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ABSTRACT

Selective photocatalytic oxidation of 3-pyridinemethanol to 3-pyridinemethanal and vitamin B3 by using
pristine and Pt loaded home prepared (HP) rutile and commercial TiO, photocatalysts, under UV, UV-vis
and visible irradiations in water, was performed in friendly environmental conditions. The photocatalysts
were characterized by XRD, SEM-EDAX, BET, DRS, XPS and TGA techniques. The influence of pH on reactiv-
ity and total selectivity to 3-pyridinemethanal and vitamin B; was studied. Under very acidic conditions
(pH=2)no or low activity (depending on photocatalyst) was observed, whereas by increasing the pH from
4 to 12 very high total selectivity was achieved. The Pt loading was beneficial for selectivity whereas the
reactivity was positively affected only for crystalline HP sample. This last sample showed good activ-
ity under visible irradiation, exhibing an about 4 times higher conversion than the other samples. The
influence of the position of the benzylic group in pyridine (2-pyridinemethanol and 4-pyridinemethanol)
was also studied. The results showed that to synthesize vitamin B3 in green conditions the photocatalyst
should be poorly crystalline or Pt loaded.
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pH effect
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1. Introduction

Heterogeneous photocatalysis by TiO, fulfils the principles of
Green Chemistry as the experiments are generally carried out in
water at ambient temperature and under sunlight by using oxygen
from air as the oxidant [1]. A semiconductor such as TiO; is very
suitable for green photocatalysis as it is very effective, cheap and
stable to photocorrosion [2]. Using oxygen from air without doing
any purification is very simple, economic and hazardless. Water
is also very cheap, sustainable and un-flammable solvent [3]. By
considering that fossil fuels will end near future, using sunlight as
energy source becomes a very important challenge for mankind.
In addition, working at room temperature and pressure decreases
energy requirement and costs for reactor security.

Heterogeneous photocatalysis has been mainly employed to
oxidise organic and inorganic pollutants in liquid or gaseous phases
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[2]. The oxidation reaction in water, due mainly to primary oxi-
dant species as hydroxyl radicals, has been considered unselective
and therefore synthesis reactions generally have been carried out
in organic solvents [4]. Photocatalytic selective oxidation of ben-
zyl alcohol derivatives [5], 5-(hydroxymethyl)-2-furaldehyde [6],
amines [7], piperonyl alcohol [8], trans-ferulic acid [9], isoeugenol
[10],and glycerol [11] or selective cyclization of aromatic acids [12]
are examples of synthetic reactions performed in water.

It is well known that Pt loading of TiO, photocatalysts increases
the activity both under UV and visible irradiation [7,12]; in fact
Pt loading decreases the electron-hole recombination rate and
therefore the reaction rate increases. By using metal loaded TiO5,
photocatalytic reactions under visible or sunlight irradiation have
been generally performed for degrading harmful compounds [13],
some investigations having been also carried out to perform organic
syntheses in organic solvents [ 14]. For instance photocatalytic oxi-
dation of aniline to nitrosobenzene has been selectively (90%)
performed by using Pt-loaded TiO, in toluene and under visible
irradiation [14c].

Vitamin B3 (pyridine-3-carboxylic acid), whose world produc-
tion is around 35,000 tons per year [15], is generally used in the
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prevention and treatment of pellagra disease. Industrially vita-
min B3 and other pyridine carboxylic acids are produced at high
pressure by oxidation of picolinic isomers using nitric acid, per-
manganate or chromic acid and vanadia-titania-zirconia oxide
supported catalysts [15]. Just three research papers were published
on the photocatalytic selective oxidation of 3-pyridine-methanol
[16,17] and its derivatives [15] to their corresponding aldehy-
des and acids. These reactions were performed in water, under
acidic conditions (pH 1-4) [15-17] and using commercial TiO,
[15,17] and TiO,-graphen-like [16] composite photocatalysts. In
addition, the reactions were performed under de-aerated condi-
tions using cupric ions as electron acceptor in order to minimize
the electron-hole recombination. pH and temperature influence
on 3-pyridine-methanol oxidation was also investigated [15]. It
was found that temperature effect was negligible for products
yields while, by increasing pH from 1 to 4, both aldehyde and
vitamin Bs yields and Cu?* ions conversion decreased. In these
works, high total selectivity values were obtained, being selectiv-
ities to aldehyde higher than those to acid. Selective production
of pyridinecarboxaldehydes from methylpyridine isomers was
also performed under de-aerated conditions in acetonitrile or
acetonitrile-water solvents [ 18]. The obtained results show that the
reactivity is strongly dependent on the photocatalyst properties.

In our recent work selective photocatalytic oxidation of 4-
methoxybenzyl alcohol and 4-nitrobenzyl alcohol was performed
in water under simulated solar light by using Pt, Au, Pd and Ag
loaded Degussa P25 TiO, catalysts [19]. The best activity and selec-
tivity results were obtained with Pt-loaded (0.5%) TiO, and the
highest aldehyde selectivities were reached at low pH’s. Signifi-
cant amount of 4-nitrobenzoic acid (ca. 50%) was obtained only
from 4-nitrobenzyl alcohol at high pH values.

