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Abstract: In this work, catalysts based on TiO2 modified by fluorination and platinum addition were
prepared, these materials were evaluated in the glycerol oxidation. The materials were characterized
by TEM, N: physisorption, XRD, UV-Vis DRS, XRF and XPS. It was found that fluorination led to
increase the surface area of TiO2, and by platinization treatment it was possible to obtain a high
absorption in the visible region of the electromagnetic spectrum. From these improved properties,
it was prepared 0.5 wt.% Pt-F-TiO: as the best catalyst for the obtention of the highest yield and
selectivity towards glyceraldehyde (GAL). It was also observed that the increase of Pt content had
a detrimental effect in the effectiveness of fluorinated Titania in the glycerol conversion. The
fluorination and platinum addition modify some physicochemical properties of TiOz, leading also
to modify the reaction mechanism and selectivity during glycerol oxidation.
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1. Introduction

Glycerol is the structural component of many lipids and it is also the main by-product in
biodiesel industry. Due to the fastest-growing of worldwide biodiesel production, high amounts of
glycerol are generated as well, and so, it is necessary to develop innovative applications to utilize the
excess of glycerol.

The chemical structure of glycerol composed by two primaries and one secondary hydroxyl
groups, turn glycerol into a versatile platform to prepare value-added compounds. Pagliaro et al.
have described several studies in this topic, where was reported the successful production of 1,3-
dihydroxyacetone and hydroxypyruvic acid via glycerol oxidation and the enhancement of the
performance of cements by bioglycerol addition [1,2]. Kenar [3] has reported that glycerol oxidation
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is a promising reaction to obtain different organic compounds; however, it is rather difficult to control
the partial oxidation of glycerol. In order to improve that reaction, a number of metallic catalysts have
been evaluated and currently, the main catalysts of interest appear to focus on carbon-supported
platinum, palladium or gold; bimetallic catalysts such as Au-Pd and Au-Pt, have also been studied
[4]. As a result, a wide range of activities and selectivities to glyceric acid, dihydroxyacetone, tartronic
acid, and hydroxypyruvic acid, have been reported, mainly using aqueous glycerol solutions as raw
material [5]. These results depend on catalytic particle size and on the experimental conditions. Many
reports have shown that Au-based catalysts are selective to the primary hydroxyls and the highest
selectivity to glyceric acid was found by using a 1 wt.% Au (5-50 nm)/graphite catalyst [6].

For several decades, photocatalysis has been widely recognized and used in different fields as
an eco-friendly process. In this sense, TiO: is a well-known photocatalyst because of its chemical and
photochemical stability, biological inertness, strong oxidizing power and low cost [7-10]; however,
TiOz2 has several drawbacks in terms of electron-hole recombination, it is visible light inactive and it
has limited surface area [11]. Thus, in order to improve the photocatalytic and physicochemical
properties of titania, some modifications of this semiconductor are very necessary to do. Among such
modifications, metal doping is an effective approach and Pt, Au, porperties Pd, Ni, Cu, and Ag are
able to act as electron trapper to prevent electron-hole recombination, thus enhancing TiO:
photocatalytic efficiency. Moreover, fluorination and sulfation are suitable treatments for the
improvement of TiO: physicochemical properties. These treatments lead to increase the specific
surface area and the absorption of TiO2 in the visible region of the electromagnetic spectrum [7,12,13].

On the other hand, another important drawback of Titania is given by its difficult recovering
after heterogeneous photocatalytic reactions, it is mainly due to the small particle size of this oxide
[14]. Many researchers have been focused in the study of different alternatives for the photocatalytic
material recovering, and some of the most commonly methods employed in order to solve this
problem is filtration and TiO2 immobilization over glass, raschig rings, Silica, stainless steel plates
and clay minerals [14-16].

The aim of the present study was to improve the strong oxidizing power of TiOz2 via fluorination
and incorporation of platinum for the glycerol oxidation reaction. The catalysts were characterized
in terms of physical properties as well as in operational conditions.

2. Materials and Methods

2.1. Catalysts Preparation

Different series of catalyst were prepared by TiO: modification and the typical procedure
employed is described as follows.

