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ABSTRACT

As the commercial Fe-Mo-oxide catalyst that is used for oxidation of methanol to formaldehyde suffers
from deactivation by Mo volatilization, alternative catalysts are of interest. Therefore, TiO,-, o-Al;03- and
Si0,-supported (Fe)-V-0 catalysts were prepared with a loading of up to 30 pumol of each metal per m?
surface area of the support. The samples were tested for activity using a high inlet concentration of meth-
anol (10 vol.%), and were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS) and X-ray absorption spectroscopy (XANES). The activity measurements show that the prepara-
tions with the highest loads of V give the best performance. With regard to the support, the activity of
the supported catalysts decreases in the order TiO, > Al,05 > SiO,. According to XPS, the surface concen-
tration of V decreases in the same order, confirming that vanadium is an active element. At high methanol
conversion, the selectivity to formaldehyde decreases from 90% to 80% in the sequence unsupported
FeVO, > (Fe)VO,/TiO, ~ (Fe)VO,/Al,03 > FeVO,/SiO, > VO,/SiO,. Iron has only a small effect on the cata-
lytic performance, whereas it has a stabilizing effect on vanadium decreasing its volatility. However, vol-
atilization experiments reveal that the volatilization of V from the supported (Fe)-V-oxide is much
severer than that from bulk FeVO,4 due to the dispersion and the comparatively low amount of active
metal. Our data demonstrate that neither supported V-oxide nor supported Fe-V-oxide is suitable as a

XANES
Volatility

catalyst in the industrial scale production of formaldehyde by methanol oxidation.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Production of formaldehyde from methanol and air is done with
either methanol-rich (36% to 40%) or methanol-lean (8.5% to 9.5%)
feed using the silver process and the oxide process, respectively.
Historically, the silver process has been preferred over the oxide
process mainly due to lower investment costs [1,2], but since the
methanol price has almost been doubled over the last five years
[3] the more selective oxide process has been favoured consider-
ably. For new formaldehyde capacities, the oxide process is the
most common choice today [1,2].

The commercial MoOs/Fe;(Mo0,)s catalyst used in the oxide
process is in many aspects superb, showing very high selectivity
(~93%) at almost complete conversion of methanol. However, at
the reaction conditions the molybdenum is volatile, resulting in
lowered activity and poorer selectivity of the catalyst with time
on stream as well as increased pressure drop over the catalytic
bed [4-8]. Owing to the deactivation, the catalyst has to be re-
placed every 1 to 2 years depending on the operating conditions
[7]. Higher temperature and methanol partial pressure favour the
molybdenum loss [8], making it difficult to increase the plant
capacity by increasing the methanol concentration. Since the far
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largest production cost is that of methanol, alternative more stable
catalysts are of interest provided that they show comparable selec-
tivity to formaldehyde.

Several vanadates, supported and bulk phases, have been re-
ported promising for methanol oxidation, showing selectivities to
formaldehyde above 90% at high methanol conversion [9-21].
However, since vanadium is toxic and because of increasing envi-
ronmental concerns, low vanadium volatility is desirable not only
to improve the catalyst life time, but also to minimize the spread
of Vinside the plant and in nature. Use of supported vanadium cat-
alysts with loads in the monolayer range can be one approach both
to decrease the amount of toxic vanadium being used and to im-
prove the stability of the vanadium through its interaction with
the support. In our previous work [20], we characterized and dem-
onstrated that bulk FeVOy, is selective to formaldehyde formation
(~90%) at high methanol conversion. To further develop the cata-
lyst with regard to the stability and environmental issues, making
it more interesting from a commercial point of view, in the present
study we have prepared a-Al;05-, SiO,- and TiO,-supported Fe-V-
0 and V-0 catalysts with a load of active material corresponding to
0.5, 1.0, 2.5 and 5.0 theoretical metal oxide layers. The catalysts
have been tested for methanol oxidation, and characterized with
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS)
and XANES (X-ray absorption near edge structure) both before
and after 16 h on stream. Further, to investigate the volatility of
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the vanadium, the V-loss after 5 days of use in methanol oxidation
was determined by ICP analysis of the samples, and was compared
with the corresponding data for a commercial MoOs/Fe;(M00O,)s3-
type catalyst. Methanol oxidation was performed with the high
methanol inlet composition that today is used in the industry with
10 vol.% methanol and 10 vol.% oxygen, where the oXxygen concen-
tration is limited by the lower explosion limit. Moreover, supports
with relatively low surface areas were selected considering that
the surface area of commercial catalysts often is in the range 4 to
8 m?/g to limit heat and mass transfer effects, which may cause
further oxidation of methanol and formaldehyde to give carbon
oxides and thus decreased selectivity [7].

