage by repeatedly introducing small doses of
ammonia gas onto the catalyst until an equilibrium pressure of
about 66 Pa was reached. The sample was then outgassed for
30 min at the same temperature, and a second adsorption was per-
formed at 423 K until an equilibrium pressure of about 27 Pa was
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attained in order to calculate the irreversibly chemisorbed amount
of ammonia at this pressure.

2.3. Catalytic reactions

The reaction of isopropanol conversion was used to characterize
the surface acidity. This probe reaction was carried out in a fixed-
bed glass tube reactor. About 100 mg of sample was loaded for
each reaction. Isopropanol was introduced onto the catalyst by
bubbling air through a glass saturator filled with isopropanol
maintained at 295 K. Isopropanol and reaction products were ana-
lyzed by an online gas chromatograph (GC), using a polyethylene
glycol (PEG) 20 M packed column connected to a Flame Ionization
Detector (FID). Prior to the test, each catalyst was pretreated by
heating in air at the same temperature as that used for calcination
for 1 h and then cooled in the air flow to the reaction temperature.

The oxidation of methanol was carried out in a fixed-bed micro-
reactor made of glass with an inner diameter of 6 mm. The meth-
anol was introduced into the reaction zone by bubbling O,/N, (1/5)
through a glass saturator filled with methanol (99.9%) maintained
at 278 K. In each test, 0.2 g of catalyst was loaded, and the gas
hourly space velocity (GHSV) was 11,400 mLg ' h~'. The feed
composition was maintained as methanol:0,:N, =1:3:15 (v/v).
The tail gas out of the reactor was analyzed by an online GC
equipped with an FID detector and a thermal conductivity detector
(TCD). The column used was PORAPAK N for the separation of
methanol, DMM, and other organic compounds. The gas lines were
kept at 373 K to prevent condensation of the reactant and prod-
ucts. The reaction was carried out at atmospheric pressure. Prior
to the test, the samples were pretreated in the same way as for
the isopropanol conversion reaction.

3. Results and discussion
3.1. Surface structures

The XRD patterns of the VTiS catalysts are presented in Fig. 1. It
can be seen from the figure that typical diffraction peaks character-
istic of anatase TiO, were observed for all VTiS catalysts. In partic-
ular, the VTiS-573 and VTiS-623 samples exhibited broader
diffraction patterns indicating the much more amorphous nature
of their TiO, species. The intensity of the peaks due to anatase
TiO, increased with increasing calcination temperature, indicating
agglomeration of TiO, particles. Crystalline V,05 was detected only
for samples calcined at 723 and 773 K, suggesting that vanadium
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VTiS-773 o
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Fig. 1. X-ray diffraction (XRD) patterns of VTiS and VTiSw catalysts.

oxide was present in a highly dispersed manner at low calcination
temperature. In addition, the average sizes of V,05 and TiO, parti-
cles as determined by the Debye-Scherrer formula from the XRD
data are presented in Table 1. Upon increasing the calcination tem-
perature, the titania particle size increased from 1 nm (VTiS-573)
to 4 nm (VTiS-673), and then increased to 15 nm (VTiS-723) and
18 nm (VTiS-773). The average sizes of crystalline V,05 were found
to be 18 nm for VTiS-723 and 22 nm for VTiS-773, indicating the
aggregation of particles.

The BET surface area, porosity data, bulk (ICP) and surface (XPS)
analysis for all studied VTiS catalysts are given in Table 1. The sur-
face areas continuously decreased from 402 to 57 m?g ' along
with the average pore size which increased from 8.1 to 31.7 nm
with increasing calcination temperature. The structure of VTiS cat-
alysts did not change after washing with deionized water. The con-
centration of sulfur and nitrogen decreased drastically with
increasing calcination temperature (especially for T.y > 723 K)
and/or washing with deionized water, suggesting that the sulfur
species were not tightly anchored to the support surface.

Table 2 lists the binding energies of V2ps, O1s, S2py/2, and N1s
and relative components from the decomposition of the O1s and
V2ps), lines. The reference V2p;;, peak positions for V,0s and
V,0,4 are around 517.5 and 516.4 eV, respectively [30,31]. The full
oxidation state (+5) of vanadia was predominant at catalyst sur-
face. The formation of 20-30% V** species may be due to the expo-
sure of the catalysts to X-radiation under ultra-high vacuum (UHV)
operating conditions.

As seen in Table 2, the O1s spectra were identical and can be di-
vided into three peaks respectively at ~530.4 eV (lattice oxygen of
TiO, + V,05 oxides contribution), ~513.2 eV (-OH contribution),
and ~532.0 eV (sulfate oxygen contribution). The trend of sulfate
oxygen content varied with the concentration of sulfur as shown
by ICP and XPS, suggesting that the sulfur compound exists in
the SO;~ form. The N1s line at binding energy around 400.0-
401.2 eV may be due to an uncompleted decomposition at 553 K
of ammonium salts formed during the preparation method [31].
In addition, the S2p;;, line at the binding energy of about
169.0 eV is typical of sulfur in S®* oxidation state, such as in Na,SO,
or FEZ(SO4)3 [32,33]

The surface structure of vanadia and titania species present on
the VTiS catalysts was examined by Raman spectra, from 1500 to
200 cm™!, as shown in Fig. 2. No Raman band was observed for
VTiS-573 and VTiS-623 samples, possibly due to the presence of
highly amorphous VO, species on the surface. Since the BET surface
area of catalysts decreased with increasing calcination tempera-
ture, polymeric vanadate species could have developed on the cat-
alyst surface. The pronounced Raman bands at 1034 cm™! assigned
to terminal V=0 bond and at 943 cm~! due to V-0-V linkage for
polymeric vanadate species were detected for samples calcined
at 673 K [34-36]. As reported in the literature [37], the presence
of surface sulfate species slightly perturbs the molecular structure
of the surface vanadia species by broadening the 1034 cm~! Raman
band. In addition, there is a possibility of cleavage of the V-0-V
bridge at high total sulfates amount, favoring the formation of
VO0,(S0,)3~ species, which are more stable and having higher
molecular symmetry [38]. In Fig. 2, the intensity of the band at
943 cm™! decreased after washing the samples with deionized
water thus indicating an overlapping of the SO;  symmetrical
stretch band in VO,(S04)3~ with the V-O-V band at 943 cm™!
[39]. Furthermore, crystalline V,05 was formed when the calcina-
tion temperature reached 723 K (V,0s has Raman bands around
996, 703, 530, 483, 406, 306, and 285 cm ') [40,41]. The bands at
642, 516, and 404 cm ™' are corresponding to Ti-O groups [42].

FTIR compared with Raman spectroscopy provides complemen-
tary information about the nature of surface metal oxide species.
The skeletal FTIR spectra of VTiS samples are reported in Fig. 3a,
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Chemical analysis, X-ray photoelectron spectroscopy analysis, surface area and porosity data of the samples and calculated average size of V,05 and TiO, particles.
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Sample C.A. (wt.%) XPS (wt.%) Sger (m?/g)  Average pore diameter (nm)  Pore volume (mlg~!) Particle average size (nm)
\Y Ti S \% Ti S N V505 TiO,
VTiS-573 104 339 32 112 316 50 29 402 8.1 0.8 - 1
VTiS-623 109 347 40 113 326 47 22 368 9.4 0.9 - 2
VTiS-673 12.6  41.0 26 123 347 37 1.7 287 113 0.9 - 4
VTiSw50-673 13.1 399 08 153 365 11 - 290 10.7 0.9 - 5
VTiSw300-673 12.6 416 <0.1 157 376 - - 289 133 1.1 - 6
VTiS-723 12.8 43.0 0.7 148 377 25 1.0 100 24.1 0.6 18 15
VTiS-773 134 444 <01 122 410 - 0.6 57 31.7 0.5 22 18
Table 2
Binding energies of surface species and concentration (in atomic %) of different oxygen (TiO, + V505, ~-OH and SO?{) and vanadia species present on the surface of the VTiS
catalysts.
Sample Binding energy (eV)
V2ps), Ols S2p1p2 N1s
V504 V505 TiO, + V505 -OH 02~
VTiS-573 516.6(25%) 517.6(75%) 530.4(54%) 531.1(7%) 532.0(39%) 168.9 401.0
VTiS-623 516.5(22%) 517.6(78%) 530.4(54%) 531.2(12%) 532.1(34%) 169.0 401.2
VTiS-673 516.4(22%) 517.7(78%) 530.4(63%) 531.1(7%) 532.0(30%) 169.9 400.2
VTiSw50-673 516.4(28%) 517.5(72%) 530.3(79%) 531.4(12%) 532.2(9%) 168.8 -
VTiSw300-673 516.2(30%) 517.4(70%) 530.2(88%) 531.4(12%) = = =
VTiS-723 516.5(18%) 517.7(82%) 530.3(65%) 531.0(20%) 532.1(14%) 168.9 400.3
VTiS-773 516.2(19%) 517.4(81%) 530.1(88%) 530.9(12%) - - 400.1
and the appearance of a new band at 1201 cm™. This indeed sug-
gests that a strong interaction could occur between vanadia, tita-
248 nia, and sulfate species. The weak band at 1201 cm~! could be

VTiS-623

1034
VTiSw300-673
VTiSw50-67.

Intensity (a.u.)

VTiS-773

T T T
900 600 300

Raman shift (cm'l)

T
1500 1200

Fig. 2. Raman spectra of VTiS and VTiSw catalysts.

and the spectrum of pure TiO, (Millennium* G5, uncalcined) con-
taining 0.17 wt.% sulfur (analyzed by ICP) is given for comparison.
The two bands at 3430 and 1628 cm™! attributed to hydrogen
bonded O-H groups and H-O-H groups, respectively, were ob-
served for all samples, and confirmed by XPS analysis of the O1ls
band (see Table 2). It suggests that the samples contained a certain
number of surface hydroxyl groups, although some samples were
calcined as high as 773 K. For pure TiO, as reference, other four
bands at 1402, 1126, and 1051 cm™! were observed; the first band
was assigned to the asymmetric stretching mode of SO, in covalent
sulfate species ((Ti0),S0,) [43,44], while the latter two originated
from surface vibrations incorporating water molecules causing
deformation of the surface TiOg octahedra surrounding surface Ti
atoms [45]. For VTiS catalysts, bands at 1402, 1135, and
1050 cm™! are depicted in addition to a small band at 1201
cm . It appears that the addition of vanadia modified the spec-
trum obtained for TiO, in doing some changes such as shifting
the bands at 1126, 1051 cm ™!, respectively, into 1135, 1060 cm ™!

ascribed to the asymmetric stretching mode of S-O linkages in
the form of (VO),SO, [44], due to the migration of vanadium ions
into the Ti0,-SO3~ vacant positions, but more extensive tests are
required to prove this definitively. The intensities of the 1201
and 1402 cm~! bands of VTiS catalysts decreased even vanished
with increasing calcination temperature, as shown in Fig. 3a, which
is in harmony with the XPS and ICP investigations for sulfate con-
centration. Inversely, a sharp band at 1030 cm™! assigned to the
V=0 stretching vibration mode of crystalline V,05 appeared when
the calcination temperature reached 723 K. A large band in the
range of 500-900 cm ' centered at 647 cm ™! is probably charac-
teristic of Ti-O-Ti anatase structure or due to vanadate species
in the interlayer spaces.

Fig. 3b displays the spectra of washed VTiSw catalysts. The
intensity of the band at 1201 cm™! ascribed above to sulfated spe-
cies decreased by washing with water, accordingly to the foregoing
ICP and XPS results that the sulfate concentration drastically de-
creased by washing. In addition, the intensity of the band at
1135 cm ™! characteristic of incorporated water molecules interact-
ing with Ti** also decreased, thus indicating that the sulfate species
may impact this weak interaction by polarizing the H-O-H bond.

Fig. 3c displays the spectra of the same catalysts before (fresh
VTiS-T.,.) and after (used VTiS-T.,.) catalytic test of methanol
conversion. It can be seen that the intensity of the bands assigned
to surface hydroxyl groups (at ~3430, 1628, 1135 and 1060 cm™1)
and the bands corresponding to sulfate species (at ~1402 and
1201 cm™!) decreased after the catalytic reaction. However, the
band at 1030 cm ™' due to V=0 bonds of crystalline V,05 remained
the same in terms of position and intensity before and after cata-
lytic reaction. This reflected to some extent that appropriate sur-
face groups (—OH+SO2") may be the active sites of the
catalysts, but superfluous ones can have an adverse effect on cata-
lytic activity.

The morphology of the VTiS catalysts has been examined by
electron microscopy as shown in Figs. 4 and 5. The image of
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Fig. 3. FTIR skeletal spectra of: (a) VTiS catalysts and (b) VTiSw catalysts (c)
catalysts before (fresh VTiS-T.,) and after (used VTiS-T., ) catalytic test of
methanol conversion.

VTiS-573, presented in Fig. 4a, shows cauliflower-shaped species,
which are constituted of small particles. Increasing the calcination
temperature would result progressively in a loss of structure, i.e.,
decreased BET surface area and pore volume and increased pore
diameter. Thus, for sample calcined at 623 K, the appearance of
plate-shaped species was observed due to the aggregation of sam-
ple particles (shown in Fig. 4b), implying lower porosity. This phe-
nomenon is more evident at the higher calcination temperature of

673 K as shown in Fig. 4c. Upon increasing the calcination temper-
ature from 673 K to 723 K, an apparent change in morphology was
observed for sample VTiS-723 (Fig. 4d) with the formation of nee-
dle-like crystalline particles on the surface. Moreover, the aggrega-
tion of needle-like particles was observed for sample VTiS-773
when raising the calcination temperature up to 773 K (Fig. 5a).
As example, the morphology of VTiS-773 is shown in Fig. 5, which
gives mainly morphological information with magnification vary-
ing from 1000x (Fig. 5a) to 20,000x (Fig. 5¢). Besides the already
known cauliflower-shaped species, the existence of needle-like
crystals was detected on the surface of cauliflower-shaped parti-
cles (Fig. 5b and c) [46]. The morphology of VTiS-773 was deeply
analyzed by TEM, and its composition (EDS) is also given, as shown
in Fig. 6. The white needles are composed mainly of vanadia, while
the darker part composed of numerous platelet-like particles is
constituted of titania, indicating that needle-like crystals were
growing away from the titania support surface. In addition, the
TiO, particles present on samples VTiS-723 and VTiS-773 displayed
irregular platelet-like shapes with dimensions of approximately
22 nm x 16 nm (obtained by TEM), which is consistent with the
calculated particle size of TiO, shown in Table 1. However, the
dimension of the needle-like vanadia crystallites was difficult to
estimate from TEM analysis.

3.2. Surface acidity

3.2.1. Ammonia adsorption calorimetry study

Surface acidity, determined by ammonia adsorption calorimetry
[47], expressed in terms of initial adsorption heat (denoted by Qjn;¢)
and amounts of ammonia adsorbed under an equilibrium pressure
of 27 Pa, is shown in Table 3. The differential heats of adsorption
vs. ammonia uptake (expressed in pmol NH; mg3, ) on VTiS
and VTiSw catalysts are presented in Fig. 7a and b, respectively.
The acid site strength distributions of the same catalysts, providing
the number of sites of a given strength, are displayed in Fig. 8.

As can be seen in Fig. 7a, samples VTiS-573 and VTiS-623 exhib-
ited quite strong acidic properties since the initial heats were 185
and 241 k] mol ', respectively. Considering the experimental error
involved in measuring the initial heat of adsorption, the initial heat
slightly decreased, except for sample VTiS-673, with increasing
calcination temperature. The surfaces of these catalysts appeared
as heterogeneous with a continuous decrease of the energy as a
function of the ammonia coverage. A particular behavior was how-
ever observed for sample VTiS-673 with low initial heats, which in-
creased with coverage. This behavior was already reported in a
previous paper [25] for sulfated vanadia-titania catalysts prepared
by sol-gel and chemical grinding. This strange phenomenon was
explained by a combination of both an endothermic effect such
as NHjs dissociation [48] or formation of ammonium sulfite [49]
and the exothermic adsorption. However, such an effect with a
lower extent was only observed for sample VTiS-673 and not for
VTiS-573 and VTiS-623 samples, which contained higher sulfate
concentrations. This observation indicates that the appearance of
low initial heat might be related to the nature and strength of sul-
fate-carrier interactions created by appropriate calcination
temperature.

In order to determine how the sulfate concentration impacts
the surface acidity on VTiS catalysts, the acidity behavior of VTiS-
673 catalyst with 2.58 wt.% sulfur (ICP) was compared with VTiSw
catalysts washed with different amounts of deionized water before
calcination at the same temperature of 673 K (Fig. 7b). The removal
of sulfate from surface eliminated the low initial heat of adsorption
previously obtained for the VTiS-673 catalyst at low ammonia up-
take (<0.13 pmol m~2). Beyond this value, the profiles of the three
curves are similar, characteristic of vanadia-titania catalysts. This
observation indicates that a high concentration of sulfur species
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Fig. 4. SEM images of: (a) VTiS-573, (b) VTiS-623, (c) VTiS-673, and (d) VTiS-723 catalysts at the magnification of 1000x.

Fig. 5. SEM images of VTiS-773 catalysts at different magnifications: (a) 1000x, (b) 10,000x and (c) 20,000x.
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Fig. 6. TEM image and EDS spectra of VTiS-773 catalyst at the magnification of 50,000x.

Table 3
Calorimetric data for ammonia adsorption at 423 K on VTiS and VTiSw catalysts.