2.1.1. Lab Prepared TiO:

TiO2 was prepared by hydrolysis of 200 mL of titanium tetraisopropoxide (Aldrich, 97%) in
isopropanol solution (1.6 M) by the slow addition of distilled water (isopropanol:water 1:1, v/v). The
powder obtained by sol-gel method was labeled as sg-TiO:z and it was recovered by filtration, drying
at 110°C overnight and calcination at 650 °C for 2 h, 4 °C/min was employed as the heating rate.

Commercial TiO2 P25 Evonik (TiO2 (C)) was used as the reference material with no additional
pretreatment.

2.1.2. Fluorinated TiO2

sg-TiO2 material was pretreated by fluorination procedure to obtain fluorinated TiO2 (F-TiOz),
this material was prepared by using an aqueous suspension of fresh sg-TiO2 (2 g) in 1 L of 10 mM
NaF; in order to maximize the fluoride adsorption, the pH was adjusted to 3 by using a solution 1 M
of HCl [12,13]; this suspension was stirred for 1 h in the dark. After fluorination the powders were
recovered by filtration, dried and calcined at 650 °C for 2 h, 4 °C/min was used as the heating rate.
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2.1.3. Platinum Nanoparticles Photodeposition

Platinum (Pt) photodeposition over the calcined F-TiO:2 powders was carried out by using
Hexachloroplatinic acid (H2PtCle, Aldrich 99.9%) as metal source. Firstly, a suspension of the F-TiO:
sample in distilled water containing 0.3 M of isopropanol (Merck 99.8%) as electron donor, was
prepared. This suspension also contained the appropriate amount of metal precursor to obtain
nominal platinum loading of 0.5 and 2 wt.% total of TiO2. Pt photodeposition was then performed
under continuous N2 flux (0.90 L/h), by illuminating the suspension for 120 min. Light intensity on
the suspensions was 60 W/m? determined by a photo-radiometer Delta OHM, HD2102.1. An Osram
Ultra-Vitalux lamp (300 W), which possesses a sun-like radiation spectrum with a main emission line
in the UVA range at 365 nm, was used as the light source. After photodeposition, the powders were
recovered by filtration and dried at 110 °C for 12 h. The catalysts thus obtained, were labeled as 0.5
Pt-F-TiO2 and 2 Pt-F-TiOx.

2.2. Catalysts Characterization

Platinum particle sizes and morphology were evaluated by transmission electronic microscopy
(TEM) in a Philips CM 200 microscope. For these analyzes, the samples were dispersed by sonication
in ethanol and dropped on a carbon grid. The metal particle average diameter (d') was determined
by counting particles in a high number of TEM images from different places of the samples. The
Equation (1) was used,

(dm) = Zdi x fi 1)

where di is the diameter of the ni counted particles and fi is the particle size distribution estimated

by:
fi = ni/(¥ni) ()

where ni is the number of particles of diameter di.

Specific surface area (Seer) measurements were carried out by using low-temperature nitrogen
adsorption in a Micromeritics ASAP2010 equipment. For this analysis the degasification of the
samples was performed at 150 °C.

XRD analyzes were performed on a Siemens D-501 diffractometer with a Ni filter and graphite
monochromator using Cu Ka radiation. Anatase crystallite sizes were calculated from the line
broadening of the main anatase XRD peak (101) by using the Scherrer equation. Peaks were fitted by
using a Voigt function.

In order to analyze the light absorption properties of the catalysts, these materials were
evaluated by UV-Vis spectrophotometry. The UV-Vis DR spectra were recorded on a Varian
spectrometer model Cary 100 equipped with an integrating sphere and using BaSO4 as reference.
Band-gap values of the samples were calculated by using the Kubelka—Munk functions, F(Re), which
are proportional to the absorption of radiation by plotting (F(Re) x hv)2 against hv [17].

The total Pt content and chemical composition of the catalysts synthesized were determined by
X-ray fluorescence (XRF) in a PANalytical Axios sequential spectrophotometer equipped with a
rhodium tube as the source of radiation. XRF measurements were performed on pressed pellets
(sample included in 10 wt.% of wax).

