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Abstract

Vanadium oxide supported on mesoporous silica has been synthesized by a novel method and the resulting species tested as catalysts for
partial oxidation of methane to formaldehyde at atmospheric pressure. These catalysts appear to be very active and selective toward formaldehy:
Space-time yields superior to those of all known catalysts of the same type have been obtained. Kinetic parameters all tend to show that the sar
mechanism postulated for supported vanadium catalyst is taking place. The positive effect of water is also seen. The high performance has be
attributed to the wide dispersion of vanadium-isolated species, which are known to be very active and selective, and to greatly superior silanc
surface content than in other catalysts. The novel preparation method favors the formation of given isolated species that will be the most activ
and selective.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction such catalysts was the dispersion of the active §&g58-10]
In that respect, high-surface area mesoporous silica has been

In the coming century, the petrochemical industry will haveused as support and has been shown to favor such dispersion
to move to the direct use of natural gas as feedstock to fulfiland consequently the selectivity toward formaldehyde. The in-
the increasing demand in intermediate chemicals and energyreased selectivity was certainly also due to the lack of limita-
The direct catalytic oxidation of methane to formaldehyde istion of the diffusion of reactants and products into the meso-
certainly a potential route to valorize natural gas, but is theyorous pores. In most studies, first the mesoporous support
most difficult approach. Although some new catalysts have rewas synthesized, and then the vanadium sites were created by
cently been proposed for this reactifh?], their efficiency either conventional impregnation or grafting methds,4,
remains too low to sustain any industrial application. Amongg—11] Very few publications described other methods of prepa-
the promising systems, vanadium oxide supported on silica catation. One example is the introduction of vanadium cations
alyStS are the most efficient for Converting methane to formaldedirecﬂy into the temp|a‘[|ng agent used to prepare the meso-
hyde[1,3,4], whereas supported molybdenum oxide catalyst$orous compound or a template—ion exchange mejthpd 3]
used under specific conditions of activation and testing have\nother example is the synthesis 06®5—SiO; xerogels by
been reported to be efficie[#-7]. a two-step sol-gel proce$s4]. But these procedures led to

The studies on supported vanadium oxide catalysts havigatalysts with comparable catalytic properties, and their char-
shown that a key parameter to obtain a good selectivity withycterization pointed to similar active sites. Although several

vanadium species were shown to be active and selective, the
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E-mail address: stephane.loridant@catalyse.cnr§Sr Loridant). species.

0021-9517/$ — see front mattét 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.10.016


http://www.elsevier.com/locate/jcat
mailto:stephane.loridant@catalyse.cnrs.fr
http://dx.doi.org/10.1016/j.jcat.2005.10.016

L.D. Nguyen et al. / Journal of Catalysis 237 (2006) 38-48 39

Most kinetic studies agreed that formaldehyde was the prithe presence of a vanadium template in an ethanol solution
mary product, with CO and C{formed mainly in consecutive [13]. The vanadium template was prepared by adding 4.73 g
reactiong8,15,16] Methanol formation was assumed to occur of C1gH33(CH3)3NaBr to an aqueous solution of 0.115 M of
parallel to that of formaldehyde by hydrolysis of intermediateNH;VO3. The resulting white precipitate was filtered, washed
methoxy speciefl]. with deionized water to remove the excess template, and fi-

In the present study, a new preparation method of vanadiummally dried in air at 50C. For the preparation of V/IMCM-B,
containing mesoporous silica compounds was developed. The07 g of this vanadium salt was dissolved in 40 mL of ethanol
objectives were to improve the vanadium site isolation and tat 30°C and added to another solution of 40 mL of ethanol con-
see whether an anchorage of the vanadium on the mesoporotagning 9.11 g of GgH3z3(CHs)sNaBr. Then 24.66 g of TEOS
silica surface different from that obtained by grafting orimpreg-and 10 mL of water were added. The pH was adjusted to 10 by
nation may be achieved, generating particular catalytic propemadding tetramethyl ammonium hydroxide. A white precipitate
ties. The synthesized solids were tested for the methane partiappeared in the solution refluxed for 3 h 30; this was filtered,
oxidation under various conditions. The influences of contactvashed with ethanol, and dried in air. The compound was fi-
time and addition of water to the gas feed, both crucial paranally calcined for 6 h at 60%C in air.
meters for limiting the consecutive degradation of formalde-
hyde[4], were investigated. The catalytic performances of the2.2. Catalyst characterization
different catalysts were studied and compared with the best
performances reported in the literature. Finally, several kinetic The vanadium content of the catalysts was quantitatively de-
parameters were determined, and vanadium-active species waegmined by atomic absorption (AES-ICP). X-ray diffraction

characterized with various techniques. (XRD) patterns were collected with a Briiker D5005 diffrac-
tometer using the Ni-filtered CuKradiation ¢ = 1.5418 A).

