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A B S T R A C T   

Home prepared TiO2 photocatalysts were prepared from TiCl4 precursor in the absence and presence of HCl (1− 6 
M), HNO3 (1 M) or H2SO4 (1 M) at room temperature (RT), 60 or 100 ◦C. The TiO2 catalysts were characterised 
by XRD, BET, SEM and TGA techniques. TiO2 catalyst could not form at low temperature (up to 60 ◦C) in the 
presence of H2SO4. Just rutile phase was obtained for all TiO2 samples prepared at RT and 60 ◦C in HCl or HNO3. 
At 100 ◦C mainly both brookite and rutile phases were obtained in the presence of HCl or HNO3, whilst mainly 
anatase phase appeared in the presence of H2SO4. Nanorod structured TiO2 was formed in the presence of 1 M 
HCl or HNO3 at RT and 60 ◦C. The prepared TiO2 catalysts were used for partial oxidation of 3-pyridinemethanol 
to 3-pyridinemethanal and vitamin B3 in water under UVA irradiation. Moreover, photocatalytic oxidation of 3- 
picoline, precursor of 3-pyridinemethanol, was also performed, but much lower product selectivity values were 
obtained with respect to 3-pyridinemethanol oxidation. However, selective 3-picoline oxidation could be per
formed at pH 2 with low activity. Degussa P25 was used for comparison and almost all home prepared catalysts 
showed a higher selectivity, but they showed to be less active than Degussa P25. The high selectivity of the home 
prepared samples was not due to the type of TiO2 phase, but mainly to the hydrophilicity of the TiO2 surface 
which allowed desorption of valuable products instead of their over-oxidation.   

1. Introduction 

The researches on heterogeneous photocatalysis have been mainly 
addressed to elimination of harmful compounds in liquid and gas phases 
[1–5], hydrogen generation [6–10], CO2 reduction [11–15], kinetics 
and mechanistic aspects of photocatalytic reactions [16–21], combina
tion with photoelectrocatalysis [22–26], engineering aspects of photo
catalytic processes [27–32] and production of commercial valuable 
compounds by efficient photocatalysts [33–40]. From these research 
topics, photocatalytic synthesis in water is gaining importance in recent 
years by an environmental point of view [33,37]. Photocatalytic syn
thesis reactions in which water is the solvent, oxygen from air is the 
oxidant and sun light is the irradiation source at ambient pressure and 
temperature could be considered as environmental friendly and they 
sometimes replace the traditional processes which are carried out in 
organic solvents in the presence of toxic oxidants at high pressure and 
temperature [35]. 

Organic solvents are generally used to perform the photocatalytic 
syntheses reactions because the reactions in water generally are not very 

selective due to the presence of high concentrations of oxidant radical 
species [33,37]. However, some photocatalytic syntheses reactions in 
water have been successfully performed such as aromatic acid cycliza
tion [41], oxidation of benzyl alcohols to the corresponding carbonyl 
derivatives [37,42], amines to imines [36], 5-(hydroxymethyl)-2-fur
aldehyde to 2,5 furandicarbaldehyde [43,44], piperonyl alcohol to 
piperonal [45], and glycerol mainly to 1,3 dihydroxyacetone [46–48]. 

Vitamin B3, one of the main oxidation products of 3-picoline (3- 
methylpyridine) or 3-pyridinemethanol, is commonly used for alco
holism and prevention of pellagra disease [22,49]. Consequently, its 
annual production is high (ca. 66,000 ton in 2015) [50]. Vitamin B3 is 
industrially produced by transformation of 3-picoline to 3-cyanopyri
dine, followed by a hydrolysis step, in the presence of vanadium oxide 
catalysts, oxygen and ammonia at high temperature (ca. 300 ◦C) 
[51–53]. In other words, the reaction conditions are not environmental 
friendly. Recently, different processes have been proposed to produce 
vitamin B3 from 3-picoline oxidation by vanadia–titania catalysts or 
Cr(1-x)AlxVO4 and CrV(1-x)PxO4 mixed catalysts along with air at lower 
temperature (ca. 250 ◦C) [54,55]. 
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Only few research papers have been published on partial photo
catalytic oxidation of 3-pyridinemethanol to corresponding aromatic 
aldehyde (3-pyridinemethanal) and aromatic acid (vitamin B3) [35,49, 
53,56,57]. All these works were performed in water without adding any 
organic solvent [35,49,53,56,57]. Spasiano and co-workers performed 
this reaction by using pristine TiO2 (anatase, Aldrich) and TiO2-gra
phen-like photocatalysts in anaerobic medium, at low pH values (1–4) 
and in the presence of Cu2+ [49,53,56]. Yurdakal et al. investigated Pt 
loaded TiO2 photocatalysts for selective oxidation of pyridinemethanols 
(o-, m-, p-) under UV, UV–vis and visible irradiations at pH 2–12 [35]. 
Poorly crystalline or well crystallized Pt loaded samples showed high 
selectivity in alkaline medium under UV or UV–vis irradiation. Only Pt 
loaded crystalline rutile sample showed significant activity only under 
Vis irradiation [35]. In addition, Sobahi and Amin prepared g-C3N4 
nano-sheets decoration with Ag@TiO2 nano-spheres for efficient 
vitamin B3 synthesis from 3-pyridinemethanol under Vis irradiation 
[57]. 

