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Abstract

Valorization of glycerol into high added-value products by photocatalysis can create, not only
good economic benefits, but also cater to the global low-carbon and energy-saving
environmental protection needs. In this study we proposed, for the very first time, to perform
the photo-oxidation of glycerol towards added-value products with WOs-based materials
(homemade WO3 and commercial WO3/TiO2 (DTWS)). Their performance was compared with
that of state-of-the-art TiO>-based photocatalysts (Anatase, Rutile, and P25). We found that,
while TiO; favours the total oxidation of glycerol, WOs-based materials exhibit an outstanding
selectivity towards one of the most valuable oxidation products: glyceraldehyde. It was
attributed to their enhanced acidity, which selectively activates C-O bonds in glycerol and
facilitates the further desorption of glyceraldehyde to the liquid phase. This study establishes
therefore a new starting point towards the development of advanced materials for an efficient

valorization of glycerol.
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1 Introduction

The current development of economy has nowadays a significant ecological impact. Therefore,
the generation of clean energy, together with the production of high-value chemicals to replace
the utilization of petroleum-derivate products via efficient/non-expensive technologies, have

become a major challenge for human beings. In particular, the current energy sector in this



world mainly depends on limited sources of fossil fuels, which limits the long-term
development of economy. Thus, the production of biodiesel fuel derived from a renewable
biomass source has become one of the main strategic alternatives to overcome these issues. As
a matter of fact, according to the report provided by the Food and Agriculture Organization of
the United Nations (OECD/FAOQ), the production of biodiesel is increasing year by year and it
is forecasted to remain at a high level [1], [2]. However, the production of biodiesel is

accompanied with a significant co-production of glycerol. Around 100 kg of glycerol (—~110

kg of crude glycerol) are generated from 1 ton of biodiesel production [3], leading to a
significant devaluation of this product on the market. As a consequence, an important amount
of glycerol is finally incinerated for heat energy production. Nevertheless, considering that
biomass is the only alternative to fossil fuels for production of chemicals, it would be more
interesting to convert glycerol into value-added products. Therefore, a better valorization of
glycerol will have great economical and environmental benefits.

Glycerol, with three hydroxyl groups, can be transformed into a wide variety of value-added
products, including dihydroxyacetone, glyceraldehyde, glyceric acid, tartronic acid, glycolic
acid, formic acid and oxalic acid [4],[5]. All these products, except for oxalic acid and formic
acid, with high production volumes, are economically more interesting than glycerol. For
example, glyceraldehyde could be applied in the domains of cosmetic and pharmaceutical
industry as well as organic chemistry [6]. Dihydroxyacetone could be used in cosmetics as
ingredient in tanning lotions [7]. Glyceric acid has found applications in the field of medicine
to cure the skin disorders [8]. Glycolic acid could be utilized in daily necessities such as
degreasing agent, tanning agent and skin care products [9]. Tartronic acid and oxalic acid are
used as an agent of chelating in fine chemistry [10]. Nevertheless, among them, glyceraldehyde
is one of the most value-added products [11], [12]. Thus, selective catalytic oxidation of

glycerol to glyceraldehyde possesses great commercial value.



To achieve the production of high value chemicals, different technologies have been applied
in glycerol oxidation, such as thermo- [13], [14], [15], photo- [16], [17], [18], electro- [19],
[20], [21], and photoelectrocatalytic technologies [22]. Among them, photocatalysis is
considered as a green and energy-saving technology which attracts scientists’ attention all over
the world, since it utilizes light (potentially sunlight) to generate charge carriers (holes and
electrons) and active species, which can activate the target molecules [23]. In this sense, most
photo-oxidation reactions usually take place at room temperature and atmospheric pressure, by
using a semiconductor with the proper band gap to ensure a good potential application prospect.
Since V. Maurino et al. [24] firstly reported the photocatalytic oxidation of glycerol as a
possible route to produced added-value chemicals in 2008, many studies have been carried out
to investigate this reaction over different catalytic materials. Most of them were performed on
the most popular photocatalytic material, i.e., TiO2. As an example, some of those works
focused on the performance of glycerol oxidation over TiO> or TiO2-doped with noble metals
such as Au or Pt. [25], [26] V. Augugliaro and co-workers [27] used commercial and home-
made TiO; samples in the anatase, rutile or anatase-rutile phases to investigate the glycerol
oxidation products in an aqueous solution and showed thatl,3-dihydroxyacetone (DHA),
glyceraldehyde, formic acid and carbon dioxide are the main products. In their study, the
highest selectivity of the value-added glyceraldehyde was 13% and that of DHA was 8% at a
35% glycerol conversion. C. Minero et al. [28] used two different commercial TiO2> powders
(Degussa P25 and anatase Merck TiO») to investigate the photocatalytic oxidation mechanism
of glycerol and found that various TiO, specimens could lead to different selectivities of
products.

WO; is an excellent metal oxide semiconductor photocatalyst [29], [30], with better visible
light response than TiO,. However, to the best of the authors” knowledge, although it has been

widely used in many fields such as H» evolution by glycerol electroreforming [31], [32], the



degradation of pollutants [33], gas sensor [34] and electrochemical energy storage [35], the
photocatalytic oxidation of glycerol towards high-value chemicals has never been investigated
on WOs. Therefore, the aim of this work is to study and thoroughly characterize a series of
WOs-based materials for the photocatalytic oxidation of glycerol towards added-value
chemicals. An outstanding performance was found towards the production of glyceraldehyde,
one of the most valuable derivatives of glycerol. The activity and selectivity provided by such

materials were compared with those of commercial TiO2-based photocatalysts.