X-ray photoelectron spectroscopy (XPS) studies were also carried out by using a Leybold-
Heraeus LHS-10 spectrometer, working with constant pass energy of 50 eV. The spectrometer main
chamber worked at <2 x 10 Torr, this equipment includes an EA-200MCD hemispherical electron
analyzer with a dual X-ray source working with Al Ko (hv =1486.6 eV) at 120 W and 30 mA. Before
the XPS analyzes the samples were outgassed in the prechamber of the instrument at 150 °C up to a
pressure <2 x 10~ Torr to remove chemisorbed water. C 1s signal (284.6 eV) was used as internal
energy reference in all the experiments.
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2.3. Catalytic Tests

All catalysts were tested in the glycerol oxidation by using an experimental setup consisted of
an open glass cylindrical reactor (2 cm id, 20 cm height) fitted with a cooling jacket. A 8 W lamp
provided the UV light with a main emission at 254 nm, which was set inside the reactor; the energy
source was a UVP PS-1 of 115 V/60 Hz and 40 A. In order to guarantee the continuous stirring and
the homogeneity of the reaction mixture, a stirrer plate (Thermo Scientific) was set under the reactor.
All these trials were carried out in batch mode. The bare and modified assessed catalysts were
TiO2(C), sg-TiO2, F-TiOz, 0.5 Pt-F-TiO2 and 2 Pt-F-TiO2 which were immersed in 100 mL of an aqueous
glycerol (J.T. Baker, 99.7%) solution (100 mM). For the glycerol oxidation reaction, natural room
oxygen was employed and the operational parameters evaluated were: platinum loading (0.5 and 2
wt.%) and catalyst amount (10, 30 and 40 mg). Catalytic reactions were carried out at outside room
temperature with an average value or 19 °C and at starting pH value of 7.8. Blank tests without
catalysts powders were also performed. In order to ensure the reproducibility of the results all the
reactions were performed by duplicate.

At the end of the reaction cycle, the catalytic materials were recovered by filtration (0.45 um
filter), this procedure allowed us to recover 90% of the catalyst employed in the starting time of the
glycerol oxidation reaction.

2.4. Oxidation Products Analysis

1.5 mL of sample were withdrawn from the liquid phase at selected times (0, 5, 10, 15, 30, 60,
120, 180, 240 and 300 min). In order to recover the catalytic materials, these samples were firstly
filtered by using a Sartorius Biolab filters with a pore size of 0.45 um and further analyzed by High
Performance Liquid Cromatography (HPLC) and Total Organic Carbon (TOC). For HPLC analysis,
20 L of filtered samples by using Nylon Acrodisc Syringe Filters (diameter 25 mm and pore size of 45
um), were injected and then measured in a SHIMADZU Model LC-2030 chromatograph. For these
analyzes the next experimental conditions were employed: An UV 210 nm detector, a SiliaChrom SB
C18 column (250 mm length x 5 mm internal diameter x 5 pm Film thickness), 45 °C, H2SOx (aq) 0.01
mM was used as the mobile phase, total flow of 0.5 mL/min and total elution time of 10 min.

Aqueous solutions of Glycerol (G) J.T. Baker, 99.7%, Glyceraldehyde (GAL) Sigma-Aldrich,
>90%, Dihydroxyacetone (DHA) Sigma-Aldrich 97%, Glycolic acid (GA) Sigma-Aldrich, 70 wt.% in
water and Formic acid (FA) Honeywell >98%, were employed as HPLC standards. In order to
determine the concentration of these compounds an integration of the data by using the Prominence
I de SHIMADZU Labsolutions software was performed. Robustness, precision and accuracy studies
were also carried out, from these studies it was possible to calculate a variation coefficient lower than
2%, showing the reliability of the measuraments. Other parameters such as conversion, yield and
selectivity were also determined by using the equations enlisted as follows:

Conversion (%) = (Initial concentration of Glycerol - Final concentration of

Glycerol)/(Initial concentration of Glycerol) x 100 ®)
Yield (%) = (Product concentration)/(Initial concentration of Glycerol) x 100 4)
Selectivity (%) = Yield/(Glycerol conversion) x 100 (5)