Sample Viotal® (tmol g~') Viotar® (tmol m—2) Virre,” (Hmol g 1) Virre,” (pmol m~2) Qinic® (K] mol™")
VTiS-573 578 14 264 0.7 185
VTiS-623 591 16 358 1.0 241
VTiS-673 608 2.1 374 13 112
VTiSw50-673 568 2.0 319 1.1 253
VTiSw300-673 551 19 275 1.0 198
VTiS-723 268 2.7 131 13 190
VTiS-773 163 2.9 69 12 135

2 Amount of NH; adsorbed under an equilibrium pressure of 27 Pa.
> Amount of irreversible chemisorbed NHs.
¢ Heat evolved from the first ammonia dose.

could significantly modify only the relatively strong acidity of VTi
catalysts.

In Table 3, the amount of irreversibly adsorbed ammonia, corre-
sponding to chemisorption, decreased upon increasing calcination
temperature, while the density of strong acid sites became similar
when Vv is expressed per unit surface area, which confirms the
role played by surface area in determining the acidity.

Fig. 8 displays the acid site strength distribution of the studied
catalysts, calculated from the differential heats of NH3 adsorption.
In order to correlate with the pyridine adsorption FTIR data, this
figure gives the number of acidic sites expressed in pmol g~! in-
stead of umol m~2. The strong acid sites with Qg > 120 k] mol ™!

can be ascribed to strong Lewis acid sites, while medium acid sites
with 90 < Qi < 120 k] mol~! could be assigned to Bronsted acid
sites. The weak sites with 55 < Qgisr < 90 k] mol~! can be considered
as the physisorption sites on the catalysts surface [50]. The strange
phenomenon of low initial heats of adsorption at low ammonia
coverage for sample VTiS-673 makes it very difficult to calculate
the number of strong acid sites (Qgirr> 120 k] mol~!). However,
from the calculation on VTiSw catalysts, we can suggest that the
number of strong acid sites increases with increasing calcination
temperature (Tc,.) up to 673 K, then decreases when T, > 723 K.
In addition, the total number of acid sites including strong, med-
ium, and weak acid sites for VTiS-723 and VTiS-773 obviously de-
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Fig. 8. Acid strength spectra of VTiS and VTiSw catalysts.

creased compared to other samples, possibly due to lower surface
areas. The number of medium strength acid sites with
90 < Qs < 120 k] mol !, considered to be the active Brénsted acid
sites as confirmed by pyridine FTIR measurements (see below),
was found to be the highest for sample VTiS-673.

3.2.2. Pyridine adsorption FTIR study

Chemisorption of pyridine followed by FTIR spectroscopy is
useful to probe the presence and nature of surface acid sites on cat-
alysts [51-53]. Fig. 9 presents the FTIR spectra of pyridine adsorp-
tion on VTiS and VTiSw catalysts after desorption at 373 K for
30 min. All the spectra reported in Fig. 9 were obtained by sub-
tracting the spectrum of the fresh catalyst (without pyridine
adsorption at room temperature) from those obtained after pyri-
dine adsorption. The bands at 1639 and 1537 cm™! were attributed
to Bronsted acid sites (Bpy), while the bands at 1609 and

16391609
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Fig. 9. FTIR spectra for pyridine adsorption and desorption at 373 K on VTiS and
VTiSw catalysts.

1448 cm™! corresponded to Lewis acid sites (Lpy). The bands
around 1490 and 1576 cm~! were associated to both Brénsted
and Lewis acid sites [53].

Two Bronsted and Lewis acid site bands around ~1537 and
1448 cm™!, respectively, can be used to compare the acidity by
band-separation techniques of spectra [25,53,54]. The relative con-
centration of Brénsted and Lewis acid sites was deduced from mea-
suring the area under the BPy and LPy peaks. In this work, the
quantitative comparison of Bronsted and Lewis acid sites’ popula-
tion was estimated by using the same analysis method.

Fig. 10a and b show the integrated intensities of the BPy
(1537 cm™!) and LPy (1448 cm™') bands for VTiS and VTiSw cata-
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Fig. 10. Integrated intensities relative to (a) BPy band (1537 cm™') and (b) LPy band
(1448 cm™') vs. evacuation temperature, after pyridine adsorption at room
temperature.
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Fig. 11. Normalized area (see text) relative to: (a) BPy band (1537 cm™') and (b)
LPy band (1448 cm™!) vs. evacuation temperature, after pyridine adsorption at
room temperature.

lysts. Assuming the possibility of physical re-adsorption with
increasing evacuation temperature, it was reasonable to compare
the acid sites populations at an evacuation temperature higher
than 400 K. The concentration of Bronsted acid sites was found
to be higher for sample VTiS-673, which was also revealed by
ammonia adsorption calorimetry as shown in Fig. 8. Moreover,
the number of Bronsted acid sites varied in the order VTiS-673 >
VTiSw50-673 ~ VTiSw300-673 > VTiS-573 > VTiS-623 ~ VTiS-723 >
VTiS-773, which is in agreement (except for sample VTiS-573) with
the trend of the number of medium strength acid sites
(90 < Qqifr < 120 k] mol 1) presented in Fig. 8. This tendency reveals
that the polymeric VO, species present on titania favor the forma-
tion of Bronsted acid sites more than crystalline vanadia species
growing away from the titania support. Comparing the intensities
of these two bands for VTiS-673 and the corresponding washed
samples (VTiSw50-673 and VTiSw300-673), it can be seen that

corresponding to skeletal
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Fig. 13. TPR profiles of the VTiS and VTiSw catalysts (VTiS-573: black; VTiS-623:
red; VTiS-673: blue; VTiSw50-673: olive green; VTiSw300-673: violet; VTiS-723:
purple; VTiS-773: orange). (For interpretation of the references to colors in this
figure caption, the reader should refer to the web version of the article.)

the concentration of Bronsted acid sites decreased with the sulfur
loss. In addition, the concentration of Lewis sites increased while
the Bronsted acid sites population decreased after washing with
deionized water. Indeed, the presence of Bronsted acidity on VTiS
catalysts can be attributed to two factors: (a) residual SOi’ and
(b) the presence of defect sites [55]. Sulfate ions impact Bronsted
acid character either by polarization of the O-H bond due to induc-
tive effects or by formation of weak O-H bonds by interaction with
adsorbed water. Furthermore, based on the existing theories
[55,56] of predicting Bronsted acidity in the vanadia-titania sys-
tem, a hypothetical reaction for transformation of Brénsted acidity
to Lewis acidity induced by washing can be proposed in Fig. 12. In
this reaction, two types of Bronsted acidity are respectively associ-
ated with: (type A) polarized water molecules attracted to exposed
Ti*" ions, as they fill the coordination sphere, and (type B) the cre-
ation of bridging hydroxyls formed between the surface vanadia
and titania species. The Lewis acidity is related to unsaturated Ti
ions exposed at the surface. According to this reaction, it can be
seen that a progressive dehydration of acidic solid may occur due
to the sulfate species loss during washing, with consequent trans-
formation of Bronsted into Lewis acid sites. The phenomenon that
the intensity of skeletal FTIR spectra bands at 1135 and 1201 cm™!

1 LPy site
FTIR band at 1201 cm”
type A
BPy site N
/ washing \®I‘1®
Ht----0 H*--- A e
typeB l} 0 +80. + H,0
BPy site O/”\O O/T(\O
| (0) | | 0 |
VTiS catalysts VTiSw catalysts

Fig. 12. Hypothetical reaction for the transformation of Bronsted acid sites to Lewis sites.
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decreased after washing with water, as shown in Fig. 3b, supported
this hypothetical reaction.

Meanwhile, a semiquantitative study of the strength of acid
sites was carried out. To evaluate this parameter, normalized area
at temperature T was defined as the ratio of the (Brénsted or Lewis)
adsorption band area, measured after pyridine adsorption followed
by evacuation at temperature T, to the area of the same band, mea-
sured after adsorption followed by evacuation of the probe at
373K [57]. This quantity, calculated for Brénsted (1537 cm™')
and Lewis (1448 cm™') sites adsorption bands, has been plotted
as a function of evacuation temperature, as shown in Fig. 11a
and b, respectively. Note that in Fig. 11a, samples VTiSw50-673
and VTiSw300-673 exhibited stronger Bronsted acidity than sam-
ple VTiS-673, which possessed the highest concentration of Bron-
sted acidity of unwashed samples, indicating that a high content
of sulfur favored the formation of weak Bronsted acid sites (type
A in Fig. 12) and thus to some extent inhibited the creation of
strong acid sites. In addition, for Lewis acidity, sample VTiSw300-
673 showed the highest concentration of Lewis acid sites but the
lowest strength as observed in Figs. 10b and 11b, indicating that
removal of sulfate from the surface weakened the Lewis acidity
[58].

3.3. Reducibility of surface vanadia species by hydrogen

TPR is frequently used to study the redox properties. It is possi-
ble to correlate the redox properties with the presence of different
VO, surface species [59,60]. Normalized TPR profiles of the VTiS
and VTiSw catalysts are shown in Fig. 13. The maximum reduction
temperatures (T, and T,;2), the hydrogen consumption (expressed
in pmolg~!), and the theoretical surface vanadium loading (V
nm2) are presented in Table 4.

The calculated surface vanadium loading, to some extent, indi-
cates the nature of VO, species. At low loadings (up to 2-3 V nm2),
strongly bound monomeric VO, groups with three V-0 bonds to
the support and a terminal partly hydrated V=0 bond are formed
at ambient conditions [61]. At V coverage greater than about
3Vnm 2, some V-O-support bridges rearrange themselves into
V-0-V bridges [16,19,62] increasing the degree of polymerization.
These still-amorphous vanadia species turn into crystalline ones
when the V coverage exceeds about 8 Vnm™2 [16].

The TPR profiles of the samples with low surface vanadium
loading, around 3-5 V nm~2, exhibited two distinct peaks, indicat-
ing the presence of several types of oxygen-containing vanadium
species on the titania surface. One peak is in the low-temperature
region (T;,;; < 873 K), while the other peak is in the high-tempera-
ture region (873 K< T,z <1023 K). Since the temperature pro-
grammed reduction treatment up to 1073 K may induce
structural changes in the catalysts, the high temperature peak at
873-1023 K is most probably due to bulk V,05 issued from mono-

meric or polymeric VO, species at such high temperature [26].
Therefore, only the low temperature reduction peaks
(Tm1 < 873 K) were used to estimate the different surface VO, spe-
cies possibly present on the catalyst. For sample, VTiS-573, a peak
(Tin1 = 787 K) with two small shoulders at lower temperatures (708
and 763 K) was observed. With increasing calcination temperature,
the surface vanadium coverage increased and the maximum tem-
perature of the reduction peak (T,,;) shifted to higher values, indi-
cating that the amount of surface vanadia species increased and
more polymeric vanadia species might be formed. For example,
the TPR profile of sample VTiS-623 showed a main peak centered
at 798 K with a shoulder at 777 K, while the TPR profile of sample
VTiS-673 exhibited a peak with two maxima at 775 and 805 K. The
intensity of the left-hand shoulder maximizing around 763-775 K
increased obviously by rising the calcination temperature, most
possibly due to an increased amount of reducible VO, species,
i.e., an increased percentage of V°* oxidation state and/or an in-
creased amount of vanadium centers in strong interaction with
the support. Additionally, from the comparison of the TPR profiles
of catalysts VTiS-673 and VTiSw-673 (washed), it is noteworthy to
see that the intensity of the main TPR peak decreased and that the
maximum temperature of this peak slightly shifted to lower values
after washing with water. These results reveal that the addition of
sulfate might slightly inhibit the reduction of vanadia species and
the main TPR peak, presenting either a shoulder or two maxima, is
probably due to the overlapping reduction of sulfate species and
monomeric and/or polymeric VO, species. With increasing calcina-
tion temperature, the left-hand shoulder nearly vanished and only
one single reduction peak shifted to higher temperatures was ob-
served for samples VTiS-723 (T, =809K) and VTiS-773
(T;n1 = 820 K). At this high surface vanadium loading, the majority
of the vanadia species were obviously present as crystalline V,05
species, as confirmed by Raman spectroscopy. The monomeric
and polymeric VO, species are more easily reduced than crystalline
V,05 particles since the reduction peak maxima shifted to higher
temperatures for crystalline V,0s5 particles.

Furthermore, the H, consumption was found to be the highest
for sample VTiS-673, suggesting stronger redox properties for this
sample. This higher reducibility is possibly coming from a strong
interaction with support. In addition, the lower H, consumption
for samples VTiS-573 and VTiS-673 also indicated that the vana-
dium species were not fully oxidized at lower calcination temper-
atures. The percentage of V°* species increased with increasing
calcination temperatures.

3.4. Isopropanol probe reaction

The results of isopropanol (IPA) probe reaction over the samples
in flowing air are presented in Table 5. The IPA probe reaction has
been extensively used to characterize the surface acid/base proper-

Table 4

Reducibility of the catalysts as revealed by the H2-TPR measurements.
Catalyst Surface V loading (V nm—2)? Trmax> (K) H, consumption (mmol g~')

Peak 1 (Tmn1) Peak 2 (T;2)

VTiS-573 3.1 763 787 952 1.2
VTiS-623 3.5 777 798 953 1.7
VTiS-673 52 775 805 973 2.3
VTiSw50-673 53 754 786 965 2.2
VTiSw300-673 52 752 775 969 1.8
VTiS-723 15.1 760 809 n.d.c 2.1
VTiS-773 27.7 770 820 n.d.c 2.0

@ Supposing that all vanadium atoms are located on the surface and calculated from Table 1.

> Maximum temperature of the TPR peaks.
¢ Not determined.
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Table 5
Catalytic activities of VTiS catalysts in the isopropanol probe reaction at 393 K in air.

Sample Conversion of IPA (%) Selectivity (%)
PPE ACE DIPE

VTiS-573 3 16 65 19
VTiS-623 4 26 42 32
VTiS-673 7 22 51 27
VTiSw50-673 13 10 68 22
VTiSw300-673 11 6 80 14
VTiS-723 8 8 79 13
VTiS-773 3 11 77 12

IPA, isopropanol; PPE, propylene; DIPE, diisopropyl ether; ACE, acetone.

ties under N, flow [63] and probe the surface redox properties in
an oxidative atmosphere [27]. Thus, the conversion of IPA and
selectivity to propylene (PPE), diisopropyl ether (DIPE) and acetone
(ACE) in air flow can be used to probe the strength of both surface
acidic and redox properties.

Results in Table 5 showed that all the studied VTiS catalysts
exhibited both surface acidic and redox properties since the dehy-
dration products (PPE and DIPE) and oxidation product (ACE)
formed. Sample VTiS-573 presented a low IPA conversion. Raising
the calcination temperature increased the catalytic activity since
the enhanced redox properties. For example, the conversion of
IPA on VTiS-573 was only 3% while that on the VTiS-673 sample
was 7%. The activity in the IPA conversion reaction reached a max-
imum value for the washed catalysts (VTiSw50-673 and
VTiSw300-673), suggesting that the high content of sulfate poi-

Table 6
Catalytic activities of the VT and VTiS catalysts in the methanol oxidation reaction.

soned the active species present on the surface. In addition, the
conversion of IPA decreased when the calcination temperature in-
creased from 723 K to 773 K, probably due to the a higher forma-
tion of less active crystalline V,0s particles.

It can be seen from Table 5 that samples with high sulfur con-
tent seemed more acidic than oxidative since the dehydration
products (PPE and DIPE) were enhanced, while the oxidation prod-
uct ACE was inhibited. The comparison of acidity detected by IPA
probe reaction and ammonia adsorption calorimetry was not com-
pletely consistent, probably because the IPA probe reaction pro-
vided relative information about acidic properties linked to redox
properties while ammonia adsorption calorimetry measured abso-
lute acidic properties independently of redox properties.

3.5. The selective oxidation of methanol to DMM

Catalysts consisting of pure vanadium pentoxide with coprecip-
itated titanium dioxide are recognized as suitable systems for par-
tial oxidation of methanol [64,65]. Specially, sulfated vanadia-
titania catalysts are starting to have new applications in the selec-
tive oxidation of methanol to dimethoxymethane (DMM) [10,25],
which can undergo further steam reforming to produce hydrogen.

Table 6 presents the whole catalytic performances of VTiS and
VTiSw catalysts calcined at different temperatures. In addition, Ta-
ble 7 gives the turnover frequency (TOF) of catalysts, which is de-
fined as the number of reactant molecules converted to products
over one active catalyst site per second [66]. Fig. 14a and b show
the effect of reaction temperature on methanol conversion and

Sample Temp. (K) Conversion of methanol (%) Selectivity (%)
DMM FA MF DME COy
VTiS-573 393 4 97 0 1 2 0
403 6 96 0 2 2 0
413 9 94 0 4 2 0
423 12 89 3 5 2 0
473 51 2 56 39 3 0
VTiS-623 393 4 98 0 0 2 0
403 6 97 0 0 3 1]
413 10 96 0 1 3 0
423 13 91 3 1 5 0
473 63 1 61 27 11 1]
VTiS-673 393 12 98 0 1 1 0
403 18 98 0 1 1 0
413 29 96 0 2 2 0
423 43 92 1 5 2 0
453 81 6 40 44 9 1
VTiSw50-673 393 47 95 1 4 0 0
403 74 83 4 13 1 0
413 87 38 19 42 1 0
423 89 3 15 38 2 42
VTiSw300-673 393 41 91 3 5 1 0
403 52 74 10 15 1 0
413 82 5 12 83 5 0
423 91 0 3 72 2 23
VTiS-723 393 10 98 0 1 1 0
403 19 97 0 2 1 0
413 30 95 0 4 1 0
423 49 88 1 10 1 0
443 92 1 2 79 2 16
VTiS-773 393 6 98 0 1 1 0
403 10 98 0 1 1 0
413 16 93 3 3 1 0
423 19 80 12 7 1 0
453 71 1 11 76 2 10

DMM: dimethoxymethane; FA: formaldehyde; MF: methyl formate; DME: dimethyl ether; CO,: CO, (or CO).
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The turnover frequencies (TOFs) and characteristics of VTiS catalysts.?