2 Experimental
2.1 Photocatalytic materials and photocatalytic activity measurements

Several WOs- and TiO»-based materials were used in this study. First of all, a pure WO3
photocatalyst was prepared by a simple hydrothermal method. Firstly, 0.6 g of WCls was
dissolved in 120 mL of Ethanol solution under constant stirring at room temperature for 10 min.
Then, the obtained solution was transferred to a Teflon-lined stainless-steel autoclave (200 mL)
and kept in an oven for 12 h (180 °C). Finally, after cooling down to room temperature, WO3

powder was withdrawn, washed with Ethanol (3 x 90 mL) and deionized water (3 x 90 mL),

and dried at 80 °C in air over night. This material was tested as prepared. For comparison
purposes, the as-prepared WO3 catalyst was also calcined at 450 °C.

In addition, a series of TiO2-based materials were acquired commercially, including: Anatase
(HPX-200), Rutile (HPX-400C) and DTWS5 (5 wt% WO3/TiO»), all of them provided by
Tronox®, while P25 (a very well-known heterojunction of anatase/rutile) was supplied by
Evonik®.

A typical photocatalytic experiment was carried out according to the following protocol: 7.5
mg of the catalyst were introduced in a quartz reactor containing 30 mL of glycerol (in aqueous
solution concentration of 1.10 mmol L™!). The photocatalytic reactions were conducted under

ultraviolet light with an UV lamp (UV-A PL-L, 18 W) which delivers an irradiation intensity



of 5.60 mW cm™. The reactor is open to the air without bubbling. Prior to the photocatalytic
reaction, the suspension was stirred for 30 min in the dark to achieve the adsorption-desorption
equilibrium of glycerol on the surface of catalysts Every 30 min, a sample (0.5 mL) was taken
from the mixture solution and immediately filtered by a Millipore 0.45 um (hydrophilic PVDF)
membrane using a plastic syringe. In the case of WOs3, the sampling interval is 2 h and its
photooxidation performance is tested by two parallel experiments owing to its low kinetic. The
concentrations of glycerol and derivate products were analysed by a Shimadzu SPD-M20A
prominence ultrafast high-performance liquid chromatograph (HPLC) assembled with a
Transgenomic ICSep ICE-COREGEL-87H3 organic acid column. The mobile phase is 5
mmol/L of H>SO4 and its flow rate is 0.7 mL/min. The temperature of oven is 30 °C. The
products of glycerol oxidation could be determined by the ultraviolet detector at the wavelength
of 210 nm except from glyceric acid which is identified at 240 nm. Glycerol could be analyzed
by the refractive index detector (RID).

The Glycerol conversion (in %) was calculated according to equation (1):

, c -c
Glycerol conversion (%) = (—222cerel —talyeeroly » 100 (1)
Co glycerol

where Co giyceror and Cy giyceror stand for the initial and real-time concentrations of glycerol,
respectively.

The Yield (in %) of every product was calculated according to equation (2):

Yield (%) = (SL2ro%uety 5 100 X 1 (2)

Co glycerol
where C; prodauc: Stands for the real-time concentration of the product and # is the carbon number
ratio of product versus glycerol.

The Selectivity (in %) of every product was calculated according to equation (3):

Selectivity (%) = ( €t product ) x 100 X . (3)

Co glycerol_ct glycerol

where all the parameters were already defined in equations (1) and (2).



2.2 Characterization

X-ray diffraction (XRD) was conducted with a Bruker D8 diffractometer using Cu Ka (A=
0.15406 nm) radiation equipped with 1-D fast multistrip detector (LynxEye, 192 channels on
2.95°) and a Ni filter. Other test conditions included a current of 100 mA, an operating voltage
of 40 kV, a scanning range between 26 = 4-80°and a scan rate of 0.02°/ s. Phase, crystallinity
and average crystallite size identification were carried out using the Diffrac.Eva software
(Bruker) and the ICDD-PDF4+ database.

Scanning electron microscopy (SEM) was conducted by FEI-XL30. Each sample was sprinkled
on a conductive tape and sprayed with gold under a 15 kV work voltage. The high-
resolution transmission electron microscopy (HRTEM) was performed on a JEOL-2010
microscope equipped with an EDX detector.

The Brunauer—Emmett—Teller (BET) surface area of the catalysts was measured via nitrogen
adsorption at =196 °C (Micromeritics ASAP 2020). The catalysts were degassed at 160 °C for
3 h under vacuum. The porous volume and the pore size distribution were calculated via the
Barrett-Joyner-Halenda (BJH) method.

UV-vis diffuse reflectance spectroscopy (UV-vis DRS) measurements were conducted using
an AvaSpec-2048 Fiber Optic Spectrometer. Spectra were recorded from 200 to 600 nm using
a 2048 pixel CCD detector array. Barium sulfate (BaSO4) was used as a blank reference.

The electrochemical photocurrent experiments were carried out in a photoelectrochemical cell
(supplied by redox.me ®) with a standard three-electrode system consisting of a Pt wire as the
counter electrode, a saturated Ag/AgCl as the reference electrode and a working electrode
prepared by the following process: 5 mg of the catalyst (as-prepared WO3 or commercial
samples) were dispersed in 0.5 mL ethanol. Then, 20 pL of that dispersion were impregnated

over an indium-tin oxide (ITO) substrate, with an active area of ca. 1 cm?, and dried at room



temperature. Different electrical potentials were applied with a potentiostat-galvanostat
(VoltaLab PGZ402).

