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Photocatalytic performance of Si0,@TiO,
spheres in selective conversion of oxidation
of benzyl alcohol to benzaldehyde and
reduction of nitrobenzene to aniline

BRUNO C.B. SALGADO & ANTONINHO VALENTINI

Abstract: Selective photocatalytic oxidation of benzyl alcohol to benzaldehyde and
reduction of nitrobenzene to aniline reactions are investigated by using SiO,@TiO,
spheres produced in a simple route using chitosan as a template. The spheres are
predominantly macroporous and, the XRD points out an amorphous crystallographic
profile suggesting the uniform distribution of TiO,. Under low-power lighting for 4 hours,
the conversions achieved was of the order of 49% and 99% for benzyl alcohol and
nitrobenzene, respectively, with selectivity to benzaldehyde and aniline of 99% in both
reactions. The study also follows the effects of the solvent and the presence of O,
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INTRODUCTION

Heterogeneous photocatalysis is an alternative method for decomposing organic contaminants. In
this sense, it is found several works which explore the photocatalytic process to decompose water
pollutants, such as pesticides (Affam & Chaudhuri 2013, Berberidou et al. 2017, Gomes Jinior et al.
2017), dyes (Colpini et al. 2014, Marugan et al. 2007, Salehi et al. 2012, Wang et al. 2019a), aromatic
hydrocarbons (Bai et al. 2017, Gao et al. 2020, Monteagudo et al. 2020, Vela et al. 2012, Zhang et al.
2008), pharmaceutical waste (FinCur et al. 2017, Gao et al. 2020, Molinari et al. 2017, Salaeh et al. 2016,
Serna-Galvis et al. 2016), polychlorinated and polybrominated biphenyls (Shaban et al. 2016, Wang et
al. 2019b, Zhu et al. 2016) and other organic compounds (Kumari et al. 2020).

However, the photocatalytic process can promote reduction or oxidation reactions with good
selectivity (Imamura et al. 2013). Additionally, it is worth mentioning that the photocatalytic process
neds mild temperature and pressure conditions (Fukui et al. 2019, Livingstone et al. 2019). This
versatility contributes to the development of new studies that have led to the improvement of the
photocatalytic technique as an innovative method in the field of fine chemistry, even enabling the
use of renewable resources (solar radiation and biomass) as an energy source for the propagation of
the phenomenon.
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On the other hand, photocatalysis can selectively produce the conversion of the -CH,OH to
-CHO group, enabling the production of compounds from the aldehyde group under mild conditions,
which are widely applied as precursors of various medicines, vitamins, and fragrances (Pillai &
Sahle-Demessie 2003). The conventional route of aldehyde production contributes to the release of
metallic waste derived from the catalysts used, generating negative impacts on the environment (Xie
et al. 2014). In the proposed photocatalytic mechanism for this reaction, one step is the reaction of
the alcoholic substrate with the photogenerated positive holes (h),) and the molecular oxygen (O,)
acts as a photoelectrons acceptor (Turchi 1990). The photocatalytic oxidation selectivity is higher by
using an organic solvent, such as acetonitrile. Using water produces hydroxyl radical, highly reactive
(Spasiano et al. 2013). The O,, however, can generate the superoxide radical, hydrogen peroxide, and
hydroxyl radical (Nosaka & Nosaka 2017). Therefore, to improve the photocatalytic selectivity, it would
be interesting to use another photoelectron acceptor.

Aniline is a compound widely used to produce pharmaceuticals, dyes, pigments, and pesticides
in laboratory and industrial scales (Corma et al. 2007, Wang et al. 2010). As with benzaldehyde, the
industrial production route involves the release of waste containing metallic catalysts harmful to
the environment. Furthermore, the traditional catalytic process (Ni, Pt, or Pd under H, pressure)
leads to the hydrogenation of the phenyl group, resulting in a low selectivity (Shiraishi et al. 2012).
Alternatively, photocatalysis can promote this reaction, which means to be possible to introduce
a method with lower residues production. Therefore, the nitrobenzene reduction to aniline is an
interesting process to act as a photoelectron acceptor.

Although both processes, the benzaldehyde and the aniline production, have been known for a
long time (Buck et al. 1987, Lawrence 1983, Spiegler & Graham 1958), industrially a large amount of
waste is still produced. These wastes require treatment, but sometimes they are often just stored,
subject to possible environmental accidents. Thus, it is necessary to implement a production process
for such products or their derivatives, which generates a lower amount of waste.