Up to now, only a work on photocatalytic oxidation of 3-picoline has 
been published by Ohno and co-workers [58], in which methylpyridine 
isomers were oxidized to the corresponding aldehydes (pyr
idinecarboxaldehydes) in acetonitrile or in a mixed solution of aceto
nitrile and water by using different commercial TiO2 powders. 

TiO2 is the most used photocatalyst because it is highly active, cheap, 
inert and resistant to photocorrosion [59,60]. 

In the present work, a systematic investigation was carried out for 
the first time on the 3-pyridinemethanol and 3-picoline activities and 
their selectivity to the products by using TiO2 samples which presented 
different structures as they were prepared in HCl, HNO3 or H2SO4 at 
different temperatures (RT, 60 or 100 ◦C). 3-Picoline photo-oxidation 
was performed differently from Ohno’s work [58] in which the used 
TiO2 catalysts were commercial, the solvent was not only water and the 
reaction was performed in anaerobic condition. The influence of the 
initial pH on the photocatalytic 3-picoline oxidation was also investi
gated in the present work. Previously, the effect of pH on the 3-pyridine
methanol oxidation has already been investigated by us [35]. 

2. Experimental part 

2.1. Preparation of catalysts 

The precursor solutions were obtained by slowly adding 20 mL of 
TiCl4 (> 98 %, Merck) to 1000 mL water (1:50; TiCl4:H2O, v/v) [35], 
HCl (1, 3, 6 or 9 M), HNO3 (1 M) or H2SO4 (1 M) solutions in a Pyrex 
bottle (1 L) under agitation. The Pyrex bottle was in an ace bath since the 
TiCl4 hydrolysis is an exothermic reaction. After that, the bottles were 
sealed and maintained at room temperature (RT), 60 or 100 ◦C for a total 
aging time ranging from 6 to 27 days. In order to check the effect of more 
aging time, HP60− 1 M HCl and HP60− 1 M HNO3 catalysts were 
maintained also for 108 days (named as HP60− 1 M HClb and HP60− 1 
M HNO3b, respectively). Then, the precipitated catalysts were dialysed 
by using a polymeric membrane several times with deionised water until 
reaching neutral pH, and were dried at 60 ◦C by a rotary evaporator 
(Heidolph, model M) working at 100 rpm. However, the samples pre
pared at RT were dried also at RT. The catalysts were named as 
“HPX-yM-acid name” in which HP means “home prepared”, “X” in
dicates the aging temperature and “y” the acid concentration. 

2.2. Characterization 

XRD patterns of the powdered TiO2 samples were recorded by Bruker 
D8 Advance diffractometer by using the Cu Kα radiation and a 2θ scan 
rate of 1.281◦/min. The crystallinity of the rutile, anatase and brookite 
phases present in home prepared samples was evaluated by the pro
cedure reported below [61,62]. For this aim, XRD diffractograms were 
recorded for a mixture of TiO2 and completely crystalline CaF2 (1:1, 
w/w). The equations (Eq. 1–3) were shown below and the absolute 

crystallinity of the phases was calculated from the ratio between the 
FWHM of the XRD (111) peak of CaF2 with each phase (anatase (101), 
rutile (110) or brookite (121)). 

Crystallinity of TiO2 rutile =
1

0.98
x

FWHM CaF2 (111)
FWHM rutile (110)

x100% (1)  

Crystallinity of TiO2 anatase =
1

1.15
x

FWHM CaF2 (111)
FWHM anatase (101)

x100% (2)  

Crystallinity of TiO2 brookite =
1

1.04
x

FWHM CaF2 (111)
FWHM brookite (121)

x100% (3) 

Thermogravimetric analyses (TGA) of the catalysts were performed 
by using a Shimadzu equipment (model TG60H) in nitrogen atmo
sphere. The heating rate was 10 ◦C min− 1. The used catalyst amount was 
ca. 12 mg in an open Pt crucible. 

BET specific surface areas were measured by the multi-point BET 
method using a Micromeritics (Gemini 2360 model) apparatus. Before 
the measurement, the TiO2 samples were outgassed for 3 h at 250 ◦C. 
Scanning electron microscopy (SEM) images of TiO2 powders were ob
tained by using FEI microscope (NanoSEM 650 model). The samples 
were covered by a gold thin film before the SEM analysis. 

2.3. Setup and procedure of photoreactivity experiments 

Figure S1 shows the photo of photocatalytic system used for the runs, 
the lamps and the spectra of the lamps. A cylindrical beaker (250 mL) 
containing 150 mL of aqueous suspension was used as photoreactor. 
Four fluorescent lamps (Philips, 8 W) were used for UVA source irra
diating at 365 nm as the maximum wavelength. These lamps were 
positioned at a distance of 6.8 cm from the top of the suspension and 
they were parallel each other. The average value of the radiation energy 
impinging on the suspensions, measured by using a radiometer (Delta 
Ohm, DO9721), was 21 W m− 2 in the 315− 400 nm range. Preliminary 
reactivity tests, carried out with both substrates and their corresponding 
products, showed that the contemporary presence of catalyst, radiation 
and oxygen was necessary for the occurrence of the substrate oxidation. 