The concentrations of total organic carbon (TOC) of the solutions before and after the
photocatalytic tests on different materials were measured using a Shimadzu TOC-VCPN
analyzer equipped with an auto-sampler.

Acid properties of the different samples were determined by using pyridine as a probe molecule.
Pyridine adsorption was followed by Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), which were carried out on a Fourier-transform infrared spectroscopy
(FTIR) instrument (Perkin Elmer Frontier) equipped with an environmental chamber (Harrick
HVC-DRM). A resolution of 4 cm™ was used with 125 scans averaged to obtain a spectrum
from 4000 to 400 cm™'. Prior to each experiment, pyridine adsorption was carried out at 100 °C
for 45 min allowing the saturation of the catalyst surface. The physically adsorbed pyridine
was then removed from the surface with an air flow (50 mL-min™). Finally, the IR spectra were
recorded at 100 °C. Bands at 1448 and 1537 cm™! (corresponding to Lewis and Bronsted acid
sites, respectively) were integrated and acidity was determined using the corresponding molar

extinction coefficients.

3 Results and discussion

3.1 Catalysts characterization

First of all, the physicochemical properties of the materials proposed in this study were
characterized by XRD and microscopy techniques (SEM and HRTEM). Fig. 1a shows the XRD
patterns for Anatase, Rutile and P25, while Fig. 1b shows the patterns for the as-prepared WO;
catalyst, together with the commercial DTWS5 (5 % WOs on TiOz). As expected, pure Anatase
and Rutile samples only exhibit corresponding pure crystalline phases (PDF #89-4921 and #77-

0440, respectively). In addition, P25, well known as a very efficient heterojunction of anatase



and rutile for a wide variety of photocatalytic processes, exhibits diffraction peaks
corresponding to both crystalline phases.

Figure 1
Fig.1 b indicates that the as-prepared WOs catalyst exhibits a rather amorphous behavior,
although a well-defined peak at 20 = 23.1° could be identified, which belongs to the (001)
phase of a monoclinic structure of WO3 (PDF #72-0677) [36]. Its low crystallinity (48.6 %,
Table 1) compared to the commercial catalytic materials (80 — 85 %, Table 1) could be
attributed to the hydrothermal synthesis method, which was performed at low temperature (180
°C) without any additional calcination step. For comparison purposes, a similar WO3; material
was calcined at 450 °C in air (1 h, 5 °C min™! heating rate), and the XRD patterns are shown in
Fig. S1. After the calcination step, the material evolved to a highly crystalline monoclinic
catalyst. Finally, regarding the DTW5 sample, the titanium oxide phase belongs to anatase, and
no peaks related to any WOs3 crystalline phase could be identified by XRD. In principle, this
could be attributed to a very high dispersion of small WO3 nanoparticles on the TiO> (anatase)
support, and/or to a very low crystallinity of WO3 compared to TiO,. All materials present a
similar crystallite size in the range of 16-23 nm (Table 1).
In order to get more insights into the structural parameters of these catalysts, they were further
characterized by HRTEM.

Figure 2
Fig. 2 reveals sharp and clear lattice fringes for all the materials, regardless the crystallinity
level. The lattice spacing of Anatase and Rutile are 0.367 nm and 0.249 nm, respectively, in
good agreement with theoretical values of (101) plane of the anatase phase [37] and of (101)
plane of the rutile phase [38]. It is worth noting that for the commercial DTWS5 sample,
although there are no significant peaks of WO3 in the XRD pattern, the lattice spacing of 0.388

nm was found, corresponding to the (001) plane of WOs [39]. This clearly revealed the



existence of well dispersed WO3 with the size of ~14 nm on the TiO; (anatase) matrix. Finally,
the as-prepared WOs synthesized using WCls as the precursor possesses a similar lattice
spacing of 0.381 nm, which matches well with the (001) plane of the monoclinic WO3
previously reported with a similar precursor. [39] In addition, the overall morphology of the
catalyst grains was observed by SEM. As shown in Fig. S2, it was found that anatase, P25,
DTWS5 and WOs presented spherical shapes while rutile shows rods-like shape agglomerates.
N> adsorption-desorption was carried out to determine the specific surface area (Sget, Table 1)
together with the pore size and the porous volume of each material. These parameters could
eventually affect their performance for glycerol conversion, owing to the fact that the catalyst
active sites along with the adsorption of glycerol as well as its oxidation products usually
positively relate to the specific surface area. As shown in Fig. S3, type IV isotherms were
obtained with a small hysteresis loop at a relative pressure of 0.7—1.00. Therefore, all materials
exhibit, as expected, a mesoporous structure with pore-sizes between 10-15 nm (Table 1). In
addition, while Anatase, Rutile and DTWS5 showed the highest Sger (78 — 92 m? g!), this value
was slightly lower for P25 (63 m? g'!') and drastically decreased for the as-prepared WOs (33
m? gh).

All'in all, it seems that in general, the commercial materials exhibit a more crystallized structure
with higher specific surface areas compared to the as-prepared WOs catalyst. Therefore, in
principle, a lower overall catalytic performance could be expected for the latter to a certain
extent. Nevertheless, other important features, such as their electronic properties (band gap,
charges separation), and concentration of acid sites are known to play a key role in the
performance of such photocatalytic materials.

The electronic properties of these materials were first investigated by diffuse reflectance
spectroscopy (DRS) in the UV-Vis range. The obtained spectra of samples are shown in Fig.

