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Abstract
The photocatalytic partial oxidation of methane to methanol has been investigated on
WO;. The surface fluorination of the catalyst has given an insight on the reaction

mechanism which proceeds mainly through the interaction with surface hydroxyl

groups.

Keywords

Surface fluorinated WOg3; Photocatalysis; CH,4 conversion; Mechanism



1. Introduction

For several years great effort has been devoted to the study of the partial oxidation of
methane into useful oxygenates compounds such as methanol [1], [2] and [3]. Given the
low reactivity of methane, this reaction requires high temperatures and pressures to
proceed [4] and [5]. Nevertheless, previous research has demonstrated that is possible to
perform this methane conversion under mild conditions by photocatalysis [6]. Among
the candidate materials that have been examined as possible photocatalysts, tungsten
oxide (WOQ3) is one of the most promising, due to its relative chemical stability, non-
toxicity, and moderate oxidizing power, as previously reported by Taylor and Nocetti

[7] and Gondal et al. [8].

The mechanism of this photocatalytic process involved the generation of hydroxyl
radicals that are responsible for the activation of methane through the H-abstraction.
However, the contribution of the bulk or surface of the catalyst in the mechanism is
neither fully understood nor reported earlier. The fact that CH,4 is not adsorbed on the
catalyst tends to support the assumption that the oxidation of methane is essentially a
bulk reaction, but there is no direct evidence about this procedure. In the literature,
several studies have demonstrated that surface fluorination of photocatalysts gives
information about the influence of free OH radicals in the solution bulk and surface OH
groups in the mechanism reaction [9], [10], [11] and [12]. Based on this approach, the
purpose of the present work is to evaluate the performance of WO3 surface modified by
fluorine anions and their implications in the mechanistic process of the selective

oxidation of methane to methanol.



2. Experimental

2.1. Catalyst synthesis

KIT-6 mesoporous silica material was synthesized following the procedure reported in
literature [13]. Ordered mesoporous WQO3 was prepared as follows: a solution of 5 mmol
of phosphotungstic acid hydrate (Alfa-Aesar) in ethanol (Aldrich) was incorporated into
0.75 g of as-prepared KIT-6 silica under stirring. The sample was dried and then
calcined at 350°C for 4h to decompose the precursors, and then further at 550 °C for 6h
to obtain WOj3 inside the hosting silica. Later, the obtained material was suspended
under stirring in a 10 % wt HF solution to remove the KIT-6 silica template. Finally, the
mesoporous WOg3 catalyst was separated by centrifugation, washed sequentially with
water and ethanol and dried at room temperature. The WO3/F was prepared by treatment
of the surface of the as-prepared mesoporous WO3 with hydrofluoric acid. First, 33 pL
of 50% HF were added into 15 mL of the aqueous slurry containing 0.3 g of WO3; under
magnetic stirring for 4 h. Later, the suspension was centrifuged, rinsed with water for

several times, and finally, the powder was dried at 50°C.

2.2. Catalyst characterization

The crystallinity was determined by X-ray powder diffraction (XRD) using a
diffractometer with Cu Ka radiation source, a LYNXEYE super speed detector and a Ni
filter (Bruker D8 Advance). The light absorption properties were measured using UV—
vis diffuse reflectance spectrophotometer (Perkin Elmer Lamba 950 UV-Vis) with a

wavelength range of 250-800 nm.



2.3. Photocatalytic setup

The photocatalytic partial oxidation of methane tests were performed in a
photochemical reactor (Ace Glass) of 500 mL volume equipped with gas inlet and
outlet. A medium pressure quartz mercury-vapor lamp (immersion-type Ace Glass)
inside the reactor was used to provide UVC-visible light irradiation. The reaction
temperature was maintained at 55 °C by recirculation of cold water in the outer jacket of
the lamp. A mixture of methane (4.5 mL min™) and helium (17.9 mL min™) was
sparged continuously through the photocatalytic reactor. In every experiment, 0.3 g of
the photocatalyst was added into 300 mL of water (milli-Q). Prior to irradiation, the
suspension was magnetically stirred in the dark for 30. After that, the lamp was turned
on and gas samples were periodically taken for analysis. Blank test with water under
UVC-visible irradiation was conducted to examine the products due to photolysis. The
products were analyzed using a Shimadzu GC-2010 chromatograph equipped with a
capillary column (HP-PLOT Q), a thermal conductivity detector (TCD) and a flame

ionization detector (FID).

3. Results and discussion

Fig. 1 shows the powder XRD patterns of pure WO3 and WO3/F. All the diffraction
peaks of both samples indicate the formation of monoclinic structure of WO3 (JCPDS
Card No. 43-1035). Clearly, the fluorination process does not affect the crystal structure
of WOs. The crystal size was estimated to be 11.7 nm and 11.9 nm for WO3 and WO3/F,

respectively, based on the Scherrer equation [14].