2. Experimental
2.1. Catalyst preparation

o-Al;05-, SiO,- and TiO,(anatase)-supported (Fe)-V-O-cata-
lysts were prepared by incipient wetness impregnation of the sup-
ports. For each support, four catalysts were prepared with a load of
active material corresponding to 0.5, 1.0 and 5.0 theoretical layers
of Fe-V-oxide (Fe:V = 1:1) and 2.5 layers of vanadia, respectively. A
monolayer is defined as a load of oxide corresponding to
12 umol cations/m? surface area or 7.22 cations/nm? [22]. A
0.04M NH4VO3 (Merck) solution and a 0.5M solution of
Fe(NOs3)3-9H,0 (Merck) were prepared separately. Appropriate
portions of the two solutions were then mixed together and
homogenized by lowering the pH to 1.0 by adding 3 M HNOs, pro-
ducing a clear solution with equimolar amounts of vanadium and
iron. Using the solution, the a-Al,03, SiO, and TiO, supports in
the form of 0.250 to 0.425 mm particles with specific surface areas
of 4.8, 25 and 4.5 m?/g, respectively, were impregnated by incipi-
ent wetness and were dried repeatedly until the desired load of ac-
tive material was obtained. The intermediate dryings were
performed in air at 90 °C for 30 min, and after the final impregna-
tion the drying time was extended to 150 min. Eventually, the cat-
alysts were calcined in air for 6 h at 580°C. The calcination
temperature was selected considering our previous results that
580 °C is required to produce the pure FeVO, bulk phase calcining
precipitates [20]. Elemental analysis by ICP confirmed that the de-
sired load of V and Fe was obtained. In Table 1, the notations, the
compositions and the specific surface areas of the prepared cata-
lysts are given.

Table 1
Notation, composition and specific surface area of the prepared catalysts.

2.2. Activity measurements

The prepared catalysts were tested for methanol oxidation in a
stainless steel reactor, operating at isothermal conditions and at
atmospheric pressure. To obtain isothermal conditions, the reactor
was embedded in an aluminium block placed in a tube furnace. The
catalyst was heated up to the reaction temperature in a flow of
10 ml/min O, and 80 ml/min N,. When the reaction temperature
of 300 °C was reached, a flow of 10 ml/min gaseous methanol
was added to the flow of oxygen and nitrogen. Methanol, formalde-
hyde (FA), dimethyl ether (DME), methyl formate (MF), dim-
ethoxymethane (DMM) and CO, were analyzed online using a
gas chromatograph equipped with a Haysep C column and both
an FID and a TCD detector. CO was analyzed online on an IR instru-
ment (Rosemount Binos 100). All catalysts were run overnight, and
the activities obtained after 16 h on stream are presented.

For characterization of the samples with XRD, XPS and XANES
after use in methanol oxidation, 0.4 g catalyst was run for 16 h
and then cooled under flowing nitrogen. Before the analyses, the
sample was mixed thoroughly and ground to powder.

2.3. Catalyst characterization

The specific surface areas of the catalysts were measured on a
Micromeritics Flowsorb 2300 instrument. The single point BET
method was used with adsorption of nitrogen at liquid nitrogen
temperature and subsequent desorption at room temperature. All
samples were degassed at 150 °C for 24 h before analysis.

X-ray powder diffraction (XRD) analysis was performed on a
Seifert XRD 3000 TT diffractometer using Ni-filtered CuKo radia-
tion and a rotating sample holder. Data were collected between
5° and 80° 20 in steps of 0.1° (2.0 s/step).

XPS analysis was performed on a PHI 5500 XPS instrument
using monochromatic AlKo radiation. Powder samples were
placed on a conducting and sticky tape. To minimize the effects
of sample charging, the aluminium-containing samples were
charge neutralized by electrons. The PC-ACCESS and MuliPak
6.1A softwares were used to evaluate the data, and the quantifica-
tions were made using a Shirley function for the background. The C
1s peak was used as an energy reference, and was set to a binding
energy of 285.0 eV.

The XANES measurements were performed at the 1811 beam-
line in Maxlab (Lund University) using a Si(111) double crystal
monochromator and three ionization chambers. Spectra of the Fe

Sample Support Active oxide phase Specific surface area (m?/g)
wt.%? No. of layers” V:Fe ratio

TiO, 4.5
0.5FeVTi TiO, 0.22 0.5 1:1 4.7
1FeVTi TiO, 0.46 1.0 1:1 4.7
5FeVTi TiO, 2.24 5.0 1:1 4.4
2.5VTi TiO, 1.21 2.5 1:0 3.8
o-Al,05 4.8
0.5FeVAI o-Al,03 0.24 0.5 1:1 52
1FeVAI o-Al,03 0.49 1.0 1:1 52
5FeVAl o-Al,03 2.42 5.0 1:1 5.7
2.5VAl o-Al,03 1.31 2.5 1:0 53
Sio, 25
0.5FeVSi Si0, 1.13 0.5 1:1 22
1FeVSi Si0, 2.50 1.0 1:1 26
5FeVSi Sio, 11.36 5.0 1:1 25
2.5VSi Sio, 6.42 2.5 1:0 21

2 Expressed as wt.% FeVO, and V,0s, respectively, for the samples with and without iron.
> Number of theoretical oxide layers where a layer is defined as a load of oxide with 12 umol cations/m? surface area of the support.
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K- and V K-edges were recorded in fluorescence mode. The sample
was placed after the first ionization chamber and located 45° to
both the incoming beam and the fluorescence detector. The detec-
tors used were a five-grid ion chamber Lytle detector for the o-
Al,03- and SiO,-supported catalysts and an energy dispersive
Si(Li)-detector for the TiO,-supported catalysts. Due to overlapping
Ti KBy 3 (4931.8 eV), V Kai; (4952.2 eV) and V Ko, (4944.6 eV) emis-
sion lines, the much weaker V KB 3 (5427.3 eV) emission line was
selected for analysis of the vanadium in the TiO,-supported cata-
lysts. Unfortunately, the weak signal only allowed recording of
XANES spectra for the catalyst with highest load of active phase
(5FeVTi). For calibration of the energies, spectra of Fe and V metal
foils were recorded online in transmission mode.

