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A B S T R A C T   

Silica-titania (70/30) supported vanadium catalysts were prepared, characterized, and studied in oxidative 
dehydrogenation of sulfur-contaminated methanol. The quality of vanadia species is dependent on temperature 
and gas conditions during preparation, support type, support specific surface area and VOx surface density. For 
example, upon heating the amount of V2O5 decrease along with formation of polymeric species. Such changes 
may occur also during the catalytic reaction. The reaction experiments and characterization results showed that 
the stability of polymeric vanadia species and total acidity has a connection with better formaldehyde production 
performance. The best performance was observed for N2-calcined silica-titania catalyst. Easy reducibility of the 
catalyst, as in the case of reference catalysts, leads to further oxidation of formaldehyde.   

1. Introduction 

The supported vanadium-based catalysts are known to be efficient in 
commercial-scale formaldehyde production from methanol, and in 
environmental applications such as NOx removal and oxidation of 
chlorinated volatile organic compounds (CVOCs) [1–3]. The earlier 
studies related to vanadia catalysts have been devoted especially to find 
the structure-activity relationships through investigating the effects of 
support type, composition, as well as vanadia surface coverage and 
quality of species [4–9]. The most used support materials for vanadia are 
SiO2, TiO2, Al2O3, and ZrO2. Recently, also HfO2 has been studied. 
[10–15] 

Correct selection of the support material for a catalyst is important 
since the performance of the whole catalytic system is significantly 
affected by the properties of the support. Titania (TiO2) is considered as 
a highly advantageous support for vanadia as the interaction of vanadia 
with titania is strong [16]. Despite advantageous properties, including 
chemical stability, of titania, poisoning in the presence of sulfur has been 
reported [17]. Combination of silica (SiO2) and titania (TiO2) introduces 

better resistance to sulfur, provides higher mechanical strength, and 
improves the thermal stability [18–21]. The drawback of silica is the 
weak interaction with vanadia due to the inert nature of silica. This leads 
easily to weaker dispersion of the active phase and formation of vana
dium pentoxide (V2O5) crystallites locally. Based on Burcham et al. [22], 
the density of the active vanadia surface species is similar on most oxide 
supports at the monolayer coverage, up to where vanadia is present only 
as tetrahedral VO4 species. After the monolayer coverage is reached, 
also crystalline V2O5 species are observed. For titania, the monolayer 
coverage is achieved with vanadium surface density of ~7.9 V atoms 
nm-2. In contrast to the other metal oxides, the formation of V2O5 micro 
crystallites has been detected already below the monolayer coverage in 
the case of silica support. Gao et al. [23] were able to achieve maximum 
VO4 coverage on silica with vanadium surface density of 2.6 V atoms 
nm-2 without forming V2O5 micro crystallites. Crystalline V2O5, have 
been reported to have lower activity than the monomeric/polymeric 
species of vanadia in methanol oxidative dehydrogenation. Gao et al. 
[23] observed also that vanadia species are isolated on the silica sup
port, which is not typically the case for the other metal oxides. 
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Nevertheless, using the silica-titania binary oxide support, the advan
tages of these two support materials could be potentially combined 
while minimizing the drawbacks of the corresponding single oxide 
supports. 

The most common way to utilize organic emissions is their use in 
energy production, even other options exist as presented by Ojala et al. 
[24]. The research reported in this paper arises from the possibility to 
utilize industrial volatile organic compound emissions in chemicals 
production, which is a fresh alternative for the emission abatement. The 
work focuses on formaldehyde production from sulfur-contaminated 
methanol, which may originate for example from wood pulp produc
tion. Vanadia supported on silica-titania binary oxide 
(V2O5/SiO2+TiO2(30%)) has earlier proven to be active in oxidative 
dehydrogenation of methanol in the presence of methyl mercaptan [13, 
14,25]. Still, the material characteristics or their connections with the 
performance of the catalyst are not fully understood. The single oxide 
supported vanadia catalysts have been examined earlier in converting 
(non-contaminated) methanol to formaldehyde for example by the 
research group of Burcham and Bell [22,26–31]. Furthermore, oxidation 
of methyl mercaptan as a single reactant has been studied for example 
by Wachs [32–38]. In this work, the earlier studies [13,14] are extended 
to investigate a mixture of methanol and mercaptan, mixed oxide sup
port, and how the changes in calcination treatment influence the final 
catalyst characteristics and the activity. 

The calcination atmosphere is known to influence the particle size 
and thus the dispersion of the active phase on the support. Traditional 
ways to influence the dispersion are to vary the metal loading and the 
pore diameter of the support or to use different thermal treatments 
during the catalyst preparation. [39,40] In this case, also the interaction 
between vanadia and the support is important, since the V-O-support 
bond has been earlier postulated to be the most active species in the 
reaction in concern [41]. The thermal stability of the supported vanadia 
is known to depend on the support material and the melting point of 
vanadia. The melting point of V2O5 (Tmp) is 690 ◦C [42]. Increasing the 
temperature increases the mobility of the atoms, which can be described 
by empirically defined Tamman (0.5 Tmp) and Hüttig (0.3 Tmp) tem
peratures. [43,44] The values calculated for V2O5 demonstrate a poor 
temperature stability of vanadia and forecast mobility of vanadia species 
already at typical reaction temperatures. Strong vanadia-support inter
action, as in the case of TiO2, could potentially improve the thermal 
stability of the vanadia species. In this study, two supports having high 
and low SiO2 content were investigated. 

The activities of the catalysts were studied in oxidative dehydroge
nation of contaminated methanol (MeOH). Methyl mercaptan (MM) was 
used to represent the sulfur contaminant, since it is often observed in 
pulp mill emissions [45,46]. The main reaction studied was methanol 
oxidative dehydrogenation to formaldehyde [1]: 

CH3OH + 1/2O2→CH2O+H2O (1) 

In addition, during the experiments, CO2 can be formed by Reaction 
2. Formaldehyde can also react further to CO2 and CO according to 
Reactions 3 and 4: 

CH3OH + 3/2O2→CO2 + 2H2O (2)  

CH2O+ 1/2O2→CO+H2O (3)  

CH2O+O2→CO2 +H2O (4) 

In the presence of methyl mercaptan, additional formaldehyde for
mation arises from oxidative desulfurization of methyl mercaptan [45]: 

CH3SH + 2O2→CH2O+ SO2 +H2O (5) 

As a by-product, dimethyl disulphide may appear [45]: 

2CH3SH + 1
/

2O2→(CH3)2S2 +H2O (6) 

The oxidative dehydrogenation of methanol was first studied in situ 

for selected catalysts. Then, reaction experiments were carried out to 
survey the bulk-activity of the prepared catalysts also in presence of 
methyl mercaptan. The catalytic materials were thoroughly character
ized aiming to explain the phenomena observed. 

2. Experimental 

2.1. Material preparation 

In this study, two different compositions of support, i.e., 
SiO2+TiO2(30%) and TiO2+SiO2(5%) were studied. TiO2 represents a 
reducible support having a strong interaction with vanadia species, 
while SiO2 is a non-reducible acidic material the main role of which is to 
increase the sulfur tolerance of the catalyst. The selection of Si-Ti ratio 
was made based on our earlier result where the Si-Ti ratio of 70:30 was 
found as the optimal ratio [14]. The Si-Ti ratio of 5:95 was used as a 
reference, and the material was supplied by a company. A 1.5% vanadia 
loading was used in the case of the silica-rich support and different 
calcination treatments were performed to study the influence of calci
nation on the vanadium species. The high surface area of the 
SiO2+TiO2(30%) support allows high vanadia dispersion. The reference 
catalyst had a 3% vanadia loading. 

The following chemicals were used in the catalyst preparation: tita
nium butoxide (Ti(OBu)4, TBOT, 97% Sigma-Aldrich), tetra ethoxy 
orthosilicate (Si(OC2H5)4, TEOS, 98%, Sigma-Aldrich), ethanol A 
(C2H5OH, EtOH Merck), nitric acid (HNO3, 65%, Sigma Aldrich), 
vanadyl acetylacetonate (VO(acac)2, 98%, Sigma-Aldrich), and meth
anol (CH3OH, 99.9%, Merck). The SiO2+TiO2(30%) support was pre
pared using the sol-gel method. In the sol-gel method, appropriate 
amounts of titanium and silicon precursors were first dissolved in ab
solute ethanol (1:14 EtOH molar ratio). A few drops of nitric acid were 
added to the solution, and then ultra-pure water (H2O) was added drop 
by drop to reach the molar ratio of 1:15. The solution was kept under 
stirring for 2 h. The final mixed oxide support was obtained after drying 
the gel at 90 ◦C for 20 h on a sand bath and calcining it at 500 ◦C for 2 h 
in a muffle furnace. The addition of vanadia was done using the wet 
impregnation method. At room temperature (RT) the appropriate 
amount of vanadium precursor, VO(acac)2 was dissolved in methanol. 
The support in a powder form was added to the solution and the mixture 
was agitated overnight. The material was then dried on a sand bath at 
80 ◦C followed by heating at 120 ◦C for 2 h. The target amount of 
vanadia calculated as vanadium pentoxide V2O5 on the support was 
1.5 wt%. 