2. Experimental They were recorded with 0.0226) steps in the 3—-80 angu-
lar range with 1 s counting time per step and betwe®arid

2.1. Catalyst preparation 10° (20) with the same step and 10 s counting time per step.

Specific surface areas were measured using the BET method by

A novel preparation method has been developed to synthexdsorption of liquid nitrogen on the samples after desorption at
size the vanadium oxide supported on mesoporous silica ca850°C for 3 h under secondary vacuum. Complete adsorption—
alysts[17]. This method is based on the co-condensation oflesorption isotherms have been recorded on the solids pre-
monomeric vanadium V&IOH),>~ and Si(OGH5)4 species at  treated similarly. Their pore size distributions were determined
5 < pH < 6 in a solution containing a template. The Pourbaixusing the BJH method applied to the adsorption cuf2es24]
diagram of vanadium reports the vanadium speciation in aque- TPR curves were recorded from room temperature up to
ous solutions as a function of pH and potential at2$%18-20] 750°C at a heating rate of°3nin—1. A 1% Hy—Ar gas mix-

For a standard preparation, various quantities of4MBl;  ture was used to reduce the catalysts. The amounts of consumed
were dissolved in 5 mL of water, 2.72 g of cetyltrimethylam- H, were determined by gas chromatography using a DELSI
monium bromide (€ TMABr) was dissolved in 50 mL of wa- NERMAG catharometer. Sample pretreatment was achieved at
ter, and 30.27 g of NKLCI (used as a buffer) was dissolved in 400°C for 3 h in argon.

90 mL of water. After these three solutions were mixed, the pH Raman spectra were recorded with a Raman Dilor-XY spec-
value was adjusted to 5-6 before tetraethoxysilicate (TEOSyometer in air at 550C. They were accurate within ca. 3 ch

was added. The molar proportions of precursors were 0.5 foFhe 514.53 nm exciting line of an argon—krypton laser was fo-
TEOS, 9.2 for NHCI, 0.12 for GgTMAB!, y for NH4VO3,and  cused using a 50 objective. The laser power on the samples
130 for H,O. After a reflux of the solution for 24 h at 4C, the  was typically 3 mW.

precipitate was filtered and washed with hot water. The tem- Self-supporting disks (about 10 mgcA) were prepared
plate was extracted by washing with ethanol ae80for 2 h.  for infrared examination by pressing the synthesized samples
After drying at 100°C for 12 h, the compound was calcined at at 4 bars, then treating them in a homemade infrared cell
650°C for 6 h in air flowing at 50 mL min?. under flowing oxygen at various temperatures. Spectra were

We have chosen to refer to the different compounds prerecorded at room temperature with a Fourier transform Vec-
pared by theil value, corresponding to the molar proportion of tor 22 (Briiker) spectrometer.

NH4VO3 used for the preparation. For example, V12 was pre-
pared withy = 0.012. Compound without vanadium was also 2.3. Oxidation of methane
prepared through this route.

Two reference samples were prepared for comparison with The oxidation of methane was achieved in a fixed-bed quartz
the new catalysts. The first sample, labeled V/IMCM-A, wasreactor (9 mm i.d.) at atmospheric pressure. Its internal diame-
prepared following the impregnation method described previter was reduced to 2 mm after the catalytic bed to increase gas
ously [4] and using a MCM41 support synthesized accordingvelocity and decrease degradation of formaldehyde. The reac-
to a published methogP1], dried at 120C overnight, and tion temperature was measured using a Pt—PtRh thermocouple
finally calcined at 550C for 5 h. The second sample, la- placed into a thermowell located in the center of the catalytic
beled VIMCM-B was synthesized by hydrolysis of TEOS in bed. Nitrogen was used as a dilution gas, and neon was used as
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an internal standard. The reactants and gas products were artasle 1

lyzed on-line using a Chrompack CP-3800 gas chromatograpfomparison of theoretical and experimental vanadium content (determined by
equipped with a thermal Conductivity detector, a Hayesep T, anaqemical analysis u_sing AES-ICP), specific surface areas and average pore sizes
Molsieve 5 A columns of the prepared V/Si@catalysts