To study the volatility of vanadium in methanol oxidation,
0.02 g catalyst was treated for 5 days at 300 °C in a flow of nitrogen
with 10% methanol and 10% oxygen. The amount of catalyst was
selected to assure differential conversion of methanol (<10%), cor-
responding to reactor inlet conditions. After the treatment, the cat-
alyst was subjected to elemental analysis with ICP-AES. By
comparing the analysis result with that of the corresponding anal-
ysis for the as-prepared catalyst, the loss of vanadium due to vol-
atilization was determined. An industrial-type MoOs/Fe,(Mo0O4)s
catalyst was subjected to the same treatment, giving the volatiliza-
tion of molybdenum for comparison.

2.4. Reference samples

For comparative purposes a phase pure FeVO, sample and a
commercial-type iron molybdate catalyst are used. The FeVO, cat-
alyst with the surface area of 15.2 m?/g has previously been char-
acterized and compared with the molybdate catalyst for methanol
oxidation [20]. The iron molybdate sample has a specific surface
area of 7.0 m?/g and a Mo/Fe atomic ratio of 2.4 in the form of
two crystalline phases Fe;(Mo0O,4); and MoOs.

As a reference compound for XANES, a solid solution V,Ti;_,O,
with x=0.15 was prepared by heating a mixture of V,0s and
TiOy(anatase) powders at 1000 °C until the sample according to
XRD was a black single phase solid solution.

3. Results and discussion
3.1. X-ray diffraction

The supported 2.5V and 5FeV catalysts with relatively high loads
of active phase were characterized by XRD and were compared with
the pure FeVO, to establish the presence of any crystalline phases in
the samples. As seen in Fig. 1, the FeVO4 bulk catalyst shows the
characteristic pattern of triclinic (P1) FeVO,, JCPDS 25-418 [23].
The alumina- and titania-supported samples show only peaks from
the supports, o-Al,05 (JCPDS 10-173) [23], respectively, TiO, in the
form of anatase (JCPDS 21-1272) with some rutile (JCPDS 21-1276)
[23]. For the pure TiO, support, the contents of anatase and rutile
are approximately 91% and 9%, respectively, as obtained from the
intensity ratio between the strongest XRD peak from each poly-
morph using the relationship of Spurr and Myers [24]. After depo-
sition of vanadium, the proportion of rutile increased to 12% and
27% in 5FeVTi and 2.5VTi, respectively, showing that the presence
of Fe largely inhibits the phase transition. In the literature, it is well
established that the presence of vanadia on anatase accelerates and
lowers the temperature for the anatase to rutile phase transition
[25-29]. Also it has been found that a V,Ti;_,0, rutile phase with
a small amount of V4" may form [25,26,28].

The fact that no crystalline phases in addition to the support
were detected by XRD in the alumina- and titania-supported
2.5V and 5FeV samples with loads exceeding a theoretical mono-
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Fig. 1. XRD patterns of as-prepared FeVO, and supported catalysts with 2.5
monolayers V-oxide and 5.0 monolayers FeV-oxide (Fe:V =1:1), respectively. The
diffractograms of the bare supports TiO,, a-Al,03 and SiO, are included for
comparison.

layer does not exclude the formation of such phases, considering
that both the surface area and the consequent vanadium content
of the samples are low (Table 1). On the contrary, the XRDs of
the silica-supported samples with higher surface areas and vana-
dium contents, besides amorphous silica, show the formation of
additional crystalline phases. In the 5FeVSi sample, o-Fe;03, JCPDS
33-664 [23], and FeVOQ, are present, whereas 2.5VSi shows charac-
teristic V,05 peaks, JCPDS 41-1426 [23].

3.2. XPS

XPS measurements were performed on the supported samples
to determine the elemental composition and the oxidation states
of the elements in the surface region both as synthesized and after
use in methanol oxidation. The samples are designated fresh and
used, respectively. For fresh samples, the binding energies of
V2ps; and Fe2psj, are in the 517.0 to 517.8eV and 7114 to
712.0 eV range, respectively, and the peaks are symmetric, con-
firming that vanadium and iron on the fresh catalysts are pentava-
lent [20,30,31] and trivalent [20,32,33], respectively. The used
catalysts supported on TiO, and a-Al,03 show reduction of neither
vanadium nor iron after methanol oxidation. However, for the used
SiO,-supported 5FeVSi and 2.5VSi catalysts the binding energies of
the V2p;); peak are 516.9 and 516.6 eV, respectively, indicating
minor reduction of the vanadium. Considering that the XRD in
Fig. 1 is showing the presence of FeVOQ, in the fresh 5FeVSi sample,
reduction of vanadium but not of iron is in agreement with previ-
ous findings for bulk FeVO, [20].
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Considering the dispersion of vanadium and iron as analyzed by
XPS, the metal ratios given in Table 2 clearly show that vanadium
is considerably better dispersed than iron for all supports, indicat-
ing V-support interaction. On TiO, and «-Al,03, moreover, the
vanadium to support ratios V/S are similar for the fresh 5FeV and
2.5V samples, indicating for the samples with iron formation of
dispersed vanadia and separate iron oxide particles or domains
rather than of dispersed iron vanadate. In Fig. 2, the V/S ratios
are plotted against the number of theoretical layers of vanadium.
From the plots for TiO,, a-Al,05 and SiO,, the V/S ratios for a load
of one monolayer are estimated to be 0.22, 0.10 and 0.06, respec-
tively, revealing that the surface concentration of vanadium on
TiO, is considerably higher than that on «-Al,03 and SiO,. More-
over, the linear curve shape below one monolayer coverage sug-
gests that on TiO, the V is evenly distributed on the surface.
When exceeding a load of one monolayer, the curve slope de-
creases due to the formation of additional larger vanadia particles
in agreement with previous findings [34]. For the alumina-sup-
ported samples, the V/Al ratio increases with the vanadium con-
tent and tends to a limiting value, which is lower than that for
TiO,. This behaviour suggests the formation of a dispersed
AIVO4-type structure as will be explained in more detail in Section
3.4. On SiO,, however, the linear increase of the V/S ratio up to 2.5
layers of vanadium suggests that the dispersion of vanadium is
poor in agreement with mainly crystalline phases being formed
(Fig. 1). The poor dispersion of vanadia on SiO, has been observed
also by others [13,35-37], and has been explained by the low sur-
face concentration of hydroxyl groups [37]. As displayed in Table 2,
generally there are only small differences between the respective
V/Ti and V/AI ratios before and after 16 h of methanol oxidation,
revealing no major changes of the dispersion of vanadium. For
Si0,, however, a considerably lower V/Si ratio is observed after
methanol oxidation both at low and high loads of active phase.