In this work, differently from the previously cited works
[15-17,19], Pt-loaded home prepared (HP) TiO, photocatalysts
were used for selective oxidation of 2, 3 and 4-pyridinemethanol to
its corresponding aldehyde and acid in water. Oxygen from atmo-
spheric air was used as oxidant; the influence of different light
sources (UV, UV-vis and visible) on substrate degradation rates
and products selectivities was also investigated for different pH'’s
(2-12).The optimal amount to be loaded on TiO, was already inves-
tigated [19] and this amount (0.5%) has been used for the TiO,
samples of this work.

2. Experimental
2.1. Preparation of photocatalysts

2.1.1. Preparation of HPRT

The precursor solution was obtained by adding 20 mL of TiCly
to 1000 mL of water contained in a volumetric flask (2 L). At the
end of the addition, the resulting solution was stirred for 2 min by
a magnetic stirrer and then the flask was sealed and maintained at
room temperature (ca. 298 K) for a total aging time of 6 days. After
that time the precipitated powder was separated by decantation
and dialysed several times with deionised water until a neutral pH
was reached. Then, the sample was centrifuged and dried at room
temperature. The final HP catalyst is hereafter indicated as HPRT
[6]. A thermal treated HPRT sample was prepared by calcining it
for 3 h at 400 °C (HPRT-400).

2.1.2. Preparation of 0.5% Pt loaded samples: Pt-P25, Pt-HPRT and
Pt-HPRT-400

The details of metal loading on TiO, by photoreduction method
are reported elsewhere [19]. 2L of water, 500 mL of ethanol (as
reductive agent), 10 g of TiO, (P25, HPRT or HPRT-400) and a nom-

inal amount of Pt (50 mL of 1 ppm Pt aqueous solution of PtCl,) were
mixed together. This suspension was ultrasonicated for 15 min.

A Pyrex batch photoreactor of cylindrical shape, with volume
of 2.5L, was used for photodeposition of Pt on suspended TiO,
by photoreduction of Pt cations. The photoreactor was provided
with ports in its upper section for the inlet and outlet of gases.
A magnetic bar guaranteed a satisfactory suspension of the pho-
tocatalyst and the uniformity of the reacting mixture. A 700 W
medium pressure Hg lamp (Helios Italquartz) was axially immersed
within the photoreactor and it was cooled by water circulating
through a Pyrex thimble; the temperature of the suspension was
about 300 K. The aqueous solution was deaerated by bubbling He
at atmospheric pressure for 30 min in the dark and then the lamp
was turned on. The gas was continuously bubbled during the pho-
todeposition that lasted 8 h. Then it was waited until the metal
loaded TiO, was precipitated; the solid phase was separated by
decantation. The resulting powder was washed two times by using
2.5L of deionised water. Lastly the powder was dried at room tem-
perature for obtaining fine powders hereafter called Pt-HPRT and
Pt-HPRT-400. Pt-loaded P25 sample was calcined at 400 °C (Pt-P25).

2.2. Characterization

XRD patterns of the powders were recorded by Bruker D8
Advance diffractometer using the Cu Ka radiation and a 26 scan
rate of 1.281°/min.

SEM images were obtained using an ESEM microscope (FEI Nova
Nano Sem 650) with Through Lens Detector (TLD) and/or Coher-
ence Backscattering Detector (CBS). BET specific surface areas were
measured by the multi-point BET method using a Micromerit-
ics (Gemini 2360 model) apparatus. Before the measurement, the
samples were outgassed for 3 h at 250 °C. Thermogravimetric anal-
ysis (TGA) was performed by using Shimadzu equipment (model
TG60H). The heating rate was 10°C/min in N, atmosphere and
the used powder amount was ca. 8 mg. Ultraviolet-visible spectra
were obtained in the 300-800 nm range by diffuse reflectance spec-
troscopy by using a Shimadzu UV-2401 PC instrument with BaSO,
as the reference.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out by using a Thermo Fischer K-Alpha spectrometer. All
the binding energies were referred to the C 1 s peak at 284.6eV.

TH NMR spectra was recorded on a Varian Mercury-400 High
Performance Digital FT-NMR spectrometer. Chemical shifts are
reported in ppm. DMSO (8=2.50 ppm) was used as a solvent and
tetramethylsilane was used as the internal standard.

2.3. Photoreactivity setup and procedure

The details of photoactivity set-up and procedure are reported
elsewhere [20]. A cylindrical Pyrex batch photoreactor, containing
150 mL of aqueous suspension, was used to perform the reactivity
experiments under UV-vis irradiation. The photoreactor was pro-
vided with an immersed lamp and with open ports in its upper
section for contacting the suspension with atmospheric air and for
sampling. A magnetic stirrer guaranteed a satisfactory suspension
of the photocatalyst and the homogeneity of the reacting mixture.
A 100 W halogen lamp (Osram, Germany) was axially positioned
within the photoreactor; it was cooled by water circulating through
a Pyrex thimble surrounding the lamp. In order to perform the
experiments under visible irradiation, the circulating liquid was
1M NaNO;, aqueous solution, which totally prevented UV irradia-
tion from reaching the suspension.