Sample N Conversion of methanol ~ TOF x 10% (s™')
(Vnm2)  (%)at 393K
VTiS-573 3.1 4 0.1
VTiS-623 3.5 4 0.1
VTiS-673 5.2 12 0.4
VTiSw50-673 53 47 14
VTiSw300-673 5.2 41 1.2
VTiS-723 7.9¢ 10 0.6
VTiS-773 7.9¢ 6 0.6

3 Feed conditions: methanol:0,:N, = 2:6:30 mL min ", catalyst loading 0.2 g.

b Nj is the number of exposed catalytic active vanadium atoms per square meter.

¢ The theoretical number of exposed vanadium atoms per square meter on TiO,
for the monolayer coverage.

4 TOF of methanol conversion at 393 K.

DMM selectivity for all the catalysts. As presented in Table 6 and
Fig. 14a and b, high reaction temperature adversely affects selec-
tivity to DMM while it enhances the methanol conversion and
selectivity to formic acid (FA) and carbon oxides. DMM remained
the predominant product in the temperature range used (393-
423 K). Beyond this value (Treact = 425 K), a sudden drop in the
DMM selectivity was observed for all the studied catalysts. This
behavior is possibly as a result of thermodynamic constraints for
DMM synthesis [11]. As shown in Fig. 14a, the tendency of catalytic
activity of VTiS catalysts for methanol oxidation reaction is in con-
sistence with the order obtained from isopropanol conversion.
Moreover, it was confirmed that enhanced redox properties in-
creased catalytic activity. Among all the VTiS catalysts, the best
catalytic performances were observed for samples VTiS-673
(423 K:  CoNmethano = 43%; Spmm =92%) and VTiS-723 (423 K:

120

a —a— VTiS-573 conv.
100 - - o VTiS-573 sel.

) —=— VTiS-623 conv.
80 - & VTiS-623 sel.
—e— VTiS-673 conv.
60 - o VTiS-673 sel.

—— VTiS-723 conv.
40 1
& VITiS-723 sel.
20 4 —&— VIiS-773 conv.

—8— VTiS-773 sel.
390 400 410 420 430 440 450 460 470 480
Temperature (K)

Conversion & selectivity (%)

0
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100 - o
—e— VTiS-673 conv.
*— VTiS-673 sel.
80 —e— VTiSw50-673 conv.
—o6— VTiSw50-673 sel.
60 -

—— VTiSw300-673 conv.

—— VTiSw300-673

40
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Conversion & selectivity (%)

0
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Temperature (K)

Fig. 14. DMM selectivity and methanol conversion vs. reaction temperatures over:
(a) VTS catalysts and (b) VTiSw catalysts.

CoNpmethanot = 49%; Spmm = 88%), which displayed completely differ-
ent structures of surface vanadium oxide phase. Amorphous poly-
meric VO, species with terminal V=0 bonds were observed only on
sample VTiS-673, as indicated by Raman spectroscopy and TPR
experiments, while separated phases of crystalline vanadia and
titania were revealed by SEM and TEM experiments for sample
VTiS-723. As reported in literature [13-15,17,18], surface struc-
tures constituted by terminal V=0 are more active for DMM for-
mation compared to crystalline V,0s. Further, the amorphous
character of catalyst is also an important parameter since the
methanol conversion to DMM requires the cooperative work of
two types of sites (acid and redox) [67]. Accordingly, sample
VTiS-673 should present better catalytic ability than VTiS-723.
Nevertheless, the difference between samples VTiS-673 and
VTiS-723 resides not only in the surface structure but also in the
sulfur concentration as presented in Table 1 (VTiS-673: S% = 2.6%;
VTiS-723: S% = 0.7%). Thus, the effects of sulfur content on catalytic
performance were investigated by the comparison of reactivity be-
tween VTiS-673 and VTiSw-673 catalysts, as shown in Fig. 14b.
With decreasing sulfur content, obtained by washing with water,
an increase in methanol conversion and a decrease in DMM selec-
tivity were simultaneously observed. An excellent catalytic behav-
ior with high DMM yield at the very low reaction temperature of
403 K was obtained for sample VTiSw50-673 (methanol conver-
sion = 74%; Spmm = 83%), which contained a proper amount of sul-
fur (S=0.8%). The data show that the catalytic activity can be
deeply influenced by the VO, species nature and sulfur content.
Moreover, the TOFs calculated from the number of exposed active
vanadium sites for each catalyst can help in providing the intrinsic
activity of the catalysts. The number of exposed surface vanadium
active sites was referenced to the N (surface vanadium sites per
square meter) value of the theoretical vanadia monolayer surface
(7.9 V nm2) [66]. Below monolayer coverage, N, was simply taken
as the number of surface vanadium atoms in the catalysts (shown
in Table 4, column 1). Above monolayer coverage, the Ny was taken
as the theoretical value of 7.9 V nm 2. As shown in Table 7, similar
TOFs of the surface vanadium sites in the sub-monolayer region
were obtained for VTiS-573, -623, and -673 catalysts containing
increasing vanadium contents and similar sulfur contents. This is
in agreement with previous observations [68,69] that the methanol
oxidation activity is independent of the concentration of vanadium
sites below the monolayer coverage. Deo and Wachs [69] also con-
cluded that this selective oxidation reaction involves only one sur-
face VO, site. Oppositely, TOF values vary by one order of
magnitude from 4 x 10™%s™! (VTiS-673) to ~1.2x 10 3s7!
(VTiSw-673) for both samples calcined at 673 K but with different
amounts of sulfur, thus revealing that sulfur would poison surface
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0.6 1 VTiSws0-673 ®

(5=0.8%)
0.5

0.4

® VTiSw300-673 (S <0.1%)

DMM yiled
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024 (5<01%)
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Fig. 15. Correlation between the integrated intensity relative to Bronsted acid sites
(FTIR) and DMM yield.



188 H. Zhao et al./Journal of Catalysis 272 (2010) 176-189

active vanadium sites and thus decrease the catalytic activity. For
samples VTiS-723 and VTiS-773 above monolayer coverage
(>7.9V nm 2), the surface vanadium atoms correspond to a mix-
ture of surface VO, sites and crystalline V,05 sites. Thus, the rela-
tively decreased TOF values, compared with VTiSw-673 samples,
suggest that crystalline V,05 phase did not contribute to the cata-
lytic activity.

In addition, according to the above investigation by pyridine
adsorption FTIR, the relative concentrations of Bronsted and Lewis
acid sites were influenced by the sulfur content. In particular, the
Bronsted acidity at 403 K was compared with the DMM yield at
the same reaction temperature. Fig. 15 shows interesting correla-
tions between the relative concentration of Bronsted acid sites
and the DMM yield. For the VTiSw50-673, VTiSw300-673, VTiS-
723, and VTiS-773 samples containing low sulfur content, the
DMM vyield increased quasi linearly with increasing concentration
of Bronsted acid sites, suggesting that Bronsted acid sites promoted
the catalytic activity. However, for VTiS-573, VTiS-623, and VTiS-
673 samples with high content of sulfur, although possessing an
appreciable number of Bronsted acid sites, the DMM vyield did
not increase remarkably with increasing concentration of Bronsted
acid sites. This suggests that the high content of sulfur increased
the number of Bronsted acid sites but poisoned the catalyst, which
is consistent with the TOF values shown in Table 7. No evident cor-
relation was found between the concentration of Lewis acid sites of
catalysts and the DMM yield. The relationship proposed here offers
a reasonable explanation of the catalytic performances shown in
Table 6 and Fig. 14.

Therefore, the Bronsted acid sites and amorphous polymeric
VO, species with terminal V=0 bonds of the samples possessing
low sulfur content as well as redox properties are confirmed to
be responsible for optimal DMM synthesis.

4. Conclusion

In the present study, sulfated vanadia-titania catalysts (Sggr:
57-402 m? g~ ') containing different amounts of sulfur (0.1-
4.0 wt.%) were prepared by co-precipitation. The influence of calci-
nation temperature and washing with water, which determine the
nature of VO, species (polymeric and crystalline) and acidic sites,
on the partial oxidation of methanol to DMM was investigated.
The Raman spectra and TPR profiles of the VTiS and VTiSw catalysts
provided complementary information about the nature of the van-
adia species: (1) highly amorphous VO, species were formed at the
calcination temperatures of 573 and 623K, (2) terminal V=0
bonds and V-0-V linkages were obtained for samples calcined at
673 K, and (3) crystalline V,05 species were observed when the
calcination temperature was higher than 723 K. Additionally, as
shown by SEM and TEM images, needle-like crystalline V,05 spe-
cies grew away from the TiO, surface, suggesting separated phases
of V,05 and TiO,. The skeletal FTIR spectra of VTiS catalysts before
and after catalytic test of methanol conversion revealed that
appropriate surface hydroxyl groups and sulfate species could be
the active sites in catalysts. The ammonia adsorption calorimetry
study showed that the number of medium strength acid sites with
90 < Qgifr < 120 k] mol~"', considered to be the active Brénsted acid
sites as confirmed by pyridine FTIR measurements, is highest for
sample VTiS-673. The comparison of Bronsted and Lewis acidities
between VTiS-673 and VTiSw-673 samples, performed by pyridine
adsorption FTIR, indicated a transformation reaction of Bronsted
acid sites to Lewis acid sites after removal of some sulfate species
from the surface by washing the sample with deionized water. In
addition, a high concentration of sulfur can favor the formation
of weak Bronsted acid sites and to some extent inhibit the creation
of strong acid sites. The comparison of TOF values between washed

(VTiSw-673) and unwashed (VTiS-673) samples for oxidation of
methanol revealed that a high content of sulfate species would poi-
son catalytically active sites, as confirmed by the isopropanol
probe reaction. The best catalytic performance was observed for
sample VTiSw50-673 with the highest DMM yield (methanol con-
version:74%; Spmm:83%) at the very low reaction temperature of
403 K. Consequently, an appropriate calcination temperature of
673 K with proper concentration of sulfur (~0.8 wt.%) generated
polymeric VO, species with terminal V=0 bonds, high Brénsted
acidity, and enhanced reducibility. These are critical parameters
for optimizing DMM production.
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Abstract

The selective oxidation of methanol to dimethoxymethane (DMM) was performed
over a series of binary vanadia-based oxides (V,05-TiO,, V,05—Zr0O,, V,05—Al,03
and V,05—Ce0,) and the corresponding sulfated catalysts. The physicochemical
properties of catalysts were characterized by BET, XRD, Raman, XPS, TPR-MS,
ammonia adsorption calorimetry and ammonia TPD-MS techniques. The strength of
the sulfate-support interaction depends on the nature of the oxide support and
increases in the following order CeO,> Al,O; > ZrO, > TiO,. The catalytic reactivity
was correlated with the nature of V-O-support bonds. Sample V,0s—TiO; exhibits the
highest intrinsic activity of methanol oxidation. With the addition of sulfate, the
selectivity to DMM was enhanced whereas the turnover frequency (TOF) value of
vanadium sites decreased, with a rate depending on the strength of sulfate-support

bonds. The best catalyst (V,05-Ti0,—SO,*) with higher DMM yield presented higher
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reducibility, proper acidity and moderate strength of sulfate species.
Keywords: Supported-vanadia catalysts; Acidity; Redox character; Ammonia

adsorption calorimetry; Methanol selective oxidation; Dimethoxymethane.

1. Introduction

Supported vanadia catalysts constitute a very important class of catalytic
materials as they have started as model catalytic systems for fundamental studies of
supported metal oxides and are extensively employed as commercial catalysts
(selective catalytic reduction of NOy with NHj3 to N, and H,0O, oxidative destruction
of chlorinated hydrocarbons, oxidation of o-xylene to phthalic anhydride and selective
oxidation and ammoxidation of C;—C4 hydrocarbons for olefins, oxygenates, and
nitriles) [1-6]. Supporting a metal oxide on the surface of another oxide was initially
proposed to improve the catalytic activity of the active metal oxide phase due to a
gain in surface area and mechanical strength. The support was first considered as an
inert substance that provided a high surface to carry the active metal oxide component
or to improve the mechanical strength of the catalyst material [7,8], but it can also
behave as active phase if partly uncovered. Generally, supported-vanadia catalysts
may exhibit different catalytic properties since the metal oxide-support interaction
affects both redox properties and dispersion of the active phase [9,10]. This is known
as the metal oxide-support effect, although its exact origin and mechanism of
operation is still unclear. The fundamental basis for the catalytic performances of
supported vanadium oxides lies in the variability in geometric and electronic structure
of surface vanadium oxides. Fundamental knowledge about the nature of supported
vanadium oxides is of key importance in heterogeneous catalysis and spectroscopic
tools are necessary to built up this knowledge.

Supported V,0s catalysts are also widely studied in the reaction of methanol
oxidation [11,12], which can be used as a probe reaction to characterize the activity of
oxide catalysts [11,13] and further interpret it in terms of both structural and chemical
(acidic and redox) properties. It appears from the literature that methanol can lead to

different products by varying the nature of the catalyst and the reaction conditions
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(Scheme 1) [14-16]. Redox sites enable the production of partially oxidation species
such as formaldehyde (HCHO, FA) or totally oxidized species (CO;). Acidic sites
enable condensation reactions, which can give dimethyl ether (CH;OCH3;, DME),
dimethoxymethane (CH;0CH,OCH3;, DMM) and methyl formate (HCOOCH;, MF).
Among the aforementioned products, DMM is especially interesting for industrial
applications, since it is suitable as a fuel additive with a high stability. Further, it has
been shown that the addition of SO42' species to TiO, enhances the acidity and can
lead to improving selectivity to DMM [17].

Therefore, in this work, as a sequel to study the activity of methanol oxidation to
DMM, sulfated vanadia based oxides were evaluated by this reaction. The objective
of the present investigation was to examine the influence of the host metal oxide on
the acidic, redox and catalytic properties of vanadia and sulfated vanadia. Moreover,
the effect of the host metal oxide on the nature of active VO phase and sulfate species
was also investigated. The structural properties were characterized by X-ray
diffraction (XRD), Brunauer-Emmertt-Teller (BET), inductively coupled plasma
optical emission spectroscopy (ICP-OES), X-ray photoelectron spectroscopy (XPS)
and Raman spectroscopy. The redox properties were examined by
temperature-programmed reduction (TPR) coupled with mass spectrometer (MS) as a
detector. In addition to this, the differences obtained in the determination of acidity of
these catalysts using ammonia adsorption calorimetry and ammonia
temperature-programmed desorption (TPD), are also discussed.

2. Experimental

2.1 Catalyst preparation

The theoretical amount of vanadium pentoxide was fixed at 25 wt% whatever the host
metal oxide used.

2.1.1 Prepared in two steps: co-precipitation of mixed oxides followed by ammonia
sulfate impregnation

Binary vanadia-based oxides (denoted by VM(cl); M=Ti, Zr, Al and Ce) were
prepared by modifying a previous by reported co-precipitation method [18]. The

vanadia, titania, zirconia, alumina and ceria precursors were VOClIs, TiCly, ZrOCl,,
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AI(NOs3); and Ce(NOs);, respectively. Briefly, VOCI; was dissolved into deionized
water (ImL VOCI; in 250 mL H,0) mixed with 5-8 mL diluted HNO; (38 wt%
HNOs3) with vigorous stirring to form a vanadium-containing solution (S1). The oxide
support precursor was dissolved into a limited deionized water to form the metal ion
containing solution (S2), while TiCly was dissolved in C;HsOH (1 mL TiCly in 30 mL
C,Hs0H) in an ice bath. S2 was slowly dropped into S1 with continuous stirring to
form a mixed solution (S3). Then S3 solution was slowly dropped into diluted
NH;.H,O0 placed in an ice bath to form the precipitate. The precipitate was first aged
for 1 h at room temperature, then filtered, washed several times with deionized water
until free from chloride ions, and the filtrate cake dried as reported in [18]. The
samples were all calcined at 673 K in air for 5 h, except for sample VAl(cl) which
calcination temperature was increased up to 773 K for a better decomposition of the
precursor.

The corresponding sulfated catalysts (denoted by VMS(c1-1); M=Ti, Zr, Al and
Ce) were prepared by incipient wetness impregnation of the above mentioned
supported-vanadia catalysts with an aqueous solution containing the theoretical
percentage of (NH,),SOy4 to achieve a theoretical amount of 5 wt% SO, (1.7 wt% S).
The resulting solids were then dried at 373 K overnight and then calcined at 673 K in
air for 5 h.
2.1.2 Prepared directly by co-precipitation from sulfated precursors

Sulfated binary vanadia-based oxides (denoted by VMS(c2); M=Ti, Zr, Al and
Ce) were also prepared by co-precipitation. The precursors were VOSOy4, TiOSOs,
Z1(SO4),, Al(SO4); and Ce(SOs),, respectively. The details of such preparation
method have been previously described in [18]. Specially, Ce(SO4), was dissolved in
deionized water and then the pH was adjusted to around zero by adding dilute HNO3
(38 wt% HNO3) in order to complete the dissolution. Then the aqueous solution of
VOSO,4 was added dropwise to Ce(SO4), solution with vigorous stirring to form the
mixed aqueous solution for precipitation with ammonia. At last, the samples were all
calcined at 673 K in air for 5 h, except sample VAIS(c2) which calcination

temperature was increased up to 773 K.
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2.2 Catalyst characterization

Elemental analysis was performed using ICP optical emission spectroscopy
(ICP-OES) with an ACTIVA spectrometer from Horiba JOBIN YVON.