The need to decrease the environmental impact has encouraged research, either to explore
the reaction or to test the photocatalytic activity of new materials for H, evolution or oxidation of
organic pollutants (Fiorenza et al. 2019, Tahir & Tahir 2020, Wojtyta et al. 2020). But the low cost, no
toxicity, and high oxidizing activity are properties that make the TiO, be widely used for photocatalytic
process (Chen et al. 2010, Colmenares et al. 2016, Flores et al. 2007, Huang et al. 2010, Kominami et al.
2009, Palmisano et al. 2007b 2006, Shiraishi et al. 2012, Zhang et al. 2009).

Generally, the TiO, is prepared as finely particulate material, which difficult the recovery for
reusing (Horikoshi & Serpone 2020). To make more accessible the recovering process, the TiO, can
alternatively be prepared as a supported catalyst (Fiorenza et al. 2019, Ho et al. 2019, Islam et al. 2020).
With this goal in mind, numerous solid matrices have been used as support material for the active
phase (Islam et al. 2020). But, SiO, has been pointed out as the most interesting support because it
is chemically inert, transparent to UV radiation, and has a high surface area (Bellardita et al. 2010,
Gude et al. 2008). Porous materials with a high surface area tend to increase the rate and amount
of substrate adsorption, enhancing the TiO, performance of superficially exposed contact with the
adsorbate.

Parallel to the supporting process, the pellet shape and diameter also can affect the catalytic
performance. The synthesis route of macroporous spheres of SiO, or ALO, presented previously
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(Braga et al. 2009, Santos et al. 2015) may produce a sample with a spherical shape and diameter near
1.0 mm and easy separation process. Additionally, spheres with such a diameter range are easily kept
in suspension in the reaction solution, either under the gas flow or under the solution flow itself.

The photocatalytic macroporous sphere was synthesized (SiO, spheres with a diameter near 1.0
mm containing TiO,) by the method presented previously (Braga et al. 2009), aiming to explore the
synthesis route. Additionally, with the aim to contribute to a lower reaction by-product formation,
the sample was tested for the photocatalytic performance for benzyl alcohol oxidation and the
nitrobenzene reduction reactions.

MATERIALS AND METHODS
Preparation of the Si0,@TiO, spheres

The SiO, spheres were synthesized using the hybrid system, SiO, precursors, and chitosan (Braga et al.
2009). Under continuous stirring, the chitosan (CTS) (3% m/v) was dispersed in an aqueous solution
of acetic acid (5% v/v). Following, equimolar amounts of particulate SiO, (Aerosil, Degussa Evonik)
and tetraethylorthosilicate (TEOS, Aldrich) were added in the same solution, yielding a molar ratio of
1:1.5 between CTS monomer to Si. This mixture was dripped in an alkaline medium (NH,OH, 30%) using
a peristaltic pump. The formed spheres were removed and dried at room temperature for 72 hours.
The hybrid spherical material was calcined at 550 °C for 3 hours using a heating rate of 5 °C/min. The
surface coating of the silica spheres with titanium was made from the wet impregnation of its organic
precursor, where 1.0 mL of titanium isopropoxide (Aldrich) was added to 25 mL of isopropyl alcohol
containing 1.0 g of the silica spheres, keeping the contact under constant stirring for 24 hours. After
the spheres drying at room temperature for 24 hours, the calcination was again carried out at 500 °C
for 3 hours to form the crystalline TiO,; the sample was named SiO,@TiO..

Characterization of the Si0,@TiO, spheres

The X-ray diffraction (XRD) measurement was performed in the angular range (26) of 10-90° with Cu
Ka, 40 kV and 45 mA. The N, adsorption/desorption isotherm was carried out after degassing for 2
hours under vacuum at 200 °C. The scanning electron micrographs, energy dispersive spectroscopy
coupled (SEM-EDS) analysis was performed at 10 kV and 2.27 x 107 Pa. Samples were placed in a
double-sided carbon tape on aluminium support and metalized with gold in an argon atmosphere
at low pressure. The diffuse reflectance spectrum (DRS-UV-vis) was measured in a 300 to 800 nm
scanning range.

