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Abstract — In this work, the simultaneous production of CH, and H, from photocatalytic reforming of
glucose aqueous solution on Pd-TiO, catalysts under UV light irradiation by Light-Emitting Diodes
(LED) was investigated. The Pd-TiO, catalysts were prepared by the photodeposition method.
The Pd content was in the range 0.5-2 wt% and a photodeposition time in the range 15-120 min was
used. Pd-TiO, powders were extensively characterized by X-Ray Diffraction (XRD), Sggn X-Ray
Fluorescence spectrometry (XRF), UV-Vis Diffuse Reflectance Spectra (UV-Vis DRS), TEM and
X-Ray Photoelectron Spectroscopy (XPS). It was found that the lower Pd loading (0.5 wt%) and
120 min of photodeposition time allowed us to obtain homogeneously distributed metal
nanoparticles of small size; it was also observed that the increase in the metal loading and
deposition time led to increasing the Pd’ species effectively deposited on the sulfated TiO, surface.
Particle size and the oxidation state of the palladium were the main factors influencing the
photocatalytic activity and selectivity. The presence of palladium on the sulfated titania surface
enhanced the H, and CH, production. In fact, on the catalyst with 0.5 wt% Pd loading and 120 min
of photodeposition time, H, production of about 26 umol was obtained after 3 h of irradiation time,
higher than that obtained with titania without Pd (about 8.5 pumol). The same result was obtained
for the methane production. The initial pH of the solution strongly affected the selectivity of the
system. In more acidic conditions, the production of H, was enhanced, while the CH, formation was
higher under alkaline conditions.

Résumé — Production simultanée de CH, et H, par réformage photocatalytique d'une solution
aqueuse de glucose sur un catalyseur Pd-TiO, sulfaté — Dans cette recherche, la production
simultanée de CH,4 et H, par le reformage photocatalytique de glucose sur les catalyseurs Pd-TiO,
sous irradiation de lumiére UV réalisée par des diodes électroluminescentes (LED) a été étudiée. Les
échantillons de Pd-TiO, ont été préparés par la méthode de photodéposition. Le contenu de Pd était
compris entre 0,5-2 % en poids et il a été utilis¢ un temps de photodéposition dans la gamme
15-20 minutes. Les poudres Pd-TiO, ont été caractérisées par diffraction des rayons X (XRD), surface
spécifique BET (Sggt), fluorescence X (XRF), spectrométrie UV visible (UV vis DRS), microscopie
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¢lectronique a transmission (TEM) et spectrométrie photo électronique X (XPS). Il a été constaté que le
chargement inférieur de Pd (0,5 % en poids) et 120 minutes de temps de photodéposition conduit & une
répartition homogéne des nanoparticules métalliques avec une faible dimension ; il a aussi été€ observé
que l’augmentation de la charge de métal et celle de durée du dépot conduisent & augmenter les
espéces de Pd° efficacement déposées sur la surface de TiO,. La taille des particules et I’état
d’oxydation du palladium ont été les principaux facteurs qui influent sur I’activité photocatalytique et
sur la sélectivité. La présence de palladium sur la surface de I’oxyde de titane accroit la production de
H; et CHy. En fait, sur le catalyseur avec 0,5 % en poids du chargement de Pd et 120 min de temps de
photodéposition, il a été obtenu une production de H, d’environ 26 pmol aprés 3 heures de temps
d’irradiation, quantité supérieure a celle obtenue avec TiO, sans Pd (environ 8,5 pmol). Le méme
résultat a été obtenu pour la production de méthane. Le pH initial de la solution a fortement influencé
la sélectivité du systéme. Dans des conditions plus acides, la production de H, a été améliorée, tandis

que la formation de CH,4 a été plus élevée pour des conditions alcalines.