The reaction temperature varied between 550 and°600 Catalyst V content (wt%) SSA Pore size
A feedstock composition of 10% Ne/20%,/N0% /30% Theoretical  Experimental  (m?/g) (nm)
CH4/30% HO was used for the isoconversion study, and an-Support - - 1140 -
other one of 40% W13% »/38% CHy/9% H,O was used to V08 13 13 1020 -
study the influence of contact time. The gas hourly space velo%ig 32 ;Z 1?)28 g;
ity (GHSV) value varied from 60,000 to 740,000 L§§gh*1. V20 32 30 990 323
The products formed under these reaction conditions werg2a 38 35 1010 -
formaldehyde, CO, methanol, and @€Oraces of GHs and  V/IMCM-A - 2.8 680 3.02
CoHg were observed above 60G. The effect of water was Y/MCM-B 33 35 620 <40

studied by varying the water content between 0 and 30 kPa® Values reported in Ref4].
while keeping the oxygen and methane partial pressures con-
stant. Water vapor was synthesized on-line, sending a hydro-
gen—oxygen mixture on a Pt/ADs filled column heated at =

210°C. ;,
Blank tests without catalyst were performed to demonstrate
that the homogeneous reaction was negligible up t0°600 &
Carbon balances were systematically calculated and proved S%— (a)
isfactory for all of the runs to within-2%. Chemical analyses o
of formaldehyde were performed as described previoiglyo 2 (b

confirm the results obtained by gas chromatography (GC). Foi ()
that purpose, a straight quartz reactor was used, and formalde- ig))
hyde was trapped in water cooled with ice by bubbling in an : : : — —
agueous solution containing an excess of 8{&; and a defined
guantity of SO4. The remaining gas (CH CO, and CQ) 20 (%)

was analyzed by GC as described above. This allowed to in-

directly measure HCHO that reacted with4$&; to produce Fig. 1. XRD diagrams of: (a) the mesoporous support, (b) V08, (c) V12, (d) V16
NaOH, which immediately consumed80,. The remaining and (e) V20.

quantity of SOy was finally titrated by a standard solution

of NaOH using phenolphthalein. The initial quantity was deter-signed to the (100) reflection. These values are typical of poorly
mined in the same way after equilibrium betweenp®@; and  ordered mesoporous materig?d]; when the vanadium content

ati

-
w
[$)]
~
w0

HoSOy. increased, the intensity of the peak decreased while its width
increased. This demonstrated that adding vanadium had a neg-
3. Results ative effect on crystallinity. Finally, no peak corresponding to

V205 was detected in the XRD patterns in the 328%) range.
3.1. Characterization of the catalysts
3.2. Catalytic properties

The physicochemical characteristics of the prepared cata-
lysts are presented ifiable 1 The measured vanadium com- A good stability in the yield in formaldehyde was observed
positions fitted relatively well with those chosen for the synthefor all of the catalysts tested, although the conversion decreased
sis, and the silicon synthesis yields were systematicallp%. slightly with time on stream for the first 40 h. The slight de-
All of the values of the specific surface areas of the solidsrease in specific surface area measured after test could ex-
were around 1000 fg—1, except that of the compound with- plain this evolution. Consequently, the values of catalytic per-
out vanadium, which was slightly higher. These values ardormance reported in the tables and figures that follow were
typical of those for mesoporous materig®5,26] No signif-  obtained after stabilization.
icant decrease in specific surface area was observed with an Catalysts with various vanadium loadings (V08-V20) were
increase in vanadium content, in contrast to the impregnatetsted between 550 and 680 with the same gas feedstock
V/MCM-41 and V/SBA compound§3,4,15,20] The shape of (10% Ne/20% N/10% G/30% CH/30% HO) and flow rate
the adsorption—desorption isotherms confirmed that the conbut with various catalytic masses to maintain the same con-
pounds were mesoporous. The average pore size deduced frmersion on all of the solids. The results obtained at 1.1 and
the isotherms using the BJH methfP] was typically 3 nm  10.4% of conversion are plotted Fig. 2 The main reaction
(Table 1. products on all of the catalysts were formaldehyde and CO.