3.3. XANES

As a complement to the XPS data, XANES measurements were
carried out to obtain further information about the coordination
and the valences of the supported elements.

In Fig. 3, V K-edge spectra of the fresh 5FeV catalysts are com-
pared with those of the reference compounds Vg 15(IV)Tigg50, ru-
tile phase, V,(V)Os and FeV(V)O4, and moreover, fresh and used
5FeV samples are compared. The main edge positions for the fresh
5FeVTi, 5FeVAl and 5FeVSi are 5481.7, 5481.3 and 5481.3 eV,
respectively, and for the Vg 15(IV)Tigg50,, V,05 and FeVO, refer-
ence compounds they are 5476.8, 5480.0 and 5481.5 eV, respec-
tively, revealing that the vanadium is pentavalent in all fresh

Table 2
Dispersion of V and Fe on the supports (S) as analyzed by XPS.

Catalyst notation Fresh catalysts Used catalysts®

V/s Fe/S V/Fe v/s Fe/S V/Fe

0.5FeVTi 0.050 0.033 15 0.055 0.031 1.8
1FeVTi 0.132 0.037 36 0.129 0.042 3.1
5FeVTi 0.279 0.054 52 0.256 0.039 6.6
2.5VTi 0.254 = = 0.364 = =

0.5FeVAl 0.028 0.012 23 0.012 0.004 3.0
1FeVAI 0.051 0.030 1.7 0.060 0.034 1.8
5FeVAI 0.137 0.055 25 0.130 0.037 35
2.5VAl 0.160 - - 0.152 - -

0.5FeVSi 0.019 0.001 19.8 0.008 0.001 7.0
1FeVSi 0.032 0.005 6.5 0.013 0.003 3.7
5FeVSi 0.162 0.031 52 0.062 0.024 26
2.5VSi 0.116 = = 0.073 = =

? The samples have been used at 300 °C for 16 h in methanol oxidation with
10 vol.% each of methanol and oxygen (see Section 2.2).
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Fig. 2. Vanadium to support atomic ratios (V/S) as a function of the vanadium load
for freshly prepared TiO,-, o-Al,03- and SiO,-supported catalysts as determined by
XPS.

catalysts. The fact that both XPS and XANES of the fresh 5FeVTi re-
veal the vanadium to be pentavalent suggests that the rutile phase
observed by XRD (Fig. 1) in both 5FeVTi and 2.5VTi is either with-
out V¥, or in the form of a V,Ti;_,O, solid solution [25,26,28] with
only a very small amount of V4*, On the other hand, as displayed in
Fig. 3, after 16 h in methanol oxidation the V K-edge position of the
used 5FeVTi catalyst is shifted 1.7 eV towards lower energy, show-
ing reduction of some vanadium. However, the reduction observed
by XANES is not seen in XPS. In contrast to XANES, XPS is more sur-
face-sensitive, and therefore the results suggest that the reduced
vanadium is from the bulk. Possibly, during the reaction some
V# is formed dissolving in the TiO, rutile phase to form
V,(IV)Ti;_,O5.

Considering both the pre-edge intensity and the post-edge fea-
ture, it can be seen in Fig. 3 that the V K-edge spectrum for 5FeVTi
clearly resembles that for the Vg 5(IV)Tigg50, reference when
accounting for the energy shift due to the difference in oxidation
state. The resemblance suggests a high degree of octahedrally coor-
dinated vanadium to be present in 5FeVTi. However, the somewhat
larger pre-peak area (broader and higher) for 5FeVTi indicates that
there might also be less coordinated vanadia. It has been demon-
strated that on hydrated VO,/TiO, octahedrally coordinated V is
common on both rutile and anatase TiO, [38-42]. However, after
dehydration the predominant coordination is tetrahedral
[37,39,40]. A XANES spectrum calculated for a mix of 30% 4-coor-
dinated (FeVO,4) and 70% 6-coordinated (Vg 15Tigg50,) vanadium
is presented in Fig. 4, showing a spectrum very similar to that of
5FeVTi. Thus, the XANES results suggest that at ambient conditions
a mixture of octahedral and tetrahedral vanadia is present on the
non-dehydrated 5FeVTi.