INTRODUCTION

In recent years, there have been intensive efforts toward the
development of novel technologies for the production of
hydrogen or methane from renewable resources, mainly
water and biomass [1-3]. In particular, the food industry pro-
duces a large amount of solid and liquid wastes which could
be valorized. In wastewater from the food industry, it is pos-
sible to find a high concentration of glucose. Glucose can be
converted into hydrogen by several reactions, such as steam
reforming [4, 5], wet oxidation of glucose [6], oxidative glu-
cose reforming [7], pyrolysis [8], biophotolysis [9, 10], dark
fermentation [11], electrolysis [12] and photocatalysis [13,
14]. Hydrogen has been identified as an ideal energy carrier
for sustainable energy development [15-18] and it can be
used in a fuel cell to generate electricity with high efficiency.
In order to support a sustainable hydrogen economy, it is
crucial to produce hydrogen cleanly and renewably. Typi-
cally, heterogeneous photocatalysis is studied with the aim
of removing organic pollutants from wastewater [19, 20]
through oxidation reactions which can finally result in the
production of CO, and water. An interesting approach is to
explore, in parallel to wastewater treatment, opportunities
of mass recovery which can be sold as secondary raw mate-
rial or used as energy resources, such as hydrogen and meth-
ane. Some wastewaters from food processes contain a high
concentration of sugars, particularly glucose, which should
be removed before effluent disposal or reuse, but if properly
treated, hydrogen could be produced. In the past two dec-
ades, photocatalytic processes have been investigated as a
possible method to obtain hydrogen glucose aqueous solu-
tions [21]. The photocatalytic hydrogen production by
decomposition of water containing glucose seems to have
become a very powerful method for the practical and low-
cost technologies in the hydrogen based energy system
[22, 23]. Different catalysts containing noble metals on the
surface (Au, Pt, Pd) or nanostructured Fe,O; polymorphs

[24] have been investigated [22, 25] because the presence
of noble metals on the surface of the semiconductor
improves photocatalytic performances. Linsebigler et al.
(1995) [26] observed that by adding a small amount of noble
metals, it is possible to suppress to some extent the charge
recombination by forming a Schottky barrier. Rh or Pt, Pd,
Cu or Ni supported on TiO, have been investigated in the
conversion of glucose into H, [27]. However, the reactor
configurations reported in the literature only include the
use of mercury vapor lamps with high voltage as a light
source (125-400 W) [28, 29]. Moreover, a few results are
reported in the scientific literature about the production of
methane through photocatalytic reforming of wastewater.
Generally, the production of methane derives from processes
such as anaerobic digestion [30, 31]. The production of
hydrogen or methane from ethanol by photocatalytic reac-
tion has also been reported [32].

In this work, the simultaneous production of CH4 and H,
from photocatalytic reforming of glucose on Pd-TiO, was
investigated under UV light irradiation by Light-Emitting
Diodes (LED) with low energy consumption (10 W). TiO,
was prepared via a sol-gel technique, while Pd addition
was carried out by photodeposition. The influence of some
parameters, such as: photodeposition time and Pd loading
on the final properties of the materials and their photocata-
lytic efficiency for glucose reforming was evaluated.
The effect of the photocatalyst dosage and initial pH on pho-
tocatalytic performance was also investigated.

1 EXPERIMENTAL

1.1 Synthesis of Photocatalysts

TiO, was prepared by hydrolysis of titanium tetraisopropox-
ide (Aldrich, 97%) in isopropanol solution (1.6M)
by the slow addition of distilled water (volume ratio
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isopropanol/water 1:1). The TiO, powder was recovered by
filtration, dried at 110°C for 24 h and pre-treated by immer-
sion in a 1M sulfuric acid solution under continuous stirring
for 1 h. After pre-treatment, the solution was filtered, dried
and calcinated at 650°C for 2 h; the resulting photocatalyst
was used as starting material (S-TiO,). The fresh TiO, pow-
der was submitted to a sulfate treatment, taking into account
that previous results have shown that sulfate pre-treatment
stabilizes the anatase phase up to high temperatures and pro-
tects the surface area against sintering [33-36].