The surface areas and pore sizes were measured by nitrogen adsorption at 77 K
on a Micromeritics 2010 apparatus after heat pretreatment under vacuum for 3 h at a
temperature 100 K lower than the calcination temperature.

The X-ray diffraction (XRD) measurements were carried out on a Bruker D5005
powder diffractometer scanning from 3° to 80° (26) at a rate of 0.02 degree.s” using a
Cu Ka radiation (A=0.15418nm) source. The applied voltage and current were 50 kV
and 35 mA, respectively.

The X-ray photoelectron spectra were measured on a KRATOS AXIS Ultra DLD
spectrometer equipped with a hemispherical electron analyzer and an Al anode (Al
Ko=1486.6 eV) powered at 150 W, a pass energy of 20 eV, and a hybrid lens mode.
The detection area analyzed was 700 x 300 um. Charge neutralization was required
for all samples. The peaks were referenced to the C—(C, H) components of the Cls
band at 284.6 eV. Shirley background subtraction and peak fitting to theoretical
Gaussian-Lorentzian functions were performed using an XPS processing program
(vision 2.2.6 KRATOS). The residual pressure in the spectrometer chamber was
5x10” mbar during data acquisition.

Raman spectroscopy measurements were performed using a LabRAM HR (Jobin
Yvon) spectrometer. The excitation was provided by the 514.5 nm line of an Ar' ion
laser (Spectra physics) employing a laser power of 100 uW. The laser beam was
focused through microscope objective lenses (x100) down to a 1 micrometer spot on
the sample.

H,—TPR measurements were performed using a TPD/R/O-1100 instrument
(ThermoFisher). Prior to each TPR run, the fresh sample was treated in a stream of
O,/He (0.998% v/v, flowing at 20 mL min™"), ramping the temperature at 10 K min™
from RT to 623 K and maintaining it for 60 min, and then cooled to 313 K. The TPR
measurement was carried out using Ho/Ar (4.98% v/v) as reducing gas mixture,

flowing at 20 mL min™. The heating rate was 5 K min" from 313 K to 1073 K. The
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H; consumption was detected by a thermal conductivity detector (TCD). The sample
size used was adjusted in order to have around 69 pmol of V,0s independently of the
vanadia loading of the sample. This allowed us to maintain a K value of 100 s. The
characteristic number, K, can be defined to facilitate the selection of appropriate
operating parameters; a fixed K value between 60 and 140 s guarantees optimal
conditions to obtain good TPR profiles [19,20]. The peak areas were calibrated with
given Hy/Ar (4.98% v/v) mixture injections for TPR.

Gases evolving from the TPR reactor were analyzed by a mass spectrometer
(Omnistar, Pfeiffer) with a heated capillary. The signals for m/e=34 (H,S) and 64 (SO,)
were recorded.

Temperature-programmed desorption (TPD) of ammonia was performed on a
Setaram TG-DSC 111 device coupled with a mass spectrometer (Thermostar, Pfeiffer)
as a detector. A capillary-coupling system was used. The TPD experiments were
carried out in the range 298-923 K under helium flow as the carrier gas (10 mL min™).
For each experiment, about 20 mg of sample with ammonia absorbed in previous
microcalorimetric experiments was used. Initially, the samples were purged with
helium at room temperature for 15 min and then heated with 5 K min™ up to 373 K.
The temperature was kept constant at 373 K for 30 min and then was linearly
increased up to 923 K with same ramp of 5 K min™'. During this temperature increase,
the mass spectrometer was set at m/e=15 in order to avoid the interference of m/e
peaks of water fragmentation.

The microcalorimetric studies of ammonia adsorption were performed at 423 K
in a heat flow calorimeter (C80 from Setaram) linked to a conventional volumetric
apparatus equipped with a Barocel capacitance manometer for pressure measurements.
Ammonia used for measurements (Air Liquide, purity > 99.9%) was purified by
successive freeze-pump-thaw cycles. About 100 mg of sample was pretreated in a
quartz cell under evacuation overnight at a temperature 100 K lower than the
calcination temperatures. The differential heats of adsorption were measured as a
function of coverage by repeatedly introducing small doses of ammonia gas onto the

catalyst until an equilibrium pressure of about 66 Pa was reached. The sample was
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then outgassed for 30 min at the same temperature, and a second adsorption was
performed at 423 K until an equilibrium pressure of about 27 Pa was attained in order
to calculate the irreversibly chemisorbed amount of ammonia at this pressure.
2.3 Catalytic reaction

The oxidation of methanol was carried out in a fixed-bed micro-reactor made of
glass with an inner diameter of 6 mm. The methanol was introduced into the reaction
zone by bubbling O,/N; (1/5) through a glass saturator filled with methanol (99.9%)
maintained at 278 K. In each test, 0.2 g of catalyst was loaded, and the gas hourly
space velocity (GHSV) was 11400 ml.g”.h™". The feed composition was maintained as
methanol:0,:N,=1:3:15 (v/v). The tail gas out of the reactor was analyzed by an
on-line gas chromatograph (GC) equipped with a Flame Ionization Detector (FID)
detector and a thermal conductivity detector (TCD). The column used was PORAPAK
N for the separation of methanol, DMM and other organic compounds. The gas lines
were kept at 373 K to prevent condensation of the reactant and products. The reaction
was carried out at atmospheric pressure. Prior to the test, each catalyst was pretreated
by heating in air at the same temperature as that used for calcination for 1 h and then
cooled in the air flow to the reaction temperature.
3. Results and discussion
3.1 Structure properties

Table 1 shows the bulk composition, pore characteristics and surface vanadium
density (V/nm®) values of the prepared materials. The sulfur content for all the
VMS(cl-1) samples was similar, around 1.2-1.9 wt%, while the concentration of
sulfur for VMS(c2) samples varied greatly and remained difficult to control since the
different sulfated precursors. Samples VTi(cl), VZr(cl), VAl(cl) and VCe(cl)
exhibited high surface area of 281, 334, 560 and 116 m* g™, respectively. Doping the
VM(cl) samples with sulfate, a steady decrease of surface area can be seen for
VMS(cl-i) samples, which might be due to the collapse of some pores during the
second calcination. As example the N, adsorption-desorption isotherms and pore size
distribution of VMS(c1-1) samples are depicted in Fig.2. The adsorption-desorption

isotherms are similar to type IV and show type H1 or H3 hysteresis loop (mesoporous
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solid in which capillary condensation takes place at higher pressures of adsorbate in
addition to multilayer adsorption at lower pressures), according to IUPAC
classification [21] . Mean pores wideness of the oxides is centered around 11-20 nm
of pore radius (Figures 2 and Table 1). Quite often a mesoporous material contains
also different amounts of micropores which result in larger adsorption at low
adsorbate pressure followed by an adsorption profile resembling to type IV isotherm.
The micropore surface area and the micropore volume were measured by using
DeBoer’s t-plot analysis. Most of the catalysts show some microporosity, especially
for VAl(cl) and VAIS(cl-i) samples. VMS(c2) samples, simply prepared by
co-precipitation, display similar surface area and porosity data as VMS(c1-1) samples.

The XRD patterns of vanadia-based bimetallic oxide catalysts and corresponding
sulfated catalysts are presented in Figure 1. Powder XRD patterns of the
mixed-vanadia-titania (zirconia and alumina) samples with or without sulfate revealed
only the existence of the amorphous phase of the supports (TiO,, Al,Os, and ZrO,),
while no peak of V-containing species were detected. The absence of V,0s peaks is
due to the very fine dispersion of V on the surface. The intensity of support peaks
increased only for sample VTiS(cl-i) after the second calcination, suggesting the
aggregation of TiO».

However, on the CeO, support, along with the prominent diffraction lines of
cubic CeO,, new diffraction peaks that can be attributed to the crystalline CeVO,
compound are also observed for all samples before and after calcination. The
preferential formation of the CeVO,4 compound indicated that the dispersed vanadium
oxide selectively interacted with a portion of ceria and formed this stable mixed oxide
[22]. In addition, the presence of sulfate species promoted the formation of CeVO,.

The Raman spectra of binary vanadia-based catalysts and corresponding sulfated
catalysts are shown in Fig. 3. As presented in Fig.3a, pronounced Raman bands at
1027 cm™ assigned to terminal V=0 bond and at 933 cm™ due to V—O-V linkage for
polymeric vanadate species were detected for all samples, regardless of whether SO4>
was added or not and whatever the preparation method used [23-25]. No

V-0O-support bridging bonds were observed probably because of the formation of
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V-0O-V bridges of polymeric vanadia species by breaking V-O-Ti bonds of the
monomeric vanadyl species, (Ti—O);V=0 [26], which implies a weak strength
V-O-Ti bond. The bands at 639, 517 and 404 cm™ are corresponding to Ti—O groups
[27]. A similar phenomenon was observed for VZr and VZrS samples, as shown in
Fig.3b. A weak Raman band present at 1024 cm™ can be associated to the terminal
monoxo V=0 bond of surface VOy species [28]. Broad Raman bands and 918 cm’
with a small left-hand shoulder at ~801 cm™ are corresponding to the v, vibration of
bridging V-O-zirconia bonds [29] and bridging V-O-V bonds [1-3], respectively. No
Raman bands corresponding to zirconium oxide were detected. The Raman spectra for
VAl and VAIS samples are presented in Fig.3c. This high surface area VAl(c1) sample
does not give rise to any Raman active bands for alumina support in agreement with
the literature [30], and consequently all the observed Raman bands originate from the
supported vanadia phase. The Raman bands at ~517 and 351 cm™ have previously
been assigned to the bridging V-O—-V bonds of the monomeric and polymeric surface
VO, species [28,31]. The broad band at ~950 cm™ has recently been assigned to
bridging V-O-alumina based on density functional theoretical (DFT) calculation [29].
Doping with SO4> species seems to perturb the molecular structure of the surface
vanadia species by broadening Raman bands for sample VAIS(c1-1). Additionally, no
Raman band was observed for sample VAIS(c2) containing higher content of sulfur,
suggesting that the vanadia species are totally coated by alumina or sulfate species.

As shown in Fig.3d, the Raman bands at 456 and 239 cm™ are due to CeO, [32].
In addition to the CeO, features, VCe(cl) and VCeS(cl-i) samples show similar
Raman band to VTiS samples at 1035 and 950 cm’'. The bands at 867, 804, 759, 456,
382 and 264 cm’' are characteristic of bulk CeVO, [33]. The formation of CeVO4
compound somehow reflects the presence of V-O—Ce bonds. The XPS measurements
presented in the latter paragraphs provide more information about the formation of
Ce’" ions, supporting this observation. Trace feature of crystalline V,0s species is
present only in sample VCeS(c2) at 999 cm™, possibly due to the relatively low
surface area.

To understand the nature of interactions between ceria and dispersed surface
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vanadia species, samples of VCe and VCeS have been investigated by XPS technique.
The photoelectron peaks of O 1s and Ce 3d pertaining to these VCe and VCeS
samples are depicted in Figs.4 and 5, respectively. The results of surface elemental
analysis, binding energies of V 2ps», Ce 3dsp, O 1s and S 2py 2, as well as the relative
components from the decomposition of the O 1s lines are presented in Table 2. As can
be noted from Table 2, the XPS results of surface vanadium, cerium and sulfur
composition are consistent with chemical analysis results. Additionally, the lower
vanadium composition for sample VCeS(c2) is possibly due to the higher
concentration of CeVO, (confirmed by the intensity of XRD patterns), since surface
vanadia may diffuse into the ceria lattice. The binding energies of V 2ps; for all the
VCe and VCeS samples were ~517.2 eV, indicating that the vanadia surface species
were fully oxidized (oxidation state V°") [34]. The S 2p,, line at the binding energy
of about 169.0 eV is typical of sulfur in S®* oxidation state in the form of SO,*
species on the surface of metal oxides [35,36].

As shown in Fig.4, the O 1s peaks are, in general, broad and complicated
because of the overlapping contribution of oxygen from the various component oxides,
which could be divided into three bands. The quantitative results acquired from the
theoretical Gaussian-Lorentzian functional peak fitting are presented in Table 2 and
agree with the value reported in a previous paper [18]. In addition, the peak centered
at 532.0-532.2 eV in this work can be attributed both to CeVO4 compound [37] and
sulfate species.

The XPS core-level spectra of Ce 3d are generally characterized by complex but
distinct features that are related to the final-state occupation of the Ce 4f level [38].
According to the literature [39,40], the Ce 3d spectrum can be assigned as follows: the
peaks labeled u are due to 3ds, spin-orbit states, and those labeled v are
corresponding to 3ds; states. Specially, the u””’/v’” doublet is due to the primary
photoemission from Ce(IV)-O,. The u/v and u”/v” doublets are shakedown features
generating from the transfer of one or two electrons from a filled O 2p orbital to an
empty Ce 4f orbital. The u’/v’ doublet is due to photoemission from Ce(III) cations.

Therefore, the Ce 3d spectra of all VCe and VCeS samples shown in Fig.4 revealed a
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mixture of Ce® and Ce*" oxidation states. In fact, cerium in CeVO4 was in the
valence +3. Thus, the XPS results concerning the formation of CeVO4 compound
support the conclusions drawn from XRD and Raman results fairly well.

3.2 Surface acidity

Among the surface properties of vanadia catalysts of some importance for their
catalytic activity in selective oxidation, acidity is one of the most significant [41]. The
acidity measurements were performed by means of NHj3 adsorption experiments
monitored by calorimetry coupled to volumetry. Table 3 summarizes the main results
obtained. Fig. 6 shows the plots of the differential heats of NHj3 adsorption as a
function of NH; coverage and Fig.7 presents the ammonia adsorption isotherms for
the series of binary vanadia-based catalysts and corresponding sulfated catalysts.

The Quisr values as exhibited in Fig.6 are all similar with a sharp decrease at the
beginning except for sample VTiS(cl-i) due to sulfate species which can increase or
decrease the acidity at low coverage. The surfaces of these catalysts appear as
heterogeneous with a continuous slowly decrease of the acidity as a function of the
coverage.

Doping SO4> increases the acidity as can be easily seen on the isotherms (Fig.7)
for VTi and VAl samples, while there is very little influence with the addition of SO,*
on VZr sample. For VCe sample, the addition of sulfate regardless the preparation
method decreases the acidity (Fig.7) due to the decreased surface area, since the
surface coverage by ammonia varies in the order of VCeS(c2)>VCeS(c1-1)>VCe(cl)
when expressed per unit surface area (Table 3). In addition, the content of CeVOy is
the highest for sample VCeS(c2) as investigated by XRD measurement. These
observations confirmed that the formation of CeVO, increases the acidity of VCe
samples, CeO, being mainly a basic support. Additionally, the number of acid sites of
these catalysts (both the total population, Vnus, total, and that of strong sites, VNm3, irrev)
reported in Table 3 follows the same trend.

To obtain more detailed information on the acidity and thermal stability of
catalysts, simultaneous TPD-MS-TG-DSC profiles of sulfated binary vanadia-based

catalysts are shown in Fig.8. As presented in TG curves, the first weight loss step, in
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all cases, is mostly caused by ammonia desorption. Another remarkable weight loss in
the higher temperature range corresponding to liberation of SO, is observed
simultaneously with endothermic feature especially for VTiS and VZrS samples.
Moreover, the weak endothermic peaks are possibly the overlay of the endothermic
peak of sulfate desorption and exothermic crystallization peak.

The maximum temperatures the desorbed ammonia and sulfate TPD peaks are
summarized in Table 3. Usually, it is not accurate to rank the acid strength by simply
comparing the ammonia desorption maxima because of the complex diffusion effect,
especially for the porous materials. However, all the samples exhibited a broad
desorption ammonia peak spanned in the range of 483-780 K, suggesting the
heterogeneous strength distribution of the acid sites in these samples. The change in
the TPD profiles can be explained by the progressive transformation of the surface
acidity. As exhibited in Table 3, the ammonia desorption maxima were similar at ~530
K for samples VTi(cl) and VTiS(c1-1) with 1.5wt% sulfur, but 20 K higher for sample
VTiS(c2) with 1.8 wt% sulfur. This result suggests that strongly bonded ammonia
species can be formed on sample containing high content of sulfur and/or prepared by
co-precipitation. In case of VZrS and VCeS systems, the higher maximum
temperature was obtained for sample VZrS(cl-i) and VCeS(c1-i) possessing higher
concentration of sulfur. Furthermore, trace crystalline V,0s species in sample
VCeS(c2), investigated by Raman spectroscopy, also induce a decreased ammonia
desorption Tmax. Therefore, the highly dispersed sulfur certainly plays an important
role in determining the average strength of catalyst acidity. Besides VAIS(c1-1) and
VAIS(c2) samples display similar ammonia desorption peaks with a maximum at ~
567 K, in spite of sample VAIS(c2) containing much higher content of sulfur
compared to sample VAIS(c1-i). This can be explained by a complex diffusion effect
since VAIS samples show much more microporosity.

In a previous paper [42] a strange phenomenon of low initial heat of adsorption
was observed by ammonia calorimetry on few sulfated-vanadia-titania samples. This
phenomenon, interpreted by an endothermic reaction associated to an exothermic

adsorption, was also obtained in this work but only for VTiS(c1-1) sample. Although
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the low heats of adsorption were explained well as the contribution of the interaction
of dissociated ammonia with sulfates [43], the desorption behavior of sulfate species
obtained from NH;—TPD indicates a reasonable explanation for what kinds of sulfate
materials could favor the low initial heat of adsorption.