As shown in Fig. 3, after use in methanol oxidation reduction of
vanadia is observed for neither 5FeVAl nor 5FeVSi. The 5FeVSi
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Fig. 3. Normalized V K-edge XANES spectra for fresh (solid line) and used (dashed line) 5FeVTi, 5FeVAl and 5FeVSi samples (bottommost) and for fresh 5FeVTi (left column),
5FeVAI (middle column) and 5FeVSi (right column) along with the reference compounds (dotted line) V,Ti; _,O, rutile with x = 0.15, V,05 and FeVO,. The spectra for the used
samples were recorded after 16 h of use in methanol oxidation at 300 °C and with 10% methanol and 10% oxygen in nitrogen (see Section 2.2).

spectrum is very similar to the FeVO,4 spectrum from tetrahedrally
coordinated vanadium, a fact which is in agreement with the XPS
and XRD data given in Table 2 and Fig. 1, respectively, showing
poor dispersion of vanadia on SiO, and formation of FeVO,4 and
o-Fe,05. However, the pre-edge intensity of the supported catalyst
is slightly lower than that observed for FeVO,, suggesting a higher
degree of hydrated vanadia on 5FeVSi. At hydrated conditions, van-

adia on silica with a high surface area has been reported to be pres-
ent as polymeric species possessing square pyramidal coordination
[43]. Analogous to vanadia on SiO,, the V K XANES spectral feature
of 5FeVAIl shown in Fig. 3 suggests the formation of a (Fe,Al)VO,
mixed surface structure due to reaction between a-Al,0s3, Fe and
V [20,44,45]. Our observation that vanadium on a-alumina, like
in FeVO,, is in tetrahedral coordination agrees with previous
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o R —— 30% 6-coord. + 70% 4-coord. V
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Fig. 4. The normalized V K-edge XANES spectrum for the fresh 5FeVTi and a
spectrum calculated for a mixture of 70% octahedrally coordinated and 30%
tetrahedrally coordinated vanadium as obtained from the spectra for Vg 15Tiog502
and FeVO,, respectively. In order to simulate a pentavalent octahedral reference,
adjustment of the V K-edge position for the tetrahedrally coordinated V4" in
Vo.15Tip 8502 was made (+4.0 eV).

XANES/EXAFS characterizations of the Fe-free vanadia/y-alumina
system [43,46,47], where both hydrated and dehydrated samples
have tetrahedrally coordinated vanadium [46,47].

Concerning the 1FeV samples with lower load of active mate-
rial, as described in Section 2.3 it was not possible to analyze 1FeV-
Ti. V K-edge spectra for the fresh 1FeV and 5FeV on a-Al,03 and
SiO, are compared in Fig. 5, showing that for both supports the
spectrum becomes more similar to that for FeVO4, when the load
of active phase is increased. Possibly, the trend is due to a relatively
larger fraction of the vanadium being present in hydrated form at a
low load.

Fe K XANES spectra for the freshly prepared 5FeVTi, 5FeVAI and
5FeVSi are presented in Fig. 6 together with spectra of the Fe?*/Fe>*
phase Fe;0,4 and the Fe3* phases a-Fe,03, y-Fe,05 and FeVO,. The
edge positions indicate that Fe in all catalysts is in its highest oxi-
dation state. Fig. 6 also reveals that in 5FeVTi iron is mainly gath-
ered as particles or domains of a-Fe, 03, confirming the XPS results
showing poor dispersion of Fe on TiO,. Also for o-Al,03, the results
suggests that o-Fe,03 domains are formed, which is not surprising
since both a-Al,05 and a-Fe,03 possess the corundum oxide struc-
ture [48]. For 5FeVSi, the spectrum suggests that most iron is pres-
ent as FeVO,4. The fact that the XRD pattern of 5FeVSi shown in
Fig. 1 shows stronger peaks from o-Fe,05 than from FeVO, is in
line with our observation that of the pure phases, the former gives
the fewest and most intense peaks in XRD.

3.4. Structure activity relationships

The data given in Table 3 for 30% methanol conversion show
that the titania-supported FeVTi catalysts, compared with bulk
FeVO,, give slightly lower selectivity to formaldehyde and DME,
whereas their selectivity to carbon oxides is higher. Moreover,
the specific activity increases with the load of vanadium and iron.
Considering that XPS gives a V:Fe ratio of 1.5 to 2.0 for FeVO,4 [20],
the observation that the activity is higher for 5FeVTi than for bulk
FeVO,4 can be explained by the concentration of active V-sites being
higher on 5FeVTi, which is supported by the XPS data given in Ta-
ble 2 and Fig. 2 showing good dispersion and coverage of V com-
pared to Fe (V:Fe =5.2). Further support for the latter inference
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Fig. 5. Normalized V K-edge XANES spectra for fresh 1FeVAIl, 5FeVAIl, 1FeVSi and
5FeVSi and bulk FeVO,. The arrows illustrate the trend when increasing the amount
of active phase on the supports.

are the activity data given in Table 3 showing similar activity for
5FeVTi and 2.5VTi, and the XPS data given in Table 2 showing sim-
ilar V/Ti ratios for the samples. Compared with the FeVTi samples
and the pure FeVOy,, 2.5VTi is less selective to formaldehyde forma-
tion (Table 3), indicating a promotional role of iron.