Photodeposition of palladium was performed over the sul-
fated TiO, powders using palladium chloride (II) (PdCl,,
Aldrich 99%) as the metal precursor. Under an inert atmo-
sphere (N), a suspension of the corresponding TiO, sample
in distilled water containing isopropanol (Merck 99.8%),
which acts as the sacrificial donor, was prepared. Then, the
appropriate amount of PdCl, solution to obtain the desired
nominal palladium loading was added; in order to dissolve
the metal precursor, the pH of this solution was adjusted to 2
by using a HCI 0.1M solution. Photodeposition of palladium
was then performed by illuminating the suspension for
120 min with 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. The light intensity on the sus-
pensions was 60 W/m? determined by a PMA 2200 UVA pho-
tometer (Solar Light Co.). After photodeposition, the powders
were recovered by filtration and dried at 110°C overnight.
Series of Pd-TiO, catalysts were prepared by using different
metal contents (0.5% or 2% weight total to TiO,) and photode-
position times (15 or 120 min). The photocatalysts prepared by
TiO, metallization will be denoted in this document as
0.5Pd15, 0.5Pd120, 2Pd15 and 2Pd120.

1.2 Photocatalyst Characterization

All the materials were widely characterized using different
techniques. The crystalline phase composition and degree
of crystallinity of the samples were estimated by XRD.
XRD patterns were obtained on a Siemens D-501 diffrac-
tometer with a Ni filter and graphite monochromator using
Cu Ko 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.

Specific surface area (Sgpt) measurements were carried
out using low-temperature nitrogen adsorption in a Microm-
eritics ASAP 2010 instrument. Degasification of the samples
was performed at 150°C.

The chemical composition and total palladium content in the
samples were determined by 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).

The light absorption properties of the samples were studied
by UV-Vis spectroscopy. The UV-Vis DRS were recorded on a
Varian spectrometer (model Cary 100) equipped with an inte-
grating sphere and using BaSOy, as a reference. Band-gap val-
ues were calculated from the corresponding Kubelka-Munk
functions, F(Roo), which are proportional to the absorption
of radiation by plotting (F(Roo)-hv)'"? against hv.

Palladium particle sizes were evaluated by TEM, in a
Philips CM 200 microscope. The samples were dispersed in
ethanol using an ultrasonicator and dropped on a carbon grid.

XPS studies were carried out on a Leybold—Heraeus
LHS-10 spectrometer, working with a constant pass energy
of 50 eV. The spectrometer’s main chamber, working at a
pressure < 2 x 1077 Torr, is equipped with an EA-200
MCD hemispherical electron analyzer with a dual X-ray
source working with Al Kot (hv = 1 486.6 eV) at 120 wand
30 mA. The C Is signal (284.6 eV) was used as an internal
energy reference in all the experiments. Samples were out-
gassed in the prechamber of the instrument at 150°C up to
a pressure < 2 x 10~° Torr to remove chemisorbed water.

1.3 Photocatalytic Tests

Photocatalytic experiments were carried out with a Pyrex
cylindrical reactor (ID = 2.5 cm) equipped with a N, distrib-
utor device (Q = 0.122 NL/min). The continuous mixing of
the glucose solution and the photocatalyst was carried out by
external recirculation of water through the use of a peristaltic
pump. A thermocouple was inserted inside the reactor to
monitor the temperature during irradiation. The photoreactor
was irradiated by a strip composed of 15 UV-LED (nominal
power: 10 W) with wavelength emission in the range
375-380 nm. The LED strip was positioned around the exter-
nal surface of the reactor so that the light source uniformly
irradiated the reaction volume (light intensity: 1.5 W/m?).
Typically, 0.04 g of catalyst was suspended in an 80-mL aque-
ous solution containing 500 mg/L of glucose (D" Glucose
VWR, Sigma-Aldrich). The suspension was left in dark condi-
tions for 2 hours to reach the adsorption-desorption equilibrium
of glucose on the photocatalysts’ surface, and then a photocat-
alytic reaction was initiated under UV light for up to 3 hours.
Hydrogen and methane yield during the irradiation time is eval-
uated according to the following relationship:

2'”H2

Ry - 100

N
12 "¢eH,,04

4. I’lCH4

Ren, = - 100

0
12 nCsH,,04

where: R = yield; ny, = moles of H; produced; ncp, = moles
of CH, produced; nl ; o = moles of glucose after dark
adsorption.
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To evaluate the influence of the initial pH on the produc-
tion of H, and CHy, the pH of the solution was changed by
adding nitric acid (Baker Analyzed, 65%) or ammonium
hydroxide (Baker Analyzed, 30%). About 2 mL of samples
were taken from the photoreactor at different times and fil-
tered in order to remove Pd-TiO, particles before analysis.