The powder XRD patterns of the solidsig. 1) showed only At 550°C and 1.1% of conversion, the selectivities in HCHO
a broad peak at around 2= 1.7-20° (d = 4.4-52 nm) as- were>80% (Fig. 2A), and small amounts of C{and methanol
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Fig. 2. Catalytic performances of the V08-V20 catalysts at: (A) 1.1% of convergien§50°C) and (B) 10.4% of conversiorf(= 600°C). Feed: 10% Ne/20%
N2/10% 0p/30% CHy/30% HyO.

90 - 12

were formed. With increasing vanadium loading, the selectiv-
ity in formaldehyde remained almost constant except at high
loading, where a decrease was observed. This decrease was am-
plified at high temperaturé-{g. 2B). Nonselective species were
presumably activated in this later case. In addition, the selectiv-
ity in CO was increased. The productivity in HCHO increased
with increasing vanadium content and at temperature of at least
600°C.

Temperature had a similar effect on the catalytic properties
of the various new catalysts. This effect on the V12 catalyst is
shown inFig. 3. Selectivity toward formaldehyde and methanol
decreased with temperature, mainly to the benefit of CO; CO
formation increased slowly up to 58C and then more rapidly
above this temperature. This evolution could be due to a con-
secutive reaction of CO or to a gas-phase reaction of &dve
580°C.

The influence of contact time on the performance of the
V12 catalyst was investigated near 550, 580, and°&(ra-
ble 2). The significantly decreased conversion arising from the

Selectivity (%)
Conversion (%)

increased flow rate was not counterbalanced by increased selec- g I
L. . (CH30H) S(coz) L
tivity, especially at low temperatures. Consequently, the HCHO ; I
yields decreased with increasing GHSV. However, much bet- 0 — 4+ 0
ter productivities were obtained. The best value measured at 550 560 570 580 590 600

600°C was 6458 g kg}th—l. Interestingly, the selectivity in
CH30H increased with increasing GHSV values.

The new catalysts were compared with the reference cataig. 3. influence of temperature on catalytic performances of the V12 catalyst.
lysts presenting comparable vanadium content and prepared Iyed: 10% Ne/20% N10% O/30% CHy/30% HO.
impregnation (V/MCM-A) and with the cetyltrimethylammo-
nium vanadium precursor (V/IMCM-B). The new catalysts ap-
peared more productive than the reference catalysts tested at theA literature review led us to conclude that the new catalysts
same GHSV Table 3. This higher productivity was obtained were much more productive than any of the catalysts of the
at a lower temperature and, more importantly, was related to same type tested so fafgble 4. Our catalysts differed from
much higher selectivity toward formaldehyde. the others mainly in terms of their high selectivity at lower re-

Temperature (°C)
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Table 2
Influence of contact time on the catalytic performance of the V12 catalyst at 550, 585, ah@ 600
GHSV T Conversion Selectivity (%) HCHO productivity
(Lkggath ™) 0 (%) HCHO co co CHgOH (gkgeaih™)
80,000 552 23 822 149 0.9 20 801

585 77 489 482 22 0.7 1548
185000 549 0s] 919 14 0.7 6.0 807

581 35 742 231 10 18 2435

600 63 575 399 14 11 3377
545000 552 (024 861 0.0 32 107 391

578 Q9 904 29 05 6.2 2389

598 21 801 155 0.9 34 4621
740,000 550 01 893 0.0 37 7.0 321

579 08 935 0.0 10 5.5 2834

600 19 933 23 0.9 34 6458

Feed: 40% M/13% 0,/38% CHy/9% HyO.

Table 3

Comparison of the performances of V12 with that of the reference samples V/MCM-A and V/MCM-B

Catalyst \% Feed composition (%) GHSV T Conversion Selectivity (%) Productivity
(%)  inert/CHy/Op/HL0 (Lkgemh™h O (%) HCHO CO CG CHgOH  (gkgemh™)

V/IMCM-A 2.8 36.6/53.5/9.9/0 18000 595 31 276 661 53 0.6 1091

V12 22 40/38/13/9 18300 581 3B 742 231 10 18 2435

80,000 585 w 489 482 22 0.7 1548
V/IMCM-B 3.3 40/38/13/9 8000 580 58 419 540 36 05 900

Feed: 40% M/13% 0»/38% CHy/9% H,O.