By using TG-TPD-MS, we have determined that the primary products of
sulfated metal oxides thermal decomposition are SO, and O,, which is consistent with
previously reported mass spectrometry results [44]. As shown in Fig.8 and Table 3,
sample VTiS(cl-1) exhibited a main peak centered at 676 K with a small shoulder at
767 K, while sample VTiS(c2) presented a peak with two maxima at 687 and 765 K.
This behavior suggests the existence of different structures of sulfate species,
expecting that one desorption profile could be pertained to one sulfate structure only.
Besides, as proposed before by Waqif et al [45] based on IR studies, only one sulfate
type of (—0);S=0 was found on TiO,. Therefore, we attempt to say that the sulfate
desorption peak centered at 676 K could possibly be assigned to bisulfate and/or
lowly polymerized species while the shoulder at 767 K corresponded to highly
polymerized species. In addition, the intensity of the peak centered around 767 K is
much higher for sample VTiS(c1-1) compared to VTiS(c2), implying a higher content
of weak sulfate species for sample VTiS(c1-1).

In the case of VZrS, VAIS and VCeS systems, similar sulfate desorption peaks
were observed for each system regardless the preparation method and sulfate density.
For VZrS samples, the first small peak is placed at relatively low temperature (~741 K)
corresponding to lowly polymerized species, while the second peak centered at ~867
K is assigned to highly polymerized species. Additionally, samples VAIS and VCeS
exhibited only one desorption sulfate peak at higher temperatures of ~960 K and >973
K, respectively, possibly due to the highly polymerized sulfate species. In conclusion,
the maximum temperature of releasing sulfate species varied in the order of VTiS <
VZrS < VAIS < VCeS, implying that the strength of sulfate-support interaction
strongly depends on the oxide support (TiO,, ZrO,, Al,O3; and CeQOy).

It is noteworthy that VTiS(cl-i) sample which presented low initial heat of

adsorption simultaneously contained higher concentration of weak sulfate species.
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These results confirmed that not all the sulfated materials can induce this strange
phenomenon of low initial heat of adsorption at low ammonia coverage, but only
samples possessing enough weak sulfate species, such as bisulfate and low
polymerized sulfate species.

3.3 Redox properties

To investigate the effect of oxide support (TiO,, ZrO,, Al,0; and CeO,) on the
redox properties of the studied catalysts, the TPR technique was employed and the
reduction process was monitored by mass spectrometry.

Figs. 9(a-d) shows the TPR profiles in the temperature range of 350-1050 K for
all the samples. As shown in Fig.9a, sample VTi(cl) displays a peak centered at ~708
K with a right-hand shoulder maximizing around 758 K. The TPR profile of sample
VTi(cl) indicates that the majority of vanadia species are present as polymeric VO
species (T, <760K) [46,47], as evidenced by Raman spectra. With the addition of
SO4*, samples VTiS(cl-i) and VTiS(c2) exhibit a peak maximizing around 760 K
with a left-hand shoulder at 728 K. As already reported by other authors [48,49], the
reduction of S(VI) species could affect the shape of H, consumption profile, which
was checked by mass spectrometry as reported in the following paragraphs. There is
another small peak at much higher temperature, in the range of 900-1030 K, possibly
assigned to bulk V,0s issued from the same polymeric VO species.

The reduction behavior of VZr and VZrS samples is illustrated by Fig.9b. Only
one peak with a maximum at 742 K was observed for sample VZr(cl), whereas
samples VZrS(cl-i1) and VZrS(c2) present a sharp peak centered at ~762 K and
superimposed with a small left-hand shoulder (~738 K). By analogy with VTiS
samples, most vanadia species render as polymeric VOy phase. As shown in Fig.9¢ for
VAI and VAIS samples, the maximum temperature of the reduction peak (Tw;) shifts
to higher values and the intensity of TPR peak increases by adding sulfate species,
especially for sample VAIS(c2) possessing 5.6 wt% S.

The TPR profiles of VCe and VCeS (c1-i and c¢2) samples are shown in Fig.9d.
Two distinct reduction peaks can be observed for these three samples (see Table 4). As

reported in the literature [32], pure CeO, shows two reduction peaks at 795 and 981K,
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indicative of the reduction of Ce*" to Ce®". The reduction peak for VCe(c1) is at 790
K, suggesting that the addition of vanadium oxide to ceria obscures the low
temperature peak. This is consistent with the stabilization of Ce’" sites at the
vanadia-titania interface [50]. Upon the addition of sulfate, the maximum temperature
of TPR peak shifts to 837 K for VCeS(c1-1) and to 843 K for VCeS(c2). There is
some Ce®" (CeVO,) at the vanadia-ceria interface, confirmed by the XRD, Raman and
XPS measurements. The formation of CeVO, out of surface vanadium oxide on CeO,
reveals that V enters the ceria lattice or that ceria ions migrate to surround vanadia, in
a strong metal-suport-interaction-like behavior. Thus the first reduction peak (~790 K)
would be indicative of the reduction of V>'0,/Ce*'0, to Ce’"'V>'0,/Ce* 0, (the
reductive formation of CeVOy4) and not of the reduction of surface vanadia species
[51]. Bulk CeVOy, exhibits a reduction peak at 954 K due to V5'—V*" transformation
and bulk CeO, exhibits an intense second reduction maximum at 981 K. Therefore,
the second peak of mixed vanadia-ceria samples (~948 K) must be a linear
combination of the reduction maxima of CeO, and of the transformation of V°' to V"
in the CeVO4 phase.

The Ty, value of the studied samples increases in the order of VTi (708 K) < VZr
(742 K)< VCe (790 K) < VAI (796 K), suggesting that the most reducible nature of
TiO, and ZrO, surfaces typically leads to more reducible oxide domains than the
refractory Al,O3 and CeO, supports.

The mass spectrometry (MS) data for VMS(c1-1) systems (M=Ti, Zr, Al and Ce),
obtained after the TPR runs, are exhibited in Figs.10(a-d). Mass data show that twin
reduction peaks correspond to the reduction of S** species (SO4>) to S** (SO,) and to
S* (H,S) species, respectively. In case of sample VTiS(c1-i), no formation of H,S was
detected, whereas the other samples show the presence of both H,S and SO,. The
major SO, peak for sample VTiS(cl-i) is observed between 604-779 K with a
maximum at 700 K. Together with H, consumption profile as shown in Fig.9a and
Fig.10a (m/e=2), the small shoulder obtained at 724 K for sample VTiS(c1-1) (Fig. 9a)
can be attributed to the reducing of sulfate species since it matches the SO, evolution

very well. In another word, the main peak at 754 K is mostly assigned to dispersed
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VO species. These results reflect that the addition of sulfate inhibits the reduction of
vanadia since the reduction peak maxima slightly shift from 708 K for VTi(cl) to 754
K for VTiS(c1-1).

For sample VZrS(cl-i), two sulfate reduction products (H,S and SO,) were
detected but did not evolve in parallel in the whole temperature range. The first peak
is in the temperature range of 628—780 K with maximum yield at ~730 K and is due
to SO,. Beyond 751 K, H,S evolution is observed, but this peak is very small. A
similar phenomenon was observed for VAIS(cl-i) and VCeS(cl-i) samples. MS
analysis shows two distinct features: a low-temperature peak related to SO, formation
(a peak centered at 762 K for VAIS(c1-1) and 815 K for VCeS(c1-1)), followed by a
higher temperature peak related to H,S formation. Specially for sample VCeS(c1-1),
two peaks for H,S release with maxima at 836 K and 974 K were observed (see Table
4). All the SO, and H;S evolutions matched that of H, consumption.

The sulfate reduction temperature for liberating SO, and H,S is in respect with
the nature of oxide support and decreases in the order of VTiS < VZrS < VAIS <
VCeS. Again, the different observed maxima and relative intensity of these two
distinct SO, and H,S peaks indicate different types of sulfate species conforming to
different sulfate structures [52,53]. The sulfate species reduced at low temperature
could correspond to those not strongly bonded to the surface and consequently should
be readily reduced to SO,, while the sulfate species reduced at higher temperature are
interacting strongly with the surface, and thus should be more prone to be reduced to
H,S, since SO, can not be formed without breakage of a M—O bond (M=Ti, Zr, Al and
Ce). This observation is consistent with the thermal stability of sulfate species present
on different oxide supports, as indicated by TPD-MS measurements.

As reported in Table 4. VCe and VCeS samples exhibit the highest H»
consumption implying higher concentration of redox sites since both V and Ce oxides
possess redox sites. Moreover, H, consumption increased upon addition of sulfate,
especially for sample VAIS(c2) with 5.6 wt% S.

3.4 Methanol oxidation reaction

It is now well admitted that the partial oxidation of methanol is strongly sensitive
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to the nature of the active sites, which can be employed to provide information about
the surface acidity and redox properties simultaneously [11,14]. Figs.11(A-D) show
the whole catalytic performance of samples, while Table 5 presents the turnover
frequency of catalysts, which is defined as the number of methanol molecules
converted per surface vanadium oxide site per second [54].

As shown in Fig.11A, sample VTi(cl) exhibited high activity. For example, the
conversion of methanol was 58% at 393 K, with selectivies to DMM, FA, MF and
DME of 64%, 15%, 21% and 0%, respectively. Moreover, the distribution of products
indicates that the surface acidity was not strong enough to effectively catalyze the
reaction of FA condensation with methanol to produce DMM, leading to the
production of oxidation products (MF and FA). With increasing reaction temperature,
the selectivity to DMM decreased while the selectivity to FA and MF increased, with
a rapid increase in the total conversion of methanol. The sudden drop in DMM
selectivity is possibly as a result of thermodynamic constrains for DMM synthesis
[14]. At 413 K, the conversion of methanol dramatically increased to 95%, and only
oxidation products could be observed, with selectivities to FA, MF and COy of 10%,
61% and 28%, respectively. This suggests that VTi catalyst mainly possessed strong
redox sites, while activities were enhanced with the temperature increase. Upon
doping VTi samples with SO,”, the selectivity to DMM was greatly improved
apparently due to the enhancement of surface acidity with the addition of SO4>, while
the selectivity to the relative oxidation products (MF and FA) decreased especially for
sample VTiS(c2). Moreover, the improved acidity must be mainly due to some
medium strength acid sites, since the selectivity to DME (created on the strong acid
sites) still remained at a very low level.

With VZr(cl) sample (Fig.11B), low methanol conversion with high selectivity
to DMM was observed up to 423 K. Above this temperature, the selectivity to DMM
gradually decreased, whereas the selectivity to MF increased rapidly and became the
main product. This observed trend, similar with VTi(c1) sample, can be explained by
assuming that a slight increase in quantity of active redox site, and/or the deactivation

of a part of medium acidic sites occurred when increasing the reaction temperature.
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For VZrS samples, the selectivity to DMM was improved by SO,* doping but not as
much as VTiS samples. In addition, a small amount of DME was also obtained for
VZrS samples, suggesting the existence of strong acid sites.

Fig.11C presents the catalytic performance for VAI and VAIS samples. In the low
temperature range of 393-423 K, sample VAl(cl) yielded mainly DMM with much
lower methanol conversion (1-8%) compared to VTi(cl) and VZr(c1) samples. The
other possible products (FA, MF, and DME) were formed in low amount. The
formation of DME is possibly created by the uncovered acidic Al,Os3 support since
pure Al,O; carrier possesses a high activity for dehydration of methanol to DME [55].
With the addition of SO4, the selectivity to DME was obviously increased while the
formation of DMM was slightly enhanced, again indicating that the sulfate species
located on alumina support favor the dehydration of methanol to DME.

Sample VCe(cl), shown in Fig.11D, exhibits up to 423 K low conversion of
methanol (4-13%) with very high selectivity to DMM (94-99%) and a light
selectivity to FA (0—7%). From 423 K, DMM production decreases, again in favor of
a high activity and selectivity of oxidation products (FA and MF). Note that the main
oxidation products for VCe(cl) sample were FA and not MF. This can be attributed to
the high concentration of redox sites and to a lack of acidic sites. Indeed acid sites
may enable condensation reactions (Scheme 1) based on the results from H,—TPR and
ammonia adsorption calorimetry measurements.

In summary, we can demonstrate that sample VTiS(c2) prepared by simply
straightforward co-precipitation is recognized as the best sample for partial oxidation
of methanol to DMM, which in agreement with a previous paper [56].

As known, there are varieties of factors by which the host metal oxide may affect
the activity of the catalyst. The relatively independent turnover frequency (TOF)
values can help in providing the intrinsic activity of these catalysts. The number of
exposed surface vanadium active sites was referenced to the N (surface vanadium
sites per square meter) value of monolayer surface vanadia catalysts (7.9 V nm™)
[10,22,57]. Below monolayer coverage, Ny was simply taken as the number of surface

vanadium atoms (see Table 5, column 1). Above monolayer coverage, Ns was taken
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as the theoretical value of 7.9 V nm™. Note that for VCe and VCeS samples, the
exposed surface vanadium sites originate from highly dispersed VO species
(confirmed by Raman spectroscopy) and CeVO,4 compound.

As presented in Table 5, the methanol oxidation turnover frequency (TOF) of the
surface vanadium sites varied dramatically when the metal oxide support changed.
The TOF value of surface vanadium sites on TiO,, ZrO,, Al,O; and CeO, are
15.9x10%, 4.2x10", 0.4x10* and 2.0x10™, respectively. Thus, the significant
variation of the TOF values for monomeric and/or polymeric VOy species with
different oxide supports strongly implicates that the nature of V—O-support bond is
the key parameter involved in the relevant rate-determining-step (Scheme 1) [58].

Another method often used to cast light on the mechanism of catalytic action is
to search for correlations between the catalyst reactivity and some other property of
its surface. Fig.12 shows a correlation of the TOFs values and the Ty« data obtained
from TPR experiments.

For VM(cl) (M=Ti, Zr, Al and Ce) samples, the T, increases in the order of
VALl (796 K) > VCe (790 K) > VZr (742 K) > VTi (708 K), whereas the TOF value
presents an opposite trend. This observation reveals that a decrease in the Ty
temperature would result in an increase in TOF. Furthermore, the Ty, is related to the
reducibility of samples. Although a correlation between catalytic activity in oxidation
reaction and reducibility of catalysts has already existed [59,60], the factors
determining the reducibility of vanadium species are still unclear. The results of a
study [58,61], concluded by TPR, on the reducibility of vanadium oxide catalyst led
to the assumption that the reducibility of a catalyst is mainly influenced by
vanadia-support interactions. These interactions can be related to the parameter z/a,
i.e., the ratio of the carrier charge to the sum of ionic radii of carrier cation and oxide
anion [55,62]. As reported in the literature [62], the z/a value of carrier cation
increases in the order of V/TiO; (1.99) > V/ZrO, (1.79) > V/CeO, (1.69) > V/Al,0O;
(1.55). This trend was found to be consistency with the reducibility: higher z/a values
correspond to larger reducibility.

Upon the addition of SO, to VM(cl) (M=Ti, Zr, Al and Ce) samples, the
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corresponding maximum temperature of TPR peaks (T,,; in Table 4) shifted to higher
value. Additionally, the T, value of VMS(c2) samples prepared by simply
straightforward co-precipitation is always higher than those of the corresponding
VMS(cl-i) samples regardless the concentration of sulfate. Comparing each VMS
system, we can found that a higher T, value is correlated to a lower TOF value
except for sample VAIS(c2). As yet no conclusive explanation can be given for this
discrepancy. In order to investigate the effect of the strength of sulfate-support
interactions on TOFs values, the comparison of systems VM(c1) and VMS(c1-i1) was
examined. The TOF value of sample VTiS(cl) decreased of 24% compared with
sample VTi(cl), while the TOF value of VZrS(c1-1) decreased of 17% compared to
VZr(cl). Further, no decrease in TOF values was observed by doping VAl(cl) and
VCe(cl) samples with SO4>. The decreasing rate of TOF value upon the addition of
sulfate species is strongly related to the nature of the metal oxide which controls the
type and strength of sulfate species (investigated by TPD-MS and TPR-MS). It has
been reported for vanadia-titania samples that the presence of sulfate species could
poison the catalytically active sites and then decrease the TOF value [56]. Indeed, the
strength of sulfate species determines the number of active sulfate sites on the support.
For example, as the strength of the Ti—S bond is weaker (low SO4> desorption
temperature in Table 3) than the AI-S bond (high SO4* desorption temperature), the
corresponding SO, sites are in larger number and more poisoning, thus giving rise to
a higher decreasing of TOF.
4. Conclusion

The mixed vanadia-based oxides (V,0s-TiO,, V,05—Zr0O,, V,05—Al,03; and
V,05—Ce0O;) and the corresponding sulfated catalysts were prepared by
co-precipitation. Another series of sulfated catalysts was also synthesized by typical
incipient wetness impregnation to investigate the effect of preparation method on the
strength of sulfate-support interaction. All the studied catalysts with high surface area
(73-560 m” g’') and good active phase dispersion were evaluated in partial oxidation
of methanol to DMM.