1.4 Chemical Analysis

The analysis of the gaseous phase from the photoreactor was
performed by online gas chromatography (MicroGC, Agi-
lent) with a TDX-01 column for the analysis of CO, CO,,
CH,4 and H; and equipped with a molecular sieve for the
analysis of oxygen. The concentration of glucose was mea-
sured by a spectrophotometric method [37, 38]. Briefly, a
2-mL aliquot of a carbohydrate solution is mixed with
1 mL of 5 wt% aqueous solution of phenol (Sigma-Aldrich)
in a test tube. Subsequently, 5 mL of concentrated sulfuric
acid (Sigma-Aldrich) is added rapidly to the mixture. Then,
light absorption at 490 nm is recorded on a UV-Vis spectro-
photometer (Perkin Elmer).

2 RESULTS AND DISCUSSION

2.1 Photocatalyst Characterization

2.1.1 X-Ray Diffraction

Figure 1 shows the XRD patterns of the Pd-TiO, photocata-
lysts; the only crystalline phase present in all the samples
was anatase, identified by the main XRD peak located at
25.25°, thus indicating that the sulfation pre-treatment inhib-
ited the formation of the rutile phase of TiO, during the cal-
cination process, as has been reported by different authors
[33-36].

On the other hand, photodeposition of palladium did not
affect the phase composition in any case. In the spectra of
metallized samples, a diffraction peak for Pd was detected
at 40°; this peak is assigned to Pd (111) [39]. It was observed
that the intensity of this peak increased with the Pd loading,
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Figure 1

XRD patterns for TiO, and Pd-TiO, photocatalysts prepared
with different Pd contents and deposition times. a) TiO,;
b) 0.5 wt% Pd-TiO,, 15 min; ¢) 0.5 wt% Pd-TiO,, 120 min;
d) 2 wt% Pd-TiO,, 15 min; e) 2 wt% Pd-TiO,, 120 min.

being highest in the catalysts prepared with 2 wt% of nom-
inal content and 120 min of deposition time; this could be
due to a higher metal particle size in these samples.

The anatase crystallite sizes calculated by the Scherrer
equation from the (101) peak of the XRD pattern are listed
in Table 1. As can be seen, the TiO, presents a value of
20 nm; the Pd addition did not significantly modify crystal-
lite sizes beyond this value.

2.1.2 BET Surface Area

BET surface area values (Sggt) for all the samples are shown
in Table 1. As can be seen, Pd addition did not induce signif-
icant modifications in the Sggt of the analyzed materials, and
the observed slight decreases are probably due to pore block-
ing by metal deposits on the TiO, surface.

TABLE 1

Characterization of the investigated photocatalysts

Photocatalyst Pd nominal Photodeposition Real Pd content Sulfate amount Sper (M%/g) Band gap (ev)**
loading (wWt%) time (min) (Wt%)* (Wt%)
S-TiO, 0 - - 0.30 58 3.2
0.5Pd15 0.5 15 0.18 0.28 46 3.2
0.5Pd120 0.5 120 0.20 0.27 48 32
2Pd15 2 15 0.34 0.28 48 3.2
2Pd120 2 120 0.80 0.28 49 3.2
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2.1.3 X-Ray Fluorescence

The real palladium content in the metallized samples was
measured by XRF and the values are listed in Table 1. These
values are less than the nominal metal content used to pre-
pare these materials (0.5 or 2 wt%), indicating an incomplete
reduction of the metal precursor (PdCl,) on the TiO, surface
during the photodeposition process. However, the amount of
deposited Pd was highest in the samples prepared with the
highest deposition time (120 min).