3a. Comparing Anatase and Rutile samples, a slightly higher adsorption towards the visible



range could be observed for the latter, as previously reported [40]. In addition, as expected, it
was found that all the samples could absorb UV light while the as-prepared WO3 could
response to not only UV light but also partially to visible light.
Figure 3

Fig. 3b shows the Tauc plots for band gap calculations using the Kubelka—Munk equation.
Briefly, an extrapolation of the linear part of the curve (a-hv)”? (where a. is the absorption
coefficient) as a function of 4v defines the band gap energy of the samples considered as
indirect band gap semiconductors [41]. As previously mentioned, all the commercial TiO2-
based materials exhibit a band gap compatible with the use of UVA light (> 3.0 eV). Anatase
and DTW5 showed an almost identical band gap value, which seems to indicate that the
addition of 5 % WOs on TiO; (anatase) does not significantly affect its electronic properties.
In addition, P25, with a anatase/rutile heterojunction, exhibited a slightly smaller band gap,
closer to that of rutile. Finally, for the as-prepared WOj3 catalyst, its band gap was 2.61 eV, in
good agreement with previous studies, which indicates that its response range to
photoirradiation could be expanded to visible light [22]. According to these results, we chose
UV light to compare the performance of glycerol photocatalytic oxidation as all catalysts
respond to UV light.

In a new effort to characterize the electronic properties of the materials, photocurrent
experiments were performed. These tests were carried out in the photoelectrochemical cell
described in the experimental section, in neutral media (0.5 M Na;SOy4 liquid electrolyte, in
order to avoid any potential degradation of the materials in acid or alkaline media), upon the
application of a constant potential of 0.9 V vs Ag/AgCl reference electrode. All materials were
subjected to UV irradiation in step changes of 30 seconds. As shown in Fig. 4, the photocurrent

intensity obtained upon irradiation follows this rank: P25> Anatase~RutilexDTW5>WOs;.



These results seem to indicate that a better separation rate of photo-generated charges
(electrons and holes) [42], [43] upon irradiation could be expected on TiO>-based materials.
Figure 4
Therefore, the addition of WO3 seemed to have a detrimental effect on such phenomenon. If
the separation of these photo-generated charges is related to the overall activity of oxidation
on these materials, we could expect a higher glycerol photo-oxidation rate on TiO; than on
WOs-based catalysts.
Finally, the nature and relative amount of acid sites of P25, DTW5 and WO3 were characterized
by adsorption of pyridine followed by diffuse reflection infrared spectroscopy (DRIFT).
Figure 5
Figure 5 depicts the spectra of pyridine chemisorbed at 100 °C. The bands obtained at 1448
and 1542 cm™! could be attributed to Lewis acid sites and to protonated pyridine molecules
bound to surface Bronsted acid sites, respectively [44], [45]. In addition, Table 2 presents the
calculated quantitative values of both acid sites, the overall amount and the ratio between them.
If we compare the results for P25 (TiO2) and WOs, it can be clearly observed that WO3
possesses the highest percentage of Bronsted and total acid sites. This is expected considering
that tungsten-based catalysts are well-known for their acidic properties. For instance, Ganji et
al. [46] reported an overall higher acidity of WO3 and WO3/T10> materials compared to TiO»,
obtained by both pyridine-FTIR and NH3-TPD (temperature programmed desorption). That
could explain that the DTWS5, compared with P25, also exhibited a higher amount of Bronsted
and total acid sites. These acidic properties are expected to play a very important role in the
photocatalytic activity of these materials towards glycerol activation. For instance,
Pt/WOs/Al>05 catalysts have been reported as one of the most successful catalytic systems for
the effective conversion of glycerol to 1,3-propanediol by thermal-hydrogenolysis [47], where

Brensted acid sites are considered to play a key role for the adsorption/activation of the



secondary C-O bond in glycerol [48]. Also, in a previous study by Checa et al. dealing with
the same reaction [44] it was found that the addition of tungsten to a Pt/ZrO> catalyst enhanced
its selective performance of the target product 1,3-propanediol, most likely due to the creation
of a higher concentration of Bronsted acid sites.
To summarize this section, the characterization results exhibit overall enhanced
physicochemical properties of TiO;-based materials compared to WOs catalysts in terms of
specific surface area, crystallinity, and photo-generated charge separation. However, the WO3
—based materials are much more acidic, containing a higher amount of Bronsted acid sites.
3.2 Photocatalytic activity
All the catalysts previously characterized were tested for photocatalytic oxidation of glycerol.
Figure 6 shows the evolution of the glycerol conversion with time upon irradiation. Regarding
all the TiO2-based materials, a significant oxidation of glycerol was achieved after 5 hours (Fig.
6a). However, for the as-prepared WOs3 catalyst, the glycerol consumption rate is lower, and
therefore the reaction time was extended up to 22 h (Fig. 6b). In order to prove that the activity
was due to the photocatalysis, blank experiments over P25, DTW5 and WOs (in the dark, Fig.
S4a-c) and a direct photolysis of glycerol (without any catalyst in the light, Fig. S4d) were
performed, where the glycerol conversion was negligible.