Table 4
Best performances reported in the literature for the ViSi@stem
Sample Feed composition (%) GHSV T CHjy conversion Selectivity in HCHO productivity Refs.
inert/CHy/Oo/H,0 (Lkg~1h™1 (°C) (%) HCHO (%) (gkgemh™1)
3.9% V/SBA-15 10/80/10/0 16600 600 18 364 1063 [3]
249,000 12 482 1370
417,000 Q6 633 1499
3% V/SBA-15 37.6/58.3/4.1/0 14a00 625 el 95 2490 [11]
0/95.9/4.1/0 16 94 2790
2.8% VIMCM41 37.0/53.2/9.8/0 18000 595 32 291 1083 [4]
280,000 622 a7 263 2255
1% V,05/SiOy 25.8/49.0/6.9/18.3 18800 625 107 4.9 504 [14]
1.6% V»O05/SiOy 20.8/72.0/7.2/0 9®00 580 05 75 324 [10]
4.0% V,05/Si0, 2.6 45 972

action temperatures. We mention that the V/MCM-A catalystpressures could arise from a preferential adsorption of water on

tested in this study and prepared using the protocol describgtiese sites.

by Bernt et al[4] gave catalytic test results similar to those re-  The effect of water on V12 catalyst stability was studied

ported previouslyTables 3 and § by alternatively shifting a charge with 30 kPa of water to a
How adding water to the gas feeds affects V12 performancgharge without waterHig. 5. As expected, the activity de-

was investigated in the range 0-30 kPa. Methane conversidif€ased when water was removed. When the charge was shifted

increased with increasing water pressure up to 8 kPa and th@?Ck to the charge containing water, the activity increased but

decreasedH(g. 4A). No strong effect on the selectivity toward did not reach_the initial V"’?'“e? this observatlo_n was interpreted
s anirreversible change in the number of active sites. However,

formaldehyde was observed, with the exception of that relatea1 . L . )
e decrease in activity was counterbalanced by an increase in

to thg change in conyersmn. A sllght.mcrease n methanol SE’s’electivity, and the formaldehyde yield regained its initial value.
lectivity was noted Fig. 4B). The optimal HCHO yield was

obtained with a water pressure of 8 kPa. These results sug 3 Reaction pathway

gest that water influences mainly the number or accessibility

of the active sites and only weakly affects these sites’ intrinsic  To determine the reaction pathway, the thermal transforma-
properties. The decreased conversion observed at high watgons in the reactor of methanol and a mixture of methanol
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and formaldehyde were studied at temperatures aboveé&50
in the absence of catalysFifj. 6). Below 580°C, methanol
transformed to formaldehyde and CO; above 580only CGQ
was formed Fig. 6A). Formaldehyde transformed to CO at all
temperatures, and Gregan to appear in the gas composition
above 580C (Fig. 6B). This indicated that the increase in €0
observed above 58C on the catalysts in methane oxidation
was related to the degradation of the reaction product.

In the case of methanol conversion, the apparent activation
energies of methanol transformation and formaldehyde forma-
tion were comparable, whereas that of CO formation was very
high. In the case of conversion of the methanol-formaldehyde
mixture, the three activation energies were all comparable and

Fig. 5. Effect of removing water in the feed on stability of conversion and yield closg to that of the C-H ponq of formaldehyde (360 kJT‘Ill))l
of the V12 catalyst. 30% of water was alternatively added or not to the gas feel this latter case, the activation energy for formaldehyde trans-

composition.
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CH,O0H
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i —
570 590
Temperature (“C)

formation was calculated taking into account the transformation
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(B)
co

o
w

CH,0
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Fig. 6. Evolution of the gas composition during the thermal decomposition of: (A) a mixture 31.9788.87% N/9.56% CHOH and (B) a mixture 35.92%
0,/62.12% N/0.25% HCHO/0.18% CKOH/1.53% HO.
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Fig. 7. Arrhenius plot for methane conversion on V12 versus partial pressures

of oxygen and methane. ) )
Fig. 8. TPR profiles of: (a) V08, (b) V12, (c) V16, (d) V20 and (e) V24.