For TOC analysis, 100 L of filtered samples were measured in an Analytikjena Multi N/C 2100/1
equipment, by using a furnace temperature of 750 °C. Three measurements were performed for each
sample and the average value was considered. Catalysts recycling experiments did not perform, it
was mainly due to the low catalyst loading employed in our work (10, 30 or 40 mg); the loss of almost
10% of catalytic material in each test, makes non-viable this kind of experiments. However, it is
interesting to abroad this analysis in a further research.
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3. Results and Discussion

The present work describes an attempt to improve the catalytic activity of TiO2 via combined
fluorination and platinization for the selective oxidation of glycerol. The main results obtained from
catalysts characterization and catalytic activity measurement are described as follows.

3.1. Platinum Particle Size

The morphology and Pt particle size distribution in the Pt-F-TiO: catalysts were analyzed by
TEM and selected images are presented in Figure 1. As it can be observed, the platinum particles
(small black spots) appear heterogeneously distributed on titania surface, with an average particle
size of 6 nm for 0.5 Pt-F-TiOy, the Pt particle size slightly increases with the platinum loading, thus,
for the 2 Pt-F-TiO2 phtocatalyst, Pt particles over 7 nm were observed. As it can also be observed in
Figure 1, the Pt nanoparticles in 2 Pt-F-TiO2 sample present higher degree of aggregation compared
to its counterpart of 0.5 Pt-F-TiO».

Figure 1. Selected TEM images of Pt-F-TiO2 photocatalyst. (Left): 0.5 Pt-F-TiO2 and (Right): 2 Pt-F-
TiOx.

3.2. Specific Surface Area

Table 1 summarizes the main physical characterization results for the commercial and lab
prepared catalysts. Firstly, it is possible to observe an important difference between the specific
surface area (Sser) values in all the catalysts. Thus, the lowest value corresponds to 11 m?/g in the sg-
TiO:z sample; this is mainly due to the titania particles sintering during the calcination process used
in the preparation of this material at the lab. After fluorination, the Sser value considerably increases,
reaching almost the same Sser value compared to the commercial Titania (i.e., 51 m?/g). This result
shows the protective effect of the fluorine ions over the surface area of TiO2 at high temperature [8].
After platinum addition, it is observed that the specific surface area of fluorinated Titania (F-TiOz)
slightly decreases, which can be attributed to the obstruction of Titania surface as a result of the
presence of platinum nanoparticles; this effect is less pronounced in the material prepared with the
highest Pt loading, which can be explained taking into account that as it was observed by TEM
analyzes previously described, the Pt particles present high size and high agglomeration degree, thus
leading to a less obstruction of F-TiO:z surface in comparison with the material prepared with low Pt
content where a major number of metal nanoparticles of low size are covering the fluorinated Titania.
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Table 1. Physical properties determined for N2 physisorption, XRD, UV-Vis DRS and XPS for the
photocatalysts assayed.

Binding Energy (eV)
Photocatalysts  Sser (m?/g) Danatase (nm) Band Gap (eV) Ti 2psn 0 1s
TiO2 (C) 51 22 3.23 458.5 529.8
sg-TiO2 11 17 3.30 458.5 529.8
F-TiO: 51 24 3.21 458.4 529.6
0.5 Pt-F-TiOz 42 23 3.24 458.3 529.6
2 Pt-F-TiO:z 50 22 3.26 461.3 531.2

3.3. Crystalline Phase Composition

The catalysts were also analyzed by XRD and it was found that both Rutile and Anatase
crystalline phases are present in the TiO2 (C) and sg-TiO2 samples, identified by the main XRD peaks
located at 25.25° (JCPDS card no. 21-1272) and 27.44° (JCPDS card no. 21-1276), respectively (see
Figure 2). Crystalline phases ratio was calculated from the intensity of the XRD peaks by using the
method reported by H. Zhang et al. [15]; from these calculations the Anatase/Rutile ratio was found
to be 90/10.