In all the samples, XRF analysis revealed that a certain
amount of S and Cl™ species remained on the solid after
preparation. The sulfur content was between 0.27 and
0.30%, and the chloride content was below 0.02%.

2.1.4 UV-Vis Diffuse Reflectance Spectra

The absorption spectra of all the samples are shown in
Figure 2. The typical absorption band edge of the TiO,
semiconductor was observed at around 400 nm for all the
samples. As can be seen, metallization did not substantially
alter the absorption properties of the samples; however, a
slight increase in absorption throughout the visible range
of the spectrum was observed due to the gray color of these
materials; this increase is more evident in samples with the
highest Pd loading.

From the UV-Vis DRS spectra, band-gap energies were
calculated, being 3.20 eV for the TiO, corresponding to
the anatase phase. Pd photodeposition did not induce any
significant change in this value; estimated band-gap energies
are between 3.2 and 3.3 eV.

2.1.5 Microscopic Analysis

The morphology and Pd particle size in the samples prepared
was studied by TEM.

As was observed from the TEM images, in the samples
prepared with 0.5 wt% Pd loading, metal nanoparticles
appear to be homogenously distributed all over the surface,
with sizes around 2-4 nm (images are not shown).

Figure 3 shows representative TEM images of TiO, after
photodeposition of 2 wt% Pd with irradiation times of 15 and
120 min (Fig. 3a and 3b, respectively). In both samples, pal-
ladium particles can be seen as dark spherical spots placed
on the larger anatase particles; in these samples Pd nanopar-
ticles are heterogeneously distributed on the TiO, surface
and particle sizes higher than 6 nm were observed.

2.1.6 XPS Analyses

XPS measurements were performed and a summary of these
results is reported in Table 1.

Figure 4 shows spectra of Ti 2p and O 1s for the different
samples analyzed. The Ti 2p core peaks exhibit a main com-
ponent at around 458.5 £ 0.1 eV (Ti 2p3,,) in all the samples,
representative of the Ti*" ions in the TiO, lattice. The addi-
tion of Pd did not modify the oxidation state or the chemical
environment of titanium atoms at the surface of the TiO,.
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 assigned to surface OH groups.
The shoulder is more prominent in the non-metallized
TiO, sample, indicating a higher hydroxylation degree in

1.0
0.8 — S-TiO,

—— 0.5% Pd-TiO, 15 min
= —— 0.5% Pd-TiO, 120 min
% 0.6 2% Pd-TiO, 15 min
3] 2% Pd-TiO, 120 min
3
S 0.4
Ke]
<

0.2 - !
0.0

200 300 400 500 600 700 800
Wavelenght (nm)

Figure 2
UV-Vis DRS spectra for the investigated photocatalysts.

Figure 3

TEM images of 2 wt% Pd-TiO, samples. a) Pd-TiO,, 15 min;
b) Pd-TiO, 120 min.
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Figure 4

XPS core level spectra of Ti 2p and O 1s regions for the inves-
tigated photocatalysts. a) S-TiO,; b) 0.5 wt% Pd-TiO,, 15 min;
¢) 0.5 wt% Pd-TiO,, 120 min; d) 2 wt% Pd-TiO,, 15 min;
e) 2 wt% Pd-TiO,, 15 min.

this sample. The intensity of this shoulder is lower in
Pd-TiO, samples; this is mainly due to the presence of metal-
lic nanoparticles partially covering the TiO, surface, as was
observed by TEM (Fig. 3).

The study of XPS Pd 3d peak regions can provide infor-
mation concerning the oxidation state of the Pd species
adsorbed on the TiO, surface. A Pd 3d region is formed
by a doublet corresponding to the signals for 3d;, and
3ds,,. The Pd 3d;, binding energy for metallic palladium
(Pd®) appears near to 334 eV, while for partially oxidized
forms (Pd**/Pd*") it appears at higher binding energies with
values of ca. 336 and 338 eV, respectively [40]. The XPS Pd
3d region for the Pd-TiO, samples prepared with 0.5 and

0.25 T T T T
Pd° ~ 334 eV
Pd* ~ 336 eV

0.20
Pd* ~ 338 eV

0.15 - ;

0.10

Intensity (a.u)

0.05 A

344 342 340 338 336 334 332
Binding energy (eV)

Figure 5

Comparative XPS spectra of Pd 3d;, and 3d, core levels of
Pd-TiO; catalysts prepared with different Pd contents and depo-
sition times. a) S-TiO,; b) 0.5 wt% Pd-TiO,, 15 min; ¢) 0.5 wt%
Pd-TiO,, 120 min; d) 2 wt% Pd-TiO,, 15 min; e) 2 wt%
Pd-TiO,, 120 min.