For the runs carried out under UV radiation a continuously
stirred beaker (volume: 250mL; diameter: 6.7cm) containing
150 mL of aqueous suspension was used as photoreactor. In this
case the suspension was irradiated by four fluorescent lamps
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Table 1
Features of the light sources.
Light source Light irradiance Light irradiance Reactor
315-400 nm 400-1050 nm geometry
(mW cm~2) (mW cm~2)
UV-vis 13 197 Annular
uv 21 - Cylindrical
Visible - 197 Annular

(Philips, 8 W) emitting at 365 nm. These lamps were positioned at
a distance of 6.8 cm from the top of the suspension. The average
values of the radiation energy impinging on the suspension (for
UV system) or transmitted at the external surface of the reactor in
the absence of catalyst (for UV-vis and visible systems) were mea-
sured by using a radiometer (Delta Ohm, DO 9721). These values
are reported in Table 1 for the different radiation sources. All the
experiments were carried out at room temperature.

Preliminary reactivity tests, carried out both with 3-
pyridinemethanol and 3-pyridinemethanal, showed that the
contemporary presence of catalyst, radiation and oxygen was
necessary for the occurrence of substrate oxidation. For all the
photocatalytic runs the substrate initial concentration and the
catalyst amount were 0.50mM and 0.20gL~!, respectively. Before
switching on the lamp, the suspension was stirred for 30 min at
room temperature in order to reach the thermodynamic equi-
librium. During the runs samples of reacting suspension were
withdrawn at fixed time intervals; they were immediately filtered
through a 0.45 pm hydrophilic membrane (HA, Millipore) before
being analysed.

The quantitative determination and identification of the species
present in the reacting suspension were performed by means of a
Shimadzu HPLC (Prominence LC-20A model and SPD-M20A Photo-
diode Array Detector), equipped with a Phenomenex Synergi 4 um
Hydro-RP 80A column at 313 K. Retention times and UV-vis spectra
of the compounds were compared with those of standards (Sigma-
Aldrich, purity >98%). The eluent consisted of 40% methanol and
60% deionised water. The flow rate was 0.2 cm> min~!.

Selectivity and conversion values were calculated as below:

Selectivity(%) = [(produced product moles)/(converted substrate moles)] x 100;

Conversion(%) = [(reacted substrate moles)/(initial substrate moles)] x 100

A specific photocatalytic run was carried out in order to produce
a substantial amount of vitamin Bs. To this aim the run was per-
formed with a 3-pyridinemethanol initial concentration of 10 mM
and 0.2 gL-1 of Pt-P25 at pH 12; this run lasted 10 h. The aldehyde
present in the aqueous phase was extracted with ethyl acetate and
then the aqueous phase was concentrated by a rotovapor appara-
tus. Vitamin B; was purified by column chromatography by using a
mixture of methanol and ethyl acetate (2:1 v:v) as the mobile phase
(69mg, 37% yield).

The synthesized vitamin Bs was purified and characterized by
TH NMR analysis. The analysis data (8 (ppm, DMSO): 7.55-7.58 (1H,
ddd, J=8.0, 4.8 and 0.8 Hz), 8.27-8.31 (1H, dt, J=8.0 and 2.0Hz),
8.80-8.82 (1H, dd, J=4.8 and 2.0Hz), 9.09-9.10 (1H, dd, J=2.0 and
0.8Hz), 13.45 (1H, s, COOH)) coincide with those of commercial
vitamin Bs,

3. Results and discussion
3.1. Characterization
XRD patterns of P25 and HP TiO, photocatalysts are given in

Fig. 1. The peaks assignable to anatase are those at 25.6°, 38.08°,
48.1° and 54.6° [6]. Those referring to rutile are at 27.5°, 36.5°, 41°,
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Fig. 1. XRD pattern of Pt-P25, P25, Pt-HPRT-400, HPRT-400 and HPRT.
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Fig. 2. UV-vis spectra of the pristine and Pt loaded home-prepared and commercial
TiO; photocatalysts.

54.1° and 56.5° [6] and those referring to platinum are at 39.8°,
46.2° and 67.5° [21]. HPRT, HPRT-400 and Pt-HPRT-400 are in rutile
phases and P25 and Pt-P25 are in anatase and rutile phases (A:80%,
R:20%). Because Pt content of samples is very low, Pt peaks are not
detected in the spectra of Fig. 1. Low temperature prepared sam-
ples (HPRT) are mainly amorphous, while the others are crystalline
according to their broad and sharp XRD peaks, respectively.