Photocatalytic Conversion Experiments

The selective photocatalytic conversion reactions of benzyl alcohol to benzaldehyde and nitrobenzene
to aniline were performed in a glass reactor with a quartz tube located in the centre using magnetic
stirring. A high-pressure mercury lamp (8 W, 315-420 nm, maximum wavelength at 365 nm) was used
as an irradiation source. The reaction mixture comprised 0.25 g of SiO,@TO, spheres with 25 mL of
a solution containing the organic compound. For the photocatalytic oxidation reactions, the initial
concentration of benzyl alcohol was 107 mol/L, while in the photocatalytic reduction reactions,
the initial concentration of nitrobenzene was 8.0 x 10™ mol/L. In both reactions, the solvents were
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pre-saturated for 30 minutes with O, or N, for favouring oxidative or reducing conditions, respectively.
The system was kept under magnetic stirring for 1 hour before turning on the lamp to achieve the
adsorption equilibrium. The monitoring of composition was done by HPLC using a C18 column (5y,
Phenomenex) at 210 nm. The mobile phase was composed of methanol, water, and buffer solution in
a ratio of 40:20:40 and a flow rate of 1.0 mL/min. The buffer was prepared with 10 mL of H,PO, (5.05
mol/L), 50 mL of methanol, and ultra-pure water, for a total volume of 1 L. To evaluate the isolated
effects, TiO, powder (P25, Degussa, 0.025 g) and SiO, sphere (without titanium dioxide) were tested
under the same reaction conditions.

RESULTS

Characterization of the photocatalyst
X-ray diffraction

Figure 1 shows the diffraction profile of the silica spheres (SiO,) before and after titanium coating
(SiO,@TiO,). Both samples show no clear diffraction peak. However, it is observed a broad signal in
the 20 degree range of 15 to 30, which is typical for the SiO, samples material heat treated at low
temperature (550 °C) (Matos et al. 2011, Pan et al. 2008). Despite that, the diffraction profile for sample
Si0,@TiO, shows a smooth enlargement of the broad signal (emphasized in the inserted figure),
which can be attributed to the formation of the tetragonal anatase phase according to the diffraction
pattern (ICSD code of 9854) inserted in Figure 1.

In a previous study developed by the authors (Salgado & Valentini 2019), an apparent surface
coverage of 13.2% of TiO, on the surface of the SiO, spheres was estimated through the surface charge
(point of zero charge) of Si0,, TiO, and SiO,@TiO,. The absence of a defined peak demonstrating the
presence of TiO, can be attributed to the morphological characteristics inherent to the process of

5i0,@Ti0,

Couting (au)

Si0,@TiO,

TiO,
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profile of the SiO, and Si0,@
26 degree TiO, spheres.
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synthesis of silica spheres, contributing to a reduced adsorption of the Ti precursor and consequent
growth of the TiO, particle.

Diffuse reflectance

The optical property of the SiO,@TiO, spheres was determined by diffuse reflectance spectroscopy,
as shown in Figure 2. The spheres impregnated with titanium on their surface have an absorption
band in the UV region, which is attributed to the charge transfer process of the valence band of the
2p orbital of the O ions to the conduction band of the t,, orbitals of the Ti"" (Loddo et al. 1999).
The bandgap determination of the photocatalyst can be performed by applying the Kubelka-Munk
function ([1-RI/2R) to the reflectance spectral data of the material. Knowing that the TiO, phase
has a direct bandgap (Yu et al. 2011), the bandgap value is obtained from the intercept of the graph
generated by [F(R) hv]’ vs. hv. The SiO,@TiO, spheres show 3.33 eV, near the value determined for the
P25 (3.22 eV), which is close to the anatase phase of TiO, (3.2 eV) (Jaroenworaluck et al. 2012, Mahesh
et al. 2015).

Considering the negligible absorption of silica (SiO,) in the range from 250 to 700 nm, as shown in
Figure 2, the behavior presented in the diffuse reflectance spectrum is attributed exclusively to TiO..
The potentials of the valence (BV) and conduction (BC) bands can be calculated through the Mulliken
electronegativity and band-gap of the semiconductor (Cheng et al. 2019), according to equations 1
and 2.

Es = X-E, +05E, (1)
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Eg = Eig-Eg (2)

Where E, E,; e E, are the band-gap and potentials of the valence and conduction bands of the
semiconductor, respectively, £, is the energy of free electrons of the hydrogen scale (4.5 eV), and X
is the absolute electronegativity (Mulliken) of the atom semiconductor, expressed as the geometric
mean of the absolute electronegativity of the constituent atoms, which is defined as the arithmetic
mean of the atomic electro affinity and the first ionization energy.

Considering the band-gap of 3.3 eV (Fig. 2) and the X value for TiO2 of 5.81 eV, the calculated
values of E , and E_, for the SiO2@TiO2 spheres were 2.96 and -0.34 eV.

Textural properties and chemical composition

The specific surface area and pore size distribution of the spheres were determined by adsorption/
desorption isotherms of N, (Figure 3, Table 1). The spheres have isothermal profiles typical of types Il
and lll, besides indicating the formation of pores in the form of slits characteristic of the hysteresis
of type H3 (Thommes et al. 2015). In both samples, Si0, and SiO,@TiO,, the pore diameter distribution
profile show the presence of micropores (< 2 nm) and mesopores (pores 2-50 nm), but with a
predominance of macropores (> 50 nm), as indicated by the isothermal profiles.