2 wt% metal content and deposition times of 15 and
120 min is shown in Figure 5. All the spectra were calibrated
with the C 1s peak at 284.6 eV attributed to “adventitious”
surface carbon. Pd° and Pd®" species were detected in all
the analyzed samples, thus indicating an incomplete reduc-
tion of the metal precursor on the TiO, surface; these obser-
vations are in agreement with the results obtained by XRF
analysis (Sect. 2.1.3). However, the Pd° on TiO, increased
with the deposition time and with the metal content.
As can be seen qualitatively in Figure 5, the highest intensity
of the peaks assigned to Pd° species content was observed in
the catalyst prepared with 120 min of deposition time and
2 wt% of nominal Pd loading.

Pd 3d;,, and 3ds/, doublets were deconvoluted using the
UNIFIT 2009 software assuming a doublet separation of
5.2 eV of the two components. The spectrum obtained for
the 2 wt% Pd-TiO, catalysts prepared with 120 min of depo-
sition time is shown in Figure 6. A Shirley-type background
was subtracted from each spectrum. By the deconvolution of
the doublets, it is possible to observe clearly the presence of
Pd’/Pd°" species in the analyzed sample.

2.2 Photocatalytic Results

2.2.1 Influence of Photocatalyst Formulation

The preliminary test performed in dark conditions showed
no reaction product in the gaseous phase.
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Figure 6

XPS Pd 3dy, and 3d5, regions for the 2 wt% Pd-TiO, catalyst
prepared with 120 min of deposition time.

The final concentration of glucose after the dark period
was 351 and 305 mg/L for S-TiO, and 0.5Pd120, respec-
tively.

Control tests with UV as a standalone process and
under photocatalytic conditions with UV/S-TiO, and
UV/0.5Pd120 were carried out to evaluate the contribution
of each process in the production of hydrogen and methane
from glucose (Fig. 7). During the irradiation time, the pro-
duction of H,, CO, and CH,4 was observed, but no formation
of CO and O, was observed. The presence of palladium
photodeposited on the surface of the titania enhanced the
production of hydrogen (Fig. 7a). In particular, a production
of H, as high as 26 pmol (Ry,= 3%) after 3 hours of irradi-
ation with a 0.5Pd120 catalyst was observed. The hydrogen
yield on 0.5Pd120 (3%) is significantly higher than that
obtained on S-TiO, (0.9%). However, a large fraction of glu-
cose is not converted into hydrogen and methane under the
present conditions.

These results are in agreement with those reported in the
literature. In particular, loading noble metals such as Pt [41]
and Au [42] onto the photocatalyst surface can separate
photogenerated electrons and holes more effectively and
thus improve hydrogen production. In a similar way, the
coexistence of Pd with TiO; in the Pd-TiO, composite pho-
tocatalyst may lower the recombination rate between photo-
generated electrons and holes, thus improving the efficiency
of the photocatalysis process. It is well known that there are
two forms of electron-hole recombination in TiO,, surface
recombination and bulk recombination, and both can lower
the efficiency of photocatalysis [43]. The Fermi energy level
of Pd is lower than that of TiO,, and since they are closer to
each other, the electrons on the surface of TiO, can sponta-
neously transfer to the surface of Pd until their Fermi energy
levels become equal. As a result, excessive negative charges

30
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Figure 7

Control tests with UV as a standalone process and under
photocatalytic conditions with UV/S-TiO, and UV/0.5Pd120:
H, and CH4 production a), H,/CO, molar ratio b) and CH,
production c).

accumulate on the surface of Pd and excessive positive
charges accumulate on the surface of TiO,. Therefore, the
energy band of TiO, bends upwards, forming the Schottky
barrier. Therefore, in the composite catalyst, Pd acts as an
electron trap, which can effectively prevent the surface elec-
tron-hole recombination [43].

