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Practical photocatalytic and sonophotocatalytic
reduction of nitroarenes in water under blue LED
irradiation using B-CD modified TiO, as a green
nest photocatalysty
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Photocatalysis using natural photosynthesis is a green technology that is gaining popularity in a number of
industries due to its potential for environmental applications and the use of solar energy. Focus is being
placed on using inexpensive materials and light-emitting diodes (LEDs) of various wavelengths in
photocatalytic reactions in order to improve the performance of solar-driven photocatalysts at a lower
cost. In this study, a scalable, highly efficient photocatalytic and sonophotocatalytic method was
investigated for the reduction of nitro-compounds by a water/titania/B-cyclodextrin system under
sunlight and blue LED irradiation, using sodium sulfide as a sacrificial electron donor. B-Cyclodextrin,
chemically bound to TiO, nanoparticles as an encapsulating agent, hosted nitro compounds in aqueous
media and formed an inclusion complex. In addition, this method was used to successfully carry out
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Interestingly, it was found that ultrasound has a synergistic effect on photocatalytic reduction and
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1 Introduction

Nowadays, photocatalysis technology is inspired by natural
photosynthesis'? as a green technology due to its high potential
for solar energy utilization and storage. As a result, it has
received increasing research interest in many fields, such as
energy, health, environment, pollution control, and value-
added chemical synthesis.> To improve the performance of
solar-driven photocatalysts, using low-cost materials and pro-
cessing technologies for sunlight harvesting achieves signifi-
cant higher solar conversion performance at a lower cost.*®
Recently, light-emitting diodes (LEDs) emitting light of
different wavelengths (infrared, visible, or near-ultraviolet) have
been used as an adjustable tool in photocatalytic reactions.
Among photocatalysts, titanium dioxide (TiO,) in different
types and forms is used primarily as a photocatalyst due to its
unique properties, such as low cost, physical and chemical
stability, wide availability, environmentally friendly nature,
nontoxicity, and high reactivity, which have made it widely
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considerably reduces the duration time. In this regard, a fast, practical sonophotocatalytic reduction of
nitroarenes was carried out in an ultrasound bath.

used.” However, a substrate's adsorption on a catalyst's surface
blocks active sites. It makes them unavailable for other
substrate molecules, which prolongs the reaction time, leads to
wasted energy, and often produces by-products, consequently
reducing catalytic efficiency. Therefore, designing an equipped
system that continuously cleans the catalyst's surface during
photocatalytic operation is necessary to overcome this limita-
tion. In this regard, sonophotocatalysis, as a green-hybrid
strategy, is a promising method to create innovativeness for
the photocatalysis technique.

Sonophotocatalysis involves using ultrasound (US), ultravi-
olet (UV), or visible light on semiconductors. Researchers have
been paying attention to ultrasound irradiation due to its
advantages, such as safety, cleanliness, not needing additional
chemicals, and simplicity of operation, as a source of green
energy.*’

When ultrasound waves pass through an aqueous solution,
they produce alternating adiabatic compression and rarefac-
tion, leading to acoustic cavitation. The reduction in pressure is
created in the rarefaction part of the ultrasonic waveform
microbubbles. The size of these microbubbles grows over
several cycles until they become very unstable and collapse. The
microbubbles in the solution create localized supercritical
conditions with extremely high temperatures and pressures.
These supercritical conditions, created by ultrasonic waves,
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help improve catalyst performance by increasing the mass
transfer rate, continuous cleaning, and increasing the surface
area (due to fragmentation and separation) of the catalysts.'
Interestingly, sonophotocatalysis is performed in water, which
is a green, available, and cheap solvent compared to other
organic solvents. In addition to producing active species and
radicals, it creates a synergistic effect between sonolysis and
photocatalysis that can increase the reaction rate.**¢

However, sonophotocatalysis, through advanced oxidation
processes (AOPs), has been most widely used in environmental
remediation, especially waste-water treatment.'” >