The substrate initial concentration was 0.50 mM and the used cata
lyst amount was 0.20 g L− 1. The suspension pH was adjusted by using 
0.1 M HCl or NaOH solutions. Before switching on the lamp, the sus
pension was stirred for 30 min in order to reach the thermodynamic and 
adsorption-desorption equilibria. The photoreactivity experiments were 
performed at room temperature (ca. 25 ◦C). The contact of the suspen
sion with the atmosphere guaranteed that the aqueous suspension was 
saturated by oxygen during the course of the run. During the photo
catalytic runs, continuously stirred, the samples of the suspension were 
withdrawn at fixed time intervals and filtered immediately with a hy
drophilic membrane (0.45 μm, HA, Millipore) before being analysed by 
HPLC and TOC as described below. 

2.4. Analytical techniques 

The qualitative and quantitative determination of withdrawn sam
ples from reacting suspension were performed by using HPLC instru
ment (Shimadzu, Prominence LC-20A model and SPD-M20A Photodiode 
Array Detector), equipped with a Thermo Scientific Syncronis C18 col
umn (particle size: 5 μm, length: 25 cm, inside diameter: 4.6 mm) at 313 
K. Retention times and UV–vis spectra of the compounds were compared 
with those of standards (Sigma-Aldrich, ≥ 98 %). The eluent consisted of 
40 % methanol and 60 % deionised water, and the flow rate was 0.4 cm3 

min–1. TOC analyses were performed by using a Total Organic Carbon 
analyser (Shimadzu, TOC-LCPN model) to evaluate the mineralized CO2 
amount of substrates. CO2 selectivity values were divided by 6 for 
stoichiometric normalization. The selectivity and conversion values 
were calculated as below: 
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selectivity (%) =
(produced product amount, mmol)
(converted substrate amount, mmol)

x100  

conversion (%) =
(reacted substrate amount, mmol)
(initial substrate amount, mmol)

x100  

3. Results and discussion 

3.1. Characterization part 

Home prepared (HP) TiO2 catalysts were obtained in the presence of 
different acids (HCl, HNO3 or H2SO4) at different temperatures (room 
temperature (RT), 60 or 100 ◦C). Some catalysts were prepared without 
using any acid at different temperatures (HPRT, HP60 and HP100). 
Depending on the precursor condition (type and concentration of the 
used acid and aging temperature), different aging times were needed for 
TiO2 formation. No TiO2 catalyst was obtained in the presence of 1 M 
H2SO4 at RT for very long time (more than 2 years) or maintaining the 
temperature at 60 ◦C for 10 days. Nevertheless, TiO2 was obtained at 
100 ◦C, a moderately high temperature, in the presence of 1 M H2SO4. At 
RT and in the presence of 1 M HCl or 1 M HNO3, much long aging times 
(27 vs 6 days in their absence) were necessary for observing formation of 
TiO2 (see Table 1). In addition, in the presence of 9 M HCl at 100 ◦C, no 
TiO2 nanoparticles were formed. These results show that the acids 
(especially H2SO4 and at RT) inhibit the TiO2 formation from the used 
TiCl4 precursor. 

Fig. 1 shows XRD patterns of the prepared TiO2 catalysts and Degussa 
P25. The analyses to evaluate the crystallinity of the catalysts were 
carried out with the same mass of CaF2. The analyses details were re
ported in the Experimental section. The XRD peaks at 2Ɵ = 27.5◦, 36.5◦, 
41.0◦, 54.1◦, 56.5◦ can be attributed to the rutile TiO2, those at 2Ɵ =
25.58◦, 38.08◦, 48.08◦, 54.58◦ to anatase TiO2, while those at 2Ɵ =
25.3◦, 30.9◦, 46.3◦, 55.8◦ to brookite TiO2 [43]. Degussa P25, used for 
the sake of comparison, shows anatase (A) and rutile (R) phases (ca. 80 
% A and 20 % R). All home prepared samples were poorly crystallized, 
and presented low and broad XRD lines with respect to those of the 
crystalline CaF2, due to the low preparation temperatures (up to 100 ◦C) 

used. The TiO2 catalysts prepared at RT and 60 ◦C were in the rutile 
phase, whilst different TiO2 phases were obtained at 100 ◦C, depending 
on the type and concentration of the acid used. In the absence of used 
acid mainly anatase and rutile phases were found, in the presence of 1 M 
H2SO4 virtually only anatase, and in the presence of 1 M HCl or HNO3 
mainly rutile and brookite phases. In the last event, both HCl and HNO3 
showed similar behaviour, different from H2SO4. In the presence of 3 M 
HCl, high brookite content was achieved, while in the 6 M HCl (extreme 
condition) just rutile phase was produced. 