To discover the effect of calcination on the vanadium species, three 
different thermal treatments were performed for the impregnated and 
dried material: stagnant air calcination (in a muffle furnace), calcination 
under an air flow (in a tubular reactor), and calcination under N2 flow 
(in a tubular reactor). The calcination environments for the sol-gel 
prepared materials were selected based on the work performed by De 
Jongh et al. [47–49]. Each treatment used the heating program from 
room temperature to 500 ◦C with 1 h ramp at 250 ◦C and the heating 
rate of 5 ◦C min-1. The total gas flow was kept at 1 L min-1. During the 
preparation of the 1.5V/SiTi(30) catalyst the support was ground, and 
the particle size fraction from 100 µm to 500 µm was used in the 
experiments. 

The TiO2-rich vanadia catalysts were provided by Dinex Finland and 
contained 3% of V2O5 on TiO2 and on TiO2+SiO2(5%). Vanadia was 
added on the support using a commercial preparation method. The 
materials were used as powders (in situ methanol experiments and light- 
off experiments) or as washcoated metal monoliths (light-off experi
ments). These materials are referred as “reference catalysts” in the 
following chapters. 

The nomenclature of the used catalysts is presented in Table 1. Since 
all the catalytic materials were not used in every experiment, Table 1 
indicates also the experiments carried out. As some color differences 
indicating different vanadia species were observed after the calcination 
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treatments, the colors are mentioned here as well. 

2.2. Characterization 

N2 adsorption-desorption isotherms were measured at − 196 ◦C 
using a Micrometrics ASAP 2020 apparatus to determine specific surface 
areas, pore sizes and pore volumes of the materials. Before N2 adsorp
tion, the samples were degassed at 300 ◦C under vacuum for 2 h. The 
BET-BJH -methods (Brunauer-Emmett–Teller Barret-Joyner-Halenda) 
was used in the calculations. 

To study the elemental composition of the catalyst samples X-ray 
fluorescence analysis (XRF) was used. A sample mass of 0.2 g was mixed 
with 8.5 g of flux (66% lithium tetraborate, 34% lithium metaborate) in 
a Pt-Au crucible followed by melting in an Eagon 2 furnace at 1150 ◦C. 
The analysis was performed with an Axios mAX x-ray fluorescence 
spectrometer (PANalytical). In case of vanadia containing reference 
catalysts the XRF analysis was performed to sample powders which were 
scratched from monolith catalysts. To characterize the crystalline 
structure of the materials, an X-ray diffractometer (XRD) PANalytical 
X’Pert PRO device was used. Analysis data was recorded between 2θ 
range of 10◦ and 80◦, with a step size of 0.040◦. X-ray photoelectron 
spectroscopy (XPS) analysis was carried out by a Thermo Fischer Sci
entific ESCALAB 250Xi instrument equipped with a monochromatic Al 
Kα (1486.6 eV) radiation to excite photoelectrons. The fresh sol-gel 
prepared samples were put on an indium substrate and placed inside a 
vacuum chamber. The binding energy was normalized with respect to 
the position of the C1s peak at 284.8 eV and the Smart function was used 
for the background reduction. The data analysis was performed by 
fitting the signals with the mixed Gaussian-Lorentzian function using the 
Thermo Avantage -software. The spectra recorded covered the C1s, O1s, 
Si2p, Ti2p, and V2p photoelectron peaks. The XPS measurement for the 
reference catalysts were performed at MAX IV Laboratory (Lund, Swe
den) with the APXPS end station of the HIPPIE beamline which is 
described elsewhere [50]. The samples were prepared by dilution of 
approximately 100 mg of the catalyst powder into 5 mL of ethanol, and 
spin-coated onto a gold foil. The Au 4f7/2 core level from the gold foil 
was used for energy calibration at 84.0 eV. A combination of a linear 
with a Shirley background was subtracted from the spectra and fitted 
with an Igor Pro 6 software with mixed- Gaussian-Lorentzian function. 

Temperature programmed reduction (H2-TPR) and NH3-desorption 
(NH3-TPD) were performed using an AutoChem II 2920 equipped with a 
thermal conductivity detector (TCD). In H2-TPR, a ~40 mg sample was 
pre-treated in an oxygen (O2) flow (50 mL min-1) for 30 min at 500 ◦C 
and cooled down to room temperature. Then, the excess O2 was removed 
by flushing the sample with helium (He) for 30 min. The H2-TPR mea
surement was carried out under 10% hydrogen (H2) in argon (Ar) up to 

500 ◦C with a heating rate of 10 ◦C min-1. In the NH3-TPD, a ~40 mg 
sample was pre-treated in a He flow (50 mL min-1) for 30 min at 450 ◦C 
and cooled down to 100 ◦C. NH3 adsorption was performed under 5% 
NH3 in He at 100 ◦C for 60 min after which the sample was flushed with 
He for 30 min to remove excess NH3. Finally, temperature was raised 
from 100 ◦C to 500 ◦C with the heating rate of 10 ◦C min-1 and con
centration of the desorbed ammonia was determined using a TCD de
tector. In the desorption step, He (50 mL min-1) was used as a carrier 
gas. 

A (scanning) transmission electron microscope ((S)TEM) Jeol JEM- 
F200 together with an energy dispersive spectrometer (EDS) Jeol Dual 
EDS for F200 was used to study the sol-gel prepared 1.5%V2O5/SiO2- 
rich catalysts and the 3%V2O5/TiO2-rich reference catalysts. The 
morphology and structure of the catalysts were studied by TEM together 
with selected area electron diffraction (SAED). The distribution of va
nadium on the catalyst support was studied by STEM-EDS. (S)TEM 
samples were prepared by crushing a catalyst powder between micro
scope slides and dispersing the powder with isopropanol onto a holey- 
carbon-coated copper grid. A carbon contamination disturbed the 
STEM-EDS analysis of the 3V2O5/TiO2-rich reference catalysts and thus, 
they were plasma-cleaned prior to the STEM studies. 

A Timegated® Pico Raman spectrometer with a pulsed excitation 
laser (532 nm) and a time-resolved single-photon counting detector 
(spectral resolution ~5 cm-1) was used in in situ Raman measurements. 
The spectrometer was equipped with an in situ cell (Linkam CCR1000) in 
which the temperature and gas conditions were controlled during the 
measurement. The spectra were collected at the Raman shift range from 
100 to 2100 cm-1 at temperatures 23 ◦C (RT), 100 ◦C, 300 ◦C, 400 ◦C, 
500 ◦C and 600 ◦C. Air flow of 50 mL min-1 was used in a flow-through 
catalyst holder. Laser power of Raman was adjusted to 75% to avoid 
laser-induced changes in the material. The data was background cor
rected using a tailormade Shsqui Matlab® based software. 

2.3. In situ DRIFT studies 

The in situ DRIFT experiments were performed with Bruker Vertex V 
80 equipped with an MCT detector and a Harrick high temperature 
diffuse reflectance IR gas cell fitted with CaF2 windows. The spectra 
were recorded with a resolution of 4 cm-1 using 200 signal-averaged 
scans. A calibrator (Gasmet Technologies, Finland) equipped with a 
mass flow meter, a syringe pump and an evaporator unit were used for 
the methanol feed. The gas lines leading to and from the DRIFT gas cell 
were heated up to 180 ◦C to prevent condensation of vapours. The 
DRIFT cell gas outlet was connected to an FTIR Gas analyzer Cr-2000 
(Gasmet Technologies, Finland) for simultaneous exit gas analysis. The 
schematic of the set-up is presented in Fig. 1. 

Table 1 
Nomenclature of the catalysts used in this work and the performance-related experiments carried out (activity-related experiments were in situ DRIFT experiments, 
oxidative dehydrogenation of methanol alone, and oxidative dehydrogenation and desulfurization of methanol-methyl mercaptan mixture).  