The diffuse reflectance spectra of the present two samples are shown in Fig. 2.
Compared with pure WO3, the WO3/F exhibits a slightly higher visible light absorption.
Therefore, fluorination affected the optical absorption edge of WQg3. This influence in
the light absorption characteristics has also been reported for fluorinated surface TiO;
and SrTiOs. In the latter, it has been explained that the substitution of F"to O® must be
compensated for by changing an equivalent number of Ti*" to Ti** to maintain the
electroneutrality of the sample. As a result, the presence of Ti** shifts the absorption

edge of SrTiOj3 to visible light range [15] and [16].

The photocatalytic conversion of methane to methanol was studied from aqueous
suspension containing the as-synthesized WO3 and WOs/F samples under UVC-visible
light irradiation. A blank experiment consisting on the irradiation of methane in the
presence of water (no catalyst) evidences the product formation (Fig 3). It is well-
known that the irradiation of water with a deep-UV lamp (185nm) leads to the

generation of hydroxyl radicals by photolysis [17] and [18].

hv (A=185nm)
H,0 ————— 1/2H, + HO® (1)

These free hydroxyl radicals can initially perform the activation of methane to produce
methyl radicals and then, a series of subsequent reactions involve the production of

methanol, ethane, CO, and other minor products.

CH, + HO® - CH,* + H,0 )



As can be seen in Fig. 3 when the photocatalytic reaction is carried out in the presence
of WQ3, the yield of methanol increases 2.4-fold. The reaction is initiated by irradiation
of the WOgs slurries with light energy higher than ~ 2.7 eV (that is, wavelengths of <459
nm) that generates an electron (¢") and hole (h*) pair in the catalyst as described in
scheme 1. In principle, these photogenerated pairs can undergo reductive and oxidative

reactions on the catalyst surface and in the bulk.

Since the conduction band (CB) potential of WO3 is not negative enough to reduce H*
to H,, the formed electrons react with WOs3 to reduce the W®" to W°*. On the other
hand, this process also involves the production of HOEZ by the reaction of
photogenerated holes with water or hydroxide ions adsorbed on the surface. According
to Hameed et al., methane is an inert molecule that is not adsorbed on the catalyst, then,
the photocatalytic oxidation reactions occur in the bulk of the catalyst [19]. However,
the mechanism of the generation of methanol in the presence of the catalyst with water
under UVC-visible irradiation is not clear.

Scheme |

WO, n ecg + hig

ecp n e + Wét - wo+

h\-;B + Hzoads - HOz:ds +H*
h{z + HOL 4 — HOZ

ads

CH, + HO%4s — CHS + H,0

1
CHS + H;0,05 > CH;0H + > H,

In fact, if the mechanism of photocatalytic conversion of methane occurs via
homogeneous radical reaction in bulk solution, the addition of a source of OH radicals
as H,O, would increase the production of CH3OH. Taylor and Nocetti [7] reported a

remarkable increase in the CH3OH production after addition of this chemical to the



suspension. Even though, in reference [20] and in the present work, the opposite effect
was observed (Fig. 3). Gondal et al. suggested that the decrease of the production of
methanol in the system WO3/H,0, is due to its type of irradiation (visible laser). Since
the laser irradiation emits a high flux density monochromatic light, it is not necessary to
add external hydroxyl radical generator. However, although the lamp used in these
experiments exhibits the same energy distribution of the lamp described by Taylor and
Noceti, it was not observed such an increase of yield of CH3;OH after the addition of
H,0,.

In addition, a treatment of the surface of WO3 with hydrofluoric acid was carried out to
partially occupy the interaction sites of WQOj3. As shown in scheme Il, the surface OH
would be replaced by fluoride, then, on this WO3/F, the holes photogenerated, directly
would react with water molecules to produce only free hydroxyl radicals [21] and [22].
Scheme 11

W—-OH+H*+F -»W-—-F+H,0
W—-F+h*+H,0>W-—F+HOf, +H"

As can be seen from Fig. 3, the fluorination of WO3 led to a decrease in the yield of
methanol. Strikingly, the methanol generated (2.4 pmol h™) was almost the same that
the blank experiment without catalyst (2.1 pmol h™). This result suggests that about 6%
of the methanol photogenerated is due to direct hole oxidation (solution bulk) and 94%
due to adsorbed hydroxyl radicals. Hence, a surface catalyst with active sites is essential
for the improvement of the generation of methanol under UVC-visible light irradiation
with water. On the other hand, considering the yields of ethane corresponding to each
system (Fig. 3), it seems clear that increasing the content of free OH radicals in the
aqueous slurry leads to a high formation of methyl radicals that stimulate the increase of

ethane. Hence, in the system WO3/H,0, is observed the highest selectivity toward C,He.



(See the Supplementary data, Table S1).

Based on the above, the reaction scheme shown in Fig. 4 has been proposed for the
photocatalytic conversion of CH, on WOj;. It can be assumed that although methane is
not adsorbed on the catalyst (See the Supplementary data, Fig. S1), the mechanism in
this photocatalytic conversion would imply a synergistic effect between water and
catalyst that improves the generation of methanol. Thus, the hydroxyl radical formed in
the photolysis of water activate the methane by hydrogen abstraction to produce mainly
methyl radicals and then these reactive species would react with OH radicals adsorbed
on the catalyst to increase the yield of methanol. On WOg3/F the reaction proceeds
almost entirely through homogeneous hydroxyl radicals. As a result, the generation of

ethane and total oxidation is favored.