Table 1 reports the aging time needed to obtain TiO2, type of crys
talline phase, the phase crystallinity, primary particle size, agglomerate 
size, BET specific surface area, pore volume and pore size values of all 
TiO2 catalysts. Figure S2 shows some adsorption-desorption curves of 
TiO2 samples, and it can be noticed that Type II adsorption isotherms 
were obtained [63]. All primary particle size values, determined by 
Scherrer equation, were in the range of 7.0–26 nm. By increasing the 
aging time from 27 to 108 days, primary particle sizes increased (i.e. 
13.3 vs 17.4 nm for HPRT-1 M HCl) due to the longer time that induced 
the growth of the particles. Consequently, the BET surface area values 
decreased (i.e. 144 vs 113 m2 g− 1) for HPRT-1 M HCl). The pores of all 
TiO2 samples can be classified as mesopores as their size ranged between 
ca. 6 and 26 nm. HP100-6 M HCl sample, prepared under drastic 
experimental condition, showed very special properties; its BET specific 
surface area, the pore volume and the pore size values were very low. 
Indeed, with the exception of this sample, all home prepared samples 
have higher surface area than Degussa P25. HP60 showed to have the 
highest BET specific surface area (307 m2 g− 1). The samples appeared 
poorly crystallized and the crystallinity generally increased by 
increasing the preparation temperature from RT to 100 ◦C. For instance, 
rutile crystallinity of HPRT-1 M HCl, HP60-1 M HCl and HP100-1 M HCl 
were 21, 23 and 33 %, respectively. We think that the use of the FWHM 
values can not be always satisfactorily, especially when they were low 
due to too small peaks. For example, the calculated crystallinity of trace 
rutile peak of HP100-3 M-HCl by using Eq. 1 resulted to be 67 %! 
Therefore, we always considered significant peaks and the calculated 
value of HP100-3 MHCl was not reported in the Table. 

Fig. 2 and S3 show SEM micrographs of home prepared and Degussa 

Table 1 
Aging time for TiO2 formation, crystalline phase and its crystallinity, primary particle size, agglomerate sizes, BET specific surface area, pore volume and pore size 
values of home prepared and Degussa P25 TiO2 catalysts. A: Anatase; B: Brookite; R: Rutile; W: width; L: length.  

Catalyst Aging time 
(day) 

Phase and crystallinity 
(%) 

Primary particle size 
(nm) 

Agglomerate size 
(nm) 

Spesific surface area (m2 

g− 1) 
Pore volume 
(cm3 g) 

Pore size 
(nm) 

Degussa P25  A, R 18:20 (A:R) 25 63.5 0.195 10.4 
HPRT 6 R (34 %) 7.0 20− 60 (W- L) 146 0.227 7.54 
HPRT-1 M HCl 27 R (21 %) 13.3 35− 130 (W- L) 144 0.470 18.9 
HPRT-1 M HClb 108 R (17 %) 17.4  113 0.664 22.0 
HPRT-1 M HNO3 27 R (20 %) 11.3 25− 150 (W- L) 117 0.710 25.8 
HPRT-1 M 

HNO3b 
108 R (21 %) 13.7  80.4 0.423 17.0  

HPRT-1 M H2SO4 It could not obtained significantly after 2 years of aging time 
HP60 6 R (28 %) 14.4 30 307 1.07 12.0 
HP60− 1 M HCl 6 R (23 %) 14.0 25− 200 (W- L) 90.2 0.520 21.9 
HP60− 1 M 

HNO3 

6 R (24 %) 13.6 30− 250 (W- L) 80.2 0.366 15.3  

HP60− 1 M 
H2SO4 

It could not obtained significantly after 10 days of aging time 

HP100 6 R (38 %), B (22 %), A, 7.41;17.84 (A;R) 25 116 0.250 6.43 
HP100− 1 M HCl 6 B (32 %), R (33 %), A 12.1; 18.4 (A;R) 25 91.3 0.448 15.8 
HP100− 3 M HCl 6 B (39 %), A, R 10.2 (A and B)) 35 139 0.592 19.0 
HP100− 6 M HCl 6 R 25.6 30 7.92 0.0157 7.7  

HP100− 9 M HCl It could not obtained significantly after 6 days of aging time 
HP100− 1 M 

HNO3 

6 R (35 %), B (57 %), A 10.8;13.9 (A;R) 25 105 0.415 10.9 

HP100− 1 M 
H2SO4 

6 A (25 %) 12.5 30 146 0.208 9.9  
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Fig. 1. XRD patterns of TiO2 samples (Home prepared and Degussa P25) obtained with CaF2 (50 %, w/w).  
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P25 TiO2 catalysts. The agglomerate size values of the TiO2 nano
particles were estimated from SEM images and reported in Table 1. The 
samples prepared without using an acid (HPRT, HP60 and HP100) have 
a similar spherical shape (particle size: ca. 30 nm), while other samples 
prepared at RT and 60 ◦C were nanorod shaped (ca. 25− 200 nm, Width- 
Length). These results showed that the presence of acids and the used 
low temperatures for aging were beneficial for the formation of nano
rods and of the rutile phase. Contrary, all of the samples presented 
spherical shape with about 30 nm of diameter at 100 ◦C of aging tem
perature. The image of HP100-6 M HCl catalyst indicated the presence of 
big agglomerates of TiO2 particle, responsible of both the low surface 
area and pore volume that were determined. 