Figure 6
As observed in Fig. 6a, P25 seemed to be the most active material, achieving a complete
glycerol conversion after 4 h. Therefore, the photocatalytic activity obtained upon irradiation

for glycerol oxidation obeys the order P25 > Anatase>Rutile>DTW5>WOs. With regards to

P25, its outstanding activity has been already proven for a wide variety of photocatalytic
processes, including glycerol photooxidation [24], [27], [28]. P25 consists of a mixed phase of
anatase and rutile in a ratio of about 4:1. In the so-called anatase/rutile heterojunctions, upon

UV irradiation, the photogenerated electrons from anatase phase are transferred to the rutile



phase on account of its lower conduction band energy [49]. This results in a more efficient
separation of the photogenerated charge carriers, as observed in the photocurrent experiments
(Fig. 4). Another evidence of the creation of this heterojunction was observed in the DRS
experiments, where the band gap for P25 was in-between that of anatase and rutile (Fig. 3b).
One may expect a similar behavior for the DTWS5 material. As a matter of fact, WO3/TiO»
composites have been previously developed and reported to enhance the separation of
photogenerated charge carriers on the heterojunctions between both phases together with a
modification of the band gap of TiO> towards a more visible-light range [50]. However, in this
case we could not observe a significant heterojunction, since the band gap for DTW5 was found
to be almost identical to that of anatase (Fig. 3b). Furthermore, the photocurrent obtained for
DTWS5 was even slightly lower than that for Anatase (Fig. 4). Therefore, we conclude that the
low loading of WO3 (5 %) on anatase can neither enhance the separation of charge carriers nor
the conversion of glycerol. It is worth noting therefore that the photocurrent activity observed
in Fig. 4 obeys the same order than the overall glycerol conversion activity after 5 h of
irradiation observed in Fig. 6. This suggests that the photocatalytic degradation of glycerol is
strongly related with the separation of the electrons and holes produced upon irradiation.

The aim of this study is to enhance the production of added-value products by photocatalytic
oxidation of glycerol. Fig. 7 shows the products distribution with time for all the materials.

Figure 7

The main oxidation products observed were glyceraldehyde, DHA, glycolic acid, tartronic acid,
oxalic acid, formic acid and acetic acid. Nevertheless, the amount and distribution of each of
these products is highly influenced by the nature of the photocatalytic material. Starting with
the most active material, P25, we can clearly observe that some of the main oxidation products,
including glyceraldehyde, DHA and formic acid are produced during a short period of around

1 h. A similar effect was observed in the Anatase catalyst, although the products distribution



and amount were different, as expected in view of the observed lower overall conversion (Fig.
6). On the other hand, the Rutile catalyst seemed to produce a significant amount of formic
acid.

Our results for both, P25 and Anatase photocatalysts are in good agreement with the model
proposed by Jedsukontorn et al. [51], [52] for glycerol conversion on TiO> (anatase). According
to those studies, upon UV irradiation, glycerol acts as a hole scavenger of the photogenerated
holes [51], or reacts with the reactive oxidizing species [52], oxidizing it to both glyceraldehyde
and DHA. Minero et al. [28] also proposed that the formation of these species could be
mediated by "OH radicals. Glyceraldehyde is produced when the primary —OH group is
adsorbed and oxidized, while DHA is produced upon the oxidation of the secondary —OH group
of glycerol. The glyceraldehyde could be then oxidized to produce glyceric acid, while the
DHA could be rearranged into glyceraldehyde [51]. It could be expected afterwards that the
products keep evolving into smaller organic molecules, such as tartronic acid, oxalic acid, and
as observed in this study, formic acid. These reaction routes are in good agreement with the
results obtained for Anatase and P25, since the observed reaction products evolved with time
and then disappeared.

However, for Rutile, the main product seemed to be formic acid, and we could not observe a
similar evolution for the other TiO> catalysts. In this sense, Augugliaro et al. [27] proposed a
mechanism where all the species are produced in parallel on P25, anatase and rutile catalysts,
including glyceraldehyde, DHA, formic acid and CO,. Minero et al. [28] also suggested a
model where C2 + C1 products could also be produced in parallel by direct electron transfer
(in this case over P25). We believe that these mechanisms are in good agreement with the
results obtained for Rutile, where the formation of formic acid seemed to be the product of a

parallel process.



The most interesting results were obtained with the WOs-based materials. Starting with the as-
prepared WOs3, a completely different behavior was observed. In this case, as opposed to
Anatase and P25, the concentration of reaction products gradually increased with time. The
main product was glyceraldehyde, followed by DHA and then by smaller quantities of further
oxidized products. These results suggest a similar first oxidation step as previously explained
for TiO,, where glycerol undergoes a first oxidation towards glyceraldehyde and DHA.
Considering that the former is the result of the oxidation of primary (terminal) —OH groups of
glycerol and that we have two primary -OH groups its likelihood to be produced is much higher
compared to that for the production of DHA, which is the result of the oxidation of the
secondary —OH group in glycerol. Moreover, on the one hand, in presence of WO3, the ratio
glyceraldehyde/DHA is higher than 2. It suggests that in the presence of WO3, a fraction of the
DHA formed is probably converted into glyceraldehyde and on the other hand, these high
added-value products seemed to desorb in the liquid phase, rather than to undergo a further
oxidation towards smaller molecules. These photocatalytic properties are of paramount
importance for the development of novel catalysts with high selectivity towards glyceraldehyde.
However, as discussed in Fig. 6, the photocatalytic reaction on this material is rather slow
compared to that of Anatase, Rutile and P25, and longer reaction times were required with this
system for practical purposes.

Before discussing the photocatalytic behavior of the DTWS5 material, two parameters will be
introduced to compare the performance of pure TiO2-based materials (Anatase, Rutile and P25)
and the as-prepared WOs3. Fig. 8 shows the variation of the products selectivity while Fig. 9
shows the variation of the products yield, both of them as a function of the glycerol conversion.