Support/Catalyst Calcination environment Nomenclature Colour after calcination in situ DRIFT MeOH 
MeOH 
+

MM 

Self-made catalysts 
(silica-rich)       

SiO2+TiO2(30%) air, stagnant SiTi(30) white x  x 
1.5%V2O5/SiO2+TiO2(30%) air, stagnant 1.5V/SiTi(30)AS yellow   x 
1.5%V2O5/SiO2+TiO2(30%) air, flow 1.5V/SiTi(30)AF yellow x x x 
1.5%V2O5/SiO2+TiO2(30%) N2, flow 1.5V/SiTi(30)N2 black x x x 
Reference catalysts 

(titania-rich)   
form    

TiO2 air Ti powder    
TiO2+SiO2(5%) air TiSi(5) powder x  x 
3%V2O5/TiO2 air 3V/Ti powder   x 
3%V2O5/TiO2+SiO2(5%) air 3V/TiSi(5) powder x x x 
3%V2O5/TiO2 air 3V/Ti(M) monolith   x 
3%V2O5/TiO2+SiO2(5%) air 3V/TiSi(5)(M) monolith   x  
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Prior to in situ experiments, the catalyst was heated up to 200 ◦C for 
30 min in a synthetic air flow (20/80 O2/N2, 200 mL min-1). The aim of 
the pre-treatment was to dehydrate the catalyst surface without 
affecting significantly the vanadia species. After the pre-treatment, the 
following temperature steps were used: 100 ◦C, 200 ◦C etc. until 500 ◦C. 
At each temperature step, the sample was purged with synthetic air 
(200 mL min-1) for 15 min, after which ~2000 ppm methanol with 
synthetic air was introduced into the DRIFT cell for 30 min. Then, the 
sample was purged with air for ~5 min. Three DRIFT spectra were taken 
at each temperature: before, during and after methanol introduction. 
The air flow rate of 200 mL min-1 was used in each heating and constant 
temperature step. The N2 calcined material was not pre-treated before 
the methanol adsorption experiment to minimize re-oxidation of the 
material. 

2.4. Catalytic experiments 

The catalytic activity experiments (light-off experiments) were per
formed in a tubular quartz reactor. The experimental set-up presented in 
our previous work [14] was modified slightly: experiments were per
formed using synthetic air and all the gas lines after the evaporator 
(heated to ~70 ◦C) were heated up to 180 ◦C to avoid adsorption or 
condensation inside the equipment lines. 

The experiments with powder form catalysts were conducted using a 
catalyst mass of 100 mg. The size of monolith was adjusted so that it 
contained the same mass of catalyst (100 mg) washcoated on the metal 
substrate. When comparing the support powders, the SiTi(30) support 
was ground to avoid the impact of different particle sizes on the results. 
Internal diffusion is not affecting the experimental results markedly 
when the particle size remains below 500 µm [51]. The GHSVs during 
the experiments were 94,000 h-1 for the powder-form catalysts and 41, 
000 h-1 for the monoliths. The feed concentration in each 
sulfur-containing methanol oxidation experiment was 500 ppm of 
methanol and 500 ppm of methyl mercaptan. The total gas flow was 
1 L min-1. The oven temperature was raised from room temperature to 
500 ◦C with the heating rate of 5 ◦C min-1. Selected materials were also 
investigated in the oxidation of 1000 ppm of methanol to discover the 
effect of the addition of sulfur into the gas feed on the catalyst perfor
mance. The outlet gas composition was analyzed using a Gasmet FTIR 
Cr-2000 analyzer equipped with an MCT detector. The following com
pounds were analyzed: carbon dioxide CO2, carbon monoxide CO, ni
trogen monoxide NO, nitrogen dioxide NO2, nitrous oxide N2O, sulfur 
dioxide SO2, sulfur trioxide SO3, methane CH4, formaldehyde CH2O, 
methyl mercaptan CH4S, dimethyl sulfide C2H6S, dimethyl disulfide 
C2H6S2, formic acid CH2O2 and methanol CH4O. 

3. Results and discussion 

3.1. Characterization of sol-gel prepared silica-rich catalysts 

One aim of the characterization of the 1.5V/SiTi(30) catalysts was to 
discover effects of calcination treatments. Specific surface areas, pore 
volumes and pore sizes of these catalysts are given in Table 2 with the 
catalyst compositions calculated as oxides from the measured XRF 
results. 

The sol-gel prepared mixed oxide support reached relatively high 
specific surface area of 490 m2 g-1. The target TiO2 amount of the SiTi 
support (30%) was achieved reasonably well. The vanadia amount of 
each catalyst was slightly below the target (1.5%). Addition of vanadia 
decreased the specific surface area of the catalysts by around 100 m2 g-1. 
In these catalysts, vanadia surface density (~0.2 V atoms nm-2) does not 
reach the monolayer coverage. It has been determined before that the 
monolayer for vanadium on TiO2 equals to surface density of about 
7.9 V atoms nm-1 and for the SiO2 support the maximum dispersed 
coverage is reached at around 2.6 V atoms nm-1 [52,53]. 

The XRD patterns for the sol-gel prepared catalysts, presented in the 
supplementary material (Fig. S1), showed a broad hump at 2θ value 
~25◦ for all the materials indicating an amorphous state originating 
from the high SiO2 content. No crystalline TiO2 or vanadia phases were 
visible from the diffractograms. According to the result, the amorphous 
structure is similar despite of different calcination treatments, and 
vanadia seems to be highly dispersed in these materials. Similar findings 
have been presented by Liu et al. [54]. 

The results of temperature programmed reduction (H2-TPR) and 
temperature programmed ammonia desorption (NH3-TPD) are pre
sented in Fig. 2. The H2-TPR curves do not show significant consumption 
of H2 in the temperature range from 200 ◦C to 500 ◦C. It is known that 

Fig. 1. Experimental set-up used in the in situ methanol oxidative dehydrogenation experiments (1 synthetic air flow, 2 flow of 2000 ppm methanol in synthetic air).  

Table 2 
BET-BJH and catalyst composition (calculated from XRF) results for the silica- 
rich catalysts.  

Catalyst 

Surface 
area 

Pore 
volume 

Pore 
size 

V 
surface 
density 

XRF 

[m2 g-1] [cm3 g- 

1] 
[nm] 

[V 
atoms 
nm-2] 

V2O5 

[%] 
SiO2 

[%] 
TiO2 

[%] 

SiTi(30)  490  0.30  2.4 – –  65.8  29.9 
1.5V/ 

SiTi 
(30)AS  

390  0.25  2.5 0.20 1.2  62.8  28.2 

1.5V/ 
SiTi 
(30)AF  

400  0.26  2.5 0.21 1.2  66.2  29.7 

1.5V/ 
SiTi 
(30)N2  

390  0.25  2.5 0.20 1.1  64.1  29.1  
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TiO2 reduces at around 550 ◦C [55] and SiO2 can be considered as a 
non-reducible support [56]. Incorporation of silica in titania in a mixed 
oxide is expected to stabilize titania. Vanadia species on TiO2 have re
ported to reduce at around 500 ◦C and on SiO2 at around 600 ◦C [57, 
58]. The absence of vanadia reduction peak may arise from the quality 
and quantity of vanadia species, but also from the stabilization of the 
oxide species due to the support. The TPR experiments were not carried 
out at higher temperatures, since the maximum temperature for the 
catalytic experiments was 500 ◦C. Based on the results, it is not expected 
that silica-titania support goes through any significant 

oxidation/reduction cycles during the catalytic experiments. 
The temperature programmed desorption of NH3 was measured to 

quantify the total amount of acid sites. The results of SiTi(30) supported 
vanadia catalysts indicate mainly the presence of weak acid sites, that 
are able to retain NH3 adsorbed until about 300 ◦C. The maximum of 
NH3 desorption peak is observed at about 170 ◦C with the air calcined 
catalysts and the support, and with the N2 treated catalysts at slightly 
higher temperature. The total acidity is the highest for the air flow 
calcined catalyst, 1.5V/SiTi(30)AF (687 µmol g-1), followed by 1.5V/SiTi 
(30)N2 (627 µmol g-1). The lowest total acidity is observed for the 

Fig. 2. (a) H2-TPR and (b) NH3-TPD profiles of 1.5V/SiTi(30) catalysts collected in the temperature range of 100 ◦C to 500 ◦C with the heating rate of 10 ◦C min-1.  