The presence of Rutile in the sg-TiO2 may be associated with the titania particles sintering during
the calcination at high temperature, thus leading to the rutilization and therefore to the lowest specific
surface area observed in this sample. Only Anatase phase of TiO2 was identified in the fluorinated
and platinized samples, which is in agreement with previous results reported by different authors
[11,18]; these authors have found that the addition of Fluorine ions on titania surface before
calcination reduces the sintering of the particles, thus inhibiting the formation of Rutile phase. The
Anatase crystallite size was also determined from the XRD spectra and the obtained values are
reported in Table 1. As it can be seen, the sg-TiO2 sample presents the lowest value corresponding to
17 nm. This could be related to the particle sintering coming from the formation of Rutile phase in
this catalyst during the calcination process [12,13]. The highest Anatase crystallite size is observed in
the fluorinated TiOy; it has been reported that fluoride enhanced the crystallization of Anatase phase
and promoted the growth of Anatase crystallites [11,18]. In the platinized sample, the Anatase
crystallite size is very similar and no significant changes with the Pt addition were observed in this
parameter.

—TiO,(C)
—sg-TiO,
——F-TiO,

—— 0.5 Pt-F-TiO
—— 2 Pt-F-TiO,

*An atase

Intensity (a.u)
1

JAfLAMAM

“Rutile J(,\ . ’l M. A
Lm o
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Figure 2. XRD patterns for bare and modified TiOz2 samples.
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3.4. Optical Properties

The optical properties of the catalysts were analyzed by UV-Vis DRS and the spectra obtained
are shown in Figure 3. The typical absorption band edge of the TiO2 semiconductor was observed
around 400 nm for all the samples. As it can be seen, the UV-Vis absorption of the fluorinated TiO:
samples is slightly higher than that of the sg-TiO2 sample; it can be due to the presence of fluoride
species (Ti=F) on TiO: surface. It can be also concluded that metallization did not substantially alter
the absorption properties of the samples; however, an increase in absorption throughout the visible
range of the spectrum was observed in Pt-F-TiO2 samples; this is in concordance with the grey colour
of these materials.

From the UV-Vis DR spectra, band gap energies were also calculated and the obtained results
are reported in Figure 3 and Table 1, being 3.3 eV for the sg-TiO:, after fluorination and/or
platinization treatments a slight narrowing of the TiO2 band gap was observed. The estimated band
gap energies for the samples analyzed are between 3.21 and 3.26 eV, very close to that of Anatase
TiO2 (3.20 eV).

Tio, (C)
—sg-TiO,
—F-TiO,
—— 0.5 Pt-F-TiO,
® —— 2 Pt-F-TiO,
(5]
&
Qo
IS
3
<
O'O T T T T T
200 300 400 500 600 700 800
Wavelength (nm)
3,0
2,54
2,0 4
o
Gal
=
2 15
x
53
&L
1,0 A
0,5 4
0,0

hv (eV)

Figure 3. (Up): UV-Vis DR spectra of photocatalysts prepared and (Down): band gap calculation from
Kubelka-Munk function.

3.5. Chemical Composition

The chemical composition of the catalysts was determined by XRF, from this technique, it was
possible to detect traces of Cl- species that remained from the metal precursor used in the preparation
of the catalysts, in any case the chloride content exceeds 0.02%. Also the real platinum loading in the
platinized samples was calculated by XRF and the obtained values are lower than the nominal metal
content used to prepare the catalysts, thus indicating an incomplete reduction of the metal on the
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TiOz surface during the photodeposition process. The amount of deposited Pt was close to 0.39 and
1.25 wt.% in the 0.5 Pt-F-TiO2 and 2 Pt-F-TiO2 samples, respectively.

3.6. XPS Analyzes

The results obtained by XPS are summarized in Table 1. The Ti 2p core peaks exhibit a main
component at around 458.5 + 0.1 eV (Ti 2psp2) for all the catalysts, which is typical of the Ti4+ ions in
the TiO: lattice. The addition of platinum did not modify the chemical environment of titanium atoms
at the TiO2 surface. In the O 1s region, a peak located at 529.8 + 0.2 eV can be observed for all the
samples, assigned to oxygen atoms in the TiO: lattice. This peak is asymmetric, with a shoulder at
higher binding energies that can be ascribed to surface OH groups. By XPS analysis was also detected
the presence of Na and fluoride species on the surface of the fluorinated samples, indicating that
=TiOH: species could be substituted by =TiF [13,18]. By XPS it was also possible to observe that the
Pt species have different oxidation states in the platinized samples, thus, reduced and oxidized
species were detected in these samples, showing the incomplete metal reduction during the synthesis
of the catalysts as it was also confirmed previously by XRF. Selected XPS spectra of the regions O 1s,
Na 1s, F 1s and Pt 4f in the catalysts analyzed are shown in Figure 4.
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Figure 4. XPS spectra of the regions O 1s, Na 1s, F 1s and Pt 4f in the photocatalysts analyzed.