The Raman spectra provided detailed information about the nature of surface
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metal oxide species: (1) terminal V=0 and bridging V-O-V bonds were obtained for
all samples except for VAl and VAIS which have no terminal V=0 bonds; (2) no
V-0O-support bridging bond was observed on VTi and VTiS samples due to the
incorporation of vanadium in V-O-V bridges; (3) a metal vanadate compound (i.e.,
CeVOy) formed only on VCe and VCeS samples. The XPS measurements support the
stabilization of Ce(IIl) by CeVO,4 formation and reveal no changes in the oxidation
state of V(+V). The ammonia adsorption calorimetry study showed a special behavior
with weaker adsorption heats at low coverage only for sample VTiS(cl-i), that
containing weak sulfate species (bisulfate and/or low polymerized sulfate species)
based on the results from ammonia TPD-MS. The strength of sulfate-support
interactions depends on the nature of the oxide support and increases in the order of
VCeS > VAIS > VZrS > VTiS, as indicated by TPD-MS and TPR-MS techniques.
Additionally independently of the sulfate concentration, the strength of the sulfate
species present on VMS (M=Ti, Zr, Al and Ce) catalysts prepared directly by
co-precipitation are stronger than the corresponding samples prepared by
impregnation.

The combination of the results obtained from TPR-MS and catalytic test
indicates that the reducibility of catalyst determines its catalytic activity. Sample
VTi(cl) exhibits the highest TOF value of vanadium site, reflecting the highest
activity in methanol oxidation. With the addition of sulfate, the selectivity to DMM
was enhanced whereas the TOF value decreased; the decreasing rate of TOF value
depending on the strength of sulfate-support interaction. Consequently, sample
VTiS(c2) prepared by a simply straightforward co-precipitation exhibited the best
catalytic activity for DMM producing, because of the higher reducibility, proper
acidity and moderate strength of sulfate species.
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Figure Captions

Fig.1. X-ray powder diffractions of vanadia supported catalysts: (®) TiO,, (m) ZrO,,
(0) CeVOy and (*) CeO,.

Fig.2. N, adsorption-desorption isotherms of sulfated supported vanadia catalysts.
(Inset: pore radius distribution curve from the desorption branch of the isotherms).
Fig.3. Raman spectra of (a) VTiS samples, (b) VZrS samples, (c¢) VAIS samples and (d)
VCeS samples.

Fig.4. O 1s XPS spectra of VCe and VCeS samples (experimental O 1s spectrum:
black straight line, simulated O 1s spectrum by the contribution of oxygen from
various component oxides: black dotted line, O1s spectrum of V,0s and CeO, oxides:
violet, Ols spectrum of surface hydroxyl groups: red, Ols spectrum of SO, species
and CeVOy4 compound: blue). (For interpretation of the references to colours in this
figure caption, the reader should refer to the web version of the article.).

Fig.5. Ce 3d XPS spectra of VCe and VCeS samples.

Fig.6. Differential heats of ammonia adsorption versus the adsorbed amount on (a)
VTiS samples, (b) VZrS samples, (c) VAIS samples and (d) VCeS samples.

Fig.7. Volumetric isotherms of NHj3 adsorption at 423K for (a) VTiS samples, (b)
VZrS samples, (¢) VAIS samples and (d) VCeS samples.

Fig.8. Simultaneous TPD-MS-TG-DSC profiles (TG: green, DSC: blue, m/e=15:
purple, m/e=64: orange) of adsorbed NH; for supported vanadia catalysts. (For
interpretation of the references to colours in this figure caption, the reader should refer
to the web version of the article)

Fig.9. TPR profiles of (a) VTiS samples, (b) VZrS samples, (c) VAIS samples and (d)
VCeS samples.

Fig.10. Mass spectra of the gases evolved during the TPR analysis for (a)VTiS(c1-1),
(b)VZrS(cl-i), (c)VAIS(cl-i) and (d)VCeS(cl-i) samples (m/e=64: red; m/e=34:
violet; m/e=2: blue; temperature: black). (For interpretation of the references to
colours in this figure caption, the reader should refer to the web version of the article).
Fig.11. Selective oxidation of methanol over (A) VTiS samples, (B) VZrS samples, (C)
VAIS samples and (D) VCeS samples.
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Schemel. Reaction pathways for the reaction of catalytic partial oxidation of

methanol (adapted from Ref.[11, 14])
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Table 1

Chemical analysis and pore characteristics of supported vanadia catalysts®

Sample Teatcination.  C-A(Wt%) Surface area Pore  volume Pore
(K) (m’ g™) (em’ g) diameter
(nm)
Vv Ti/Zt/Al/Ce S SBET  Smicro Vet Vmicro dpyn
VTi(cl) 673 13.7 41.8 . 281 3.6 1.02  1.02 11.3
VTiS(cl-i) 673 13.1 405 15 204 5.5 0.82 0.82 11.9
VTIS(Cz) 673 123 38.2 1.8 282 === 0.75 -=- 9.0
VZr(cl) 673 10.0 499 o 334 --- 0.85 - 9.8
VZI‘S(Cl—i) 673 99 491 1.9 277 4 0.75 -=- 10.2
VZrS(c2) 673 14.4 487 0.8 321 14 1.13  0.003 14.2
VAl(cl) 773 99 33.8 . 560 28 321  0.01 20.4
VAIS(c1-1) 673 9.9 335 12 392 26 1.23  0.01 10.4
VAIS(c2) 773 3.8 274 56 405 17 1.91  0.004 18.9
VCe(cl) 673 14.0 594 . 116 0.8 044  --- 13.8
VCGS(Cl-i) 673 134 55.9 1.9 86 6 0.37 - 15.1
VCeS(c2) 673 14.5 552 12 73 14 0.24  0.005 18.2

* Sger is the surface area calculated by the BET method; Vg and dpjy are the
cumulative adsorption pore volume and pore diameter respectively (1.7 <pore
diameter< 300 nm) calculated by the BJH method; Spicro and Vpicro are respectively
the surface area and pore volume in the micropore range (pore diameter < 2 nm)

calculated by the deBoer’s #-plot method.
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Table 2

X-ray photoelectron spectroscopy analysis, binding energies of surface species and
Ols concentration (in atomic %) for different oxygen species (V,0s5+CeQO;; -OH;
SO4>+CeVO,) present on the VCe and VCeS catalysts surfaces.

Sample XPS (wt%) Binding energy (ev)

A% Ce S V2p;, Ce3dsp-satellite O Is S 2p3p
VCe(cl) 149 576 -- 5172  882.5-916.9 529.8(82%)" 530.9(11%)° 532.2(7%)" 168.5
VCeS(cl-i) 14.1 53.0 1.8 517.1  882.4-916.8 529.9(72%)"  5312(15%)° 532.1(13%)° -
VCeS(c2) 11.7 59.8 14 5172  882.3-916.3 529.8(69%)" 531.0(15%)" 532.0(16%)°  168.8

*Binding energies (BEs) between 529.8 and 529.9 eV correspond to O in CeO, and
V;,0:s.
b Binding energies (BEs) between 530.9 and 531.2 eV correspond to O in —OH.

¢ Binding energies (BEs) between 532.0 and 531.2 eV correspond to O in SO4> and
CeVO,.
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Table 3

Calorimetric data for ammonia adsorption at 423 K and corresponding NH3-TPD data
on VM and VMS catalysts.

Sample Vtotala_l Viotal’ B Virrevb_l Virer' B Qinitc_l ;“I”‘{axd Tinax” SO4™ (K)

(umolg")  (umolm?)  (umolg’)  (umolm?)  (kJmol™) 3K ookl Peak?
VTi(cl) 461 1.64 210 0.75 180 530 n.d.f nd.
VTiS(cl-i) 501 2.46 311 1.52 7 534 676 767
VTiS(c2) 549 1.95 292 1.04 210 552 687 765
VZr(cl) 555 1.66 310 0.93 204 555 nd.' nd.f
VZrS(cl-1) 530 1.91 288 1.04 194 576 741 867
VZrS(c2) 573 1.79 319 0.99 257 557 765 852
VAl(cl) 420 0.75 188 0.34 195 ndf nd.f n.d.
VAIS(c1-i) 461 1.17 232 0.59 207 567 966 nd.
VAIS(c2) 591 1.46 318 0.79 174 562 964 nd.f
VCe(cl) 205 1.77 64 0.55 187 524 nd.f nd.f
VCeS(cl-i) 165 1.92 55 0.64 159 589 >973 nd.
VCeS(c2) 183 2.51 82 1.12 151 559 >973 nd.f

Notes: * Amount of NH; adsorbed under an equilibrium pressure of 27 Pa.

® Amount of irreversible chemisorbed NH;.
“Heat evolved from the first ammonia dose.
4 Maximum temperature of NH; decomposition peak from TPD-MS.

¢ Maximum temperature of SO,>decomposition peak from TPD-MS.

"Not determined.

114



Table 4
Reducibility of the catalysts as revealed by the H,—TPR measurements.

Tinax (K) . ; Tonax’ (K)
onsumption

Catalyst f-ﬁzlf)l P?”Ell“l:ﬁz) H, (mmol g) SO, H>S
VTi(el) 758 708 963 2.0 - -
VTiS(cl-) 724 754 965 2.3 700  n.df
VTiS(c2) 728 760 950 2.3 - --
VZi(cl) 742 n.d.c 1.4 - =
VZrS(cl-i) 738 762 n.d.” 1.9 732 767
VZrS(c2) 738 766 n.d.” 2.2 - =
VAl(cl) 796 n.d.® 1.4 - --
VAIS(cl-i) 781 805 n.d.° 2.0 761 802
VAIS(c2) 843 865 n.d.® 4.0 - -
VCe(cl) 790 948 3.0 - -
VCeS(cl-i) 837 980 3.5 817 836 974
VCeS(c2) 843 1012 3.4 - -

*Maximum temperature of the H,~TPR peaks.
®Maximum temperature of SO4> reduction peaks from TPR-MS.

°Not determined.
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Table 5
The turn-over frequencies (TOFs) and characteristics of supported vanadia and
sulfated supported vanadia catalysts®

Sample Ns® Monolayer surface Conversion of methanol (%) at TOF ¢
(Vnm?) Vloading (Vnm?) 393K x10*(s™)
VTi(cl) 5.8 58 15.9
VTiS(c1-i) 7.6 7.9 42 12.1
VTiS(c2) 52 37 11.3
VZr(cl) 3.5 11 4.2
VZrS(cl-i) 4.2 7.9 9 3.5
VZrS(c2) 53 8 2.1
VAl(cl) 2.1 1 0.4
VAIS(c1-i) 3.0 7.9 1 0.4
VAIS(c2) 2.6 2 0.9
VCe(cl) 14.3 4 2.0
VCeS(cl-i) 18.4 7.9 3 2.0
VCeS(c2) 23.5 2 1.6

? Feed conditions : methanol : O, : N,=2: 6 : 30 mL min™, catalyst loading 0.2 g

® N is the number of exposed catalytic active vanadium atoms per square meter
supposing that all vanadium atoms are located on the surface and calculated from
Table 1..

¢ The theoretical number of exposed vanadium atoms per square meter on TiO,, ZrO,,
Al,O3 and CeO, for the monolayer coverage.

4TOF of methanol conversion at 393 K.
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Fig.1. X-ray powder diffraction patterns of vanadia supported catalysts: (®) TiO,, (m)
Z10,, (0) CeVOy4 and (*) CeO,.
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Fig.2. N, adsorption-desorption isotherms of sulfated supported vanadia catalysts.
(Inset: pore radius distribution curve from the desorption branch of the isotherms)
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Fig.3. Raman spectra of (a) VTiS samples, (b) VZrS samples, (c¢) VAIS samples and (d)

VCeS samples
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Fig.4. O 1s XPS spectra of VCe and VCeS samples (experimental O 1s spectrum:
black straight line, simulated O s spectrum by the contribution of oxygen from
various component oxides: black dotted line, Ols spectrum of V,0s and CeO, oxides:
violet, Ols spectrum of surface hydroxyl groups: red, Ols spectrum of SO4* species
and CeVO4 compound: blue). (For interpretation of the references to colours in this
figure caption, the reader should refer to the web version of the article.)
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Fig.5. Ce 3d XPS spectra of VCe and VCeS samples.
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Fig.6. Differential heats of ammonia adsorption versus the adsorbed amount on (a)
VTiS samples, (b) VZrS samples, (c) VAIS samples and (d) VCeS samples.
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interpretation of the references to colours in this figure caption, the reader should refer

to the web version of the article)
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Fig.10. Mass spectra of the gases evolved during the TPR analysis for (a)VTiS(c1-1),
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colours in this figure caption, the reader should refer to the web version of the article).
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Fig.11. Selective oxidation of methanol over (A) VTiS samples, (B) VZrS samples, (C)
VAIS samples and (D) VCeS samples.
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Abstract

A series of sulfated binary titania-based (MxOy—TiOQ—SOf', M,= Cr, Mn, Fe, Co or
Mo) catalysts were prepared by co-precipitation and tested in methanol oxidation
reaction. The structural properties were characterized by X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The acidic and
redox properties were examined using ammonia adsorption calorimetry and
temperature-programmed reduction coupled with mass spectrometer (TPR-MS)
techniques, respectively. The surface My species were essentially 100% dispersed on
catalysts, as confirmed by XRD and Raman spectroscopy characterization. XPS
results indicated the oxidation state of surface My species. In addition, Ti and S
species were present in their fully oxidization state for all the samples. The results of
ammonia adsorption calorimetry showed a surface reaction between chromium oxide
and ammonia. Addition of host oxide MOy not only enhanced the redox properties of

sample TiS but also brought changes in the sulfate reduction process, as investigated

133



by TPR-MS. The best catalytic performance was obtained for sample
MoO3—TiOz—SO42' with high activity. Furthermore, the distribution of reaction
products was employed to provide information about the surface acidity and redox

property simultaneously.

Keywords: Supported-titania catalysts; Acidity; Redox character; Ammonia
adsorption calorimetry; TPR—MS, Methanol selective oxidation
1. Introduction

Methanol is one of the most important chemical intermediates used in the
chemical industry. Furthermore, with the rapid growth of methanol production from
coal-derived syngas, the research and development of new processes to transform
methanol to valuable down stream products has attracted extensive attention [1-4].
Through oxidation and/or dehydration, methanol can be converted to formaldehyde
(FA), dimethyl ether (DME), dimethoxymethane (DMM), methyl formate (MF), and
so on [5]. Among them, DMM is an excellent solvent and chemical intermediate in
industry [6,7]; moreover, it was found recently that DMM can be effectively
steam-reformed to produce H, for fuel cell [8] because of its high content of hydrogen,
extremely low toxicity and environmentally benign. As reviewed by Tatibouét [5], the
various products of methanol reaction on oxides surfaces are very sensitive to the
nature of surface active sites. Methanol oxidation reaction can be divided in two
principal pathways: (1) reactions of oxidation that need oxygen and (2) reactions of
dehydration that do not need oxygen [9]. Except for dimethyl ether (DME) the
formation for all products needs at least one oxidation step. The selectivity to
dimethyl ether is attributed to the dehydration ability of the catalyst which in turn is
related to its acidic character. Thus, the catalytic oxidation of methanol is informative
of the surface structure and behavior of the catalyst, and in fact it has been widely
used as a probe reaction [10—12]. In previous papers [13—14], an extensive study of
the preparation and catalytic behavior of sulfated vanadia-titania catalysts has been
performed for such reaction.

In this work, a series of sulfated titania-based catalysts (MxOy—Tioz—SO42';
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where M= Cr, Mn, Fe, Co or Mo) with high surface area and similar concentration of
sulfur were prepared by co-precipiation in the aim to study the influence of varying
the host oxide as compared to the vanadia active phase. The structural properties of
prepared catalysts were characterized by XRD, BET, ICP, XPS, SEM, TEM and
Raman spectroscopy measurements. The acidic and redox properties were examined
by TPR-MS and ammonia adsorption calorimetry, respectively. The studied catalysts
were tested in partial oxidation of methanol and the effect of host oxide MO, was
analyzed and compared with vanadia [14].
2. Experimental
2.1 Catalyst preparation

The theoretical amount of each metal oxide (CrOx, Mn,0O3, Fe,0O3, Coz04 and
MoO;) was fixed at 25 wt%.
Sulfated binary titania-based oxides (denoted by MTiS; My=Cr, Mn, Fe, Co and Mo)
were prepared by a previous reported co-precipitation method [13]. In order to obtain
a similar content of sulfate for each sample, the same titania precursor was used for all
samples: TiOSO4xH,SO4xH,0. The other precursors were Cr(NO3);'9H0,
Fe(NO3)3-9H,0, Co(NO3),:6H,0, Mn(NO3),xH,0, (NH4)sM07024-4H,0. The details
of the preparation method have been previously described in [13]. Specially for
sample MoO3/TiOg-SO42', theoretical required amount of (NH4)¢M070,4-4H,0O was
dissolved into a limited amount of deionized water and then added to filtrated
precipitate cake containing Ti. At last the mixed cake containing Mo and Ti was dried
as reported in [13]. All the samples were calcined at a given temperature of 673 K in
air for 5 h.
2.2 Catalyst characterization

Elemental analysis was performed using ICP optical emission spectroscopy
(ICP-OES) with an ACTIVA spectrometer from Horiba JOBIN YVON.

The surface areas and pore sizes were measured by nitrogen adsorption at 77 K
on a Micromeritics 2010 apparatus after heat pretreatment under vacuum for 3 h at a
temperature 100 K lower than the calcination temperature.

The X-ray diffraction (XRD) measurements were carried out on a Bruker D5005
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powder diffractometer scanning from 3° to 80° (20) at a rate of 0.02 degree.s™ using a
Cu Ko radiation (A=0.15418nm) source. The applied voltage and current were 50 kV
and 35 mA, respectively.