The addition of titanium on the silica spheres caused a considerable effect on the surface area,
decreasing from 317 to 147 m?’/g. Similarly, as points out the pore size distribution (inserted in Figure
3), it is also observed effect over the pore volume, which decreases from 2.402 to 1191 cm’/g; due to
Ti impregnation. However, there was no change in the pore distribution profile. This fact suggests
a homogeneous distribution of TiO, across the surface of SiO,, both in the micropores and in the
macropores. The SiO,@TiO, spheres were analyzed for morphology and composition by scanning
electron microscopy (Figure 4). The synthesized material showed spherical morphology with an
average diameter of 1 mm (Figure 4a), which is a pellet diameter easier to recover from the reactional
solution.

Figure 3. N, adsorption/desorption
1600 - 0\ ) ° isotherms and pore size distribution
1400 J . (inserted) of the SiO, () and Si0,@TiO,
&) (o) spheres.
1200 A .S.
4 O— _ 1 =
— ° —0 © °
D 1000 - / / 2
£ . e >
/
g 1 1 . Table I. Specific surface area and
~ 600 J 0 100 pore volume of the spheres from N,
400 Pore diameter (nm) / adsorption/desorption isotherms.
[ ]
% . ) v s
200 4 ,,/r.ét Material | S (m*/g) V (cm’/g)
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pe—-o-a-0-%~ Sio, 317 2402
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PIP, V* - pore volume determined at P/P0 = 0.995.
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Figure 4. Images of scanning electron microscopy (a-c) and elemental mapping (d-h) of the SiO,@TiO, spheres.
Zoom of 100x (a), 30,000x (b) e 100,000x (c).

Figures 4b-c show the surface sphere morphology, which is composed of interconnecting platelets.
This aspect is due to the synthesis route, which uses TEOS and particulate SiO, (Aerosil). The TEOS
undergoes hydrolysis and then reacts with the SiO, particle surface (platelet) at the silanol group,
linking the platelets and producing a sample with high pore volume and pore diameter (Table I).

The results of elemental mapping by EDS indicate that the proposed synthesis methodology led
to a homogeneous deposition of Ti on the surface of SiO, spheres (Figure 4f). The Figures 4g-h show
the presence of residual carbon (near 9 wt%), despite the calcination at 550 °C/3h, this is consistent
with previous results which shows mass elimination up to 600 °C (Braga et al. 2009), it is important
to point out that the second calcination temperature, after the titanium isopropoxide impregnation,
the sample was calcined at 500 °C. Considering the platelet condensation, it is reasonable to propose
retaining a small fraction of carbon in the pore of the material or between the platelets.

Photocatalytic activity

Photocatalytic oxidation of benzyl alcohol to benzaldehyde

Several authors reported the photocatalytic partial oxidation of alcohols to aldehyde (Augugliaro
et al. 2008, Li et al. 2012, Palmisano et al. 2007b; Spasiano et al. 2013, Xie et al. 2014). The reaction is
called selective photocatalytic conversion or partial photocatalysis (Augugliaro et al. 2008), which has
emerged as a vital field in the photocatalytic area for ‘green synthesis’ in fine chemistry and efficient
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energy conversion since it produces a useful compound (-CHO) instead of its decomposition (CO,
and H,0).

The photocatalytic conversion of benzyl alcohol to benzaldehyde is possible due to the higher
standard potential of the TiO, valence band (2.96 V) compared with the oxidation reaction (Eg. 3) (Xiao
et al. 2013):

CH,OH > CH,CHO+2H +2e; E°, =198V (3)

Figure 5 shows the O, effect over the conversion of benzyl alcohol to its corresponding aldehyde
(benzaldehyde), using acetonitrile as solvent. A test was carried out under the same conditions
without catalyst (SiO,@TiO,) with the presence of O,, in which conversion of benzyl alcohol was not
observed. The replacement of O, with N, leads to a decrease in both the conversion rate of benzyl
alcohol (48.7% to 22.3%) and the rate of production of benzaldehyde (45.2 to 20.9%) (Figure 5),
suggesting that O, plays an essential role in the photocatalytic oxidation of benzyl alcohol. This fact
is consistent with the fundamental reactions of the photocatalytic process, where the molecular O,
adsorbed on the surface of the photocatalyst act as an electron acceptor, favouring the separation of
the electron/hole pair, leading to the maintenance of the photocatalyst in its excited state. Similar
results are reported (Xiao et al. 2013), where a conversion rate of the same order was achieved using
a photocatalyst of composition Bi,,0, Cl, under irradiation in the visible range.