UV-vis spectra of the pristine and Pt loaded TiO,’s are reported
in Fig. 2. The spectra show that all pristine samples have an strong
absorbance in the UV region, until ca. 420 nm, while Pt loaded TiO,
photocatalysts have good absorbance under visible irradiation, at
least until 800 nm.

Crystalline phase, BET specific surface area (SSA) and crystallite
size (calculated by using the Scherrer equation) of TiO, photocat-
alysts are reported in Table 2. Low temperature prepared catalysts
(HPRT and Pt-HPRT) have high surface area and low crystallite
sizes, while high temperature prepared ones have opposite fea-
tures. Crystallite size of Pt-P25 is a little higher than that of P25.
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a) SEM imagine of Pt-HPRT by using TLD detector.

DPU-ILTEM

¢) SEM imagine of Pt-P25 by using TLD detector.

b) SEM imagine of Pt-HPRT by using CBS detector.

d) SEM imagine of Pt-P25 by using CBS detector.

Fig. 3. SEM imagines of pristine and Pt loaded TiO, photocatalysts.

Table 2
Crystalline phase, BET specific surface area (SSA) and crystallite size of TiO,
photocatalysts.

Catalyst Phase SSA(m2g1) Crystallite size (nm)
HPRT rutile 105 7

Pt-HPRT rutile 102 7

HPRT-400 rutile 46 12

Pt-HPRT-400 rutile 43 12

P25 anatase-rutile 63 18:20 (A:R)

Pt-P25 anatase-rutile 55 19:23 (AIR)

In addition, BET specific surface areas of loaded catalysts are little
lesser than un-loaded ones. This situation could be due to the fact
that Pt loading on the catalysts surface would cover defect sites and
then determine the small decrease of surface area.

Fig. 3 reports SEM images of pristine and Pt loaded TiO, photo-
catalysts. The Pt-HPRT sample image (Fig. 3b) shows brilliant parts
characteristic of deposited Pt, which are well distributed on the
catalyst surface. SEM images of HPRT-400 and Pt-HPRT-400 (see
Figs. S1a and S1b) are very similar; these samples are more crys-
talline than HPRT. By considering SEM images of P25 and Pt-P25
samples, Pt loading does not change significantly their morphol-
ogy (Figs. 3 c and S1d). EDAX mapping of Pt-P25 confirms that Pt is
well distributed (Fig. S1e).

TGA curves of all TiO, samples are showed in Fig. 4. These curves
could be divided in three regions [20]. The region between 30 °Cand
120°C is indicative of the presence of physically adsorbed water
(H20pnys); the regions between 120°C and 300°C and between
300°C and 600°C can be related to weakly (OHea¢) and strongly
(OHstrong) bonded hydroxyl groups, respectively. The values of
these hydroxyls amounts are reported as percentages (w/w) in
Table 3. Total hydroxyl group amounts (OH;, ) on TiO, surface
are obtained by summing the OHye,x and OHsrong values. All low
temperature prepared samples have H;Ophys, OHyeak and OHstrong
values very higher than those of high temperature prepared HP
and commercial TiO, samples. For instance, OHy,,; values of badly

%
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Fig. 4. TGA analysis results of well and badly crystallized TiO, photocatalysts. (a)
Pt-HPRT-400, (b) Pt-P25, (c) P25, (d) HPRT-400, (e) Pt-HPRT, (f) HPRT.

crystalline samples are between 5.8% and 8.4%, while these val-
ues are only between 1.2% and 3.3% for crystalline TiO, samples. In
addition, it is very interesting that Pt loaded HP TiO, samples have
lesser HyOppys, OHyeak and OHstrong percentages than those of un-
loaded samples. This result obviously shows that metallic Pt loading
decreases the hydroxyl amount on the TiO, surface for all HP TiO,
photocatalysts. An opposite trend was observed for Degussa P25;
according to XPS results (discussed below) in the Pt-P25 sample
metal is in the cationic form (Pt2*), while in the Pt-HPRT it is in
metalic form (Pt©).

Fig. 5 shows the XPS results of the main photoelectron peaks
as binding energies of platinum (Pt-4fs;, and Pt-4fy,) of Pt loaded
samples. Un-loaded TiO, (Degussa P25) was also used as a refer-
ence. The peak values of Pt-4f;/, and Pt-4fs), at 70.7 and 74.0eV,
respectively, are attributed to Pt and those at 72.3 and 75.7 eV to
Pt2* [22]. Therefore loaded Pt on Pt-HPRT-400 is mainly in metallic
form; while that of Pt-P25 is mainly Pt2*. This difference is probably
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Table 3

The weight percentage (w/w) of physically adsorbed water (HzOppys ), weakly (OHyea) and strongly bonded hydroxyl (OHstrong) groups determined from TGA curves.