There is less attention in the chemical synthesis field.
Dimitrios A. Giannakoudakis introduced sonophotocatalysis as
a hybrid process intensification method (HPIM) and used it
successfully for selective partial photooxidation of benzyl
alcohol to benzaldehyde.” In this work, in continuing our
interest in using TiO,@B-CD as a ‘green nest’ photocatalyst
system, we report the practical photocatalytic reduction of
nitroarenes and, more interestingly, the synergistic effect of
ultrasound on the reaction under sunlight and blue LED irra-
diation, using sodium sulfide as a sacrificial electron donor.
Additionally, we investigate the one-pot photocatalytic synthesis
of amides.

2 Results and discussion

Water has attracted much attention in organic synthesis
compared to other organic solvents because it is a green,
available, and, more importantly, cheap and safe solvent. With
this in mind, we chose water as the reaction medium. In order
to improve the interaction of the nitro compound with active
sites of TiO, in aqueous media, we used B-cyclodextrin (B-CD) as
a green nest, according to the previous work of our group, that
0.1 mmol of Nitro Compound was reduced, in the presence of
0.1 mmol of B-CD, 30 mg of titania (P25), and oxalic acid (15 mg)
as a reducing agent. It should be mentioned that the reduction
was carried out in the presence of sunlight.** To improve and
develop our previous report, in this work, we adjusted the
reaction condition in order to use light-emitting diodes (LEDs)
for the practical scale of starting materials. In this regard,
sodium sulfide was used as a reducing agent in photocatalytic
reactions for the first time. Initial experiments on nitrobenzene
as a model compound were conducted to study the optimal
reaction conditions. Initially, 1 mmol of nitrobenzene was
added to 10 mL of water, 30 mg of commercial TiO, (P25), and
0.15 g of B-CD were added to the mixture. Then, three mmol of
sodium sulfide was added to the reaction mixture. The reaction
mixture was first deoxygenated with Ar gas and sealed with
a septum. The flask was irradiated under stirring with sunlight
and a blue LED. To demonstrate that 3-CD, as a host molecule,
improves the efficiency of the reaction in an aqueous medium,
we investigated the presence and absence of B-CD in the
reaction.

Without B-CD, the photoreduction did not work with an
excellent yield (Table 1, entries 12 and 19). The amounts of
nitrobenzene (0.5, 1, 1.2, 1.3, and 1.4 mmol) were optimized,
and the best conversion was obtained for 1.2 mmol of
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Table 1 Photo and Sonophoto reduction of nitrobenzene to aniline
using B-CD-TiO, in various conditions under blue LED irradiations

Nitrobenzene Na,S

Entry (M) (M) B-CD(g) TiO,(mg) Yield* (%) Time (h)
1 0.5 1.5 0.15 30 98 5
2 1 3 0.15 30 98 5
3 1.2 3.6 0.15 30 98 5
4 1.3 3.9 0.15 30 85 5
5 1.4 42 015 30 65 5
6 1.2 3.6  0.15 20 98 5
7 1.2 3.6 0.15 10 98 5
8 1.2 3.6 0.15 7.5 98 5
9 1.2 3.6 0.15 5 90 5
10 1.2 3.6 0.15 4 87 5
11 1.2 3.6  0.15 3.5 77 5
12 1.2 36 0 7.5 54 5
13 1.2 3.6 0.05 7.5 68 5
14 1.2 3.6 0.1 7.5 81 5
15 1.2 3.6 0.15 7.5 86 7
16° 1.2 3.6  0.15 7.5 69 24
179 1.2 3.6  0.15 7.5 98 3
18° 1.2 3.6 0.5 7.5 98 2
19 1.2 36 0 7.5 0 2
208 1.2 3.6 0.15 7.5 0 2
21" 1.2 3.6 0.5 7.5 0 2

“ GC yield and under blue LED. ” Under 395 nm LED. © 365 nm LED.
¢ Green LED. °Sunlight intensity between 1020-1070 Lux.
f sonophotoreduction method. ¢ Sonication. # Photoreduction method.

nitrobenzene after irradiation for 5 hours (Table 1, entry 3). To
improve the performance of the photocatalysis technique, we
investigated the effect of TiO,-P25 and irradiation time on the
conversion of nitrobenzene under the above conditions. Inter-
estingly, the best results were obtained when 7.5 mg of TiO, was
used for 1.2 mmol of nitrobenzene, 15 mg of B-cyclodextrin,
3.6 mmol of sodium sulfide, 10 mL of water, and blue LED
(Table 1, entry 8).