Despite the effect over the benzyl alcohol conversion, the O, replacement with N, has no impact
on the selectivity of the reaction to produce benzaldehyde, reaching levels of 100%.

Figure 6 shows the solvent effect. The replacement of acetonitrile by water under the same
reaction conditions shows that the presence of water assumes high relevance in the photocatalytic
oxidation of benzyl alcohol. The reaction performed with water presence resulted in a higher
conversion of benzyl alcohol, reaching reduction levels of 54.8% in their concentration. However,
this conversion did not produce a stoichiometric amount of its corresponding aldehyde, getting

1.0x10° 4 1.0x10° -
8.0x10* 8.0x10™
- 6.0x10° a 6.0x10* -
g g
g ox10% S 40x10*
8 ]
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Figure 5. Effect of O, in the photocatalytic oxidation Figure 6. Effect of solvent on the photocatalytic
of benzyl alcohol. Benzyl alcohol (s 0,, A N,), oxidation of benzyl alcohol. Benzylic alcohol (m ACN, A
benzaldehyde (¢ 0,, © N,). Solvent: ACN. C, = 1.0 x 10° H,0), benzaldehyde (¢ ACN, o H,0), benzoic acid (c H,0).
mol/L, Si0,@TiO, = 10 g/L, UV-A (365 nm, 8 W). Presence of 0,. Si0,@TiO, = 10 g/L, UV-A (365 nm, 8 W).
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production of only 7.5%. The water presence, which favours the hydroxyl radical formation, produces
benzoic acid, pointing out successive reactions and benzyl alcohol decomposition.

Xie et al. (2014) found a similar result, where a photocatalyst composed of In,S, was used in the
selective oxidation of benzyl alcohol to benzaldehyde under visible light irradiation in the presence
of O, in four solvents: trifluorobenzene (TFB), toluene (TOL), acetonitrile (ACN) and water (H,0). The
researchers found a strong effect of the solvent polarity on the reaction performance, where, in
terms of production and selectivity, the solvents were ordered as follows: TFB > TOL > ACN > H,0. The
best performance of the photocatalyst in trifluorobenzene was ascribed to a higher solubility of O..
While the water using as solvent affect the performance of the photocatalyst negatively. This fact is
due to the production of highly reactive radical species (OH), which reacts non-selectively with the
adsorbed organic substrate. Consequently, the photocatalytic conversion increase but loses in terms
of production and selectivity. This finding is strengthened by the production of benzoic acid with
water as the solvent, which suggests the occurrence of reactions in series due to the constant non-
selective attack of hydroxyl radicals to benzyl alcohol and benzaldehyde.

In reaction condition with O, and acetonitrile as the solvent, the silica spheres without titanium
did not show photocatalytic activity. At the same time, using TiO, powder (P25) led to the conversion
of 62% of benzyl alcohol and production of 45% to benzaldehyde. Despite the greater conversion
capacity of TiO, into powder, the selectivity to benzaldehyde was lower, in addition to the fact that
the application in powdered form confers a dispersion of particles that do not sediment under the
action of gravity, imposing the need for one more step for recovery of the catalyst.

Figure 7 compares the photocatalytic performance of the SiO,@ TiO, spheres in the oxidation of
benzyl alcohol to benzaldehyde under different experimental conditions.

A comparative analysis of the data presented in Table Il allows concluding that the SiO,@
TiO, beads showed photocatalytic efficiency in the oxidation of benzyl alcohol to benzaldehyde,
obtaining conversion and selectivity values similar to those reported by other researchers when using
acetonitrile as solvent. The performance of the SIO,@TiO, spheres in the photocatalytic oxidation of
benzyl alcohol is even more evident when comparing the power of the irradiation source used (8 W),
which is much lower than the other works.
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Table II. Comparison of conversion and selectivity of photocatalytic oxidation of benzyl alcohol to benzaldehyde in
different studies.

Photocatalyst Reaction condition C (%) S (%) Reference

C,=0033M
Catalyst =53 g/L
Xe (300 W) 4 h
Solvent: TFB

4 99.8

In.S Xie et al. 2014

Solvent: CH.CN 40 81
Solvent: H,O 95 11

C,=0.067M
Catalyst =53 g/L
UV-A (100 W) 4 h
Solvent: CH.CN

TiO,-anatase Lt 99 Zhang et al. 2009

C, = 1.5 mM;
Catalyst = 1.0 g/L;
UV-A (125 W) 4 h
Solvent: CH.CN

50 90

TiO,/ MAGSNC® Colmenares et al. 2016

Solvent: H,0 5 Y

G, =1.0mM
Catalyst = 0.4 g/L
UV-A (125 W) 6 h
Solvent: H.O

HPO,5° 50 28 Augugliaro et al. 2008

C,=0.062M
Catalyst =333 g/L
Xe (300 W) 4 h
Solvent: TBF

Au/CdMoO, 32 100 Bi et al. 2015

G, =1.0mM
Catalyst = 10.0 g/L
UV-A (8 W) 5 h
Solvent: CH,CN (0,)

49 92.8

Si0,@Ti0, This study

Solvent: CH,CN (N,) 2 94.0

Solvent: H,0 (0,) 55 13.8

C: conversion. S: selectivity. > MAGSNC: nanocomposites of silica-maghemite; ® HP: home-preparade (TiO, anatase).