Compared with the titania-supported samples, the correspond-
ing alumina-supported samples are less active (Table 3). According
to the XPS data given in Table 2, the lower activity at least partly is
related to the lower surface concentration of vanadium on alu-
mina. Concerning the product distribution at low vanadium con-
tent (0.5FeVAI and 1FeVAl), it is notable in Table 3 that the
selectivity to formaldehyde rapidly decreases with an increase of
conversion and that essentially carbon oxides are formed. On the
contrary, formaldehyde is the main product on 5FeVAIl and
2.5VAl Considering that vanadium is better dispersed than iron
on the alumina samples (Table 2), it is noteworthy that both 1Fe-
VAl and 0.5FeVAI have vanadium loads below the monolayer
range, while 5FeVAI and 2.5VAI have loads corresponding by defi-
nition to 2.5 theoretical layers of vanadia. The difference in load
thus proposes that some more isolated vanadia species or ensem-
bles on alumina give combustion, while the more extended struc-
ture formed at higher load of vanadium and iron is much more
selective to formaldehyde.

Compared with the V/Ti ratios measured by XPS for the titania-
supported samples, the V/Al ratios that the corresponding alumina
samples show are approximately only half (Table 2). This composi-
tion suggests either the formation of an extended AIVO,4-type
structure on the alumina support, or dissolution of V3* in the o-
Al,05 forming a-Al,_,V,0s. According to XANES (Fig. 3), the forma-
tion of the latter structure is unlikely since the vanadium in the
catalyst predominantly is pentavalent. The formation of an
AlVO,-type structure is in agreement with the observation that
vanadium can react with alumina forming crystalline AIVO, during
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Fig. 6. Normalized Fe K-edge XANES spectra for the fresh (solid line) 5FeVTi, 5FeVAIl and 5FeVSi catalysts and the reference compounds (dotted line) Fe304, y-Fe,03, o-Fe,03

and FeVO,.

calcination at 550 to 600 °C [20,44,45]. Moreover, besides forming
iron oxide, some iron may enter the vanadate structure forming
Al;_,Fe,VO4 on the alumina surface. Support for this indication
are the activity data given in Table 3, showing that 5FeVAl is less
active than FeVO4 and 2.5VAI in agreement with our previous re-
sult that Al;_,Fe,VO,4 with both Al and Fe is less active than both
end compositions [20].

In contrast to vanadia on y-alumina producing DME at low van-
adia loads and approximately equal amounts of formaldehyde and
DME at monolayer coverage [13], our data for vanadate on a-alu-
mina show the formation of predominantly carbon oxides and
formaldehyde at low and high loads of vanadium, respectively.
Also in a previous investigation it is reported that vanadia on o~
alumina is much more selective to formaldehyde than to DME [49].
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Table 3
Specific activity and selectivity to products® at 30% methanol conversion.

Catalyst Specific activity (imol/m?s) Selectivity (%)

FA DME DMM MF COx
FeVO, 4.328 86.4 1.5 2.8 5.6 3.7
0.5FeVTi 2.061 84.0 0.7 3.3 5.3 6.7
1FeVTi 2.971 82.5 0.5 23 4.9 9.7
5FeVTi 6.336 83.4 0.3 3.8 4.8 7.7
2.5VTi 5.617 79.7 13 29 6.5 9.6
0.5FeVAl 0.180 49.6° 3.0° 20.9° 10.0° 16.6°
1FeVAI 0.282 21.8° 0.4 1.9 3.4¢ 72.5¢
5FeVAl 2.836 81.7 0.9 3.3 8.8 5.4
2.5VAI 4.126 81.4 1.2 23 8.5 6.6
0.5FeVSi 0.035 73.3 0.8 2.1 12.6 11.2
1FeVSi 0.084 72.3 1.0 1.9 14.4 10.4
5FeVSi 0.149 78.7 1.1 2.2 9.6 8.5
2.5VSi 0.254 76.7 2.8 2.0 12.3 6.2

¢ Formaldehyde (FA), dimethyl ether (DME), dimethoxymethane (DMM), methyl formate (MF) and carbon oxides (CO,).

b 5% conversion.
¢ 20% conversion.

Of the supports used, silica shows the lowest activity to the cat-
alyst in agreement with previous findings [13]. Also in agreement
with previous reports, the low activity of the FeVSi samples and
2.5VSi is a consequence of the weak interaction of vanadia with sil-
ica [13,35-37], in the present case resulting in the formation of
crystalline V,0s5 in the Fe-free 2.5VSi and FeVO, when both iron
and vanadium are present as shown by the XRDs in Fig. 1. Obvi-
ously, these crystalline phases contribute little to the surface area
and consequently to the specific activity. According to XPS (Table
2), compared with the V/Al ratios for the alumina-supported sam-
ples, the V/Si ratios that the silica-supported samples present are
not much lower. However, here we have to consider that on alu-
mina, aluminium enters the active structure spread on the alumina
surface, whereas on silica separate non-interacting vanadia crystal-
lites are formed. These crystallites, in contrast to the low activity of
the samples, cannot explain the relatively high V/Si ratios ob-
served. Consequently, the V/Si ratios indicate the formation of a
limited amount of more or less dispersed vanadia interacting with
silica. The formation of such species has been reported in previous
studies [13,50-54], and is in agreement with our XRD for 5FeVSi
with V:Fe =1 in Fig. 1 showing the presence of a-Fe,;03 and FeVO,
only, indicating the presence of a second vanadia structure.
According to Deo and Wachs [13], the interacting species however
present very low turnover numbers for methanol oxidation. Con-
cerning our indication that FeVO, crystallites are the major active
species on the FeVSi samples, the results given in Table 3 that bulk
FeVO, is more selective than the FeVSi samples to formaldehyde
may be a particle size effect, giving different distributions of sur-
face planes on large and small crystallites, respectively. The fact
that 2.5VSi with crystalline V,0s is reasonably selective to formal-
dehyde is in line with the data for unsupported vanadia [20,55].