3.7. Catalytic Efficiency

As it was indicated in the experimental section, glycerol concentration and formation of reaction
products were evaluated by HPLC. Figure 5 shows glycerol concentration as a function of the reaction
time over each catalyst evaluated. As it can be noticed in this figure, the highest glycerol
transformation was obtained in the blank test performed without catalyst powder, leading to obtain
a final glycerol concentration of 11.4 mM after 300 min of reaction. The lowest glycerol transformation
was obtained by using 2 Pt-F-TiO: as catalyst, it was 79.3 mM at the end of the reaction time.

As it was previously indicated, glycerol blank test was carried out and from the results obtained,
it was noticed that glycerol is highly sensitive to be transformed by UV-Vis light into different
compounds, it was also observed that the glycerol degradation increases with the illumination time,
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thus leading to obtain a complex reaction mechanism, where almost 8 intermediaries compounds
were identified. The catalytic performance was followed by measuring G, DHA, GAL and FA
concentrations and calculating glycerol conversion, the yield and selectivities of the products (see
Table 2).

Different tests without illumination and in presence of a catalys were also performed and no
glycerol transformation was observed, only a slight reduction of this substrate concentration was
detected, this is mainly due to the glycerol adsorption on catalysts surface.

100
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Figure 5. Glycerol concentration as a function of the reaction time over each photocatalyst evaluated.

Table 2. Conversion and yield calculated during the Glycerol oxidation after 300 min of reaction.

Glycerol ~ GAL DHA  FA Other GAL DHA FA ng‘lfcrts
Photocatalyst  Conversion  Yield Yield Yield Products Selectivity Selectivity  Selectivity Selectivit
(%) (%) (%) (%) Yield (%) (%) (%) (%) ) ¥
0,
Photolysis 88.40 0.12 6.60 12.80 68.90 0.13 7.51 14.50 77.90
TiO2 (C) * 82.20 0.00 15.20 12.90 54.00 0 18.50 15.80 65.70
sg-TiOz * 83.50 0.00 1516  21.24 54.7 0 16.64 23.31 49.87
F-TiO2* 69.40 0.00 9.23 60.20 0 0 13.30 87.00 0
05 Pt’f‘T‘OZ 57.40 3040 2491 210 0 52.98 43.39 3.63 0
2 Pt-F-TiO2 * 20.40 12.03 0 8.33 0 59.10 0 40.83 0
05 PLE-TIO: 34.11 15.45 8.60 10.10 0 4532 25.16 29.51 0
(30 mg)
0.5 Pt-F-TiO:
e 14.83 14.83 0 0 0 0 0 0 0
(40 mg)

On the other hand, all the catalysts synthesized were tested in the Glycerol oxidation (carried
out under illumination) and it was found that the presence of a catalyst in the reaction medium highly
modifies the reaction mechanism, thus leading to obtain different values of glycerol conversion and
selectivity towards FA and DHA. The presence of the catalyst in the irradiated suspension reduce the
number of photons absorbed by the glycerol, thus changing the sequence of chemical transformations
occurring in this reaction. Hence, one should consider the kinetic aspect in the formation of certain
chemicals. The reaction rate is reduced; henceforth certain reaction pathways start to prevail over the
others leading to different distribution of reaction products.