Taking into account the experimental data obtained and based on studies reported by other
researchers (Feng et al. 2011, Xie et al. 2014, Zhang et al. 2009), a reactive scheme is proposed,
presented in the following topics and demonstrated in Figure 8:

1. Alcohol molecule adsorbs on the surface of the beads via a deprotonation process, which reacts
with the photogenerated hole (h;,) to form a carbonic radical via subsequent deprotonation.

2. Inthe absence of oxygen, carbon radical loses another electron by reacting again with the hole,
leading to the formation of benzaldehyde.
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“OH of Si0,@Ti0, spheres with and
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from (Feng et al. 2011, Li et al.
2012, Xie et al. 2014, Zhang et
al. 2009).

2H*

In the presence of O,, the superoxide radical formed by the reduction of O, in the excited TiO,

conduction band reacts with the carbon radical, forming an intermediate oxygen bridge structure.
The formation of the superoxide radical on the surface of SiO,@TiO, was confirmed in a previous
study (Salgado & Valentini 2019) with the use of benzoquinone as a sequestering agent.

Cleavage of the C-O of the alcohol and 0-0 of O, bonds leads to benzaldehyde formation. The

bridged structure of the peroxide bond of TiO, can combine with protons to form H,O.. In a
study performed by Zhang et al. (2009) using oxygen isotopes, it was demonstrated that in the
presence of O, the O atom of the aldehyde did not originate from the water surface adsorbed or
OH groups of TiO,, but from O,, indicating an important role of this species when present in the

photocatalytic process.

An Acad Bras Cienc (2023) 95(2)

€20220105 11| 22



BRUNO C.B. SALGADO & ANTONINHO VALENTINI PHOTOCATALYTIC CONVERSION BY SI02@TI02 SPHERES

Photocatalytic reduction of nitrobenzene to aniline

The photocatalytic reduction of nitrobenzene to aniline has attracted attention because of the
advantages presented in comparison with traditional methods of aniline synthesis, such as room
temperature reaction, lower operational costs, and environmental benefits resulting from the
significant decrease in waste production (Mohamed & Kadi 2014). In this work, some factors, such
as solvent composition and O, presence, which affect the performance of the photocatalyst in the
reduction reaction of nitrobenzene were evaluated.

Figure 9 shows the O, effect over the photocatalytic performance for the reduction of nitrobenzene
using methanol as solvent. The presence of O, in the medium resulted in a decrease in nitrobenzene
conversion levels and aniline production but did not affect selectivity (>99%). The decrease of the
reaction rate is due to the competitive effect between nitrobenzene and O, by the electrons of the
conduction band of the photocatalyst. When adsorbed, O, will act as an electron acceptor, with
the production of O, radical. Kominami et al. (2009) using TiO, presented similar results in the
photocatalytic reduction of nitrobenzene in an aqueous medium with the addition of oxalic acid as
a hole sequestrant. Additionally, the same authors observed that the O, partial pressure increase
affects the aniline production.

The effect of the solvent composition was evaluated by carrying out photocatalytic reduction
tests of nitrobenzene in methanol or ethanol previously saturated with N, (Figure 10).

The reducing reaction of nitrobenzene to aniline shows a meaningful effect of the solvent over
the photocatalytic performance. By using methanol, the reaction reached higher conversion levels of
nitrobenzene and aniline production if compared with the reaction in ethanol medium. Despite the
different performances regarding conversion and production, in both solvents, the selectivity was
>99% for aniline and no other product of the reaction was identified. This fact is due to the properties
of the solvent, such as viscosity and polarity/polarizability, i.e., the ability of a solvent to stabilize a
charge or a dipole through its dielectric constant. An increase in polarity/polarizability corresponds