Figs. 3–6 show TGA curves of TiO2 photocatalysts. The curves could 
be divided in three regions [35]. The region between 30 and 120 ◦C 
indicate the physically adsorbed water (H2Ophys) on the TiO2 surface; 
the regions between 120 and 300 ◦C and between 300 and 500 ◦C 
indicate the weakly (OHweak) and strongly (OHstrong) bonded hydroxyl 
groups on the TiO2 surface, respectively. Table 2 reports these values 

evaluated from the TGA curves as percentages. As the TiO2 phase 
transitions also occurs at high temperature (i.e 400 ◦C), it is better to use 
H2Ophys and OHweak values rather than the OHstrong ones for comparison. 
All the TiO2 samples prepared at low or moderate temperature have 
H2Ophys and OHweak values very higher than commercial Degussa P25. 
For instance, H2Ophys and OHweak values of HP100-1 M H2SO4 were ca. 5 
and 4 times higher, respectively. These results showed that our samples 
were more hydrophilic than Degussa P25. Moreover, by increasing the 
preparation temperature, from RT to 100 ◦C, both H2Ophys and OHweak 
values decreased for the samples prepared by using the same starting 
solution (i.e. see Figs. 3 and 4). In addition, the mass loss indicated also 
the transition from the amorphous to crystalline phase; high mass loss 
values were determined for the poorly crystalline, and mainly amor
phous home prepared samples. As discussed above, the mass loss values 
for HP100-6 M HCl were smaller than those found for the other home 
prepared samples. Nevertheless, to justify and to compare straightfor
wardly the figures of all of the home prepared samples was difficult, due 
to the different BET specific surface areas of the solids. 

Fig. 2. SEM photos of home prepared and Degussa P25 TiO2 samples.  
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3.2. Photocatalytic activity 

Fig. 7 shows the photocatalytic oxidation of 3-pyridinemethanol to 
3-pyridinemethanal and vitamin B3 versus time by aqueous suspension 

of HPRT-1 M HNO3 catalyst at pH 7 under UVA irradiation. The first and 
second oxidation products of 3-pyridinemethanol were 3-pyridineme
thanal and vitamin B3, respectively. For this reason, the 3-pyridineme
thanal concentration increased like a Langmuir curve due to its 

Fig. 2. (continued). 
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further oxidation to vitamin B3 throughout the reaction. On the con
trary, vitamin B3 concentration increased continuously at least for 3 h. 
These results overlapped with the selectivity results; the aldehyde 
selectivity decreased from ca. 80 to 44 %, while that of the acid 
increased from ca. 11–23% from the initial to the end of the reaction (3 
h). After 3 h of reaction time, the sum of the selectivity towards the 
aldehyde, the acid and mineralized CO2 (divided by 6 for stoichiometric 
normalization) was 80 %, and the carbon balance was not achieved, due 
to the presence of unknown over-oxidation aliphatic species that 

Fig. 3. TGA curves of HP100 (a), HP60 (b) and HPRT (c).  

Fig. 4. TGA curves of HP100-1 M HNO3 (a), HP60-1 M HNO3 (b) and HPRT-1 
M HNO3 (c). 

Fig. 5. TGA curves of HP100-6 M HCl (a), HP100-1 M HCl (b), HP100-3 M HCl 
(c), HP60-1 M HCl (d) and HPRT-1 M HCl (e). 

Fig. 6. TGA curves of Degussa P25 (a) and HP100-1 M H2SO4 (b).  

Table 2 
The mass percentage values of physically adsorbed water (H2Ophys), weakly 
(OHweak) and strongly bonded hydroxyl (OHstrong) groups evaluated from TGA 
curves. OHtotal = OHweak + OHstrong.  

Catalyst H2OPhys 

[30− 120 ◦C] 
(%) 

OHweak 

[120− 300 ◦C] 
(%) 

OHstrong 

[300− 500 ◦C] 
(%) 

OHtotal 

[120− 500 ◦C] 
(%) 

Degussa P25 0.972 1.05 0.940 1.99 
HPRT 5.38 4.04 1.34 5.38 
HPRT-1 M 

HCl 
3.69 3.63 1.33 4.96 

HPRT-1 M 
HNO3 

3.68 3.42 1.03 4.45 

HP60 5.08 3.99 1.78 5.77 
HP60− 1 M 

HCl 
2.98 3.25 1.13 4.38 

HP60− 1 M 
HNO3 

3.36 3.37 1.43 4.80 

HP100 4.67 3.38 1.77 5.15 
HP100− 1 M 

HCl 
2.70 2.59 1.50 4.09 

HP100− 3 M 
HCl 

2.94 2.67 1.59 4.26 

HP100− 6 M 
HCl 

1.83 2.67 0.838 3.51 

HP100− 1 M 
HNO3 

3.36 3.15 1.37 4.52 

HP100− 1 M 
H2SO4 

5.28 4.16 1.60 5.76  

Fig. 7. Results of photocatalytic oxidation of 3-pyridinemethanol (◆) to 3-pyr
idinemethanal (◼) and vitamin B3 (▴) versus time in the presence of HPRT-1 M 
HNO3 at pH 7 under UVA irradiation. The 3-pyridinemethanal (□) and vitamin 
B3 (Δ) selectivity’s were shown in the right ordinate. 
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probably derived from the breakdown of aromatic rings. 
Table 3 shows selective photocatalytic oxidation results of 3-pyridi