Fig. 3. Electron spectra of 1.5V/SiTi(30)AS, 1.5V/SiTi(30)AF, and 1.5V/SiTi(30)N2 (calcined at 500 ◦C) covering (a) V2p3/2 and (b) O1s photoelectron peaks.  
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catalyst calcined in stagnant air in a muffle furnace (590 µmol g-1). For 
the silica-titania support, SiTi(30), the total acidity is 618 µmol g-1. 
Dong et al. [59] connected the influence of oxygen amount used during 
calcination on the surface acidity and found that the total acidity is the 
lowest for a catalyst calcined in an oxygen free environment. This is in 
accordance with lower total acidity of the N2-calcined catalyst compared 
with the catalyst calcined in an air flow. Dong et al. [59] further noted 
that the ratios of V4+/V5+ and V4+(3+)/V5+ affect the strength of acidity 
for the V2O5–WO3/TiO2 catalysts in such a way that the more the 
catalyst contains lower oxidation states of vanadium, the stronger the 
acid sites are. It is considered that methanol adsorbs on the acid sites to 
form a methoxy intermediate. The further reaction, and formation of 
different products is then dependent on the prevailing reaction mecha
nism. In the presence of high amounts of acid sites, oligomeric products 
are observed. The formation of formaldehyde requires redox sites, which 
lead to the Mars van Krevelen –type of a reaction mechanism. Although 
acid sites are required for methanol adsorption, their excessive amount 
may lead to the formation of oligomeric products, such as DME, DMS 
and DMDS, in the expense of formaldehyde Damyanova et a. [83]. 

The XPS results for the 1.5%V/SiTi(30) catalysts are presented in  
Fig. 3. Based on the XPS study the oxidation state of vanadium on the 
silica-titania support was determined using the V2p3/2 core level spectra 
[60,61]. The determination of vanadium oxidation states using the 
conventional XPS should be done with caution, since the reduction of 
vanadium species are observed under the ultra-high vacuum (UHV) 
conditions [62–65]. 

The V2p and O1s regions were fitted together. The following con
strains were used in the fitting: V2p1/2 - V2p3/2 splitting 7.50 + /- 
0.5 eV, distance between V5+ and V4+ (in V2p3/2) is 1 + /- 0.2 eV and 
Lorenz-Gaussian ratio is 30% [66]. The V2p spectra show a two-peak 
structure (V2p3/2 and V2p1/2) [61,67]. Due to the low intensity of the 
V2p1/2 signal, only V2p3/2 is shown in Fig. 3. The deconvolution of 
V2p3/2 reveals the existence of vanadium oxidation states of 4+ and 
5+ for 1.5V/SiTi(30)AS. For a catalyst calcined in an air flow (1.5V/SiTi 
(30)AF), the results indicate the existence of V5+ and for the N2 calcined 
sample, the existence of only V4+ is evident [68,69]. This result shows 
that calcination under stagnant air does not result in a homogeneous 
composition of oxidation states for vanadium, and that inert gas atmo
sphere leads to a lower oxidation state of vanadium, as expected. 
Furthermore, the result supports the earlier indication related to the 
oxidation state ratios and strength of acidity, since slightly higher and 
wider NH3 desorption temperature range was observed for the N2 
calcined catalyst. 

The O1s signal of the catalysts could be deconvoluted into two peaks: 
a major one at ~532.7 eV and a minor one at ~530.7 eV. The metal 
oxygen bonds appear at around 528.1–531 eV, and the quite wide peak 
observed at 530.5 eV could mainly be related to oxygen species in TiO2, 
but also partly to vanadia. The second peak appearing at ~532.7 eV is in 
the region where oxygen in SiO2 is observed, however, hydroxyl oxygen 
(-OH) may appear in the same region where the second peak is fitted. 
[70]. 

All the binding energy values for V2p, O1s, Si2p and Ti2p and the 
XPS spectra of silica and titania are included in the supplementary 
material (Table S1 and Fig. S2). The deconvolution of the Si2p spectra 
revealed one peak at the binding energy values between 103.0 and 
103.4 eV representing the Si oxidation state of 4+ . Stakheev et al. [71] 
have observed earlier the presence of Si2p peaks between 102.5 and 
104.1 eV depending on the Ti amount in the sample. TiO2 had a 
two-peak structure; the binding energy values for Ti2p3/2 were 
approximately the same for all the samples (459.2–459.6 eV) and 
Ti2p1/2 were observed between 464.9 and 465.4 eV. Additionally, a 
TiO2 shake-up peak was located at ~472 eV. The Ti2p3/2 peaks are 
slightly shifted towards a higher binding energy, which may originate 
from the mixed oxide structure. Ti was observed to have an oxidation 
state of 4+ . 

The TEM images together with the SAED patterns and the STEM dark 

field (DF) images together with the EDS line analyses of the fresh 1.5V/ 
SiTi(30) catalysts with different calcination environments are presented 
in Fig. S5 in the supplementary material. The TEM images and SAED 
patterns show an amorphous structure agreeing with the XRD results. 
The distribution of Si, Ti, and V is similar in all the catalysts (oxygen is 
excluded from the images). Even if the energies of the Ti Kβ (4.930 keV) 
and V Kα (4.948 keV) peaks are close to each other, titanium and va
nadium could be distinguished in the STEM-EDS line analyses. Vana
dium seems to exist preferably on the same locations with titanium 
agreeing with the findings of Albonetti et al. [72] and Quaranta et al. 
[73] who present that vanadia does not interact significantly with silica. 

The Raman spectra between 150 and 1200 cm-1 for the SiTi(30) and 
1.5V/SiTi(30) catalysts are presented in Fig. 4 under fully dehydrated 
conditions at 500 ◦C. Table S2 in the supplementary material presents 
the Raman band identifications for V2O5, SiO2 ja TiO2. 

For the SiTi support, the main spectral features are located at ~1085, 
926, 890, 813, 640, 475–458 and 152 cm-1. In general, silica was not 
expected to give a strong Raman signal due to its amorphous nature 
observed in XRD. In addition, silica exhibits weaker Raman bands than 
titania due to an ionic character of the Si-O bonds [52]. The most 
interesting peaks of the spectrum of the SiTi support include a feature at 
458–475 cm-1 that can be assigned to the Si-O-Si bending mode. The 
peak is wide due to the insertion of Ti with the silica network, which 
leads to distortion of the SiO4 tetrahedra. The left side shoulder of the 
peak at around 480 cm-1 may also indicate the defects in the silica 
network. Silica gives also rise to the peak observed at 1085 cm-1 (ʋ 
(Si-O-Si) asymmetric stretching). The peak at 152 cm-1 is related to the 
anatase-phase of TiO2, however, other titania peaks (related to anatase 
or rutile phases) cannot be clearly distinguished from the spectrum. [74] 
The peaks observed at around 880–950 cm-1 have been confirmed 
earlier to originate from Ti-O-Si bonds [75], which feature is visible also 
in the SiTi spectrum. Another indication of the Ti-O-Si structure would 
be visible at around 1100 cm-1, but it is superimposed with the Si-O-Si 
asymmetric stretching [74]. These results indicate that silica and 
titania in the support represent a mixed oxide structure. 

Raman spectral features of the vanadia-loaded catalysts at 
~1030 cm-1 and 920–950 cm-1 are characteristic of the supported 
vanadia species. The peak observed at 1031 cm-1 is related to the V––O 
stretching of the monovanadate species that are predominant at lower 
surface coverages of vanadia. For single oxide TiO2, this peak has been 
reported to appear at 1025 cm-1 and for SiO2 at 1039 cm-1 [52]. Based 
on this information, monovanadate species appear preferably on titania 
in this case. Peaks indicating monovanadate species are clearer for ni
trogen and stagnant air -calcined samples, while in the case of air flow 
calcined catalyst the V––O peak is less intense. The N2 calcined catalyst 
also shows presence of peaks at around 813–890 cm-1 related to multiple 
vibrations of the V-O-V and V-O-support bonds of polymerized surface 
vanadia species. Equal amounts of polymerized vanadia species were 
not observed for the other catalysts although a clear peak appears at 
890 cm-1. The polymerized vanadia species are not typically observed in 
the case of a single oxide SiO2 support, but the presence of titania in the 
mixed oxide structure seems to make it possible in this case. Similarly, 
V2O5 crystals are not typically present at low surface loadings of vana
dia, however, a small peak at 994 cm-1 indicating V2O5 is observed in 
this case for a catalyst calcined in stagnant air. This result indicates a 
lower dispersion degree of vanadia on the surface of the stagnant air 
calcined catalyst. [76] In general, it seems that slightly different vanadia 
species are formed on the TiSi support during different calcinations of 
the catalyst. 