Sample HaOppys [30-120°C], (%) OHyeax [120-300°C], (%) OHstrong [300-600°C], (%) OHiotal [120-600°C], (%)
HPRT 4.7 5.8 2.6 8.4
Pt-HPRT 44 4.0 2.4 6.4
HPRT-400 0.66 1.4 1.9 3.3
Pt-HPRT-400 031 0.54 0.71 1.3
P25 0.97 1.0 1.2 22
Pt-P25 0.87 0.99 1.6 2.6
Table 4
The names and structures of used alcohols and their corresponding aldehydes and acids.
3-Pyridinemethanol 3-Pyridinemethanal Vitamin B;
OH
A OH A g | A 0
= Z =
N N N
2-Pyridinemethanol 2-Pyridinemethanal 2-Pyridinemethanoic acid
B
— OH — = (0]
N OH
4-Pyridinemethanol 4-Pyridinemethanal 4-Pyridinemethanoic acid
OH (0] HO (0]
/
X X | X
N N N
N H 2 X i
(j/\OH SLLLNG | OH TiO, s> loworno
P25 N/ N/ hv activity
b
Scheme 1. The hypothesized mechanism for the 3-pyridine methanol oxidation at
pH 2.
75.4
722 The peak values of Pt-HPRT are not clear, probably because the Pt
species are spread out on the high surface of the support without
Pt-P25 forming aggregates which can be analysed by XPS (see Fig. 3b).
73.7 3.2. Photoreactivity
70.5
The names and structures of the used alcohols and their corre-
sponding aldehydes and acids are given in Table 4.
Pt-HPRT-400 . .
Tables 5-8 show the experimental results of photocatalytic runs
carried out at different experimental conditions. Table 5 reports the
Pt-HPRT results for the oxidation of 3-pyridinemethanol performed under
UV-visirradiation at different pH’s. This table gives the alcohol con-
versions for 3 hirradiation and the selectivities to aldehyde and acid

66 67 68 69 70 71 72 73 74 75 76 77 78 79 80
binding energy (eV)

Fig. 5. Pt-4f XPS spectra of pristine and Pt loaded TiO, samples.

determined by the different calcination processes of Pt-HPRT-400
and Pt-P25. In fact HPRT-400 was prepared and then platinised,
while Degussa P25 was platinised and then calcined at 400°C.

for 15% conversion. Total selectivity to the corresponding aldehyde
and acid is also given.

In homogenous conditions no reactivity was observed. In het-
erogeneous conditions, the best activity and total selectivity results
were found at pH 7. At pH 2 no activity was found by using HPRT and
HPRT-400, probably due to the fact that at this high acidity, nitro-
gen atom of 3-pyridinemethanol takes a proton and remains more
stable (see Scheme 1) [23]. At this pH, however, Pt-P25 photocata-
lyst showed very low activity (12% conversion for 3 h) but high total
selectivity (84%). These results show that the oxidative strength of
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Table 5

The experimental results of photocatalytic oxidation of 3-pyridinemethanol performed under UV-vis irradiation.

Catalyst pH Conversion for 3 h irradiation Aldehyde selectivity for 15% conv. Vit. B; select. for 15% conv. Total select. for 15% conv.
Homogeneous 7 No activity
HPRT 2 No activity
HPRT-400 2 No activity
HPRT 4 17 46 6 52
HPRT 7 29 63 9 72
HPRT 9.5 16 50 11 61
HPRT 12 17 38 31 69
Pt-HPRT 7 43 88 12 100
HPRT-400 7 15 70 8 78
Pt-HPRT-400 7 64 87 13 100
P25 7 48 48 9 57
Pt-P25 2 12 75 9 84
Pt-P25 7 47 70 11 81
Table 6
The experimental results of photocatalytic oxidation of 3-pyridinemethanol performed at different pH’s under UV irradiation.
Catalyst pH Conversion for Aldehyde Vitamin B3 Total selectivity ~ Aldehyde Vitamin B3 Total selectivity ~ t); (min)
3 hirradiation selectivity for selectivity for for 15% conv. selectivity for selectivity for for 50% conv.
15% conv. 15% conv. 50% conv. 50% conv.
homogenous 7  No activity
homogenous 12 No activity
HPRT 7 61 73 14 87 52 26 78 130
HPRT 12 19 47 53 100 25 75 100 700
Pt-HPRT 7 57 80 20 100 56 26 82 120
Pt-HPRT 12 15 55 45 100 29 71 100 900
HPRT-400 7 10 84 16 100 70 30 100 1100
HPRT-400 12 14 70 30 100
Pt-HPRT-400 7 64 92 8 100 74 21 95 100
Pt-HPRT-400 12 33 77 23 100 42 58 100 450
P25 7 83 40 8 48 33 11 44 60
P25 12 94 51 41 92 34 43 77 50
Pt-P25 7 75 70 14 84 50 16 66 65
Pt-P25 12 88 62 36 98 39 47 86 60
Table 7
The experimental results of photocatalytic oxidation of 3-pyridinemethanol performed under visible irradiation at pH 7.
Catalyst Conversion for Aldehyde Acid selectivity Total selectivity ty2 (min)
3 hirradiation selectivity for 5% for 5% conv. for 5% conv.
conv.
Homogeneous No activity
HPRT 3
Pt-HPRT 8 91 9 100
HPRT-400 2
Pt-HPRT-400 54 92 8 100 155
P25 6 66 6 72
Pt-P25 12 58 10 68
Table 8
The experimental results of photocatalytic oxidation of 4-pyridinemethanol performed under UV irradiation at pH 7.
Catalyst Conversion for Aldehyde Acid selectivity Total selectivity Aldehyde Acid selectivity Total selectivity ty2 (min)
3hirradiation selectivity for for 15% conv. for 15% conv. selectivity for for 50% conv. for 50% conv.
15% conv. 50% conv.
Homogeneous No activity
HPRT 54 66 27 93 27 37 64 140
HPRT-400 14 74 26 100
Pt-HPRT-400 62 85 15 100 57 32 89 120
P25 97 35 14 49 26 13 39 40
Pt-P25 82 62 17 79 42 18 60 70