Figure 8

Figure 9



These figures allow us to compare the production of the added-value products of interest (in
this case glyceraldehyde) at glycerol isoconversion conditions. As expected for P25 and
Anatase according to the results discussed in Fig. 7, high selectivities and yields to oxidation
products are only achieved at low conversion levels. Unfortunately, there was only one
products analysis below 40% of conversion due to the fast kinetics on P25. As the system
evolved in time, the conversion increased but the production of valuable products decreased.
In addition, since the sum of all the liquid products selectivity is far from 100 % at all the
conversion levels, it could be assumed that CO> could be also produced. This hypothesis is
confirmed considering the TOC measured after about 45% of conversion (Fig. 10).
Figure 10

This was also the case for the Rutile catalyst which predominantly produces formic acid.
Therefore, none of the pure TiO»-based catalysts exhibited a significant performance towards
the production of glyceraldehyde.

Nevertheless, in these figures we could clearly observe that the as-prepared WO; catalyst
exhibited an outstanding activity towards the production of the desired product, glyceraldehyde,
even under high conversion levels. As a matter of fact, with a relatively constant selectivity
towards this product, its yield gradually increased with the overall glycerol conversion. In
addition, the overall selectivity of liquid organic products over this catalyst is much higher than
that of the TiO, materials, which indicates that the total glycerol oxidation towards CO; is
much more unlikely as confirmed by TOC analysis (Fig. 10). Besides, WOs3 post-treated via
calcination at 450 °C exhibited a slightly superior glycerol conversion owing to its higher
crystallinity (Fig. S1), with similar values of glyceraldehyde selectivity and yield (Fig. S5).
Therefore, TiO>-based materials (mainly Anatase and P25) exhibited, as expected, a great
overall catalytic performance for the oxidation of glycerol, but a rather poor selectivity to

glyceraldehyde, while the as-prepared (and calcined) WOs catalysts exhibited an interesting



selectivity/yield towards this product, even under high conversion levels. The main issue of
this material is related to the rather slow kinetics, which could lower the added-value of this
material for practical purposes.

In order to overcome this issue, the DTWS5 catalyst was tested for the photocatalytic oxidation
of glycerol. In Figs. 7-9 we can clearly observe that the presence of a small amount of WO3
(5 %) in the anatase support led to a completely different behavior in the desired direction.
Hence, as opposed to the Anatase photocatalyst, the reaction products formed on DTWS5 did
not seem to disappear with time, but rather to increase in a similar way to that obtained with
the as-prepared WO3 material. In addition, the selectivity/yield towards glyceraldehyde was
much higher for DTWS5 compared to the TiO; catalysts. Table 3 shows the values for
glyceraldehyde selectivity and yield at similar glycerol conversion values (43-47 %) over all
the photocatalysts. While both parameters are rather low for TiO2 materials in our study (<5 %)
and for other noble metal-free TiO»-based photocatalysts in publications [27], [28], [53], [54],
glyceraldehyde yields/selectivities of 13 %/29 % and 8 %/19 % were obtained for the as-
prepared WOs3 and for DTWS, respectively.

In addition, total organic carbon analysis (TOC) of the liquid solutions were performed for the
different photocatalytic systems when the glycerol conversion achieved a value ~ 45 %. The
obtained values were compared with initial concentration of glycerol (Fig. 10). The results
obtained allowed us to confirm the level of mineralization of glycerol over the different
catalysts upon irradiation. In addition, as we discussed in the previous figures, the modification
of anatase with WO3 (DTW5) allowed to avoid the mineralization compared to the Anatase
catalyst, in good agreement with the higher selectivity exhibited by this material towards liquid
added-value products, mainly glyceraldehyde.

Therefore, the photocatalytic activity results obtained in this study clearly demonstrated, for

the first time in literature, an outstanding performance of WOs-based materials for the selective



photocatalytic oxidation of glycerol to glyceraldehyde. In particular, the commercial 5 %
WOs/Ti0O; (anatase) catalyst allows to combine the main features of anatase (fast kinetics for
glycerol conversion) and WOs3 (high selectivity towards glyceraldehyde). These results are in
good agreement with the characterization study described in section 3.1. The textural
parameters (crystallinity, crystal size and specific surface area, Table 1) for Anatase, Rutile,
P25 and DTWS5 were relatively similar and cannot explain the differences observed in
photocatalytic properties. Nevertheless, the overall activity for glycerol conversion was
strongly correlated with the electronic properties of these materials, namely the separation of
photogenerated charge carriers (as observed by the photocurrent characterization tests, Fig. 4).
This phenomenon was previously observed in many photocatalytic processes, since an
enhanced separation of €™ and holes is indeed one of the most common strategies to improve
the overall performance of the photocatalytic system. This is usually managed either by doping
the semiconductor catalyst with a metal (e trap), or by the formation of heterojunctions
between different materials or different phases of the same material [49].

However, the enhanced glyceraldehyde selectivity observed for DTWS catalyst compared to
Anatase (or any other TiO;-based catalyst) could not be explained by its electronic properties.
Considering that both materials exhibit an almost identical band gap (Fig. 3b), and the fact that
DTWS5 shows lower photocurrent activity (i.e., worse separation of photogenerated carriers,
Fig. 4), the formation of a successful heterojunction between TiO> and WOs3 could be
disregarded. We believe therefore that the outstanding performance of DTWS5 towards
glyceraldehyde production could be attributed to its enhanced surface acidity.