The Raman spectra at hydrated and non-hydrated conditions (from 
RT to 600 ◦C, excluding 200 ◦C) for the sol-gel prepared vanadia catalyst 
are presented in the supplementary material (see Fig. S7, S8 and S9). The 
figures show that the intensity of the terminal V––O stretching increases 
with increasing the temperature. This is most probably due to hydrolysis 
of the V––O bond by atmospheric moisture during the storage of the 
catalysts, which decreases when increasing the temperature [41]. In 
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addition, the peak indicating the presence of V2O5 in the 1.5V/SiTi 
(30)AS catalyst decreases when increasing the temperature up to 600 ◦C. 
The results show that the relative amounts and types of the vanadia 
species change upon heating the catalyst in air. This is also expected to 
occur during the catalytic experiments. 

3.2. In situ oxidative dehydrogenation of methanol over silica-rich 
catalysts 

In situ DRIFT experiments were carried out to study especially the C- 
H stretching region (adsorbed methoxy intermediates) between 2700 
and 3000 cm-1 at different temperatures. The in situ DRIFT spectra of 

Fig. 4. Raman spectra of SiTi(30), 1.5V/SiTi(30)AS, 1.5V/SiTi(30)AF and 1.5V/SiTi(30)N2 measured at 500 ◦C.  

Fig. 5. In situ DRIFT spectra in the C–H stretching region for (a) SiTi(30) and (b) 1.5V/SiTi(30)AF catalysts from RT to 500 ◦C. Spectra taken after ~5 min of an air 
flow after a 30 min methanol feed (~2000 ppm in air) to the DRIFT cell. 
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adsorbed methoxy species are presented in Fig. 5 for the support SiTi 
(30) and for 1.5V/SiTi(30)AF calcined in an air flow. Previous studies 
[22,77] present the methanol adsorption for single oxide supports (SiO2, 
TiO2). The catalysts calcined under air and N2 flows were selected to 
investigate further the effects of the calcination atmosphere and the 
observed structural differences on materials’ performance. For the 
mixed SiTi(30) support, the methoxy vibrations consist of two bands in 
the Fermi resonance located at around 2836 and 2934 cm-1 (Ti-OCH3) 
and 2854 and 2956 cm-1 (Si-OCH3). The vibrations are located at 
slightly higher values than those reported for single oxide TiO2, and 
lower than those reported for single oxide SiO2 (See also supplementary 
material Table S3) [22]. This is due to the mixed oxide structure of the 
support. 

After the addition of vanadia, the peak positions of Ti-OCH3 and Si- 
OCH3 remain at similar locations when taking the spectral resolution 
into account. The V-OCH3 vibrations according to Burcham et al. [22] 
appear at 2832 and 2936 cm-1, which makes the distinction between the 
Ti-OCH3 and V-OCH3 difficult with the 1.5% vanadia catalysts. A weak 
shoulder at 2970–2983 cm-1 is assigned to νas(CH3). The band at 
~2900 cm-1 is assigned to an overlapping mode 2δas(CH3) from a second 
methoxy overtone band [22]. Fig. S10 and Fig. S11 in the supplementary 
material show the deconvolution of methoxy peaks at 100 ◦C, 300 ◦C 
and 500 ◦C. 

Fig. 6a presents the in situ DRIFT spectra of adsorbed methoxy spe
cies for 1.5V/SiTi(30)N2. In Fig. 6b, the relative gas-phase concentra
tions of methanol (MeOH), formaldehyde (FO), CO and CO2 at the outlet 
of the experimental cell at constant temperatures are presented. The 
peak surface area indicating the amount of methoxy species increases at 
temperatures up to 300 ◦C. A decrease in methanol gas-phase concen
tration is observed at 200 ◦C. The formation of formaldehyde (FO) be
gins at 300 ◦C reaching the maximum at 400 ◦C, after which the 
concentration decreases due to the oxidation reactions. At 500 ◦C, only a 
small amount of Si-bonded methoxy species is observed on the catalyst 

surface. At this temperature, no more methanol is observed in the gas 
analyses. Methoxy adsorption on silica seems to be stronger. This is most 
evident in the case of N2 calcined V/SiTi(30) as Si-OCH3 is clearly visible 
at 500 ◦C. This catalyst has also the highest amount of monomeric and 
polymeric vanadium species at 500 ◦C and it had the lowest but stron
gest acidity. The reaction gas analysis results are presented for SiTi(30) 
and V/SiTi(30)AF in the supplementary material (Fig. S13). 

Table 3 presents the methoxy peak positions and selected peak sur
face areas of the SiTi(30) support as well as the nitrogen and air flow 
calcined catalysts. The intensity of both Si-OCH3 and Ti-OCH3 bands 
first increases with temperature and then decreases. The maxima are 
observed at 200 ◦C and 300 ◦C, respectively. In the case of 1.5V/SiTi 
(30)AF, the methoxy species are not anymore observed at 500 ◦C, while 
for 1.5V/SiTi(30)N2 and SiTi(30) they still exist. The methanol conver
sion is not complete at 500 ◦C with 1.5V/SiTi(30)AF (see supplementary 
Fig. S13), while with 1.5V/SiTi(30)N2 it is. Formaldehyde formation is 
highest with 1.5V/SiTi(30)N2. In this type of reaction, the adsorption 
step is the typical rate determining reaction step, while surface reaction 
is very rapid [22]. In excess air, methanol adsorbs on the support as 
methoxy species, and leads to the formation of formaldehyde, but excess 
oxygen also enables further oxidation of methanol and formaldehyde to 
CO2 and CO. Oxidative dehydrogenation of methanol to formaldehyde 
has been demonstrated to follow the Mars-van Krevelen mechanism 
where lattice oxygen from the solid is used for oxidation of the reactant 
[78]. The Mars-van Krevelen reaction mechanism assumes two inde
pendent steps: first H2 is abstracted from the adsorbed reactant forming 
water with the surface oxygen atom, and in the second step, the active 
site is re-oxidized by molecular oxygen [79]. The hydrogen abstraction 
from methoxy groups is proposed to be the rate-determining step of 
surface reaction and it suggests that V plays an important role in this 
step. V is also expected to speed the redox cycle. In the case of 1.5V/SiTi 
(30)AF, the further oxidation appears at higher extent than in the case of 
1.5V/SiTi(30)N2. It is clear, that vanadia enhances formaldehyde 

Fig. 6. In situ (a) DRIFT spectra in the C–H stretching region of V/SiTi(30)N2 from RT to 500 ◦C, the spectra taken under an air flow (~5 min) after a 30 min 
methanol feed (~2000 ppm in air) to the DRIFT cell. (b) Relative gas concentrations measured during in situ methanol adsorption. 
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production. Based on the results presented in Fig. S8, the amount of 
polymeric vanadia species decreases radically starting at 400 ◦C in the 
case of 1.5V/SiTi(30)AF, while the catalyst calcined under nitrogen can 
retain higher amounts of polymeric vanadium species until 500 ◦C. This 
may explain the higher formaldehyde production observed for the ni
trogen calcined catalyst, since monomeric and polymeric vanadium 
species have been reported to be most active in the reaction in concern 
[10,80]. 

3.3. Characterization of titania-rich reference catalysts 

The titania-rich reference catalysts contained 5% of silica and 3% of 
vanadia. The specific surface areas of the TiSi catalyst are significantly 
lower than those of the SiTi catalyst (See Table 4). Since the vanadium 
loading is higher compared to the sol-gel prepared SiTi catalysts, va
nadium surface density is significantly higher, however, the densities 
stay below the monolayer coverage. 

The X-ray diffraction (XRD) patterns for the titania-rich reference 
materials are shown in Fig. 7. The XRD results did not show the peaks 
corresponding to V2O5 (for example, 2θ= 20.26) with the V2O5-loading 
of 3%. The XRD patterns are identified to 2θ values of anatase TiO2 
(JCPDS 00–001–0562). Anatase peaks at 36.85, 38.57 and 76.01 are less 
intense in silica containing catalysts due to amorphous silica [81]. The 
sol-gel prepared SiTi materials are highly amorphous with a high spe
cific surface area, while the reference materials TiSi and Ti are crystal
line materials with lower specific surface areas. The vanadium surface 
density in the titania-rich TiSi is about 12 times higher than in the 
silica-rich SiTi catalysts. 

The results of temperature programmed reduction (H2-TPR) and 
temperature programmed ammonia desorption (NH3-TPD) for 3V/Ti 
and 3V/TiSi(5) are presented in Fig. 8. A strong H2 consumption be
tween 350 and 420 ◦C indicates easier reduction of the TiSi(5) supported 
catalysts. The related hydrogen consumption was equal to what is 
theoretically required to reduce all the vanadia from oxidation state 
5+ to 3+ oxidation state. It also appears at lower temperature range 
than expected based on Makowski et al. [57] and Xiao et al. [58]. TiSi(5) 
supported catalysts are significantly less acidic than the SiTi(30) 
catalysts. 