The catalytic performances at high methanol conversion of the
catalysts with the highest load of active material on each support
are displayed in Fig. 7. Here it can be seen that all samples are
selective to formaldehyde at high methanol conversion, although
as discussed before, the activities differ considerably. The selectiv-
ity to formaldehyde varies from 90% to 80%, and decreases in the
order bulk FeVO, > (Fe)VO,/TiO, ~ (Fe)VO,/Al,05 > FeVO,/SiO, > -
V0,/Si0,. Concerning the selectivity to methyl formate, there is
clearly an influence from the type of support in that the selectivity
increases from 4.5% to 13% in the order unsupported FeVO, < (Fe)-
VO,/TiO, < (Fe)VO,/Al,05 < (Fe)VO,/SiO,. Besides methyl formate,
other major by-products are carbon oxides, for which there is no
clear trend among the supported samples. However, the unsup-

ported FeVO,4 shows lower selectivity. In all cases, the amount of
DME formed at high methanol conversion is low.

3.5. Volatilization of vanadium

Due to volatilization of molybdenum from commercial iron
molybdate catalysts in methanol oxidation [4-8], alternative cata-
lysts are of interest provided that they are more stable. Therefore,
it is of interest to quantify the volatility of vanadium from the sup-
ported catalysts. Consequently, the V-loss was determined by ele-
mental quantification of the fresh catalysts and the corresponding
catalysts treated for 5 days at 300°C in an atmosphere with
10 vol.% methanol and 10 vol.% O, in N,. Data are presented in Ta-
ble 4 for the supported catalysts, and for comparison the corre-
sponding data for the unsupported reference samples FeVO, and
an iron molybdate catalyst are also given. There are several obsta-
cles when comparing the volatilization data. For the supported cat-
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Fig. 7. Catalytic data for TiO,-, a-Al;03- and SiO,-supported catalysts with a load of
2.5 theoretical layers of vanadia and either with or without the same load of iron
(notations as in Table 1). Corresponding data for FeVO, are included for comparison.
The selectivities to formaldehyde, CO, and dimethyl ether (DME) are for 80%
methanol conversion. For calculation of the specific activity, data for low methanol
conversion were used to relate the activity to well-defined partial pressures. Inlet
gas composition: 10 vol.% methanol and 10 vol.% oxygen in nitrogen. Temperature:
300 °C.
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Table 4
Volatilization of active metals® from supported (Fe)-V-oxide, bulk FeVO, and an iron molybdate catalyst.
Catalyst Element Element loss

(%) (mmol/g catalyst) (mmol/m? catalyst)
MoOs;/Fe;(M004); Mo 35.7 1.701 0.242
FeVO, v 5.7 0.334 0.022
1FeVTi \ 76.9 0.019 0.004
5FeVTi \' 51.4 0.061 0.014
2.5VTi \' 73.7 0.089 0.023
1FeVAl v 57.7 0.015 0.003
5FeVAI \' 41.9 0.054 0.010
2.5VAl \Y 74.7 0.098 0.018
1FeVSi \' 834 0.111 0.004
5FeVSi \Y 57.3 0.348 0.014
2.5VSi v 95.9 0.618 0.029

¢ As obtained after 5 days of operation in a stream of nitrogen with 10% oxygen

alysts, one difficulty is that the true coverage of the support is not
known. Moreover, the coverage as well as the catalyst composition,
weight and surface area change during the treatment. Except for
the coverage, the same changes are also relevant for the bulk sam-
ples used as references. Therefore, to give a better picture of the
catalysts, in Table 4 the loss of active element is expressed in alter-
native units, namely relative total amount of active metal in the
freshly loaded catalyst (loss %) and per unit mass and unit surface
area of the fresh catalyst, respectively. For the supported catalysts
any change of total weight or surface area during the treatment
should be negligible, considering that the load of active metal is
low (Table 1).