nemethanol to 3-pyridinemethanal and vitamin B3 at pH 7 under UVA 
irradiation. The initial reaction rate (-r0) and pseudo-first order rate 
constant (k) values were reported in the Table. In addition, the values of 
3-pyridinemethanal and vitamin B3 selectivity’s for 15, 30 and 50 % 
conversions and the conversion values after 1 and 3 h were also re
ported. The CO2 selectivity values were given after 3 h of irradiation 
time. Degussa P25 showed the highest photocatalytic activity (k = 0.583 
h− 1) for 3-pyridinemethanol oxidation, probably due to its good crys
talline structure and to the synergic effect of the presence of both 
anatase and rutile phases. Among the home prepared catalysts, HPRT 
and HPRT-1 M HNO3 (k = 0.324 h− 1) showed the highest activity by 
considering the k values. The prevalent phase of these two samples, 
prepared at room temperature, was the rutile one. The least photoactive 
sample, as expected, was the HP100-6 M HCl catalyst, and this can be 
mainly due to the very low value of its specific surface area. All home 

prepared TiO2 samples showed higher product selectivity than that of 
Degussa P25. As determined from TGA results, the TiO2 surface of home 
prepared samples presented a high hydroxyl group density which 
allowed desorption of the produced valuable products without their 
over-oxidation. Consequently, the hydrophilic behaviour of TiO2 surface 
was the reason of the high selectivity results. Generally, total 3-pyridine
methanal and vitamin B3 selectivity values of home prepared catalysts 
were higher than 90 % after 15 % conversion, while it was only ca. 49 % 
for Degussa P25. As the over-oxidation of the produced products in
creases by increasing the reaction time, the total selectivity values 
decrease by increasing the conversion. C-balance (%) values were 
calculated for selected runs by considering the un-reacted 3-pyridineme
thanol, the produced 3-pyridinemethanal, vitamin B3, and CO2 (divided 
by 6 for stoichiometric normalization) deriving from mineralization 
after 50 % conversion (see Table 3). Quite high C-balance values (80–88 
%) were obtained by using home prepared TiO2 catalysts. 

Table 4 shows selective photocatalytic oxidation results of 3-picoline 

Table 3 
Photocatalytic oxidation results of 3-pyridinemethanol (0.5 mM) to 3-pyridinemethanal and vitamin B3 at pH 7 under UVA irradiation.     

aS3-Pyridinemethanal, (%) bSVitamin B3, (%)    
C-balance X0.50(%) 

Catalyst -r0x103 (mM h− 1) kx103 (h− 1) X0.15 X0.30 X0.50 X0.15 X0.30 X0.50 
cSCO2/6 X3h (%) X1h (%) X3h (%) 

Degussa P25 328 582 40 38 35 9 8 11  52 83  
HPRT 110 324 76 69 57 16 19 26  27 61  
HPRT-1 M HCl 163 261 74 64 52 14 19 23 5.1 28 55 80 
HPRT-1 M HClb 177 292 80 73 57 13 18 24 15 30 59  
HPRT-1 M HNO3 151 324 78 67 53 13 19 24 21 28 61  
HPRT-1 M HNO3b 181 283 82 71 57 14 21 23 8.4 31 58  
HP60 101 219 79 70 60 12 18 23 1.1 20 48 84 
HP60− 1 M HCl 120 258 78 67 52 14 19 23 13 24 54 88 
HP60− 1 M HNO3 86 164 80 69  14 20  3.8 17 39  
HP100 136 294 71 61 53 10 12 17 24 29 58  
HP100− 1 M HCl 104 240 66 57 50 11 14 19 14 24 52 83 
HP100− 3 M HCl 142 247 74 68 61 9 13 18 3.6 25 53 83 
HP100− 6 M HCl 3.7 7.5        0.7 2  
HP100− 1 M HNO3 118 249 64 55 49 10 13 18 13 25 53 80 
HP100− 1 M H2SO4 135 189 78 70  10 15  16 23 44  

− r0: initial reaction rate, k: pseudo-first order rate constant, aS3-Pyridinemethanal and bSVitamin B3: 3-pyridinemethanal and vitamin B3 selectivity’s after 15 % (X0.15), 30 % 
(X0.30) and 50 % (X0.50) conversions. X1h and X3h: conversion values after 1 h and 3 h of reaction, respectively. cSCO2: CO2 selectivity after 3 h of reaction (X3h). 

Table 4 
Photocatalytic oxidation results of 3-picoline (0.5 mM) to 3-pyridinemethanol, 3-pyridinemethanal and vitamin B3 at pH 7 under UVA irradiation.  