The APXPS results for the 3V/Ti and 3V/TiSi(5) catalysts were 
measured under near-ambient conditions to minimize vanadium 
reduction during the measurement, and are presented in Fig. 9 and  
Fig. 10 covering a selected region of O1s and V2p3/2. For both the Ti and 

TiSi(5) supported vanadia catalysts, only the oxidation state of 4+ is 
observed for vanadium. The peak positions for each catalyst are pre
sented in Table S1 in the supplementary material. The O1s signal of the 
titania-rich catalyst can be deconvoluted into three peaks: the major 
ones at 532.63 eV (SiO2) and 530.32 eV (TiO2 and V2O5) and a minor 
one at 531.71 eV (-OH). The O1s spectrum of the 3 V/Ti catalyst can be 
deconvoluted into two peaks: 530.39 eV indicating TiO2 and V2O5 and 
532.31 eV related to -OH. The spectra of silica and titania are included 
in the supplementary material (Fig. S3 and Fig. S4). The oxidation state 
of 4+ was observed for both Si and Ti. The binding energy values of 3V/ 
TiSi(5) for Ti2p3/2 are slightly shifted to higher binding energy values 
indicating a possible interaction with silica. 

The TEM images together with the SAED patterns and the STEM DF 
images together with the EDS line analyses for 3V/Ti and 3V/TiSi(5) are 
presented in Fig. S6 in the supplementary material. The SAED patterns 
show crystalline rings from the tetragonal TiO2 anatase phase (JCPDS 
00–021–1272) in both catalysts. Spots from V2O5 were not observed 
reliably. These findings agree with the XRD results. In the SAED patterns 
of the 3V/TiSi(5) sample, possible diffuse rings from amorphous SiO2 
were challenging to detect because of the strong crystalline rings from 
titania. According to the STEM-EDS results, vanadium seems to exist 
preferably on the same locations with titanium in both catalysts (oxygen 

Table 3 
Observed peak wavenumbers of adsorbed methoxy species on the SiTi(30) catalysts during methanol reaction at temperatures from 100 ◦C to 500 ◦C.  

Temperature SiTi (30) 1.5V/SiTi (30)AF 1.5V/SiTi (30)N2 pure oxides[22]  

Si-OCH3 Ti-OCH3 Si-OCH3 Ti-OCH3 Si-OCH3 Ti-OCH3 Si-OCH3 Ti-OCH3 

Peak position (cm-1) at 100 ◦C 2854 2836 2853 2834 2853 2834 2858 2825 
2956 2934 2957 2934 2957 2934 2960 2924  
Peak surface area 

100 ◦C 5.40 7.16 4.95 8.49 3.12 4.77   
200 ◦C 8.85 8.84 8.36 12.51 4.82 9.56   
300 ◦C 9.10 11.34 8.75 11.51 5.18 9.03   
400 ◦C 6.32 4.06 6.14 4.19 3.99 5.11   
500 ◦C 1.95 1.80 * * 1.92 1.87    

* not detected 

Table 4 
BET-BJH and catalyst composition (calculated from XRF) results of the TiSi supports and 3% vanadia catalysts.   

Surface area Pore volume Pore size V surface density XRF 

[m2 g-1] [cm3 g-1] [nm] [V nm-2] V2O5 [%] SiO2 [%] TiO2 [%] 

Ti  47  0.18  15 – – – n.a 
TiSi(5)  89  0.37  16 – – 4.4 97.0 
3V/Ti  59  0.20  14 3.25 2.9 – 92.8 
3V/TiSi(5)  84  0.32  16 2.39 2.9 3.5 90.3  

Fig. 7. XRD patterns of titania-rich catalysts calcined at 500 ◦C.  
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is excluded from the images). In the 3V/TiSi(5) sample (Fig. S6b), the 
amount of silica seems to vary from area to area being even challenging 
to detect by EDS in some places. 

When comparing the sol-gel prepared SiTi(30) catalysts and the 
reference TiSi(5) catalysts, the TPR results show that the titania-rich 
materials are reduced more easily. This may partly explain why only 

the V4+ oxidation state is observed for the TiSi(5) and Ti catalysts while 
for SiTi(30) V5+ co-exists. The effect of UHV on the results was shown 
earlier by Kokkonen et al. [64], and was aimed to be minimized in this 
study by using APXPS in case of reference catalysts. Hydrogen consumed 
during the H2-TPR experiment of the reference catalysts (0.0143 mmol) 
was equal to the theoretical requirement for the reduction of vanadia 

Fig. 8. (a) H2-TPR and (b) NH3-TPD profiles of reference catalysts 3V/Ti and 3V/TiSi(5) collected in the temperature range of 100/200–500 ◦C with the heating rate 
of 10 ◦C min-1. 

Fig. 9. Electron spectra of (a) 3V/Ti and (b) 3V/TiSi(5) covering O1s photoelectron peaks.  

Fig. 10. Electron spectra of (a) 3V/Ti and (b) 3V/TiSi(5) covering V2p3/2 photoelectron peaks.  
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from 5+ to 3+ oxidation state (0.0145 mmol) in the catalysts. Thus, it is 
expected that the support may reduce only slightly between the tem
perature level of 350–420 ◦C while most of hydrogen is consumed due to 
vanadia reduction. 

Fig. 11 shows the Raman spectra of the TiSi samples at 100 ◦C and 
400 ◦C between 100 and 1100 cm-1. Raman bands are observed at 
~154, 205, 395, 509 and 634 cm-1, which can be assigned as the 
anatase-phase of titania. No clear spectral features related to silica 
compounds are observed. A Raman band related to the symmetric 
stretch of the mono-oxo terminal V––O bond appears at ~1030 cm-1 

[22]. This is the most intense for the vanadia catalyst supported on pure 
titania. For 3V/TiSi(5), the Raman peak of V––O species is less strong, 
and an additional peak appears at ~1013 cm-1. It has been earlier shown 
with uv-Raman measurements that V––O stretching mode of surface VOx 
species may appear at 1013 cm-1 for low surface coverages and shift 
higher wavenumber when increasing the surface coverage. Based on this 
observation, the lower wavenumber V––O peak would be related to 
isolated VOx species while the higher wavenumber peaks to polymerized 
VOx species. [41] The somewhat surprising appearance of 1013 cm-1 

peak for the 3V/TiSi(5) catalyst could then indicate the presence of both 
types of VOx species, while in the case of the Ti-support, only poly
merized VOx species exist. Raman-results thus support the observations 
of APXPS measurements, where only V4+ oxidation state was observed. 
For the titania-rich reference catalysts, the existence of crystalline 
anatase is evident, while in the sol-gel prepared materials the result is 
inconclusive. Furthermore, the spectral features indicating a 
mixed-oxide phase are not observed in the Raman analysis of the 
reference catalysts. The vanadia species in the sol-gel prepared samples 
were slightly different depending on the calcination atmosphere. The air 
calcined samples contained more isolated VOx species and less poly
meric species than N2 calcined. Furthermore, indications of the possible 
presence of V2O5 microcrystals were observed for the stagnant-air 
calcined samples. Thus, the vanadia species of the air flow calcined 
sol-gel and the reference 3V/TiSi(5) catalyst are quite similar based on 
Raman. The vanadia oxidation state is more stable in the case of the 
sol-gel prepared mixed oxide support than in the case of the reference 
support having the crystalline anatase structure. 

3.4. In-situ oxidative dehydrogenation of methanol over titania-rich 
catalysts 

The in situ DRIFT results for TiSi(5) and 3V/TiSi(5) are presented in  

Figs. 12 and 13. The wavenumbers of adsorbed methoxy species are 
presented in Table 5 along with the peak surface areas. The methoxy 
peaks observed are closer to those reported for single oxides by Burcham 
et al. [22] compared to the SiTi(30)-supported catalysts. This may be 
due to the mixed-oxide structure of the sol-gel prepared catalysts and 
possible separate phases of TiO2 anatase and SiO2 in the reference cat
alysts. In the case of TiSi(5) support, an increase in temperature leads to 
a decrease in the intensities of the peaks indicating adsorbed methoxy 
species. However, it seems that methoxy species is more strongly bound 

Fig. 11. Raman spectra of Ti and TiSi(5) supported vanadia catalysts at 100 ◦C and 400 ◦C between (a) 900–1100 cm-1 and (b) 100–700 cm-1.  