HPRT and HPRT-400 is not enough to oxidise 3-pyridinemethanol
at pH 2, while that of Pt-P25 is enough.

The highest vitamin B3 selectivity was obtained at pH 12 (31%,
3-4 fold higher than that at other pH’s) and at this pH total selec-
tivity is very close to that at pH 7 (72% vs. 69%). In other words, the
formation of corresponding aldehyde is favoured at neutral con-
ditions, while in basic conditions that of the corresponding acid
(vitamin B3). The first oxidation product of 3-pyridinemethanol is

3-pyridinemethanal and the second one is vitamin Bs. Probably, in
basic conditions, the aldehyde transforms easily to vitamin B3 [23].

P25 and Pt-P25 were also used for the same reaction at pH 7
(Table 5). The activity of P25 and Pt-P25 are similar, however alde-
hyde selectivity increases by Pt loading from 48% to 70%. This result
shows that Pt loading on P25 has favourable effects on the selec-
tivity; it could be due to the fact that Pt loading modifies the TiO,
surface sites responsible of mineralization reaction and, moreover,
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it generates new surface sites able to carry out partial oxidation
reaction. Pt loaded HP samples (Pt-HPRT and Pt-HPRT-400) showed
higher activity and total selectivity (100%) with respect to un-
loaded ones at pH 7 under UV-vis irradiation.

The work of Spasiano et al. [15] reports that the optimum pH
was 2; in addition, by increasing pH from 1 to 4, both aldehyde
and vitamin B3 yields decreased. In the present work, at pH 2 no or
low activity was observed (depending on used photocatalyst)and at
neutral and strongly basic conditions very high vitamin B3 selectiv-
ity was obtained. These differences probably depend on aerated or
de-aerated conditions imposed to the photocatalytic system. Using
0, from air as electron acceptor increases the reaction rate and in
the poor acidic (pH 4), neutral (pH = 7) or basic (pH=12) conditions
high selectivity could be obtained. In Spasiano’s work [15], nano
zero valent copper (Cu(Il) salts used as precursor) was adopted as
cocatalyst on P25 for minimizing the electron-hole recombination
in order to increase the activity. In that work the photocatalytic
reaction was investigated until pH 4 while in our system the pH
range is large and selectivity problem is overcome by using HP
catalysts or Pt loading on TiO, surface.

Table 6 reports the experimental results of photocatalytic oxi-
dation of 3-pyridinemethanol performed at pH 7 and 12 under UV
irradiation. In this table the half-life times (t;,) and the selectivity
values for 50% conversion are also given.

Under UV irradiation better activity and selectivity results are
obtained with respect to those under UV-vis irradiation.

The conversions obtained at pH 7 are much higher than those at
pH 12 for HPRT (61% vs. 19%) and Pt-HPRT (57% vs. 15%) photocat-
alysts. On the contrary, P25 and Pt-P25 show a little better activity
at pH 12 than that at pH 7. Moreover, like the results of Table 5, at
pH 12 higher vitamin B3 selectivities were obtained with respect
to those at pH 7.

Pt-HPRT shows a little less photoactivity than HPRT at pH 7 and
12; however, the HPRT total selectivity increases from 87% to 100%
(for 15% conv.) at pH 7 by Pt loading. Moreover, at pH 12 100% total
selectivity is obtained for both HPRT and Pt-HPRT catalysts.

The conversion of HPRT calcined sample (HPRT-400) drastically
decreases from 61% to 10% (for 3 hiirr.) at pH 7, probably due to dif-
ferent factors as the decrease of its surface area (105 vs. 46 m2/g)
and surface hydroxyl group density (see Table 3) and the growth
of crystallite sizes determined by calcination (7 vs. 12 nm) [5b,19].
Surface hydroxyl groups are the species able to adsorb O,, which
acts as electron acceptor and is a necessary reactant for photocat-
alytic oxidation [2].