In addition to the blue LED, we examined the reaction in the
presence of violet and green LEDs and sunlight. Nitroarene
compounds were reduced with excellent efficiency in the pres-
ence of blue LED as well sunlight (Table 1, entries 8, 18). In the
next step, we evaluated the effect of sacrificial agents on the
reduction of nitrobenzene by investigating their presence and
absence. In the absence of any sacrificial agents, the reaction
did not proceed. Among the sacrificial agents tested, sodium
sulfide showed the best performance with a 98% yield and was
selected as an excellent reducing agent (Table S1,T entry 6).

Then, the optimal conditions were applied to other nitro-
aromatic compounds with electron-donating and electron-
withdrawing groups, and the corresponding amines were ob-
tained with good to excellent yields (Table 2). In both photore-
duction methods, we found that nitrobenzenes containing
electron-withdrawing groups were readily converted to the cor-
responding aromatic amines with high yields (Table 2, entries 4,
6, 8, 9, and 10).

It appears that the solubility of nitrobenzenes in the reaction
medium is a crucial factor for the progress of the reaction.
Therefore, 4-nitrobenzophenone, despite having an electron-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Reduction of nitro compounds using B-CD-TiO, in water Table 2 (Contd.)
G «-5"’1"12;
Entry Nitro Amine Yield* Yield”  Yield"(2h) Entry Nitro Amine Yield* Yield®  Yield® (2 h)
NO, NH, NO, NO,
1 @ © 98(3h) 100 (5h) 100 14 ©/N°2 @/NHZ 98(3h) 99(5h) 85
NO, NH, NO, NO,
2 94(4h)  97(15h) 98 15 @\ @\ 98(3h)  76(5h) 100
NO, NH,
NO, NH, NO, NH,
3 @\ ©\ 96 (3.5h) 95(15h) 98 16 © 15@5h) 5(22h) 7
NO, NH, NH, NH;
4 o o 94(3.5h) 96(5h) 75 N N2
17 @\ 93(3h) 94(5h) 98
CH,0H CH,0H
NO, NH,
NO, NH,
5 153 h 10(24h) 14
(3 h) (24h) 187 © @ — — 85 (10 h)
OH OH
NO, NH,
¢ Reaction condition: TiO,-P25 (7.5 mg), B-cyclodextrin (0.15 g), nitro
6 @\ @\ 100(3h) 98 (15h) 98 compound (1.2 mmol), irradiation with sunlight (1020-1070 Lux),
cl cl Na,$ (3.6 mmol). ? Irradiation with blue LED (10 W), Na,$ (3.6 mmol).
NO NH ¢ Irradiation with blue LED (10 W), Na,S (3.6 mmol), sonication time
2 al 2 . 2 h. ?Large-scale reaction condition: TiO,-P25 (22 mg), nitro
7 48 (3 h) 25(15h) 52 compound (6 mmol), irradiation with blue LED (10 W), Na,S (18
mmol), sonication time 10 h.
NO, NH,
8 © © 95(3h)  97(15h) 95
cl cl withdrawing group, had a lower reaction rate than other
NO, NH, compounds due to its poor solubility and only converted to 4-
aminobenzophenone with a yield of 80% (Table 2, entry 12). The
° 98 (3 h) 94(5h) 80 remarkable thing about our green system is its ability to selec-
E F tively reduce nitro compounds in the presence of other reduc-
NO, NH, ible functional groups such as ketones and halides. Moreover,
no unwanted reduction in the carbonyl group was observed
10 98(3h)  97(5h) 99 when reducing nitro-aromatic compounds in the presence of
i i carbonyl groups (Table 2, entry 12). Additionally, we obtained
NO NH the chemoselective reduction of 1,2-dinitrobenzene to 2-nitro-
z : aniline (Table 2, entry 14). Reusability is a significant parameter
11 95 (3 h) 96 (5h) 100 for evaluating the performance of a photocatalyst. To assess
this, we tested the activity of the TiO,-P25 catalyst five times in
CH,OH CH,0H .
the presence of sunlight and blue LED. The catalyst system
NO2 NH performed very well during the five runs in the nitrobenzene
12 80 (3 h) 80(5h) 75 reduction reaction. TEM images and XRD analysis did not show
any differences in the lattice structure in of B-CD/TiO, after five
coph coPh times (Fig. 1, S4, and S57).
NO, NO. The presence of B-CD in the titania surface was confirmed
13 100 (3.5h) 98 (14h) 100 with various characterizations (Fig. S1-S31). In the FTIR spec-
trum of TiO,-B-CD, the intensity of the band at 3400 cm™ " is