Fig. 12. In situ DRIFT spectra in the C–H stretching region of the TiSi(5) sup
port under an air flow at temperatures from RT to 500 ◦C. 
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on the Si-sites, since it can still be observed at 500 ◦C. The increase in 
temperature leads also to a slight shift of the methoxy peaks towards 
higher wavenumbers. A weak band at 2887–2894 cm-1 is assigned to the 
overlapping mode from the second methoxy overtone band. The sym
metric C-H stretch of surface formate species (HCOO-) is visible at 
~2894 cm-1. It indicates the re-adsorption of the product, i.e., formal
dehyde during the MeOH reaction [22]. 

The decrease in the methoxy peak intensities is more clearly visible 
in the case of 3V/TiSi(5), where methoxy groups practically disappear 
already at 300 ◦C (Fig. 13a). This result demonstrates an increase in the 
reaction rate in the presence of vanadia. Even for the higher (3%) 
vanadia loading, the distinction between V-OCH3 and Ti-OCH3 is rather 
difficult. A similar temperature-induced upward shift is observed for 
methoxy species adsorbed on the 3V/TiSi(5) catalyst than in the case of 
the support. The V-OCH3 vibration can be observed at 2938 cm-1 

(100 ◦C), where two separate peaks can be distinguished. At 200 ◦C, V- 
OCH3 is visible at 2834 and 2938 cm-1. Fig. 13b shows methanol and 

product concentrations measured during the DRIFT studies at different 
reaction temperatures. Formaldehyde appears already at 200 ◦C, 
reaching the maximum at 300 ◦C and then starting to decrease due to 
the MeOH complete oxidation and formaldehyde oxidation further to 
CO and CO2 as presented with Reactions 1–4. Here the re-adsorption of 
formaldehyde as formate can be observed as the band appears at 
2890 cm-1 (at 100 ◦C and 200 ◦C) similarly to the TiSi(5) support. The 
measured feed and product concentrations during the in situ MeOH 
studies are presented for the TiSi(5) support in the supplementary ma
terial (Fig. S14). 

Table 5 shows the calculated methoxy peak areas for the TiSi(5) 
support and the 3V/TiSi(5) catalyst. For 3V/TiSi(5), the values for V- 
OCH3 and formaldehyde re-adsorption are shown. The surface areas of 
the peaks increase when rising the temperature. Fig. S12 in the sup
plementary material shows the deconvolution of the methoxy peaks for 
the reference materials at 100 ◦C and 200 ◦C. In the case of the 3V/TiSi 
(5) catalyst, formaldehyde concentration reaches maximum at 300 ◦C. 
The temperature where only Si-OCH3 species are visible in the FTIR 
spectrum is reached at 300 ◦C (amount not quantified due to low in
tensity). This is similar with the results observed for the 1.5V/TiSi(30) 
catalyst, since the highest formaldehyde production was observed after 
the amount of surface methoxy species started to decrease. In the case of 
the SiTi(30)-catalysts, the Ti-OCH3 species were stable up to 400 ◦C, 
while in the case of TiSi(5), the Ti-OCH3 species were not anymore 
observed at 300 ◦C. It seems that the stability of the methoxy species on 
the support has a connection to formaldehyde production. The more 
stable the species at higher temperature, the higher amount of formal
dehyde is produced. The 1.5V/SiTi(30) catalyst is able to produce higher 
amounts of formaldehyde at higher temperature, while the 3V/TiSi(5) 
catalyst is active at lower temperature, but a lower amount of formal
dehyde is formed, and reaction proceeds towards complete oxidation at 
lower temperature range. Re-adsorption of formaldehyde is observed for 
the 3V/TiSi(5) catalyst already at 100 ◦C until 200 ◦C after which CO 

Fig. 13. (a) In situ DRIFT spectra in the C–H stretching region for the 3 V/TiSi(5) catalyst under an air flow for ~5 min after 2000 ppm methanol (in air) injection 
into the sample cell at temperatures from 100–500 ◦C, (b) Relative gas concentrations measured during the experiment. 

Table 5 
Observed peak positions and integrated peak surface areas for the adsorbed 
methoxy species on the TiSi(5) catalysts during methanol reaction at tempera
tures from 100 ◦C to 500 ◦C.  

Temperature TiSi (5) 3V/TiSi (5)  

Si- 
OCH3 

Ti- 
OCH3 

Si- 
OCH3 

Ti- 
OCH3 

V- 
OCH3 

Formaldehyde 
re-adsoprtion 

Peak position 
(cm-1) 

2852 
2953 

2828 
2924 

2852 
2957 

2829 
2923 

2834 
2938 

2890  

Peak surface area   
100 ◦C 1.636 1.513 0.094 0.203 0.099 0.014 
200 ◦C 1.653 1.905 1.725 1725 2.461 1.030 
300 ◦C 1.809 2.060 * * * * 
400 ◦C 1.278 1.357 * * * * 
500 ◦C * * * * * * 
*not detected        

N. Koivikko et al.                                                                                                                                                                                                                               



Applied Catalysis B: Environmental 318 (2022) 121803

13

and CO2 starts to form. Re-adsorption of formaldehyde seems to be an 
indication for its further oxidation. 

3.5. Catalyst activity studies 

3.5.1. Methanol oxidative dehydrogenation to formaldehyde 
To complete the study of the vanadia catalysts, the comparison of the 

activities of the sol-gel prepared 1.5V/SiTi(30) catalysts with the 
reference catalysts in methanol oxidative dehydrogenation were per
formed in a fixed bed tubular reactor. The formation of formaldehyde 
and consumption of MeOH during the oxidation of 1000 ppm methanol 
are presented in Fig. 14. The performance of the catalysts follows the 
observations of the in situ DRIFT studies. Formaldehyde formation 
temperature is 250 ◦C lower over the 3V/TiSi(5) reference catalyst 
compared to the sol-gel prepared SiTi(30) supported catalysts. However, 
all the sol-gel prepared catalysts with a lower vanadia amount result in 
higher formaldehyde concentration. With 3V/TiSi(5), the oxidation to
wards CO occurs simultaneously with a rapid decrease in the formal
dehyde concentration at rather low temperature. The CO2 formation 
(not shown in the figure) remains below 100 ppm in all the cases 
reaching the highest value with the 3V/TiSi(5) catalyst. These results are 
qualitatively consistent with the observations of the in situ DRIFT 
studies. 

In connection with the methanol DRIFT-studies we concluded that 
the silicon sites retain methoxy-groups at higher temperature than the 
titanium sites, which could explain the differences in the temperatures 
observed for the formaldehyde formation. The TiSi(5) catalysts are 
reduced more easily. Easier reducibility has evidently a connection with 
the low temperature formaldehyde formation observed for the TiSi(5) 
catalyst, but also further oxidation of formaldehyde observed at around 
250 ◦C. Easier reducibility of the catalyst is also beneficial for the Mars 
van Krevelen type of a reaction mechanism. The 1.5V/SiTi(30) catalysts 
are also more acidic compared to the 3V/TiSi(5) catalyst, which has 
been shown earlier to be related to high selectivity towards formalde
hyde production [82]. The 1.5V/SiTi(30) catalysts seem also to have a 
higher relative amount of polymeric VOx species compared to mono
meric VOx. These aspects may explain the higher formaldehyde pro
duction observed for all the 1.5V/SiTi(30) catalysts. 

3.5.2. Formaldehyde production from the contaminated methanol 
One of the goals of the current work was to study the catalytic ma

terials in the presence of sulfur contaminant. First, the activities of the 
supports, i.e., SiTi(30) and TiSi(5), in the conversion of methanol and 
methyl mercaptan to formaldehyde are presented in Fig. 15. At 500 ◦C, 

the formaldehyde formation in the case of TiSi(5) is higher than with 
SiTi(30). The reference TiSi(5) reaches the highest formaldehyde con
centration at 380 ◦C. For the SiTi(30) catalyst, the temperature needs to 
be 535 ◦C to reach approximately the same formaldehyde concentra
tion. This result is consistent with the earlier findings and suggests also 
that the maximum formaldehyde concentration is not reached at the 
maximum temperature of the experiment. 

The addition of vanadium into the SiTi(30) support improved the 
performance of the catalyst only slightly (See comparison in supple
mentary Fig. S15), while we have earlier observed a clear positive 
impact after addition of vanadia [14]. Differences between the results 
can be explained by the quality of vanadia species demonstrating their 
importance. The differences between the catalysts calcined at different 
atmospheres were not significant in the case of simultaneous reaction of 
methanol and methyl mercaptan. (See supplementary Fig. S16). 