It is very interesting that, differently from Pt-HPRT, Pt loading
strongly affects the photoactivity of HPRT-400 sample at pH 7 and
12. For instance, HPRT-400 conversion increased from 10% to 64%
for 3 hirradiation by Pt loading. In addition HPRT and Pt-HPRT-400
showed 100% total selectivity at both pH’s for 15% conversion. These
results show that very selective and complete 3-pyridinemethanol
oxidation could be attainable by using Pt-HPRT-400 at neutral or
basic conditions. Because the first and second 3-pyridinemethanol
oxidation products are 3-pyridinemethanal and vitamin B3, respec-
tively, vitamin Bs/aldehyde ratio increases by increasing the
conversion as it may be seen in Table 6. The highest vitamin Bj
selectivity was obtained with HPRT (75%) for 50% conversion even
if the half-life time is very high (700 min). This reaction shows a
zero order kinetics in the used experimental conditions (see Fig. 8).
Pt-P25 showed better performances than those of P25 at pH 7 and
12. Loading Pt on P25 decreases the activity, differently from Pt-
HPRT-400; however it increases significantly the selectivity at pH
7. It is very interesting that very fast (88% conv. for 3h irr.) and
selective (98% total select. for 15% conv.) photocatalytic oxidation
of vitamin B3 could be performed using Pt-P25 under UV irradiation
at pH 12. HPRT is more selective catalyst than Pt-P25 for vitamin B3
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Fig. 6. Representative runs of photocatalytic oxidation of vitamin B; (performed
at pH 12, empty symbols) and 2-pyridinemethanoic acid (performed at pH 7, full
symbols) by using HPRT (O and M) and P25 (¢ and ¢) photocatalyts under UV
irradiation.

production at pH 12; however HPRT shows very low photocatalytic
activity than Pt-P25 (19% vs. 88% conversion for 3 h irradiation).

Fig. 6 shows the results of representative runs of photocat-
alytic oxidation of vitamin B3 by using HPRT and P25 samples
under UV irradiation at pH 12 (photocatalytic oxidation of 2-
pyridinemethanoic acid will be discussed later). At this pH, there is
no decomposition of vitamin B3 by using HPRT, while P25 catalyst
decomposes it. This experimental evidence explains why HPRT is
more selective catalyst than P25. At pH 12, vitamin B3 is more stable
and the oxidative strength of HPRT is not enough to decompose it.
3-Pyridinemethanol conversion was 94% (see Table 6), while that of
vitamin B3 is 40% for 3 hirradiation at pH 12 under UV irradiation by
using P25. This result shows that the stability of the product in the
experimental conditions of the reactivity runs plays an important
role in the selectivity.

Table 7 gives the experimental results of photocatalytic oxida-
tion of 3-pyridinemethanol performed under visible irradiation at
pH 7. Pt-HPRT-400 sample showed significant activity under visi-
ble irradiation; its conversion for 3 h irradation was 54%, while the
conversions obtained with the other samples were below 12%. The
Pt-HPRT-400 total selectivity was 100% but the aldehyde selectivity
was much higher than that of vitanim B3 (92% vs. 8%).

Table 8 reports the experimental results of photocatalytic oxi-
dation of 4-pyridinemethanol performed under UV irradiation at
pH 7 using Pt loaded and pristine HPRT and P25 catalysts. HPRT
showed high total selectivity (93% for 15% conv.) and alcohol con-
version. The conversion with HPRT-400 drastically decreased with
respect to HPRT, from 54% to 14% (for 3 h irr.). The Pt-HPRT-400
sample showed conversion ca. 4.4 fold higher (62% for 3 hirr.) than
that of HPRT-400 and 100% total selectivity for 15% conversion.
Therefore the catalytic properties of HPRT-400 were significantly
improved by Pt loading. Pt loading on P25 shows different effects
from those of HPRT-400; its activity decreased while the total selec-
tivity increased significantly from 49% to 79% for 15% conversion.

Table 9 reports the experimental results of photocatalytic oxi-
dation of 2-pyridinemethanol performed under UV irradiation
at pH 7. By considering both activity and selectivity results,
HPRT and Pt-P25 showed the best performances for selective
2-pyridinemethanol oxidation. With respect to HPRT-400, Pt-
HPRT-400 showed higher activity (27% vs. 56% conversion for 3 h
irr.) and selectivity (87% vs. 100% for 15% conv.). With respect to P25,
however, Pt-P25 showed less activity but higher total selectivity (67
vs. 49% for 15% conversion).