The value of the H,/CO, molar ratio did not change sig-
nificantly as irradiation time increased, tending to a value
approximately equal to 2 after three hours of irradiation
(Fig. 7b). CO, and H, are mainly produced from the photo-
catalytic wet reforming of glucose, according to the follow-
ing reaction (Eq. 1):

CsH1206(/) +6 HoO() = 6 COx(g) + 12 Ha(g) (1)



898 Oil & Gas Science and Technology — Rev. IFP Energies nouvelles, Vol. 70 (20152015), No. 5

2.0
1.8 -
1.6 A
1.4 4 Giluconic
1.2 1 acid
1.0 A
0.8 1
0.6 1
0.4 4
0.2 1
0 . |
240 290 340 390 440 490 540
Wavelength (nm)

— Time =0
Time=3h

Absorbance

Figure 8

Spectrophotometric analysis of the aqueous solution before and
after treatment with the 0.5Pd120 catalyst.

The deposition of Pd (0.5Pd120) resulted in an increased
methane production (7.58 pmol) and yield (2%) compared
with the S-TiO, catalyst, for which CH, production and
yield were about 2.8 pmol and 0.6%, respectively (Fig. 7c).

In the absence of oxygen, methane could result from the

degradation of glucose through the following reaction
(Eq. 2) [44]:

CsH1206(/) = 3 CHs(g) + 3 COz(g) (2)

Since CO, mainly comes from the photocatalytic wet
reforming of glucose (Eq. 1), as confirmed by the molar ratio
H,/CO, being equal to 2, CH,4 could be formed through the
following reaction (Eq. 3), similar to anaerobic digestion:

CeHi1206(!) + 6 HoO(/) = 6 CHa(g) +6 O2(g)  (3)

This result is confirmed by the analysis of the liquid
phase after 3 hours of irradiation, which showed the pres-
ence of gluconic acid (Fig. 8), a typical product of glucose
oxidation [45]. Therefore, the oxygen produced according
to Equation (3) possibly reacts with glucose, leading to the
formation of gluconic acid. The presence of the latter was
detected by spectrophotometric analysis of the liquid sample
whose result is reported in Figure §; gluconic acid is repre-
sented by a band with a peak at a wavelength of 254 nm [45].
The presence of any intermediate compounds that have been
produced by the oxidation of glucose, such as gluconic acid,
is important because they may possibly be recovered and
used for different purposes (food, pharmaceutical and hygie-
nic products) [45].

Glucose conversions observed during S-TiO, and
Pd-TiO, photocatalytic treatment after 3 hours of irradiation
are shown in Figure 9. The photocatalytic activity of
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Figure 9

Glucose conversion after photocatalytic treatment by S-TiO,
and Pd-TiO, catalysts (3 h irradiation time).
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Figure 10

H, and CH, production after photocatalytic treatment by
S-TiO, and Pd-TiO, catalysts (3 h irradiation time).

Pd-TiO, was influenced by the photodeposition time and
by the content of palladium used in the synthesis of the phot-
ocatalysts. The increase in the photodeposition time up to
120 min had a positive effect on the TiO, photoactivity for
0.5 wt% of Pd loading. Glucose conversion values obtained
with the catalysts with 2 wt% of Pd content were lower than
those obtained with the catalysts with 0.5 wt% of Pd loading,
for both deposition times investigated. In particular, the best
catalyst for the conversion of glucose was 0.5Pd120, for
which the glucose conversion was as high as 26%.

This result is in agreement with the production of hydro-
gen and methane (Fig. 10); the highest production of H, and
CH, was observed for the catalyst 0.5Pd120. In particular,
on this catalyst it is possible to obtain 0.65 mmol/g.,; of
H, and 0.18 mmol/g.,; of CHy4.