8.0x10* 8.0x10™ 4

6.0x10™ 6.0x10*
g g
= <
5 4.0x10* ig_, 4.0x10*

2.0x10™* 2.0x10*
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Figure 9. Effect of the presence of O, on the Figure 10. Effect of solvent on the photocatalytic
photocatalytic reduction of nitrobenzene. Nitrobenzene reduction of nitrobenzene. Nitrobenzene (m MeOH, A
(w0, AN,), aniline (¢ 0,, o N,). Solvent: MeOH. C, = 8.0 x EtOH), aniline (¢ MeOH, o EtOH). C, = 8.0 x 10™ mol/L,
10™ mol/L, Si0,@Ti0, = 10 g/L, UV-A (365 nm, 8 W). Si0,@Ti0, = 10 g/L, UV-A (365 nm, 8 W).
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to better stabilization of the charged intermediate species produced, causing an increase in the
reaction rate (Palmisano et al. 2007a), which justifies the best performance in methanol medium,
given its lower viscosity and higher dielectric constant compared with ethanol. A similar result
was reported by Chen et al. (2010) in the photocatalytic reduction of nitrobenzene by TiO,, where
isopropanol was also tested as solvent. These researchers ordered solvents for the performance of
the photocatalyst as follows: isopropanol < ethanol < methanol.

On the other hand, it should be considered that the pKa for ethanol (16.0) is higher than methanol
(15.5). Therefore, if the proton abstraction from the alcohol is one-step of the process, this short
difference between acidity can affect the process.

In addition to alcoholic solvents, the photocatalytic reduction of nitrobenzene was also performed
in the aqueous medium. In this condition, no reduction of nitrobenzene concentration was observed,
as there was no aniline production. However, the use of acetonitrile promoted a 97% conversion,
with a selectivity of 40%. This fact reinforces the effect of the solvent on the development of the
photocatalytic process in question. The reduction of nitrobenzene occurs by the electrons present in
the conducting band of the photocatalyst, and the photogenerated holes will act in an antagonistic
way to the objective of the reaction since they have oxidative properties. As the oxidation potential of
the holes present in the valence band is much higher than the reduction potential of the electrons in
the conduction band, substances, which are able of inhibiting the action of the holes, must be added.
In this sense, methanol will capture photogenerated holes, acting as electron donors, preventing the
recombination of the electron/hole pair (Imamura et al. 2013) and inhibiting oxidation reactions.

In reaction condition with N, and methanol as solvent, the silica spheres without titanium did
not show photocatalytic activity. TiO, (P25) powder led to 99% conversion and selectivity of 97.6%.

Table Il shows results reported by several authors regarding the application of different
photocatalysts in the synthesis of aniline via reduction of nitrobenzene. As shown above, although
the reaction time was higher than the other studies, a complete conversion of nitrobenzene to
aniline was achieved using a much lower energy source (8 W); for example, when comparing with the
work of Huang et al. (2010) where a Xe lamp of 2,000 W was used.

Figure 11 shows a comparative analysis of the performance of the photocatalyst in the different
experimental conditions.

Based on the experimental data obtained in this study and on information extracted from
studies reported by several researchers (Flores et al. 2007, Jensen et al. 2016, Mohamed & Kadi 2014,
Qusti et al. 2014), a reaction mechanism of photocatalytic reduction of nitrobenzene to aniline was
proposed, which is detailed in the following topics:

The reaction between methanol and photogenerated hole, producing formaldehyde and H
reductor, according to reactions below:

CH,OH + h,, » CH,0 + CH,OH (4)

CH,0 + CH,OH - 2H +2HCHO (5)
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Table IIl. Conversion and selectivity of the photocatalytic reduction of nitrobenzene to aniline in different studies.

Photocatalyst Reaction Condition C (%) S (%) Reference
TiO, (MT-150A) R’ 99 98
Ti0, (JRC-TIO-6) R’ C, = 0.01 mol/L 98 97
2 Cat.=10.0 g/L
. Imamura et al. 2013
Tio, (ST-01) A" UV-A 400 W, 15 min 80 75
2 Solvent: 2-propanol (Ar)
TiO, (P25) A, R’ 90 83
Tio, (JRC-TIO-1) A’ C,=0.01 mol/L 21 71
' * Cat “ 108/l Shiraishi et al. 2012
Ti0, (JRC-TIO-2) R Solvent: 2-propanol (N,) >99 97
C,=16x10" mol/L
- Cat.=1.0 g/L
Ag-TiO, UV-A 400 W, 1 h 86 70 Huang et al. 2010
Solvent: H,0 + CH,OH (N,)
C,=8.0x10" mol/L
Cat.=10.0 g/L
UV-A8 W, 5 h >99 85.5
sio,@Tio, Solvent: CH,OH (N,) This study
Solvent: C,H,OH (N,) 38 81.0
Solvent: CH,0H (0,) 53 75.8

C: conversion. S: selectivity. * TiO, supplied from different manufacturers in different phases: anatase (A) and rutile (R).