It is very interesting that by using commercial samples, neg-
ligible amount of corresponding 2-pyridinemethanoic acid was
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Table 9
The experimental results of photocatalytic oxidation of 2-pyridinemethanol performed under UV irradiation at pH 7.
Catalyst Conversion for Aldehyde Acid selectivity Total selectivity Aldehyde Acid selectivity Total selectivity t12 (min)
3hirradiation selectivity for for 15% conv. for 15% conv. selectivity for for 50% conv. for 50% conv.
15% conv. 50% conv.
Homogeneous No activity
HPRT 74 32 68 100 8 34 42 75
HPRT-400 27 27 61 87
Pt-HPRT-400 56 48 52 100 11 69 80 135
P25 87 48 1 49 27 4 31 50
Pt-P25 79 67 0 67 41 0 41 55
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Fig. 7. A representative run of photocatalytic oxidation of 3-pyridinemethanol (¢)
to corresponding aldehyde (M) and acid (vitamin Bs, A) using Pt-HPRT-400 at pH 7
and under UV irradiation. Total selectivity (@) is at right axis.

obtained. This result could be due to the acid instability on P25
and Pt-P25 surface. These catalysts are very crystalline. Indeed,
HPRT, a poor crystalline sample according to its broad XRD pat-
terns, showed highest acid selectivity (68% for 15 conv.). The
surface hydroxyl group density of P25 and Pt-P25 is lesser than
that of HPRT, as indicated by their TGA results (see Fig. 4 and
Table 3). In order to check this point, photocatalytic oxidation of
2-pyridinemethanoic acid has been performed by using P25 and
HPRT (see Fig. 6). Indeed, by using P25 and HPRT, the conversions
of 2-pyridinemethanoic acid at pH 7 and under UV irradiation are
ca. 92% and 20%, respectively. Therefore, the results show that the
produced 2-pyridinemethanoic acid easily decomposes on the crys-
talline TiO, surface.

In order to understand the effect of the nitrogen atom of aro-
matic ring on the reactivity, it is useful to compare the results
obtained for the photocatalytic oxidation of pyridinemethanols
and benzyl alcohol. In our previous works [5a-d], negligible ben-
zoic acid selectivities were obtained (ca. %1), while in this work,
high selectivities of pyridinemethanoic acids were obtained. The
obvious conclusion of these findings is that nitrogen atom in the
aromatic ring increases the stability of pyridinemethanoic acids.

Fig. 7 shows a representative run of photocatalytic oxidation of
3-pyridinemethanol to corresponding aldehyde and acid (vitamin
B3) using Pt-HPRT-400 at pH 7 and under UV irradiation. In the

Fig. 8. A representative run of photocatalytic oxidation of 3-pyridinemethanol (¢)
to corresponding aldehyde (M) and acid (vitamin Bs, o) using HPRT at pH 12 and
under UV irradiation. Total selectivity (®) is at right axis.

course of the run, alcohol concentration decreases while aldehyde
and vitamin B3 concentrations increase. Initially, aldehyde produc-
tion rate is very high and it reaches a maximum; then it starts to
decrease. On the contrary, the vitamin B3 concentration continu-
ously increases. This result clearly shows that a series reactions are
occurring, the first oxidation product being aldehyde and the sec-
ond one the corresponding acid. The total selectivity also decreases
with time due to overoxidation products of aldehyde and vitamin
B3 [5].

Fig. 8 shows the results of a representative run of photocatalytic
oxidation of 3-pyridinemethanol to corresponding aldehyde and
vitamin B3 using HPRT at pH 12 and under UV irradiation. The kinet-
ics of substrate oxidation and acid production are zero order, being
the acid production rate always very high, differently from that
observed in Fig. 7. This is probably due to the fact that the trans-
formation rate of aldehyde to acid is very high in basic condition
[23]; 99% alcohol conversion with 92% vitamin Bs selectivity was
obtained.

A likely mechanism for the pyridine methanols oxidation to
pyridine aldehydes and pyridine carboxylic acids is hypothesized in
Scheme 2. The initial steps may be the interaction of positive holes
(h*) or hydroxyl radicals (*OH) with pyridine methanols producing
pyridine aldehydes which are subsequently oxidized to pyridine
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carboxylic acids. Other intermediates, mainly broken-ring prod-
ucts, could be produced by over oxidation of these molecules.

4. Conclusions

Selective photocatalytic oxidation of 2, 3 and 4-
pyridinemethanol to corresponding aldehydes and acids has
been performed in water and aerated conditions using Pt loaded
HP and commercial TiO, samples. TiO, photocatalysts in different
crystal phase, particle size, crystallinity, specific surface area, and
amount of surface hydroxyl groups were used for the synthesis
reaction and the obtained results are compared each other. Pt
loading, suspension pH and light source effects on the reactivity
and selectivity were investigated. The influence of the ortho and
para position of the benzylic group in pyridine was also studied.
The highest vitamin B3 selectivity (75%) for 50% conversion was
found with HPRT at pH 12 and under UV irradiation. In a 24h
run carried out at the same conditions the vitamin Bj yield was
ca. 90%. The obtained results show that (i) in order to synthesize
vitamin B3 in green conditions, the photocatalyst should be poorly
crystalline or Pt loaded; (ii) nitrogen atom in the aromatic ring
increases the stability of pyridinemethanoic acids; (iii) the product
stability in the experimental conditions plays an important role
in the selectivity; (iv) Pt-HPRT-400 catalyst showed significant
activity under visible irradiation and (v) pH is very important
parameter for both activity and product selectivity.
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