In this sense, previous studies dealing with the thermal catalytic hydrogenolysis of glycerol
already proved that WOs plays a role of paramount importance due to the presence of Bronsted
sites, which allow for the selective activation of C-O bonds in glycerol [47]. Furthermore, the

obtained results could be correlated with a previous study by Lopez-Tenllado et al.[55] dealing



with the selective photooxidation of organic molecules (crotyl alcohol to crotonaldehyde). This
reaction was performed on titania, ceria and bismuth tungstate catalysts, where the latter was
the most selective. This phenomenon was attributed to the lowest adsorption of the aldehyde
reaction product on the tungsten-based catalyst. In other words, this material seemed to favor
the desorption of the desired product, avoiding its further photooxidation. Therefore, according
to the obtained results and the above-mentioned studies, we suggest that the higher
selectivity/yield achieved by the WOs-based catalysts can be attributed to the incorporation of
additional acid sites to the anatase semiconductor. These new sites would allow to enhance the
selective activation of primary C-O bonds in glycerol towards the production of glyceraldehyde
and, on the other hand, to quickly desorb aldehyde products in the liquid phase.

All in all, this study demonstrates that WOs-based materials are active for the valorization of
glycerol towards a high added-value product: glyceraldehyde. All these materials exhibit
outstanding advantages. On the one hand, the as-prepared WOs catalyst leads to a high yield
of glyceraldehyde even at very high conversion levels. However, its applicability could be
compromised by its slow overall kinetics. In this sense, the calcined WO; catalyst, with
improved crystallinity, seemed to enhance the kinetics without compromising the
glyceraldehyde yield, although the calcination step could eventually increase the overall
production cost of this material. Finally, commercial DTWS5 led to lower glyceraldehyde yields
than pure WOs catalysts (but still much higher than those for pure TiO2-based materials), and
overall faster kinetics. Therefore, further studies could optimize the composition and synthesis

procedure of the photocatalyst for practical purposes.

4 Conclusions
In this study we demonstrated, for the first time in literature, the high performance of WO:s-

based catalysts for the selective photooxidation of glycerol towards glyceraldehyde. By



comparing the activity of pure TiO> (Anatase, Rutile and P25anatase/uiile) and pure WO3
(prepared by a simple hydrothermal method), we can conclude that: 1) TiO» catalysts allowed
for a higher overall conversion of glycerol, where the selectivity to glyceraldehyde was
hindered by its further photooxidation, and i) WOs3 catalysts exhibit slower kinetics for
glycerol oxidation, but show an outstanding selectivity and yield of glyceraldehyde. While the
activity of TiO> was attributed to electronic effects (better separation of photogenerated charge
carriers), the high glyceraldehyde selectivity of WOs3; was linked to its enhanced acidity, that
selectively activate C-O bonds in glycerol, and facilitate the desorption of glyceraldehyde
(avoiding its further photooxidation). Hence, a commercial WO3/TiO2 material (DTWS5) was
proven to combine the best features of both semiconductors, with high levels of glycerol
conversion and selectivity to glyceraldehyde. This study opens therefore a new field dealing
with the development of advanced photocatalytic materials for an advanced valorization of

glycerol into high added-value products.
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Figure captions

Figure 1. X-ray diffraction (XRD) patterns of commercial catalysts (Anatase, Rutile, P25 and
DTWS) and as-prepared WO3

Figure 2. High-resolution transmission electron microscopy (HRTEM) images of Anatase,

Rutile, DTWS5 and as-prepared WO3 catalysts

Figure 3. (a) UV-Vis diffuse reflectance spectroscopy (DRS) spectra and (b) Tauc plot for band
gap determination for commercial catalysts (Anatase, Rutile, P25 and DTWS5) and as-prepared

WO3

Figure 4. Transient photocurrent response for commercial catalysts (Anatase, Rutile, P25 and
DTWS5) and as-prepared WO;3. Conditions: neutral reaction media (0.5 M Na2S04), applied
potential: 0.9 V vs Ag/AgCl. The experiments were performed in a photoelectrochemical cell,
where the catalyst was supported on an ITO glass (working electrode), and a Pt counter

electrode was used for polarization purposes.

Figure S. pyridine-DRIFTS spectra of P25, DTW5 and WOs. B and L denote Bronsted and

Lewis acid sites, respectively.

Figure 6. Glycerol conversion over commercial catalysts (Anatase, Rutile, P25 and DTWS)
and as-prepared WO3. Reaction conditions: Room temperature, Glycerol initial concentration:
1.10 mmol L', Volume of glycerol solution: 30 mL, UV irradiation intensity of 5.60 mW cm?
Figure 7. Evolution of products with time over commercial catalysts (Anatase, Rutile, P25 and
DTWS5) and as-prepared WOs. Reaction conditions: Room temperature, Glycerol initial
concentration: 1.10 mmol L', Volume of glycerol solution: 30 mL, UV irradiation intensity of

5.60 mW cm™

Figure 8. Variation of products selectivity with respect to the glycerol conversion over
commercial catalysts (Anatase, Rutile, P25 and DTWS5) and as-prepared WOs;. Reaction
conditions: Room temperature, Glycerol initial concentration: 1.10 mmol L, Volume of

glycerol solution: 30 mL, UV irradiation intensity of 5.60 mW cm



Figure 9. Variation of products yield with respect to the glycerol conversion over commercial
catalysts (Anatase, Rutile, P25 and DTWS5) and as-prepared WOs. Reaction conditions: Room
temperature, Glycerol initial concentration: 1.10 mmol L', Volume of glycerol solution: 30 mL,