Il Conversion
Yield
[ |Selectivity
100
80 S
2 |
60 —
40
20 Figure 11. Photocatalytic
) reduction of nitrobenzene
to aniline using Si0,@TiO,
0 T spheres under different

1 T T T
MeCH /N2 EtOH / N2 MeQH /02 reaction conditions.
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1. The adsorbed nitrobenzene (NB) reacts with the electron of the conduction band and with H,
generating the anionic radical NB-N"OOH, which gives the intermediate nitrosobenzene (NSB).
NB+2H +2¢ > NSB E = -0.16V (6)
2. The NB-N"OH radical is produced from the reduction of the NSB, yielding the intermediate
phenylhydroxylamine (PHA).

NSB+2H +2e - PHA E = +0.29V (7)

3. PHA undergoes another electron transfer, producing the radical NB-N"OOH, which is easily
converted to the aniline (AN). Figure 12 represents the aforementioned topics.

PHA+2H +2e = AN E = -0.46V (8)

According to Flores et al. (2007) the excess of alcohol solvent used in the experiments and the
anaerobic conditions and long periods of irradiation support the hypothesis that the photocatalytic
reduction of nitrobenzene occurs mainly by hydroxyalkyl radicals derived from methanol (reaction 3),
justifying the occurrence of reaction 8, since the value of the TiO, conduction band potential (0.34 V)
is not able to lead to the reduction of phenylhydroxylamine to aniline. However, the direct reaction
between the electron-accepting substrate (nitrobenzene) and the electrons in the conducting band
of the photocatalyst (TiO,) should also contribute to a significant production of aniline.

Photocatalytic benzyl alcohol oxidation with simultaneously nitrobenzene reduction

The photocatalytic performance study of SiO,@TiO, spheres in simultaneous conversion via oxidation
and reduction of benzyl alcohol and nitrobenzene, respectively, was performed in the presence of
acetonitrile as a solvent with an initial concentration of 1.0 x 10 mol/L for both organic compounds.
The choice of acetonitrile as a solvent was based on the results presented above. Before lamp
activation, the solution was saturated with N, to eliminate O, and favor nitrobenzene as a species
to be reduced by electrons (e_,), and the performance of the material in this condition is shown in
Figure 13.

The kinetic profiles presented in Figure 13 show a selective photocatalytic performance to the
oxidation of benzyl alcohol over nitrobenzene reduction, showing a decrease in alcohol concentration
and proportional production of its respective aldehyde, while for nitrobenzene no change of its
concentration was detected and, obviously, without aniline production. As discussed earlier, TiO,
has a hole (h;,) with much greater potential than the electrons present in the conduction band (e,),
giving the material a predominantly oxidizing characteristic. Besides, the experiment was carried out
under identical concentrations of the two substrates with acetonitrile as the solvent, unlike isolated
nitrobenzene reduction assays, which occurred under the presence of alcoholic solvents. This fact
reinforces the need for a sacrificial agent (alcohol solvent) to inhibit the oxidative activity of the
holes and to favor photogenerated electrons to promote reduction reactions with TiO,,

Figure 14 shows a schematic of the photocatalytic oxidation and reduction reactions of the
benzyl alcohol and nitrobenzene, respectively, on the surface of the Si0O,@TIO,,
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Figure 12. Reaction pathway of photocatalytic
reduction from nitrobenzene to aniline (Flores
et al. 2007).
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Figure 13. Photocatalytic

1.0 activity of the Si0,@TiO,
spheres in the simultaneous
] conversion of BA (m) and
08 NB (o) to BD (o) and AN (o),
respectively. C, = 1.0 x 10°
g 1 mol/L, SiO,@TiO, = 10 g/L,
© 058 UV-A (365 nm, 8 W), solvent:
£ 907 acetonitrile.
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Figure 14. Energy diagram for SiO,@TiO, and reduction potentials of the main reactions on the surface of the

photocatalyst.
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CONCLUSIONS

The SiO,@TiO, spheres synthesized presented an amorphous profile with meso and macroporous
characteristics. The results indicate a good photocatalytic performance of the spheres concerning
the oxidation of benzyl alcohol and reduction of nitrobenzene conversions, with selectivity to
benzaldehyde and aniline, respectively. Satisfactory results were obtained with the use of a source
of radiation of much lower power than reported for other works. As expected, the presence of O,
positively affects the oxidation of benzyl alcohol and negatively the reduction of nitrobenzene. The
choice of solvent also plays a relevant role, where reactions in the aqueous phase disfavour the
selective conversions, requiring organic solvents to achieve better photocatalytic performances. The
use of the spheres allows their quick recovery and application in future reactions due to the high
sedimentation in contrast to commercially available catalysts.
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