The HPLC results obtained in the glycerol oxidation over some of the catalysts evaluated are
represented in Figure 6. As it can be seen in this figure, by using lab prepared TiO: (Figure 6A) as
catalyst, the glycerol starts to be transformed into FA at the first 15 min of reaction, then, DHA and
other compounds are produced; a similar behavior it was observed by using commercial Titania. In
the case of the lab prepared fluorinated Titania (F-TiO2), the DHA and FA production was observed,
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however, in this case no other compounds was detected (Figure 6B). Platinization of F-TiO: led to
obtain also GAL (Figure 6C).
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Figure 6. Glycerol photooxidation over the photocatalysts evaluated. (A) sg-TiOz; (B) F-TiO2 and (C)
2 Pt-F-TiOx.

Table 2 includes a summary of the glycerol conversion, yield and selectivity results obtained
during the glycerol oxidation after 300 min of reaction by using all the experimental parameters
evaluated in the present work. As it can be seen, the highest glycerol conversion (88.4%) occurs
during the blank test, this is due to the high number of intermediaries compounds formed as a
consecuence of the illumination. It was also observed that commercial TiO: presents similar catalytic
performance compared with its counterpart the lab prepared Titania.

With respect to the compounds of interest, GAL and DHA, the highest yields were achieved
with the modified 0.5 Pt-F-TiO:, indicating the potential of the prepared catalyst. Regarding
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selectivity, it is also noted that 0.5 Pt-F-TiO: catalyst allows the formation of GAL. That can also be
attributed to reaction mechanism occurring during glycerol oxidation.

It is interesting to note that as it can be clearly observed in Figure 6, over platinized and
fluorinated Titania, firstly occurs a decrease of Glycerol concentration, but, after 50 min of reaction,
the concentration of this substrate slightly increases, the same intermittent behavior is observed until
the end of 300 min of total reaction time. These results can indicate that platinized catalysts present a
highly reactive surface, thus over these materials, Glycerol oxidation can be a reversible reaction,
where GLY can be transformed into other compounds, but from these new compounds also can be
formed Glycerol again. These results can be explained taking into account that Pt nanoparticles can
act as active sites on catalysts surface, in these sites Glycerol oxidation can occur but also this substrate
can be efficiently adsorbed on positive Pt species; therefore, in the equilibrium of the reaction will
coexist oxidative and reducing species that will define the course of the reaction according to the
conditions in which it is produced.

3.7.1. Effect of the Platinum Loading

After Pt addition over F-TiO2 it was observed a different behavior compared with the obtained
by using the bare of fluorinated Titania in the glycerol oxidation, thus, only after platinization the
formation of GAL was detected; it is also observed in Figure 6 that fluorination treatment and
platinum addition inhibits the production of other compounds different from GAL, DHA and FA.
Figure 7 shows the evolution of the glycerol oxidation products as a function of reaction time over
sg-TiO2 (Figure 7A), F-TiO: (Figure 7B), 0.5 Pt-F-TiO: (Figure 7C) and 2 Pt-F-TiO: (Figure 7D)
catalysts.

It was also determined that the fluorination and the presence of Pt nanoparticles on F-TiOz
decrease glycerol conversion, however, the Pt addition significantly increases the yield to GAL and
DHA (Table 2). It is a relevant result, given the importance of these two compounds in different
industrial activities, compared with FA; thus, DHA for example is used in the cosmetics industry as
a tanning substance [2] and it is also useful as a monomer in polymeric biomaterials [19]; GAL is an
intermediate of the carbohydrate metabolism and it is also a standard by which chiral molecules of
the D- or L-series are compared [20].

However, it appears that the Pt loading has an important impact in the effectiveness of the F-
TiO: in the glycerol oxidation, thus, with 0.5 Pt-F-TiO: catalyst a glycerol conversion value of 57.40%,
a yield of 30.40, 24.91 and 2.1 to GAL, DHA and FA were obtained, respectively; however, by using
the material prepared with 2 wt.% of Pt (2 Pt-F-TiOz), the conversion and yield to the products in
mention significantly decreases. This can be related to the glycerol adsorption on catalyst surface,
thus, it is possible that Pt nanoparticles act as adsorption centers for glycerol, mainly taking into
account that Pt** species were identified by XPS analyzes in the platinized samples; these species can
favor the adsorption of the strongly electronegative glycerol molecule. This hypothesis can be
corroborated if it is observed that in the case of the 0.5 Pt-F-TiO:2 catalyst there are a high number of
metal particles on surface compared with the 2 Pt-F-TiO2 material, which can favor the substrate
adsorption thus leading to a better oxidation. It can also be analyzed that in the 2 Pt-F-TiO: there are
Pt particles with the highest size >7 nm; different authors have reported that larger Pt particle size is
related to restricted absorption of substrate, thus, Liang et al. [21] have found that bigger sized Pt
particles (>10 nm) were less active, smaller sized ones (<6 nm) exhibited higher glycerol conversion
and stable selectivity; a similar behavior can occurs in the present work where the catalyst presenting
the bigger Pt nanoparticles led to obtain the lowest performance in the glycerol oxidation.
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Figure 7. Glycerol and oxidation products concentration as a function of the photocatalytic oxidation
time. (A) sg-TiO2; (B) F-TiOz; (C) 0.5 Pt-F-TiO2 and (D) 2 Pt-F-TiO-.