UV irradiation intensity of 5.60 mW cm™

Figure 10. Total organic carbon (TOC) measurement of the liquid solutions for commercial
catalysts (Anatase, Rutile, P25 and DTWS) and as-prepared WOs3, after the achieved glycerol
conversion was ~45 %. Reaction conditions: Room temperature, Glycerol initial concentration:
1.10 mmol L (TOC: 40.4 + 2 mg/L), Volume of glycerol solution: 30 mL, UV irradiation
intensity of 5.60 mW cm



Tables captions:

Table 1. BET specific surface area, pore volume, pore size, crystallinity and average crystallite
size of the photocatalysts

Table 2. Comparison of Lewis, Bronsted and total acid sites of P25, DTWS5 and WO3, obtained
by pyridine-DRIFTS

Table 3. Comparison of glyceraldehyde Yield and Selectivity for all the photocatalysts at

similar levels of glycerol conversion
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Fig. 1. X-ray diffraction (XRD) patterns of commercial catalysts (Anatase, Rutile, P25 and
DTWS) and as-prepared WO3
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Fig. 2. High-resolution transmission electron microscopy (HRTEM) images of Anatase,

Rutile, DTWS5 and as-prepared WOs catalysts



Table 1. BET specific surface area, pore volume, pore size, crystallinity and average

crystallite size of the photocatalysts

Porous Mean e e . a
Sample (n?ZB ET_I) volume Pore Size Cryszoa/ll)l nity Cryzltla:rll)s 1ze
8 (cm’g™  (nm) ’
Anatase 92 0.43 15.2 82.0 17
Rutile 85 0.39 16.9 80.8 16
P25 63 0.17 10.5 81.6 23 (Anatase)
DTWS5 78 0.31 13.8 84.9 20 (Anatase)
WOs3 33 0.07 13.3 48.6 17

Calculated from XRD spectra
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Fig. 3. (a) UV-Vis diffuse reflectance spectroscopy (DRS) spectra and (b) Tauc plot for band
gap determination for commercial catalysts (Anatase, Rutile, P25 and DTWS5) and as-
prepared WO3
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Fig. 4. Transient photocurrent response for commercial catalysts (Anatase, Rutile, P25 and
DTWS) and as-prepared WOs. Conditions: neutral reaction media (0.5 M Na2S04), applied
potential: 0.9 V vs Ag/AgCl. The experiments were performed in a photoelectrochemical cell,
where the catalyst was supported on an ITO glass (working electrode), and a Pt counter

electrode was used for polarization purposes.
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Fig. S. pyridine-DRIFTS spectra of P25, DTWS5 and WOs. B and L denote Bronsted and
Lewis acid sites, respectively.



Table 2. Comparison of Lewis, Bronsted and total acid sites of P25, DTW5 and WOs,
obtained by pyridine-DRIFTS

pmol Py - g1 - m2 Cat.

Catalyst Lewis  Bronsted Total L/B
P25 0.87 0.21 1.08 4.2
DTW35 0.95 0.50 1.45 1.9
WOs 0.64 3.33

3.97 0.2
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Fig. 6. Glycerol conversion over commercial catalysts (Anatase, Rutile, P25 and DTWS5) and
as-prepared WOs. Reaction conditions: Room temperature, Glycerol initial concentration:
1.10 mmol L', Volume of glycerol solution: 30 mL, UV irradiation intensity of 5.60 mW cm?
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Fig. 7. Evolution of products with time over commercial catalysts (Anatase, Rutile, P25 and
DTWS) and as-prepared WOs. Reaction conditions: Room temperature, Glycerol initial
concentration: 1.10 mmol L', Volume of glycerol solution: 30 mL, UV irradiation intensity
of 5.60 mW c¢cm™
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Fig. 8. Variation of products selectivity with respect to the glycerol conversion over
commercial catalysts (Anatase, Rutile, P25 and DTWS) and as-prepared WO3. Reaction
conditions: Room temperature, Glycerol initial concentration: 1.10 mmol L', Volume of

glycerol solution: 30 mL, UV irradiation intensity of 5.60 mW c¢m™
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Fig. 9. Variation of products yield with respect to the glycerol conversion over commercial
catalysts (Anatase, Rutile, P25 and DTWS5) and as-prepared WOs3. Reaction conditions: Room
temperature, Glycerol initial concentration: 1.10 mmol L', Volume of glycerol solution: 30
mL, UV irradiation intensity of 5.60 mW cm™
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Fig. 10. Total organic carbon (TOC) measurement of the liquid solutions for commercial
catalysts (Anatase, Rutile, P25 and DTW5) and as-prepared WO3, after the achieved glycerol
conversion was ~45 %. Reaction conditions: Room temperature, Glycerol initial
concentration: 1.10 mmol L! (TOC: 40.4 + 2 mg/L), Volume of glycerol solution: 30 mL, UV

irradiation intensity of 5.60 mW cm™



Table 3. Comparison of glyceraldehyde Yield and Selectivity for all the photocatalysts at

similar levels of glycerol conversion

Glycerol Yield of Selectivity to
Sample
conversion (%)  glyceraldehyde (%) glyceraldehyde (%)
Anatase 43 2 4
Rutile 44 / /
P25 47 3 5
DTWS5 43 8 19
WOs3 44 13 29
Homogeneous
) 35 5 13
Ti02[27]
P25 [28] 36 5 13
Lab-made TiO2
97 5 5

[53]

Black TiO2 [54] 92 3 3