of methanol to formaldehyde. Experimentally, the rates con—T ble 5
sidered for the Arrhenius plots corresponded to the formalde=2"° > . . . . :

. . . eduction temperature of isolated vanadium species and V dispersion of the
hyde consumption, from which the rates of transformation o{2

atalysts
methanol to formaldehyde had been subtracted. All of the calz

. ample Reduction Dispersion
culated values showed that the main product of methanol degra- P temperature’C) (%)p
dation was formaldehyde and that of formaldehyde degradatiU{)08 547 %5
was CO. The main pathways for the thermal transformation of;;, 548 90
methanol and formaldehyde were thus V16 553 93

V20 550 87
CH30OH — CH,0O - CO— CO, Q) vo4 552 82
VIMCM-A 536 65
and V/IMCM-B 560 72

CH,O - CO— COo. (2)
) _including vanadium, molybdenum oxides supported on silica,
Each degradation product could be produced by readsorptioghg pure silic44,16,28,30—32]

or directly in the gas phase. A similar sequence was pro-
posed for partial oxidation of methane, in particular, from TAP3 4, Active species characterization
experiments: Chl — CH,0 — CO — CO;, [27-29] In this
sequence, methane is directly transformed to formaldehyde. 1o gain a better understanding of the origin of the high
Methanol, which could be produced in a parallel manner, wagfficiency of the active sites, the catalysts were characterized
rather unstable, and its selectivity increased with increasingy TPR measurements and Raman and IR spectroscopies. The
GHSV values. TPR curves of the catalysts plotted Fig. 8 are typical of
To calculate the maximal formaldehyde selectivity theoreti-yanadium-supported compounds with two peaks, one narrow
cally achievable if thermal degradation is avoided, the influencend intense around 55C, attributed to isolated species, and
of the gas-phase reaction on the degradation of formaldehyd@e other much smaller and broader at higher temperatures, at-
was evaluated. It was observed that the gas-phase contributigfbuted to polymeric specig8,4,8,33,34] The dispersion val-
was important at the temperature at which the maximum yieldgies of vanadium species were calculated by dividing the area of
were obtained at low flow rates. After checking that no directthe low-temperature TPR peak by the area of the total TPR pro-
thermal transformation of methane occurred in the absence @ie as proposed in the literatuf20,35] These calculated val-
catalyst, a significant improvement in selectivity was obtainedies and the reduction temperature values of the isolated species
above 580C by increasing the gas velocity after the catalyticare given inTable 5 The dispersion values were much higher
bed. than those of V/IMCM-A and V/IMCM-B, as well as those re-
The influence ofP cy, and P o, on the catalytic performance ported in the literatur§l0,35] It can be seen that almost only
of the solids was investigated, and the activation energy corrdsolated species were present in the new catalysts up to a vana-
sponding to the catalytic transformation of methane was calcudium loading of 3 wt%.
lated Fig. 7). The reaction order values with respect to oxygen The Raman spectra of the compounds recorded in dehy-
and methane were 0.92 and 0.15, respectively; the reaction malyated conditions at 55 in air are presented ifig. 9. All the
be considered to follow pseudo-first- and zero-order kineticspectra showed an intense band at 1037 tcattributed to the
with respect to methane and oxygen. The activation energy wastretching vibrations of short %O bonds of isolated distorted
the same on all of the catalysts (2813 kJmol?). Similar  vanadium tetrahed86—41] It was proposed frorV nuclear
results have been obtained on several other efficient catalystsiagnetic resonance results that these species had one short
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V=0 bond and three long bridging V-O-Si borjdg,43] The
intensity of this Raman band increased with an increase in V A
600 1600 2600 3600

content, whereas no broadening or shift was evidenced. This
observation suggested that the number of monomeric species Raman shift (cm™)

increased and that no additional species were formed. The main

band presented a shoulder at 106(Térassigned to perturbed Fig. 10. Comparison of Raman spectra at 360in air of: (a) V/IMCM-A,
silica vibrationg39,40] The band near 980 cr corresponded () V20. (€) V24 and (d) V/MCM-B.

to the elongation (Si—OH) of silanol group$36,39,44] and
the very broad band around 820 thhas been attributed to
vs(Si—O-Si) vibrations[39,44] The band at 605 crm was
due to D2 defect modes, that is, vibrations of cyclic trisilox-
ane (3-membered rings) specjés,45].