The X-ray photoelectron spectra (XPS) were measured on a KRATOS AXIS
Ultra DLD spectrometer equipped with a hemispherical electron analyzer and an Al
anode (Al Ka=1486.6 eV) powered at 150 W, a pass energy of 20 eV, and a hybrid
lens mode. The detection area analyzed was 700 x 300 um. Charge neutralization was
required for all samples. The peaks were referenced to the C—(C, H) components of
the Cls band at 284.6 eV. Shirley background subtraction and peak fitting to
theoretical Gaussian-Lorentzian functions were performed using an XPS processing
program (vision 2.2.6 KRATOS). The residual pressure in the spectrometer chamber
was 5x10” mbar during data acquisition.

Raman spectroscopy measurements were performed using a LabRAM HR (Jobin
Yvon) spectrometer. The excitation was provided by the 514.5 nm line of an Ar' ion
laser (Spectra physics) employing a laser power of 100 uW. The laser beam was
focused through microscope objective lenses (x100) down to a 1 micrometer spot on
the sample.

Scanning electron microscopy (SEM) was performed using a Philips 5800 SEM
electron microscrope. The samples were deposited onto scotch carbon and metallized
by sputtering. The gold film ensures a good conductivity for the observation.

Scanning electron microscopy (SEM) was performed using a Philips 5800 SEM
electron microscrope. The samples were deposited onto scotch carbon and metallized
by sputtering. A gold film ensures a good conductivity for the observation.

The recording of transmission electron micrographs was carried out using a
JEOL 2010 equipment operating at 200 kV with a high resolution pole piece and an
energy dispersive X-ray spectrometer (EDS) (Link Isis from Oxford Instruments). The
samples were dispersed in ethanol using a sonicator and a drop of the suspension was
dripped onto a carbon film supported on a copper grid and then ethanol was
evaporated. EDS study was carried out using a probe size of 15 nm to analyze borders

and centers of the particles and the small particles. Standard deviations were evaluated
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for atomic ratio from at least 10 analyzes.

H,—TPR measurements were performed using a TPD/R/O-1100 instrument
(ThermoFisher). Prior to each TPR run, the fresh sample was treated in a stream of
O,/He (0.998% v/v, flowing at 20 mL min™"), ramping the temperature at 10 K min™
from RT to 623 K and maintaining it for 60 min, and then cooled to 313 K. The TPR
measurement was carried out using Hy/Ar (4.98% v/v) as reducing gas mixture,
flowing at 20 mL min™'. The heating rate was 5 K min™ from 313 K to 1073 K. The
H, consumption was detected by a thermal conductivity detector (TCD). The sample
size used was adjusted in order to have around 69 pmol of MO, independently of the
MOy loading of the sample. This allowed us to maintain a K value of 100 s. The
characteristic number, K, can be defined to facilitate the selection of appropriate
operating parameters; a fixed K value between 60 and 140 s guarantees optimal
conditions to obtain good TPR profiles [15,16]. The peak areas were calibrated with
given Hy/Ar (4.98% v/v) mixture injections for TPR.

Gases evolving from the TPR reactor were analyzed by a mass spectrometer
(Omnistar, Pfeiffer) with a heated capillary. The signals for m/e=34 (H,S) and 64 (SO,)
were recorded.

The microcalorimetric studies of ammonia adsorption were performed at 423 K
in a heat flow calorimeter (C80 from Setaram) linked to a conventional volumetric
apparatus equipped with a Barocel capacitance manometer for pressure measurements.
Ammonia used for measurements (Air Liquide, purity > 99.9%) was purified by
successive freeze-pump-thaw cycles. About 100 mg of sample was pretreated in a
quartz cell under evacuation overnight at a temperature 373 K lower than the
calcination temperatures. The differential heats of adsorption were measured as a
function of coverage by repeatedly introducing small doses of ammonia gas onto the
catalyst until an equilibrium pressure of about 66 Pa was reached. The sample was
then outgassed for 30 min at the same temperature, and a second adsorption was
performed at 423 K until an equilibrium pressure of about 27 Pa was attained in order
to calculate the irreversibly chemisorbed amount of ammonia at this pressure.

2.3 Catalytic reaction
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The oxidation of methanol was carried out in a fixed-bed micro-reactor made of
glass with an inner diameter of 6 mm. The methanol was introduced into the reaction
zone by bubbling O,/N; (1/5) through a glass saturator filled with methanol (99.9%)
maintained at 278 K. In each test, 0.2 g of catalyst was loaded, and the gas hourly
space velocity (GHSV) was 11400 mL g” h™. The feed composition was maintained
as methanol:O,:N>= 1:3:15 (v/v). The tail gas out of the reactor was analyzed by an
on-line GC equipped with an FID detector and a TCD detector. The column used was
PORAPAK N for the separation of methanol, DMM and other organic compounds.
The gas lines were kept at 373 K to prevent condensation of the reactant and products.
The reaction was carried out at atmospheric pressure.

3. Results and discussion
3.1 Structure properties

Table 1 shows the BET surface area, porosity data, bulk (ICP) and surface (XPS)
analysis for the prepared materials. Due to the same sulfate titania precursor and
calcination temperature, both bulk and surface sulfur contents of the samples were in
the range of 1.5-2.8 wt%. In addition, all the catalysts displayed high surface area of
340-407 m” g along with similar pore volume (1.1-1.5 cm® g™') and average pore
sizes (11.4-14.3 nm).

The XRD patterns of sulfated titania-based catalysts are presented in Fig.1. It can
be seen from the figure that typical diffraction peaks characteristic of anatase TiO,
were observed for TiS and 25CoTiS samples whereas, samples 25CoTiS, 25FeTiS,
25MnTiS and 25CrTiS exhibited much broader diffraction patterns indicating more
amorphous nature of their TiO; species. No diffraction peaks of My-containing species
(where My=Cr, Mn, Fe, Co or Mo) were detected, indicating the very fine dispersion
of M on the surface.

In Table 2, the results in terms of binding energies of surface species and
M,/(S+Ti) atomic ratio, as obtained from XPS quantitative analysis, are reported for
all samples. In Fig.2 experimental and fitted XPS spectra of Cr2p, Mn2p, Fe2p, Co2p
and Mo3d are presented.

For sample 25CrTiS, two peaks, obtained by applying a peak-fitting program,
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occurred for Cr2ps;, spectra: one at ~576 eV and the other at ~579 eV. These two
species can be assigned to Cr’" (Cr,03) and Cr®" (CrO3), respectively [17]. Generally,
the Cr®" ion is more stable in air between 1073-1273 K, whereas the Cr’" ion is more
stable near room temperature. One possible reason for the formation of Cr®*
compounds is due to the reaction of Cr,O3; with anatase TiO, during air calcination
[18]. Note that during storage, Cr®" to Cr’" reduction could occur. This process is fully
reversible [18]. The Mn2ps;, peak position at 641.5 eV and the Mn2p;,, satellite
structure are characteristic of Mn,Os [19]. For sample 25FeTiS, the binding energies
of Fe2ps;, and Fe2p;, appeared respectively at 710.7 and 724.1 eV, which confirmed
the presence of Fe,O3 as chemical component [20]. The spectra of Co2p were fitted
with Co”” and Co®" components, characterized by binding energies at about 781.7 and
780.4, respectively [21]. The presence of satellite peaks at about 6 eV from the high
energy component is a further evidence for Co®" species. With the uncertainty of the
fitting procedure, the binding energies of Co2ps/; are typical of pure Co304. In case of
sample 25MoTiS, special attention has to be given to the absolute peak position in
each Mo3ds,—Mo3ds, doublet. Binding energy of the doublet A at 232.4 eV for
Mo3ds, and 235.6 eV for Mo3d;, (see Table 2) was ascribed to Mo®" being in
reasonable agreement with literature [22] whereas the doublet B at lower binding
energies was attributed to reduced Mo ions (Mo™").

The Ti 2ps,; binding energy clustered around a value of about 458.4 eV is again
in reasonable agreement with literature for Ti*" [23]. In addition, the S2py, line at the
binding energy of about 168.5 eV is typical of sulfur in S°* oxidation state, such as in
Na,SO4 or Fey(S04)3 [24,25].

It is worth noticing, in Table 2, that the atomic ratio of My/(Ti+S) (My= Cr, Mn,
Fe, Co or Mo) for all samples is close to 0.2-0.4, indicating a similar surface
concentration of metal My species.

The surface structure of metal oxide species was examined by Raman spectra,
from 1200 to 250 cm™', as shown in Fig. 3. From the literature [26,27], Raman spectra
of binary titania-based catalysts display bands between 980 and 1030 cm™', which are

assigned to terminal M=0 vibrations (where M= Cr or Mo) of the surface metal oxide
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species. In addition, bands characteristic of bridging M—O-M bonds, 860-940 cm,
associated with polymerized surface species can also be found in the spectra of the
high surface coverage chromium and molybdenum oxide supported catalysts [26,27].
However, in this work, all the observed Raman bands are below 800cm™, possibly
corresponding to anatase TiO, [27]. For example, samples 25CrTiS, 25MnTiS and
25FeTiS exhibited Raman bands at 609, 412 and 274 cm™, while sample 25CoTiS
presented Raman bands at 715 and 427 cm™. No Raman band was observed for TiS
and 25MoTiS samples. The absence of M=0O and M-O-M Raman vibrations (where
M,= Cr, Mn, Fe, Co or Mo) indicates that the surface species are highly amorphous,
as confirmed by XRD measurement.

As example, the surface morphology of sample 25MoTiS examined by electron
microscopy is presented in Fig.4. The SEM image shows cauliflower-shaped species,
constituted by homogeneous quasi-spherical particles. However, the dimensions of
these particles are very difficult to estimate from SEM analysis. Therefore, the
morphology of sample 25MoTiS was deeply analyzed by TEM, and its composition
(EDS) is also given, as shown in Fig.5. An overview of TEM image indicates that
there is no separated phase of TiO, and MoOs; for sample 25MoTiS which was
obtained by addition of ammonia molybdate after formation of the Ti(OH)s gel.
Moreover, the EDS analysis, which in consistence with XPS and ICP data, suggests
that molybdenum oxide is highly dispersed on the surface of titania support.

3.2 Surface acidity

Surface acidity, in terms of number of acid sites, sites strength and strength
distribution, was determined by ammonia adsorption microcalorimetry [28]. Table 3
summarizes the main results obtained. Fig.6 shows the plots of the differential heats
of ammonia adsorption as a function of ammonia coverage and Fig.7 presents the
ammonia adsorption isotherms for the series of sulfated binary titania-based catalysts.

The initial heats of ammonia adsorption (Table 3) on all the studied samples
were found to be about 160-190 kJ mol™, suggesting their quite acidic character. In
addition, the differential heats (Quifr) as exhibited in Fig.6 display a similar shape with

a continuous decrease as a function of the ammonia coverage, revealing the
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heterogeneous strength distribution of these catalysts. For comparison sulfated
vanadia-titania catalyst 25VTiS has been added on Figs.6 and 7 [14].

The effect of host oxide MOy (where M= Cr, Mn, Fe, Co or Mo) on the acidity
of binary titania-based catalysts can be seen on the isotherms (Fig.7). Note that a
strange phenomenon for ammonia adsorption isotherm was observed for sample 25
CrTiS which clearly shows that equilibrium was not reached at low ammonia
coverage. This phenomenon is due to a surface reaction between Cr-containing
compound and ammonia. However, Fig.6, which represents the differential heats of
ammonia adsorption, did not reflect so clearly this particular behavior of sample
25CrTiS, except by a much higher ammonia adsorption capacity. The acidity of the
studied catalysts varied in the order of 25CrTiS > 25FeTiS > 25CoTiS = 25MnTiS
=~TiS > 25VTiS > 25MoTiS. Additionally when the ammonia coverage was expressed
per unit surface area, the total number of acid sites density (Table 3, column 3) of
samples 25FeTiS, 25CoTiS, 25MnTiS and TiS became similar. The data in Table 3
also indicate that 50-70% of the adsorbed ammonia is strongly chemisorbed on the
samples.

3.3 Redox properties

In order to investigate the effect of host oxide MOy (where M,= Cr, Mn, Fe, Co
or Mo) on the redox properties of sulfated binary titania-based catalysts, the TPR
technique was employed and the reduction process was monitored by mass
spectrometry. Fig. 8 shows the reduction profiles of all the studied catalysts, while
Fig.9 exhibited the mass spectra obtained after the TPR runs. Table 4 summarizes the
most important results, in terms of maximum temperatures of the reduction peaks and
of the integrated H, consumptions.

For sample TiS, only a very weak H, consumption peak around 804 K was
observed, which might be due to a slight reduction of surface Ti species and the
reduction of surface SO4> species (confirmed by mass spectroscopy), which reveals
the low reducibility of TiO,. Therefore, the reducibility of the catalysts is strongly
affected by the presence of surface metal oxides such as MoOs, Co304, Fe;03, Mn,04

and CrOx.
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In the case of 25MoTiS system, two distinct peaks were observed and the TPR
profile was a little different from the TPR profile of MoO; [29], due to the interaction
between TiO, and Mo species. The major peak in the low-temperature region
(Tmi=735 K) may be assigned to the reduction of dispersed polymolybdates (Mo®*
and Mo’") linked to TiO, [30]. The other peak in the high-temperature region
(Tym2=1005 K) could be assigned to reduction of poorly crystalline MoO, generated
from the reduction of MoOs phase [31]. Sample 25CoTiS shows a TPR peak centered
at 510 K with a left-hand shoulder around 482 K, which can be assigned to the
overlap of the two-step reduction of Co3;04 to CoO and then to Co”" [32,33]. On
sample 25FeTiS, a reduction peak with a maximum at 686 K (Ty;) was observed.
According to the literature [34], this peak was attributed to the reduction of Fe,O3 to
Fe;O4 (magnetite). Additionally, it is note worthing that another minor TPR peak
appears at high temperature (T;,,=791 K) possibly due to the further transformation of
magnetite to FeO [34]. Sample 25MnTiS presents two main TPR peaks at 635 and
815 K, respectively. The first peak (635 K) is assigned to the reduction of Ti*" to Ti*"
and Mn,0; to Mn304 because of the interaction between titania and manganese oxide.
The second reduction peak (815 K) with a left-hand shoulder at 795 K may be
assigned to the overlap of the reduction of free Mn,Os to Mn304, and then Mn304 to
MnO. For thermodynamic reasons further reduction of MnO does not occur under the
applied experimental conditions [35]. Similar TPR profiles have been also obtained
by other authors [35,36] for both unsupported and titania supported manganese oxides,
even though the peak temperatures were slightly different, which can be due to
different experimental conditions and different size of the manganese oxide particle.
Sample 25CrTiS also displays two distinctive TPR peaks. The first reduction peak at
544 K is due to the reduction of Ti*" to Ti’" and Cr®" to Cr’* because of the
titania-chromia interaction [37]. The second peak at 724 K could correspond to the
reduction of Cr®" and/or Cr’" free of any interaction with Ti*" [37].

As reported in Table 4, the H, consumption of the studied catalysts, indicating
the total number of redox sites, increased in the order of 25MnTiS = 25CoTiS =

25MoTiS > 25CrTiS > 25FeTiS >> TiS.
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The mass spectrometry (MS) data of Fig.9 presented for all samples except
25CrTiS only one product resulting from sulfate reduction namely SO,. In case of
sample 25CrTiS, two sulfate reduction products (SO, and H,S) were detected but did
not evolve in parallel in the whole temperature range [38]. The first peak due to SO,
is in the temperature range of 644-737 K with maximum yield at ~686 K. Beyond
696 K, H,S evolution began to be observed. The TPR-MS results indicate that the
presence of the MOy host oxide brings about some important changes in the sulfate
reduction process, and this is particularly evident in the case of 25CrTiS sample. It
should also be mentioned that no decomposition of the sulfate species was observed
under inert atmosphere. Moreover, all the SO, and H,S evolutions matched that of H,
consumption.

3.4 Methanol oxidation reaction

As already known, the partial oxidation of methanol is strongly sensitive to the
nature of the active sites, and can be employed to provide information about the
surface acidity and redox properties simultaneously [5,10]. Methanol is converted to
formaldehyde (FA) and methyl formate (MF) on redox sites, to dimethyl ether (DME)
on acidic sites, and to DMM on acidic and redox bi-functional sites. Table 5 presents
the whole catalytic performances of sulfated binary titania-based catalysts.

Sample TiS exhibited a high selectivity only to DME due to its acidic character
and the lack of redox activity of TiO,, in good agreement with the results from NHj;
adsorption calorimetry and TPR. It possessed a low activity for methanol conversion.
Even at 463 K, the highest temperature employed in this work, the conversion of
methanol was only 3% on TiS sample. Addition of host oxide MOy did not improve
the catalytic activity significantly except for sample 25MoTiS. All samples but
25MoTiS displayed a very low conversion level of methanol (Table 5). Sample TiS
exhibited high selectivity only to DME and the addition of host oxide MOy did not
improve significantly the catalytic activity except for sample 25MoTiS. For example,
at the same reaction temperature of 463 K, the conversion of methanol for samples
25CrTiS, 25MnTiS, 25FeTiS and 25CoTiS was 7%, 4%, 6% and 1%, respectively,

while for sample 25MoTiS it was 79%. Apparently, MoOs is much more active than
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other host oxides studied in this work for methanol oxidation reaction.

For sample 25MoTiS, the conversion of methanol was 5% at 393 K, with
selectivities to DMM, FA, MF and DME of 79%, 0%, 0% and 21%, respectively. The
distribution of products indicates that sample 25MoTiS possessed more acidic
(medium and strong) sites than redox sites. With increasing the reaction temperature,
the selectivity to DMM suddenly dropped, whereas the selectivity to MF and FA
increased rapidly, those becoming the main products, and the selectivity to DME
remained at the same lever. This observed trend can be explained by assuming that an
increase in quantity of active redox sites, and/or the deactivation of medium acidic
sites occurred when increasing the reaction temperature [39].