4. Conclusions

Summing up the results, it can be concluded that the modification of the surface of WO3
by fluorination affects negatively the yield of methanol. This effect is attributed to a
change in the reaction mechanism that favors the free OH radical formation in the
aqueous medium. Also, the addition of a hydroxyl radical generator to the reaction
results in a decrease of the generation of methanol compared to pure WOs3. Then, our
findings describe for the first time that OH radical groups on the catalyst surface are the
main responsible to enhance the performance of WOj3; in the selective oxidation of
methane to methanol while a larger amount of free OH radicals favor the formation of

ethane.



Acknowledgements

This work was partially supported by the European Regional Development Funds
(ERDF, FEDER Programa Competitivitat de Catalunya 2007-2013), Ministerio de
Economia y Competitividad (CSD2009-00050), and the Framework 7 program under

the project CEOPS (FP7-NMP-2012-309984).



References

[1] J. Kuo, NATO ASI Ser. 225 (1992) 183-226.

[2] K. Otsuka, Y. Wang, Appl. Catal. A 222 (2001) 145-161.

[3] P. Khirsariya, R. K. Mewada, Procedia Eng. 51 (2013) 409-415.

[4] A. Holmen, Catal. Today 142 (2009) 2-8.

[5] A. S. Chellappa, D. S. Viswanath, Ind. Eng. Chem. Res. 34 (1995) 1933-1940.

[6] L. Yuliati, H. Yoshida, Chem. Soc. Rev. 37 (2008) 1592-1602.

[7] C. E. Taylor, R. P. Noceti, Catal. Today 55 (2000) 259-267.

[8] M. A. Gondal, A. Hameed, Z. H. Yamani, A. Arfaj, Chem. Phys. Lett. 392 (2004)
372-377.

[9] L. Shengwei, Y. Jiaguo, C. Bei, J. Mietek, Adv. Colloid interfac. 173 (2012) 35-53.
[10] C. Minero, G. Mariella, V. Maurino, D. Vione, E. Pelizzetti, Langmuir 16 (2000)
8964-8972.

[11] M. S. Vohra, S. Kim, W. Choi, J. Photochem. Photobiol. A 160 (2003) 55-60.

[12] H. Kim, W. Choi, Appl. Catal. B 69 (2007) 127-132.

[13] E. Rossinyol, J. Arbiol, F. Peiro, A. Cornet, J.R. Morante, B. Tian, T. Bo, D. Zhao,
Sens. Actuators B 109 (2005) 57-63.

[14] P. Scherrer, Math-Phys. Klasse 2 (1918) 98-100.

[15] A. Vijayabalan, K. Selvam, R. Velmurugan, M. Swaminathan, J. Hazard. Mater.

172 (2009) 914-921.



[16] J. Wang, S. Yin, Q. Zhang, F. Saito, T, Sato, Solid State lonics 172 (2004) 191-
195.

[17] K. Ogura, C. T. Migita, M. Fujita, Ind. Eng. Chem. Res. 27( 1988) 1387-1390.

[18] N. Getoff, G. O. Schenck, Photochem. Photobiol. 8 (1968) 167-178.

[19] A. Hameed, M. L. I. Ismail, M. Aslam, M. A. Gondal, Appl. Catal. A, 470 (2014)
327-335.

[20] M. A. Gondal, A. Hameed, A. Suwaiyan, Appl. Catal. A 243 (2003) 165-174.

[21] M. Mrowetz and E. Selli, Phys. Chem. Chem. Phys. 7 (2005) 1100-1102.

[22] C. Minero, G. Mariella, V. Maurino and E. Pelizzetti, Langmuir 16 (2000) 2632-

2641.



Figure captions

Fig. 1. XRD patterns of WO3;, WO3/F and the corresponding diffraction pattern of

monoclinic phase (JCPDS 43-1035).

Fig. 2. Diffuse reflectance spectra of WOz and WOs/F samples and spectral energy

distribution of the quartz mercury-vapor lamp.

Fig. 3. Yields of products in the photocatalytic oxidation of CH4 on blank, WO3/F,
WO3/H,0, and WOj3 at ~50 °C under UVC-visible light irradiation. Catalyst dosage is
1g-L™. Data corresponding to 2 h of irradiation in continuous methane flow of 4.5 mL

min™. Error bars represent standard deviation.

Fig. 4. Proposed reaction pathway for the selective oxidation of methane to methanol on

WO; and WOg/F
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Highlights

Photocatalytic conversion of CH, over WO3 and WO3/F was studied.
Surface fluorinated WOj3 led to low yield of methanol.

Reaction pathway was proposed for the photocatalytic conversion of CH, on
WO;.