It is very important to note that the hydrogen production is
very similar to that obtained by using a UV lamp with a
nominal power of 125 W [29].
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Optimization of catalyst loading according to hydrogen a) and
methane b) production, and glucose consumption c).
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Effect of the initial pH on hydrogen a) and methane b) produc-
tion, and glucose consumption c).

The behavior observed could be explained taking into
account that in the analyzed photocatalysts partially oxidized
Pd species and metallic Pd were detected. These species
could be responsible for the differences observed in the glu-
cose conversion and hydrogen production in the glucose
reforming over Pd-TiO, photocatalysts. The catalyst pre-
pared with 0.5 wt% Pd loading and 120 min of photodepo-
sition time resulted in the highest glucose conversion

and H, production. The highest performances are possibly
related to a homogeneous Pd nanoparticle distribution over
the TiO, surface with sizes lower than 4 nm (as observed by
TEM analysis) and Pd” oxidation state (according to XPS anal-
ysis, metal preferentially occurs in its metallic state (Pd%)).
For the catalysts with a Pd content higher than 0.5 wt%,
the presence of pd® species on the TiO, surface could
induce a preferential Pd photodeposition on these species,
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not over TiO,, leading to an increase in the Pd particle size.
Moreover, the metal oxidation state can modify the adsorp-
tion of glucose on the photocatalyst surface, thus determin-
ing a different catalytic activity.

2.2.2 Optimization of Catalyst Dosage for Photocatalytic
Tests

The optimization of the catalyst dosage was carried out
under UV irradiation by testing different concentrations of
0.5Pd120 photocatalysts, in the range 0.125-1 g/L. Photocat-
alytic efficiency increased as catalyst loading was increased
up to 0.25 g/L. As catalyst loading was further increased, the
conversion of glucose and the simultaneous formation of H,
and CH4 decreased (Fig. 11).

Possibly, the increase in the catalyst dosage over the opti-
mum value resulted in a decreased light penetration through
the solution because of the increased opacity of the aqueous
suspension [46].

2.2.3 Influence of Initial pH of Solution

Finally, the effect of the pH on the production of hydrogen
(Fig. 12a) and methane (Fig.12b) as well as on the conver-
sion of glucose (Fig. 12c) was evaluated. The specific con-
version of glucose increased as the solution pH was
increased. The effects of pH on hydrogen generation are
considered to be quite complex, involving the changes of
the chemical state of glucose, redox potential of H'/H,
and relative position of the band edges of the semiconductor
[47]. At lower pH values (pH = 3), the redox potential of
H'/H, would become more positive, which is advantageous
for efficient hydrogen generation [47]. However, the most
favorable condition for methane production is alkaline solu-
tion. Accordingly, the highest methane production was
observed at pH 11 (about twice that at pH 3). Possibly, when
the redox potential of H'/H, becomes more negative and the
pH of the solution is similar to the pk, of glucose, the meth-
ane production is enhanced.

CONCLUSIONS

Pd deposition onto the sulfated TiO, surface throughout the
photodeposition time was favorable to the production of H,
or CH,4 by photocatalysis. These compounds were produced
efficiently by photocatalytic reforming of aqueous solutions
of glucose. The experimental conditions during photodepo-
sition, such as deposition time, were found to have a strong
influence on the final properties of the materials, and conse-
quently on their photocatalytic activity in glucose reforming.
A short deposition time (15 min) led to a smaller average
particle size and higher dispersion of the palladium on the

sulfated TiO, surface, as well as a higher fraction of the
metal in its metallic state. These features resulted in a good
photocatalytic performance in terms of glucose conversion.
The best photocatalytic behavior was observed in the sample
prepared with 0.5 wt% of palladium and 120 min of photo-
deposition time. By changing the pH of the solution, it is
possible to modulate the performance of the photocatalytic
reaction, producing more methane in alkaline conditions or
more hydrogen in acidic conditions.

The process appears to be a promising, cost-effective
method (also considering the high energy-efficiency lighting
by UVA-LED) for the treatment of sugar water from indus-
trial food processes, with a parallel recovery of products
(CH4 and H,) which could be successfully used for energy
production.
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