Compared with the volatilization of Mo from the industrial-type
iron molybdate catalyst, for comparable conditions the data given
in Table 4 show that the volatility of V from the FeVO,4 bulk sample
is considerably lower in spite of the latter phase per unit surface
area being twice as active as the molybdate catalyst for methanol
oxidation [20]. For the supported catalysts with both vanadium
and iron, the relative loss percentage of vanadium is lower for
the 5FeV samples than for the 1FeV samples, whereas the loss is
higher when expressed as either per unit weight or unit surface
area of the fresh catalyst. The decrease of loss percentage with in-
crease of load reflects the formation of some bulk vanadia at the
higher load. The formation of bulk vanadia phases, amorphous
and crystalline, has been reported in the literature for loads
exceeding the monolayer capacity [34,56,57]. However, except
for the silica-supported samples, formation of any crystalline bulk
vanadia could not be detected by XRD in 5FeVTi and 5FeVAlI (Fig. 1)
since the vanadium content in these samples is low due to the low
surface area of the supports. The fact that the V-loss per unit
weight or surface area increases with the load of vanadium and
iron is mainly a consequence of an increase in the content and cov-
erage of the support with vanadium. Compared with the TiO,- and
o-Al,03-supported catalysts, those on SiO, show larger V-loss both
in percentage and per catalyst weight, whereas the values per unit
surface area of the support are of similar magnitude. The latter fact
is a consequence of the coverage of the SiO, support with vanadate
being low in agreement with previous comparisons of vanadia on
the different supports [13,57]. In the present FeVSi catalysts, XRD
(Fig. 1) and XPS (Table 2) show the formation of FeVO,4 and some
dispersed vanadia species, respectively. Compared with the FeVO,
bulk sample, the considerably higher loss percentage of vanadium
from the 5FeVSi sample reflects both the smaller crystallite size of
the FeVO4 on SiO, and that the dispersed species are only weakly
interacting with the silica, which is shown by the relatively large
decrease of the V/Si ratio that is notable already after the first
16 h in methanol oxidation (Table 2).

and 10% methanol at 300 °C (see Section 2.3).

Comparing the data given in Table 4 for the supported 5FeV
samples with the data for the corresponding 2.5V samples with
the same load of vanadium, it is seen that the presence of Fe has
a stabilizing effect on V despite the dispersion of Fe on the former
catalysts being lower than that of V (Table 2). Particularly, the vol-
atility expressed per unit surface area of catalyst is lower by a fac-
tor 2 for the 5FeV samples, which cannot be explained by any
difference in the surface concentration of V as determined by
XPS (Table 2). However, regardless of the stabilization of V caused
by Fe, the measured loss percentages indicate that neither sup-
ported V-oxide nor Fe-V-oxide is of interest for use as a catalyst
for methanol oxidation on an industrial scale.

4. Conclusions

Fe-V-oxide (0.5 to 5 theoretical layers) and V-oxide (2.5 theoret-
ical layers) supported on low surface area anatase TiO, (4.5 m?/g),
o-Al,05 (4.8 m?/g) and SiO, (25 m?/g) are active for methanol oxi-
dation. With regard to the type of support, the activity of the sup-
ported vanadia decreases in the order TiO, > Al;05 > SiO, in line
with the trend shown by XPS data that the surface concentration
of V decreases in the same order. Considering both activity and
selectivity to formaldehyde, the most interesting catalysts on each
support are those with the highest load of vanadium. At 80% meth-
anol conversion, these samples show a selectivity to formaldehyde
in the range 80% to 88%, a value which decreases in the order
(Fe)VO,/TiO, =~ (Fe)VO,/Al 05 > FeVO,/SiO, > VO,/Si0,. Compared
with the supported catalysts, the neat FeVQy, is slightly more selec-
tive (90%) at the same conditions. In general, for the supported
catalysts the effect of iron on the catalytic performance is minor,
which is in agreement with XPS analysis showing that V is consid-
erably better dispersed than Fe. The low dispersion of Fe is con-
firmed by XANES, indicating the formation of o-Fe,;03 on TiO, and
a-Al,03, whereas on SiO, both FeVO, and o-Fe,05 are present.

As revealed by XRD analysis, the low dispersion of active mate-
rial on silica is due to crystalline FeVO,4 and V,05 forms in the pres-
ence and absence of iron in the catalyst, respectively. On titania
and alumina, besides the support, XRD shows no additional crys-
talline phases. XANES analysis of fresh samples at ambient condi-
tions shows the presence of both octahedrally (70%) and
tetrahedrally (30%) coordinated vanadia species on titania,
whereas on alumina and silica the vanadium is essentially tetrahe-
drally coordinated. Consideration of XANES, XPS and activity data
indicates that the alumina is not inert and an Al;_,Fe,VO4-type
structure forms on the surface. XANES confirms that in all fresh
samples the deposited metals are in their highest oxidation state,
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i.e. V°* and Fe3*. For samples being used for 16 h in methanol oxi-
dation, XANES reveals no major change of structure or oxidation
state, except for some reduction of the vanadium on titania form-
ing rutile-type V,Ti;_40, with V#*. No simultaneous reduction of
iron is noticed. Moreover, XPS shows some reduction of vanadium
on silica.

Compared with the volatility of Mo from a commercial-type
iron molybdate bulk catalyst, the pure FeVO, presents considerably
lower volatility of V. For the supported (Fe)-V-oxide, the volatiliza-
tion of V is severer considering the limited vanadium content on
the support. After operation at 300 °C for 5 days in methanol oxi-
dation with an approximately constant composition of 10 vol.%
each of methanol and oxygen, depending on the load of vanadium
and iron not less than about 40% to 80% of the total amount of
vanadium in the TiO, and Al,O3 supported catalysts has volatilized.
For the silica supported samples, the volatilization is even worse.
Thus, an important conclusion from our work is that supported
vanadia hardly is an alternative to either bulk vanadate or bulk
molybdate for use as a catalyst in industrial production of formal-
dehyde by methanol oxidation.
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