© 2023 The Author(s). Published by the Royal Society of Chemistry

increased in comparison with P25, that could be due to the
presence of the O-H groups in the B-CD. The peak located at
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Fig. 1 TEM image of (a) reused B-CD-TiO, (b) B-CD-TiO,, (c) reus-
ability of the catalyst in the photoreduction of nitrobenzene under blue
LED irradiation, (d) under sunlight irradiation.

1676 cm™ " corresponded to the stretching mode of the C=C
bonds. Also, the band at 1414 cm ™ attributed to the O-H in-
plane bending, while the antisymmetric C-O-C stretch is
located at 1156 cm™'. The C-O stretching vibrations mode is
clear at 1030 cm ™ '.>® Considering the UV-visible diffuse reflec-
tance spectroscopy, the B-CD-TiO, displayed a higher absorp-
tion in the visible light region in comparison with TiO,.*

We further investigated TiO,-P25 and the recycled TiO,-P25
catalyst using transmission electron microscopy (TEM) analysis.
We observed no changes in the size and shape of the nano-
particles, and the size of the nanoparticles was found to be in
the range of 20-30 nanometers (Fig. 1). In continuation, we

Sodium sulfide

Fig. 2 One-pot N-acetylation of the nitro compounds using B-CD-
TiO, under blue LED irradiation in water.
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used this green photocatalysis method for the one-pot amida-
tion of nitroarene compounds in the presence of acetic anhy-
dride in water (Fig. 2).

Under the optimized conditions for nitro compound reduc-
tion with blue LED, we optimized the amount of acetic anhy-
dride to 3.6 mmol, which resulted in a yield of 97% (Table S2,T
entry 3). However, this reaction did not work under sunlight
(Table S2,T entry 4).

The NMR spectrum of the obtained product confirmed the
formation of the acetanilide compound (see ESIt). We then
tested the reaction for preparing acetamides from other nitro
compounds (Table 3).

The results showed that different nitroaromatics types and
various functional groups were selectively converted to their
corresponding amide compounds in water. Therefore, we
propose that due to their intrinsic physicochemical properties,
the nitro compounds are reduced in the hydrophobic cavity of
B-CD, and the resulting amine rapidly reacts in the presence of
acetic anhydride.

Due to the cleaning and highly active dispersing properties
of sonication, we investigated the synergetic effect of ultrasound
on the photocatalytic reduction of nitroarenes. Interestingly,

Table 3 One-pot reductive amidation of nitroarenes in the presence
of acetic anhydride using B-CD-TiO, under blue LED irradiation

Product

H
N.
Y .
R
o't
o
R
oY -
(o)
¢ [ I“Y 95
(o)
o)
NO, HY o8
o)
R
/©/ Y 84
O,N ©
R
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HaCO o
R
/O/ e 91
. o
HOH,C N
oY e

¢ Reaction condition: TiO,-P25 (7.5 mg), nitro compound (1.2 mmol),
irradiation with blue LED (10 W), Na,S (3.6 mmol), acetic android (3.6
mmol), irradiation time, 12 h.
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Fig. 3 Reduction of nitro compound.

when we carried out the optimized photocatalytic reaction
under commercial ultrasound, we observed a significant
decrease in the reaction time and a faster reduction of
nitrobenzene.