The assignment of the band near 920¢ris still ambigu-
ous. It was tentatively attributed to ((\},)"~ polymeric meta-
vanadate chain86,37] A detailed study39] showed that the
intensity of this band did not increase significantly with increas-3
ing vanadium content. The authors attributed this band and alse
a band around 1075 cm to silica vibrations perturbed by the
formation of V—O-Si bond$39,40]. Interestingly, the band at
920 cnt! was intense when a 10%,®s/SiO, compound was 3750 3250 2750 2250 1750 1250
partially hydrated39]. Went et al[37] suggested that this band Wavenumber (cm™)
could arise from the hydrolysis of Si—-O-V bonds on adsorption
of H,0, leading to a hydroxylated vanadium species and silandfig- 11. IR spectra of V12 after treatments ip @t: (a) 150°C, (b) 200°C,
groups. Another study also reported that #{&/=0) vibra-  (€)250°C, (d) 300°C, (€) 35C°C, (7) 450°C, () 550°C and (h) 580 C.
tions of a vanadium center with one double-bonded oxygen and )
one hydroxyl group could fall into the 950—-1000 thrange A pellet of the V12 catalyst was dehydrated in © char-

[36]. Finally, the bands characteristic of crystallineds ob-  acterize the hydroxyl groups by IR spectroscopy. The spectrum
served near 995, 700, 520, 404, 305, 258 and 145-486—41] recorded after a treatment at 180D (Fig. 11a) showed, besides
and easily detected by micro-Raman spectroscopy were not opetwork bands below 2000 cmh, a strong and narrow band
served. near 3745 cm! due tov(O-H) elongation vibrations of iso-

Fig. 10compares the Raman spectra at 360n air of V20  lated terminal silanol groupigl,36,41,46,47jnd a large band
and VIMCM-A, V24, and V/MCM-B, up to 3800 cml. For ~ around 3540 cm! corresponding to the vibrations of water
each vanadium content (near 3 and 3.5%), no significant difnolecules and hydrogen-bonded SiQ46]. The intensity of
ference was observed in the 600-1200¢rfrequency range. the latter band decreased with increasing temperature and dis-
However, a particular feature was observed concerning the bar@gppeared at 350 (Fig. 11e). But the peaks of the terminal
at 3740 cnm? attributed tov(SiO—H) stretching vibrations. In-  silanol groups remained asymmetric up to 880(Fig. 11h),
deed, its relative intensity for V20 and V24 was double thatindicating the presence of SiOH interacting with the proton
for VIMCM-A and V/MCM-B, indicating a higher proportion of a nearby hydroxyl group4,46]. Around 450°C and above
of silanol groups in the new catalysts. This feature may bdFigs. 1¥-h), an additional band at 3658 cthwas revealed,
common to the V/SBA-15 catalyst, which also exhibited highattributed to thev(OH) stretching modes of VO-H bondi4,
performancesTable 4. 36,41,46-48]Fig. 12 presents the IR spectra of the V08-V20

rbance (a.u.)
O

it
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case each vanadium cation of the additional species should be
hydroxylated at least once. The presence of monomeric hydrox-

3 3658 ylated and nonhydroxylated species in the prepared catalysts is,

Py therefore, the preferred explanation.

% (e)

2 4, Discussion

< |[(c) Site isolation is a key aspect in obtaining efficient supported
(b) vanadium oxide catalysts. Such isolation can result only from
@ a specific synthesis protocol. Most of the preparation proto-

L L AL cols described in the literature involve aqueous impregnations
3900 3850 3800 3750 3700 3650 3600  of silica. Silica is a very acidic support, and in acidic aqueous
Wavenumber (cm™) solutions, the stable vanadium species are polynufl&ai20]
which is not favorable to obtaining dispersed supported species.
One way to achieve this goal is to use mononuclear precursors
during preparation and to try to keep this nuclearity even after

Fig. 12. IR spectra of hydroxyl groups after treatments jra€680°C: (a) V08,
(b) V12, (c) V16, (d) V20 and (€) V24.

9 ] calcination and activation.