Catalyst -r0x103 (mM 
h− 1) 

kx103 

(h− 1) 

aS3-Pyridinemethanol (%) bS3-Pyridinemethanal 

(%) 

cSVitamin B3 (%)   

X0.15 X0.30 X0.50 X0.15 X0.30 X0.50 X0.15 X0.30 X0.50 
dSCO2/6 X3h 

(%) 
X1h 

(%) 
X3h 

(%) 
C-balance 
X0.50(%) 

Degussa P25 418 695  1.1 1.1  5.0 5.5  3.5 4.4 60 54 88  
HPRT 125 176 0.7 0.67  9.6 5.6  7.5 12  70 18 40  
HPRT-1 M HCl 123 143 0.3 0.58  3.5 4.1  1.6 2.5  72 16 36  
HPRT-1 M 

HNO3 

117 120 0.5 0.55  3.6 4.3  0.95 2.2  75 16 32  

HP-60 104 144 0.6 0.77  5.6 5.6  1.9 2.4  64 15 36  
HP60− 1 M HCl 139 184 0.5 0.58  6.6 5.7  3.5 4.7  61 19 44  
HP60− 1 M 

HNO3 

157 167 0.4 0.61  4 5.1  1.4 3.8  57 21 42  

HP100 161 251 0.9 1.2 1.0 6 8.5 7.8 1.9 3.5 4.1 46 22 54 59 
HP100− 1 M 

HCl 
189 245 0.3 0.78 0.9 2.1 5.3 5.3 0.9 2.3 3.2 45 26 53 54 

HP100− 3 M 
HCl 

249 347 0.8 1.9 2.0 4 7.5 8.7 0.7 2.4 4.9 39 36 66  

HP100− 6 M 
HCl 

116 96.5 0 0  0 0  0 0  89 13 28  

HP100− 1 M 
HNO3 

189 255 0.3 0.73 0.67 2 5.3 5.5 0.2 2.1 2.2 47 26 55 55 

HP100− 1 M 
H2SO4 

163 202 1.6 2.0 1.8 7.2 7.5 6.9 2.0 3 2.9 53 23 47 65 

− r0: initial reaction rate, k: pseudo-first order rate constant, aS3-Pyridinemethanol, aS3-Pyridinemethanal and bSVitamin B3: 3-pyridinemethanol, 3-pyridinemethanal and vitamin 
B3 selectivity’s after 15 % (X0.15), 30 % (X0.30), and 50 % (X0.50) conversions. X1h and X3h: conversion values after 1 h and 3 h of reaction, respectively. dSCO2: CO2 
selectivity after 3 h of reaction (X3h). 
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to 3-pyridinemethanol, 3-pyridinemethanal and vitamin B3. By starting 
from 3-picoline as the substrate, very low selectivity values were ob
tained with respect to those of 3-pyridinemethanol oxidation. Probably, 
the low selectivity’s were due to preferential oxidation pathway of 3- 
picoline to CO2 rather than to the corresponding alcohol, aldehyde or 
acid derivatives. Indeed, CO2 selectivity values of 3-picoline substrate 
were very high (47–89 %) with respect to those of 3-pyridinemethanol 
(1–21 %) oxidation. The oxidation of methyl group of the aromatic 
ring of 3-picoline is more difficult with respect to that of the benzyl 
group [64]. The highest activity among home prepared samples 
appeared to be that of HP100− 3 M HCl (k = 0.347 h− 1) which showed 
also the highest total product selectivity (ca. 16 %, without considering 
CO2 selectivity) after 50 % conversion. This total product selectivity 
value was just ca. 11 % for Degussa P25. However, Degussa P25 showed 
the highest activity for 3-picoline oxidation reaction (k = 0.695 h− 1). 
HP100-6 M HCl showed almost no activity for 3-pyridinemethanol, 
while interestingly moderate activity for 3-picoline oxidation; 2 vs 28 
% conversion after 3 h irradiation. Nevertheless, HP100-6 M HCl cata
lyst was the worst one with respect to the other catalysts for the con
version of both substrates and also for products selectivity. Virtually no 
products were obtained with the exception of CO2 deriving from 
mineralization for which the highest value of ca. 89 % was found. 
C-balance (%) values for 3-picoline oxidation were also calculated for 

Scheme 1. The proposed mechanism for photocatalytic oxidations of 3-picoline and 3-pyridinemethanol.  

Table 5 
Photocatalytic oxidation results of 3-picoline (0.5 mM) to 3-pyridinemethanol, 3-pyridinemethanal and vitamin B3 under UVA irradiation at different pH’s.  

Catalyst pH -r0x103 (mM 
h− 1) 

kx103(h−

1) 

aS3-Pyridinemethanol 

(%) 

bS3-Pyridinemethanal 

(%) 

cSVitamin B3 

(%)  

X0.15 X0.30 X0.50 X0.15 X0.30 X0.50 X0.15 X0.30 X0.50 
dSCO2/6 X3h 

(%) 
X1h 

(%) 
X3h 

(%) 

Degussa P25 1.98e 35.3 46.3 5.5   49   15   low 5 14 
Degussa P25 4.15 166 212 4.5 4.4 2.8 9.4 12 9.0 1.9 2 1.6 63 24 49 
Degussa P25 7.0 418 695  1.1 1.1  5 5.5  3.5 4.4 60 54 88 
Degussa P25 10 429 1188  0.86 0.93  4 5  2.7 4.3 52 62 98 
Degussa P25 12.7f 332 711  5.3 4.4  4.4 4.5  17 18 36 52 89 
HP100− 3 M 