3.7.2. Effect of the Catalyst Amount

Taking into account that 0.5 Pt-F-TiO: catalyst shows the better performance and the highest
GAL yield, this material was selected to test it in the glycerol oxidation reaction carried out by using
different catalyst amount (i.e., 10, 30 and 40 mg). The results obtained are summarized in Table 2. As
it can be seen, conversion and yield to the GAL, DHA and FA decreases as the catalyst amount
increases, it can be due to that larger amounts of catalyst can increase the solution opacity and
screening effects of particles can also occur, which mask part of the photosensitive area, thus leading
to reduce the activity of the materials tested in the glycerol oxidation.

A preliminar study of the glycerol oxidation (evaluated by UV-Vis spectrophotometry) by using
10, 20 and 30 mg/L of 2% Pt-F-TiO2, was also attempted. The results obtained have shown similar
behaviour than that observed by using 0.5 Pt-F-TiOz catalyst, the best performance was observed by
using 10 to 20 mg of catalyst loading per liter of glycerol solution.

3.8. Mineralization

In order to monitor the extent of the reaction, samples withdrawn from the fluid phase were
analyzed by the Total Organic Carbon (TOC) method and the results obtained have been included in
Figure 8. TOC results leads to conclude that mineralization was never reached. When the results
obtained during the glycerol oxidation over Pt-F-TiO:, using different catalyst loadings, slight
changes can be observed for all the trials, but glycerol is not completely oxidized or mineralized in
any case. This implies that CO2 or H2 were not produced. This effect was also observed when different
catalyst amounts were tested with the other assessed materials.
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Figure 8. Total Organic Carbon (TOC) results as a function of the reaction time during the Glycerol
oxidation over the photocatalysts analyzed.

4. Conclusions

Glycerol is sensitive to UV-Vis light, thus, it was observed that this molecule can be transformed
under illumination giving rise to the formation of eight different compounds during the blank
experiments, while in the presence of a catalyst in the reaction medium the number of products
significantly decreases.

Fluorination and platinization lead to modify the optical and morphological properties of TiO:
prepared by sol-gel method, thus leading to obtain a high absorption in the visible region and high
surface area. It was observed that these treatments clearly modify the reaction mechanism and
selectivity during glycerol oxidation reaction. Firstly, over commercial or lab prepared TiO: almost
three intermediaries are produced after 60 min of reaction; after fluorine addition on TiO: surface,
only the formation of DHA and FA was detected. Moreover, GAL, DHA and FA where observed
when Pt was added.

Pt content and catalyst loading are key points influencing glycerol transformation effectiveness,
thus, by increasing the Pt content from 0.5 to 2 wt.% glycerol conversion and therefore the
intermediaries products yield decrease; it can be related to glycerol adsorption on Pt-F-TiO: surface,
which is better on 0.5 wt.% Pt-F-TiO2 catalyst. 10 mg was found to be the best loading for glycerol
oxidation over 0.5 wt.% Pt-F-TiO, this amount is enough to allow the correct interaction between the
catalyst and the substrate avoiding screening effect and low yields.

According to the results obtained it is worth noting that platinization is a suitable method to
improve the F-TiO: efficiency in the glycerol tranformation into GCA and anyway the highest GAL
production was obtained over 0.5 wt.% Pt-F-TiO: catalyst.
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