] Five monomeric species can be distinguished in aqueous
8 ] solutions: VQ*, VO(OH);, VO2(OH)>~, VO3(OH)*~, and

] VO43~. Among these species, only VO(OH)VO,(OH),~,
7} and VQ;(OH)?~ are able to co-condense with Si(gH)4

species. VO(OH) exists only in a very short pH range, and
VO3(OH)?>~ can co-condense only via one hydroxyl group.
Therefore, the best vanadium precursor for co-condensation

=]
©
E with the silicon alkoxide species was Y@®H),~. The pH and
< 4] @ concentration of the starting solution was thus chosen to sta-
E ] bilize these species preferentially. The preparation procedure
a 51 (b described in this paper optimized the pH and concentration pa-
] © rameters, leading to the stabilization of this species and the
2 ] conditions of its co-polymerization with the silicon ones.
] The synthesized solids were characterized by a high surface
11 area, typical of mesoporous compounds, with vanadium species
] well dispersed at the surfac@aples 1 and b However, this
0 dispersion decreased slightly with increasing vanadium content,
1 2 3 as well as the surface area.
V weight (%)

The catalytic properties in the oxidation of methane to
Fig. 13. Evolution with V content of the area of: (a) thgSiO-H) peak, (b) the ~fOrmaldehyde were determined and compared with those of cat-
v(VO-H) peak 100) and (c) the (VO-H) peak normalized relative to the vV  alysts of the same type prepared as described previously. This
weight content of the solids{100). comparison was conducted not only in terms of conversion se-
lectivity, but also in terms of productivity. In both cases, the new
samples at 3600-3900 crhafter desorption under dry oxygen catalysts appeared to be the most efficient ofeblés 24
at 550°C for 2 h. The intensities of the bands correspondingin parallel, the study of different reaction parameters, such as
to v(SiO-H) andv(VO—H)vibrations are plotted ifrigs. 13  oxygen and methane partial pressures and reaction tempera-
and b. The intensity of the(VO-H) vibrations band is nor- ture, showed that the same type of mechanism was involved in
malized relative to the weight content of the solid$mig. 1.  formaldehyde and methanol formation. The origin of the high
As expected, the intensity of the(VO-H) vibrations band efficiency of the catalysts had to be searched for in the nature
increased, whereas that of the silanol groups decreased. Eaf the catalytic sites.
trapolation of the silanol group’s vibration intensity to zero  The best selectivities were obtained with the most highly dis-
led approximately to a theoretical maximum content of suppersed sampled={g. 2, Table §. The compounds with higher
ported vanadium species of 6.3%. The normalized peak aresmnadium content were more active but less selective. The
of the v(VO-H) vibrations did not remain constant at high monomeric species were then confirmed to be the most selec-
vanadium loading Kig. 1X). This result could be explained tive species.
by either the presence of vanadium species without hydroxyl Site isolation is certainly necessary to avoid the consecu-
groups (in which case the relative concentration would decread@&/e oxidation of the formaldehyde formed and to obtain high
with increasing vanadium content) or the formation of poly-selectivity in that product. The activity in methane oxidation in-
meric species detected by TPR at high vanadium loadings. Buireased with an increasing amount of vanadium active species.
it is difficult to consider the second explanation, because in thislowever, site isolation is difficult to obtain along with high
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vanadium content. The dispersions previously reported fronsurface. This latter species may take part directly in the redox

TPR measurements on V/Si@atalysts were rapidly limited, reaction mechanism, facilitating regeneration of the active and

because oligomeric or bulk-like2Ds were formed even at low selective sites, or in the activation of methane.

vanadium content§3,4,6,10,12] Our new catalysts exhibited Although the intrinsic properties of the catalysts appear to

a higher dispersion of vanadium species, as shown by TPBe crucial to obtaining selective catalysts, the degradation of

measurementsTéble 5. The dispersion was-90% up to a formaldehyde in the catalytic test conditions is an important

vanadium content of 2.5 wt%. parameter as well. Using low contact times and adding water
The characterization of the compound showed that at leasb the gas feed allowed to significantly reduce this degradation

two monomeric species should be distinguished. These speciaad to optimize catalyst productivity.

correspond to a vanadium cation with one-@ bond and three

bridging V—-O-Si bonds, or two bridging V-O-Si bonds and Acknowledgments

one hydroxyl group. The ¥O bond is characterized by its
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