In the sonophotocatalytic method, the flask was first placed
in the ultrasound bath and then exposed to radiation with
a blue LED (Fig. S5t). The reaction time in the photocatalytic
condition under LED irradiation varied from 5 to 24 hours.
However, interestingly, all the nitro compounds were reduced
within only 2 hours (Table 2).

For Example, the reduction time of 4-nitrotoluene decreased
from 15 to 2 hours under sonophotocatalytic conditions
compared to photocatalytic conditions (Table 2, entry 2). This
can be attributed to the efficient dispersion of the catalyst and
starting materials and the surface refreshing of the catalyst with
a jet effect.

In summary, the Scheme used to compare present work
compared to our previous work (Fig. 3):

Comparison of the present and our previous report.

2.1 Reaction condition our previous work>*

Nitro benzene (0.1 mmol), TiO,-P25 (30 mg), B-cyclodextrin
(15 mg), water, oxalic acid (15 mg), sun light, 3 h.

2.2 Reaction condition present work

2.2.1 Photocatalysis. Nitro benzene (1.2 mmol), B-cyclo-
dextrin (15 mg), TiO,-P25 (7.5 mg), water, sun light, Na,S (3.6
mmol), 3 h.

2.2.2 Photocatalysis. Nitro benzene (1.2 mmol), B-cyclo-
dextrin (15 mg), TiO,-P25 (7.5 mg), water, blue LED (10 W), Na,S
(3.6 mmol), 5 h.

2.2.3 Sonophotocatalysis. Nitro benzene (1.2 mmol), B-
cyclodextrin (15 mg), TiO,-P25 (7.5 mg), water, blue LED (10 W),
Na,S (3.6 mmol), sonication time: 2 h.

As it can be found, using Na,S instead of oxalic acid resulted
in successful photoreduction under visible LED, with increasing
amounts of nitro compounds from 0.1 to 1.2 mmol and
decreasing amounts of catalyst from 30 mg (for 0.1 mmol
nitrobenzene) to 7.5 mg (for 1.2 mmol nitrobenzene). The
sonophotocatalytic condition also showed a significant increase
in the reaction rate, and all the compounds were reduced within
2 hours.

3 Conclusions

The photocatalytic and sonophotocatalytic methods can be
used as green protocols to reduce nitro compounds in aqueous

© 2023 The Author(s). Published by the Royal Society of Chemistry
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media in the presence of sodium sulfide as a sacrificial reagent.
Both methods have successfully reduced Nitro compounds
containing electron-donating and electron-withdrawing groups.

In this method, nitro compounds are solubilized in water
through encapsulation in the inner B-CD cavities and then
reduced by TiO, nanoparticles attached to host-guest
complexes in the presence of sodium sulfide. Compared to our
previous work,** this green protocol consumes less catalyst. It
reduces light scattering, allowing for the reduction of larger
amounts of nitro compounds from 0.1 mmol to 1.2 mmol in
aqueous environments. Although the photocatalyst technique is
effective for the reduction of nitro compounds, a remarkable
achievement of this study is that we were able to increase the
initial amount of nitro from 0.1 mmol to 1.2 mmol in the
aqueous environment with a shorter period of time using the
sonophotocatalysis method, which continuously cleans the
catalyst surface with ultrasound waves.

In conclusion, this method has excellent reusability and is
suitable for reducing nitroarenes on a large scale using many
initial materials. In addition, we successfully performed one-pot
N-acetylation through the photocatalysis technique using acetic
anhydride in an aqueous medium with in situ prepared amines
and converted them to the corresponding amides.
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