The results of the oxidation experiments for 1.5V/SiTi(30)AF are 
presented in Fig. 16. The maximum formaldehyde formation was not 
reached at maximum temperature of experiment, and at 500 ◦C it was 
only 60 ppm higher than in the case of the corresponding support. SO2 
was formed according to the main methyl mercaptan (MM) oxidation 
reaction to formaldehyde. The formation of DMDS was observed above 

Fig. 14. Oxidation of 1000 ppm methanol over the air and N2 calcined 1.5V/SiTi(30) and 3V/TiSi(5) catalysts. (a) Formation of formaldehyde (FO), (b) Formation of 
carbon monoxide (CO) in the temperature range of 120–500 ◦C. 

Fig. 15. Formation of formaldehyde in the oxidation of a mixture of 500 ppm 
methanol and 500 ppm methyl mercaptan from 100 ◦C to ~500 ◦C with the 
support materials of SiTi(30) and TiSi(5) (supports ground to a similar parti
cle size). 
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200 ◦C reaching the highest concentration of ~115 ppm at 430 ◦C. 
The performance of the 3V/TiSi(5) reference catalyst (powder form) 

was also studied in the oxidation of a mixture of methyl mercaptan and 
methanol. The results are shown in Fig. 17. The formation of formal
dehyde takes place at temperatures that are over 200 ◦C lower than in 
the case of 1.5V/SiTi(30)AF catalysts presented in Fig. 16. The maximum 
formaldehyde formation was reached at 310 ◦C, while the maximum 
was not reached with 1.5V/SiTi(30)AF at the maximum temperature of 
the experiment. The SO2 formation in the case of both catalysts was at 
similar level, however, the CO formation in the case of the 3V/TiSi(5) 
catalyst was significantly higher indicating further oxidation of organic 
species. This is consistent with the in situ experiments. Furthermore, the 
CO2 formation is observed already at around 450 ◦C. 

Methyl mercaptan is oxidized more easily compared to methanol, 
which has been earlier reported by Koivikko et al. [13], and it typically 
shifts the methanol conversion towards slightly higher temperatures in 
the case of oxidation of the mixture. This was observed in the cases of 
1.5V/SiTi(30)AF and 3V/TiSi(5) reference catalyst. Temperature shift 
was also visible in the formaldehyde formation over the 3V/TiSi(5) 
reference catalyst, where optimum formaldehyde formation tempera
ture increased by about 50 ◦C. It was not possible to observe the same 
change in the case of 1.5V/SiTi(30)AF due to the used temperature 

range. 
The reference catalysts 3V/TiSi(5) and 3V/Ti were also available in 

monolith forms, and their activities were evaluated in the reaction of the 
mixture of methanol and methyl mercaptan (Fig. 18). It was observed 
that the conversion of MM over both the monolith-form reference cat
alysts started already below 200 ◦C (appearance of DMDS and DMS) and 
signs of further oxidation were notable already above 300 ◦C by the 
appearance of CO and CO2 as the reaction products. The catalysts reach 
optimal formaldehyde formation at 350 ◦C, which is a bit higher than in 
the case of the powder-form catalyst. However, the maximum FO con
centration reached is only ~550 ppm, which is notably less than that of 
the powder-form catalyst. The reaction towards complete oxidation 
products occurs above 350 ◦C. From the results, it is also visible that the 
silica containing catalyst can keep the formaldehyde formation at a 
higher level at higher temperatures. The result is in accordance with the 
earlier observations related to silica, that adsorbs methoxy species at 
higher temperature. The catalyst supported only on titania shows higher 
formation of CO and CO2 than the one supported on titania-silica, and 
the effect is visible with a low silica content, i.e., only 5%. This effect 
seems mainly to be related to the support properties that also affect the 
quality of vanadium species. 

4. Conclusions 

The V2O5 catalysts supported on SiO2-TiO2 were prepared, charac
terized and applied in oxidative dehydrogenation of methanol aiming at 
utilization of the emissions of volatile organic compounds. The reaction 
was studied using in situ DRIFT and light-off experiments. The activities 
of the materials were evaluated also in presence of methyl mercaptan, 
which was used to simulate the utilization of contaminated methanol in 
chemicals production. 

The catalytic materials were a self-made silica-rich mixed oxide (Si/ 
Ti 70/30) catalyst containing 1.5% vanadia and a reference catalyst 
having 3% vanadia supported on Ti/Si (95/5) or anatase TiO2. The self- 
made sol-gel catalysts were calcined in different gas conditions. The 
following main conclusions can be drawn:  

- The sol-gel prepared catalysts were amorphous, and the mixed oxide 
structure was evidenced by Time-gated Raman spectroscopy and 
XPS. The reference catalysts were mainly composed of crystalline 
anatase. This reflects to higher specific surface area of the sol-gel 
made catalysts and their lower surface VOx density. 

- Different calcination atmospheres led to formation of different sur
face vanadia species. All the sol-gel catalysts contained polymeric 

Fig. 16. Simultaneous conversion of 500 ppm methanol and 500 ppm methyl mercaptan to formaldehyde in the temperature range of 100–500 ◦C with 1.5%V/SiTi 
(30) calcined in flowing air (a) Concentration of MeOH, MM and FO (b) Concentration of by-products CO, SO2 and DMDS. 

Fig. 17. Simultaneous conversion of 500 ppm methanol and 500 ppm methyl 
mercaptan to formaldehyde over the 3V/TiSi(5) reference catalyst in the tem
perature range of 100–500 ◦C. 
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vanadia species, which amount was highest for the N2 calcined 
catalyst. The stagnant air calcined catalyst contained also V2O5. 
Heating of the catalyst during in situ Raman analysis revealed 
changes in the composition of vanadia species. The amount of V2O5 
on the stagnant air catalyst decreased, and quantity of other species 
increased. Polymeric species reached the maximum at 500 ◦C in case 
of N2 and stagnant air calcined catalyst. For the catalyst calcined 
under air flow, the maximum appeared at 300 ◦C. 

- The TiO2-supported reference catalyst had only polymeric VO4 spe
cies, while the addition of 5% silica in the support modified the 
vanadia species leading to coexistence of isolated VOx species.  

- Vanadia species exist preferably on titania surface. 
- The vanadium oxidation state was more stable when it was sup

ported on the sol-gel prepared amorphous mixed oxide catalyst, 
which was shown by difficult reduction and possibility to observe 
also the V5+ states in (UHV)XPS. Clear reduction of vanadia was 
observed between 350 and 420 ◦C in the case of the reference cata
lysts containing anatase.  

- The acidity of the sol-gel prepared catalysts was significantly higher 
than that of the reference catalysts. The acidity of the catalyst has a 
significant role in adsorption of methanol as the first reaction step.  

- Good reducibility at lower temperature results in the formation of 
formaldehyde at lower temperature but leads also to further oxida
tion of formaldehyde at lower temperature levels. Further oxidation 
of formaldehyde requires a re-adsorption step.  

- Different calcination environments (air stagnant, air flow and N2 
flow) did not alter the performance of the catalyst in oxidative 
dehydrogenation of methanol in the presence of methyl mercaptan, 
although differences were observed during in situ experiments and 
characterization. During in situ DRIFT experiments, the N2 calcined 
catalyst produced higher amount of formaldehyde than air flow 
calcined catalyst, that reached the highest formaldehyde production 
at same temperature range. This might be due to the stability of 
polymeric vanadia species on the N2 calcined catalyst at higher 
temperature. 

CRediT authorship contribution statement 

Niina Koivikko: Methodology, Investigation, Formal analysis, 
Writing – original draft, Funding acquisition. Satu Ojala: Supervision, 
Conceptualization, Funding acquisition, Investigation, Writing – orig
inal draft, Writing – review & editing. Tiina Laitinen: Investigation, 
Visualization, Writing – review & editing. Felipe Lopes da Silva: 
Investigation, Visualization. Lauri Hautala: Formal analysis, 

Visualization. Zouhair El Assal: Investigation – review & editing. Mari 
Honkanen: Investigation, Resources, Formal analysis, Data curation, 
Visualization, Writing – review & editing. Minnamari Vippola: Re
sources, Data curation, Writing – review & editing. Mika Huuhtanen: 
Investigation, Writing – review & editing, Marko Huttula: Writing – 
review & editing. Teuvo Maunula: Resources, Writing – review & 
editing. Riitta L. Keiski: Supervision, Conceptualization, Funding 
acquisition, Writing – original draft, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

The data is not available at the moment; some data may later be 
available on request. 

Acknowledgements 

This work was carried out with the financial support of the Academy 
of Finland (ELECTRA-project, grant numbers 289266, 294063 and 
319448), the Finnish foundation of technology promotion, Jenny and 
Antti Wihuri foundation and Jorma and Riitta Takanen foundation. Otto 
A. Malm foundation and Tauno Tönning Foundation are also acknowl
edged. Kaisu Ainassaari and Markus Riihimäki are acknowledged for 
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