Moreover, sample 25CrTiS and 25MnTiS yielded mainly DMM in the whole
temperature range of 393-463 K. The other possible products (FA, MF and DME)
were formed in very low amount. For samples 25FeTiS and 25CoTiS, the main
product of methanol oxidation was DME, which was created on strong acid sites. As
reported in [14], 25VTiS exhibited much more activity and selectivity to DMM than
all reported samples in this paper.

These observations are supported by the work of G. Busca [40] who reported a
summary of the acid-base properties of various metal oxides. MoOs and V,0s display
medium-strong acid strength of both Bronsted and Lewis character while CoO, Fe,O;
and Cr,Os3 show only Lewis acidity of medium and weak strength associated with
some basicity. The higher methanol conversion of V,0s and MoOj3 could be explained
by the presence of Bronsted acid sites as already shown in ref.[14] for sample 25VTiS.
Moreover the better catalytic performance of vanadia containing catalysts is probably
due to the higher Bronsted/Lewis ratio as observed by I.LE. Wachs [41] comparing
alumina supported vanadia and molybdena catalysts.

Conclusion

A series of sulfated binary titania-based oxides (MxOy—TiOz—SO42', M,= Cr, Mn,
Fe, Co or Mo) with high surface area (340-407 m” g’') were prepared by modified
co-precipitation. The XRD and Raman results suggest that all the surface My species

were highly dispersed on the catalysts. The bulk (ICP) and surface (XPS) analysis
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revealed that the sulfur content of all studied catalysts was similar, in the range of
1.5-2.8wt%. The XPS measurements showed that Ti and S species were present in
their fully oxidized state for all samples, while the oxidation states of Cr were +6 and
+3 and +6 and +5 for Mo. Meanwhile, Mn, Fe and Co species exhibited the presence
of Mn,0O3, Fe,O; and Co304 as chemical component, respectively. The ammonia
adsorption calorimetry study presented a special behavior of surface reaction between
ammonia and Cr-containing compound. The results obtained from TPR-MS indicate
that the addition of host oxide MOy enhanced the redox properties of sample TiS and
brought about some important changes in the sulfate reduction process. In addition,
the total number of redox sites increased in the order of 25MnTiS = 25CoTiS =
25MoTiS > 25CrTiS > 25FeTiS >> TiS. Samples FeTiS and CoTiS produced mainly
DME from dehydration of methanol owing to its lack of active redox sites, while
samples 25CrTiS and 25MnTiS yielded mainly DMM due to their bi-functional
character. The best catalytic performance was observed for sample 25MoTiS even if
lower than that observed previously on 25VTiS. Therefore, the distribution of
methanol oxidation products successfully investigated the relative surface acidity and
redox property.
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Table 1
Chemical analysis and pore characteristics of sulfated titania-based catalysts”

C.A(wWt%) XPS (wt.%) Surface area Pore Pore

Sample . ] . . 2 -1 volume diameter

M, Ti S My Ti S (m”g") 3 -1

(cm” g7) (nm)
25CrTiS  13.5 385 2.5 156 319 2.7 403 1.5 13.7
25MnTiS  14.1 390 2.1 14.1 348 24 346 1.1 11.4
25FeTiS  14.6 394 2.1 152 335 28 407 1.4 12.6
25CoTiS 143 388 2.8 158 344 27 343 1.3 14.1
25MoTiS 149 398 1.5 140 318 1.6 341 1.3 14.3
TiS ndb 504 1.8 nd? 444 25 391 1.2 11.9

*M,= Cr, Mn, Fe, Co or Mo.
®Not determined.
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Table 2
Binding energies of surface species and M,/(Ti+S) atomic ratios for sulfated
titania-based catalysts.

Sample  Binding energy (eV)

Ti2ps»  S2ps»  Surface My species * M/(Ti+S)
25CrTiS 4583 168.6  Cr2psn: (576.6, 578.7) 0.4
25MnTiS 4583  168.5  Mn2psn: (641.5); Mn2pis: (653.4) 0.3
25FeTiS 4584  168.5  Fe2pss: (710.7); Fe2pin: (724.1) 0.3
25CoTiS 4583 1684  Col2psya: (780.4,781.7); Co2piya: (786.7) 0.3

25MoTiS 458.5 168.5  Mo3dsp: (231.4,232.4); Mo3dsn: (234.6,235.6) 0.2
TiS 458.5 168.5  --- ——

*M,= Cr, Mn, Fe, Co or Mo.
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Table 3
Calorimetric data for ammonia adsorption at 423 K on sulfated titania-based catalysts.

a a b b ¢

Sample (u:{STlg-l) (},Lr:lf(t)oltarln'z) (u:qlgfvg'l) (m::gie:n'z) Viner”/ Vil (kJQ ggrl)
25CrTiS 812 2.0 533 13 0.66 188
25MnTiS 730 2.1 336 1.0 0.48 162
25FeTiS 817 2.0 497 12 0.60 196
25CoTiS 732 2.1 465 1.4 0.67 168
25MoTiS 535 1.6 260 0.8 0.50 189
TiS 750 1.9 445 1.1 0.58 184
25VTist 608 2.1 374 1.3 0.61 112

Notes: * Amount of NH; adsorbed under an equilibrium pressure of 27 Pa.
® Amount of irreversible chemisorbed NH;.
“Heat evolved from the first ammonia dose.
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Table 4

Reducibility of the catalysts as revealed by the H,~TPR—MS measurements.

Tmaxa (K) TmaXb (K)
H, consumption
Catalyst .
Y Peak 1 Peak 2 (mmol g S0, H,S
(Tm1) (Tm2)

25CrTiS 544 724 2.9 686 727
25MnTiS 635 795 815 3.5 790 n.d.
25FeTiS 686 791 2.0 700 n.d.
25CoTiS 755 783 n.d.c 3.5 733 n.d.
25MoTiS 735 1005 34 665 n.d.
TiS 804 n.d.c 0.3 750 n.d.

*Maximum temperature of the TPR peaks.

® Maximum temperature of SO4* reduction peaks from TPR-MS.

°Not determined.
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Table 5
Catalytic activities of sulfated titania-based catalysts in the methanol oxidation
reaction.

Temp. Conversion of Selectivity (%)
Sample methanol

(K) %) DMM FA MF DME COx

393 3 99 0 0 1 0

25CrTiS 423 3 94 0 0 6 0

463 7 58 4 20 18 0

393 0.2 100 0 0 0 0

25MnTiS 423 1 97 0 0 3 0

463 4 78 15 0 7 0

393 0.1 0 0 0 100 0

25FeTiS 423 1 29 0 0 71 0

463 6 39 0 0 61 0

393 0.03 0 0 0 100 0

25CoTiS 423 0.1 0 0 0 100 0

463 1 28 0 0 72 0

393 5 79 0 0 21 0

25MoTiS 423 16 64 10 0 26 0

463 79 1 42 27 24 6

393 0.1 0 0 0 100 0

TiS 423 0.5 0 0 100 0

463 3 8 0 0 92 0

393 12 98 0 1 1 0

25VTist' 423 43 92 1 5 2 0

453 81 6 40 44 9 1

DMM: dimethoxymethane; FA: formaldehyde; MF: methyl formate; DME: dimethyl
ether; COy: CO; (or CO).
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Figure Captions

Fig.1 X-ray powder diffraction patterns of sulfated titania-based catalysts.

Fig.2. Mo 3d, Co 2p, Fe 2p, Mn 2p and Cr 2p XPS spectra for the sulfated
titania-based samples. (experimental specta: black straight line, simulated spectra: red
dotted and straight line). (A and B: Mo3ds,—Mo3ds;, doublets of 25MoTiS system).
(For interpretation of the references to colours in this figure caption, the reader should
refer to the web version of the article)

Fig.3 Raman spectra of sulfated titania-based catalysts

Fig.4. SEM image of sample 25MoTiS at the magnification of 30,000x.

Fig.5. TEM image of sample 25MoTiS at the magnification of 800,000x.

Fig.6. Differential heats of ammonia adsorption versus the adsorbed amount on
sulfated titania-based samples and sulfated vanadia-titania sample as reference. (TiS:
black, 25VTiS: orange, 25MoTiS: purple, 25CoTiS: red, 25FeTiS: blue, 25MnTiS:
pink, 25CrTiS: green) (For interpretation of the references to colours in this figure
caption, the reader should refer to the web version of the article)

Fig.7. Volumetric isotherms of NHj; adsorption at 423K for sulfated titania-based
samples and sulfated vanadia-titania sample as reference. (TiS: black, 25VTiS: orange,
25MoTiS: purple, 25CoTiS: red, 25FeTiS: blue, 25MnTiS: pink, 25CrTiS: green) (For
interpretation of the references to colours in this figure caption, the reader should refer
to the web version of the article)

Fig.8. TPR profiles of sulfated titania-based catalysts as a function of temperature and
time (10 K min™). (TiS: black, 25MoTiS: purple, 25CoTiS: red, 25FeTiS: blue,
25MnTiS: pink, 25CrTiS: green) (For interpretation of the references to colours in this
figure caption, the reader should refer to the web version of the article)

Fig.9. Mass spectra of the gases evolved during the TPR analysis. (TiS: black,
25MoTiS: purple, 25CoTiS: red, 25FeTiS: blue, 25MnTiS: pink, 25CrTiS: green) (For
interpretation of the references to colours in this figure caption, the reader should refer

to the web version of the article)
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Fig.1 X-ray powder diffraction patterns of sulfated titania-based catalysts.
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Fig.2. Mo 3d, Co 2p, Fe 2p, Mn 2p and Cr 2p XPS spectra for the sulfated
titania-based samples. (experimental specta: black straight line, simulated spectra: red
dotted and straight line). (A and B: Mo3ds,—Mo3d;, doublets of 25MoTiS system).
(For interpretation of the references to colours in this figure caption, the reader should
refer to the web version of the article)
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Fig.3 Raman spectra of sulfated titania-based catalysts.
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Fig.4. SEM image of sample 25MoTiS at the magnification of 30,000x.

Fig.5. TEM image of sample 25MoTiS at the magnification of 800,000%.
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Fig.6. Differential heats of ammonia adsorption versus the adsorbed amount on
sulfated titania-based samples and sulfated vanadia-titania sample as reference. (TiS:
black, 25VTiS: orange, 25MoTiS: purple, 25CoTiS: red, 25FeTiS: blue, 25MnTiS:
pink, 25CrTiS: green) (For interpretation of the references to colours in this figure
caption, the reader should refer to the web version of the article)
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Fig.7. Volumetric isotherms of NHj; adsorption at 423K for sulfated titania-based
samples and sulfated vanadia-titania sample as reference. (TiS: black, 25VTiS: orange,
25MoTiS: purple, 25CoTiS: red, 25FeTiS: blue, 25MnTiS: pink, 25CrTiS: green) (For
interpretation of the references to colours in this figure caption, the reader should refer
to the web version of the article)
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Fig.8. TPR profiles of sulfated titania-based catalysts as a function of temperature and
time (10 K min™). (TiS: black, 25MoTiS: purple, 25CoTiS: red, 25FeTiS: blue,
25MnTiS: pink, 25CrTiS: green) (For interpretation of the references to colours in this
figure caption, the reader should refer to the web version of the article)
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Fig.9. Mass spectra of the gases evolved during the TPR analysis. (TiS: black,
25MoTiS: purple, 25CoTiS: red, 25FeTiS: blue, 25MnTiS: pink, 25CrTiS: green) (For
interpretation of the references to colours in this figure caption, the reader should refer
to the web version of the article)
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5. Conclusion

This work is related to the topic “Clean Energy”. The application of fuel cells
based on hydrogen energy for electric power generation has immense potential since
they offer efficiency, environmental and operational benefits better than those

obtained from conventional technologies such as internal combustion engines.

DMM (dimethoxymethane) is a hydrogen containing fuel which has the
advantages of high content of hydrogen, non toxicity and to be environmentally
benign and easy for storage and transportation at ambient conditions (as a liquid).
Therefore, it can be used as preferred material for mobile H, storage and
transportation. DMM is industrially produced via the condensation of methanol and
formaldehyde. In this work, we studied a new process of selective oxidation of
methanol to produce DMM on a redox-acidic bi-functional catalyst on which
methanol was first oxidized on the redox sites to produce formaldehyde, and
formaldehyde was subsequently condensed with additional methanol on the acidic

sites to form DMM.

In this work, bi-functional catalysts of V205—Ti02—SO42'; binary vanadia-based
oxides (V,05-TiO,, V,05—Zr0O,, V,05—Al,03 and V,05—CeO,) and the corresponding
sulfated catalysts; and sulfated binary titania-based oxides (MXOy—TiOz—SO42', M=
Cr, Mn, Fe, Co or Mo) were prepared, characterized and evaluated as catalysts for the
reaction of selective oxidation of methanol to DMM. Additionally, we demonstrated
the possibility of new catalysts to improve the DMM production through methanol
oxidation reaction. The catalysts were thoroughly characterized in terms of their
acidic and redox properties in order to find correlations between the identified active
sites and the catalytic properties. The structural characteristics of all investigated
systems have been acquired by means of XRD, BET, chemical analysis, XPS, Raman
and FTIR. The acidity was characterized by ammonia adsorption microcalorimetry,
adsorption-desorption of pyridine studied by FTIR and TPD of ammonia; while
reducibility and redox properties in general were achieved by TPR/TPO

measurements.
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5. Conclusion

The following is a summary of the general conclusions:

It has been proven by the results obtained in this work that catalytic oxidation of
methanol is a structure-sensitive reaction. The distribution of catalytic products
reflects the nature of the surface active sites: methanol is converted to formaldehyde
(FA) and methyl formate (MF) on redox sites, to dimethyl ether (DME) on acidic sites,
and to DMM on acidic and redox bi-functional sites. Therefore, the DMM production

is strongly determined by the balance of acidic and redox properties.

Among the applied preparation methods (co-precipitation with and without 1wt%
PEG-400, sol-gel and mechanical grinding), co-precipitation without PEG-400 was
the best preparation method in terms of maximizing the surface area (250 m* g') and
in catalytic performances for V205—TiOz—SO4Z' catalysts. With the addition of SO42'
species, the DMM selectivity was enhanced. In this work, it has been shown that
critical parameters for DMM generation are the amount of Bronsted acid sites, high
reducibility of vanadia, and the presence of active polymeric VOy species at the
surface. It has been observed that the sulfur content is important: if it is too high, the
catalytic activity is lowered, since the sulfate species could poison the catalytically
active sites. Thus, it can be concluded that the proper concentration of sulfur is the
key parameter to optimize the DMM production. The results obtained in this work
revealed that it is possible to tune the SO4* amount by choosing the right calcination
temperature and proper amount of washing water (an appropriate calcination
temperature of 673 K with 50 mL washing water generated the proper concentration
of sulfur of about 0.8 wt%). Moreover at 673 K, the active polymeric VOy species
with terminal V=0 bonds are produced, the Bronsted acidity is pronounced and a

higher reducibility is detected. All these features are related with the high DMM yield.

In the sulfated mixed vanadia-based oxide systems, the combination of results
obtained from TPR—MS and catalytic test indicates that the strength of (V-O)-support

and sulfate-support interactions determine the catalytic activity and the DMM
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5. Conclusion

selectivity, respectively. The (V—O)-support bond is the key parameter involved in the
relevant rate-determining step. The strength of (V-O)-support bonds decreases in the
order of TiO, < ZrO, < Al,O3; < CeO,, whereas the catalytic activity presented an
opposite trend. Consequently, sample V,0s-TiO»—SO,* exhibited the highest
catalytic activity and DMM vyield comparing to zirconia, alumina and ceria supported

catalysts.

In the case of sulfated binary titania-based oxide systems, it has been shown that
the addition of host oxide MOy (M= Cr, Mn, Fe, Co or Mo) to TiO»~SO,* did not
improve significantly the methanol conversion, except for sample MoO3;~TiO»—~SO,”".
However, methanol conversion obtained using MoOg—TiOz—SO42' was lower than that
previously observed on V,05-Ti0,-SO4> catalyst. The higher methanol conversion
observed on the samples containing V,0s and MoOs in comparison with other
catalysts investigated in this work could be explained by the presence of
medium-strong acid sites of Bronsted character. Moreover, the better catalytic
performances of vanadia containing catalysts are probably due to the higher
Bronsted/Lewis ratio. Samples F6203—TiOz—SO4Z' and C03O4—TiOz—SO42' produced
mainly DME from dehydration of methanol owing to their lack of active redox sites,
while samples CrOx—TiOz—SO42' and Mn203—Ti02—SO42' yielded mainly DMM due

to their bi-functional character.

It could be concluded that sulfated catalysts containing both vanadia and titania
are recognized as the best systems for partial oxidation of methanol to DMM among
all the studied samples in this thesis. Furthermore, the sample VTiSw50-673
exhibited the best catalytic performance with the highest DMM yield (methanol

conversion:74%; Spmm:83%) at the very low reaction temperature of 403 K.
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Abbreviations

DMM Dimethoxymethane

DME Dimethyl ether

MF Methyl formate

FA Formaldehyde

IPA Isopropanol

PPE Propylene

DIPE diisopropyl ether

ACE Acetone

XRD X-ray diffraction

BET Brunauer, Emmett, Teller

XPS X-ray photoelectron spectroscopy

ICP-OES Inductively coupled plasma optical emission spectroscopy
FTIR Fourier transformed infrared spectroscopy

TEM Transmission electron microscopy

SEM Scanning electron microscopy

TPR/O Temperature-programmed reduction/oxidation

TPD Temperature-programmed desorption
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