HCl 
2.08e 35.0 26.1 6   53   13   low 4 8 

HP100− 3 M 
HCl 

4.13 29.6 27.7 6   14   2   low 4 8 

HP100− 3 M 
HCl 

7.0 249 347 0.8 1.9 2 4 7.5 8.7 0.7 2.4 4.9 39 36 66 

HP100− 3 M 
HCl 

10.3 231 435 0.9 1.3 1.5 2.4 5.6 6.3 1.4 2.6 4 41 35 74 

HP100− 3 M 
HCl 

12.7f 189 305 5 5 3.6 2.5 4.0 3.8 12 16 14 45 29 60 

− r0: initial reaction rate, k: pseudo-first order rate constant, aS3-Pyridinemethanol, aS3-Pyridinemethanal and bSVitamin B3: 3-pyridinemethanol, 3-pyridinemethanal and vitamin 
B3 selectivity’s after 15 % (X0.15), 30 % (X0.30), and 50 % (X0.50) conversions. X1h and X3h: conversion values after 1 h and 3 h of reaction, respectively. dCO2 
selectivity’s were considered after 3 h of reaction (X3h). e[H3O+] = 0.01 M; f[OH− ] = 0.01 M. 

Fig. 8. k values of the photocatalytic oxidation of 3-picoline experiments by 
using Degussa P25 (◆) and HP100-3 M HCl (◼) photocatalysts at 
different pH’s. 
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selected runs by considering the un-reacted 3-picoline, the produced 
3-pyridinemethanol, 3-pyridinemethanal, vitamin B3, and CO2 deriving 
from mineralization after 50 % conversion. Low C-balance values 
(54–65 %) were obtained by using TiO2 catalysts as results of low se
lective oxidation of 3-picoline oxidation (see Table 4). 

Scheme 1 shows a proposed mechanism for photocatalytic oxidation 
starting from 3-picoline or 3-pyridinemethanol. The first step of 3-pico
line oxidation is the formation of 3-pyridinemethanol, but the miner
alization pathway is preferred, as it can be noticed in Table 4. The 
further oxidation steps, after formation of 3-pyridinemethanol could be 
the interaction of h+ or hydroxyl radicals with formation of 3-pyridine
methanal subsequently oxidized to vitamin B3. The over-oxidation 
products of these substrates and their corresponding molecules were 
mainly aliphatic species and CO2. 

3-Picoline oxidation was also performed at different pH values (ca. 
2–12) by using HP100-3 M HCl and Degussa P25 photocatalysts, and the 
obtained results were reported in Table 5. Fig. 8 shows k values versus 
pH for 3-picoline oxidation. Very low activity values were obtained in 
acidic conditions, whereas the catalysts showed high activity in neutral 
and basic conditions (especially at pH 10). The highest total selectivity 
values were obtained at pH 2; HP100-3 M HCl and Degussa P25 show 72 
and 70 % total selectivity (3-pyridinemethanol, 3-pyridinemethanal and 
vitamin B3) respectively, after 15 % conversion. For this reason, CO2 
selectivity’s were high in neutral and basic conditions, while CO2 
selectivity was negligible in acidic medium. In acidic condition the 
protonated aromatic ring of 3-picoline is more stable [64], and it could 
justify the resistance to a complete oxidation and the high product 
selectivity. 

4. Conclusions 

In this work TiO2 samples were tested for selective photocatalytic 
oxidation of 3-pyridinemethanol and 3-picoline in aqueous suspension 
under UVA irradiation. The influence of the preparation experimental 
conditions (i.e. type of acid and temperature) on TiO2 crystallinity, 
morphology and specific surface area was also investigated. The pres
ence of acids in the preparation inhibited the TiO2 formation, indeed in 
the presence of H2SO4 no TiO2 was obtained at RT and 60 ◦C, and in the 
presence of 9 M HCl no TiO2 was formed even at 100 ◦C. At low tem
peratures (RT and 60 ◦C) only rutile phase could be obtained, whilst at 
100 ◦C in the presence of HCl and HNO3 mainly brookite and rutile 
phases were found, and in the presence of H2SO4 mainly anatase phase 
was produced. Nanorod structured TiO2 was formed in the presence of 
HCl or HNO3 at RT and 60 ◦C. TiO2 sample prepared in 6 M HCl (HP100- 
6 M HCl) resulted to have a very low BET surface area and consequently 
a very low activity. However, interestingly HP100-6 M HCl was much 
more active for 3-picoline oxidation than for 3-pyridemethanol. More
over, no valuable product was obtained with HP100-6 M HCl. All home 
prepared samples, with the exception of HP100-6 M HCl, were poorly 
crystalline and presented high BET specific surface area values. The 
product selectivity results of 3-pyridinemethanol oxidation were much 
higher than those of 3-picoline. However, selective 3-picoline oxidation 
could be performed at low pH (ca. 2) with low activity. Home prepared 
samples showed higher selectivity but lower activity than Degussa P25 
TiO2, due to their amorphous and hydrophilic character. The TiO2 sur
face of home prepared samples have high hydroxyl group density, 
therefore the produced valuable products could desorb easily without 
their over-oxidation. 
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