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Abstract

C-H activation reaction is one of the most challenging reactions in the present scenario. The green synthesis of benzalde-
hyde from toluene using TBHP in a sustainable amount as an oxidant over indium-incorporated TUD-1 is performed in
the present study. In(1)-TUD-1 (In/Si= 1/100 mol ratio) shows 48% toluene conversion and 83% benzaldehyde selectivity
using acetic acid as solvent. The catalyst was recyclable up to five times. A plausible reaction mechanism is also proposed

based on the characterization results.
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» Mild and solvent free reaction condition

» No acidic waste
» High rate of conversion

» High selectivity
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Introduction

The selective liquid phase oxidation of hydrocarbons to the
analogous oxygen-carrying compounds has the potential to
simplify the synthesis of complex molecules greatly and
has remained a most promising and challenging reaction in
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both academic and industry circles (Luo et al. 2013). Selec-
tive oxidation of C—H bond is still an unsolved problem as
the intermediates such as alcohol and aldehydes are more
responsive to secondary oxidation to form carboxylic acid
which lowers the selectivity (Kantam et al. 2002). Oxygen-
ated products are the indispensable intermediates for agro-
chemicals, pharmaceuticals, fine chemicals, fragrances,
polymers and many chemical feedstocks (Saravanamurugan
et al. 2004; Rao et al. 2009). Many researchers have been
devoted to the design and synthesis of new reagents and
catalysts which can convert these unreactive C—H bonds
into C=0. Toluene has a great significance among various
hydrocarbons and which on oxidation produces benzyl alco-
hol, benzaldehyde and benzoic acid. Amidst the oxidized
products, benzaldehyde is the most prudent product but it is
very prone to oxidation to form benzoic acid. In most of the
oxidation reactions, higher oxidation state of metal reagents
like manganese, osmium and chromium are used as oxidants
in stoichiometric amounts (Visuvamithiran et al. 2013;
Brutchey et al. 2005). The above reagents produce huge vol-
umes of organic wastes which are environment unfriendly.
Transition metal catalysis has emerged as a powerful tool
for C—H activation, but the techniques are accompanied by
drawbacks such as low selectivity and use of large amount
of solvents and bromides (Zhao et al. 2004; Qian et al. 2005;
Maksimchuk et al. 2012). Supported Au—Pd nanoparticles
show quite a better result in this aspect (Saiman et al. 2012).
Many metals-incorporated metal oxides and zeolites have
also been used (Saravanamurugan et al. 2004). Despite nota-
ble recent efforts, the development of general and mild strat-
egies is very indispensable in the field of C—H activation.

Silica materials have received enormous attention for
their distinctive physico-chemical properties like high ther-
mal stability, high specific surface area, ready surface modi-
fication, corrosion resistance and environment friendly (Lai
2013). It also enhances the stability of metal oxide nano-
particles. Mesoporous silica-supported metal catalysts like
Metal-TUD-1 (Co, Ti, Cr, Fe, Mn) (Anand et al. 2009; Wang
et al. 2018) catalyzed aerobic oxidation of cyclohexane using
radical initiators like TBHP and CHHP. Vanadium phos-
phate containing KIT-6 using H,0, did not perform so well
(Rezaei et al. 2017). NDHPI on SBA-15 carrier was used as
a catalyst for toluene to benzaldehyde oxidation (Zhou et al.
2016). Indium-incorporated silica for C—H activation has not
been explored well till now.

Our primary clear need is the development of an environ-
mentally benign catalyst which can produce benzaldehyde
selectively from toluene under very mild reaction conditions.
Instead of choosing any transition metal, we have chosen
post-transition metal like indium. Indium salts are very sta-
ble to water and air, less toxic, more abundant and cheaper
compared to transition metals, easy to handle and also very
well known for its Lewis acidity in its +3 oxidation state.
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We here for the first time report the utilization of indium-
incorporated TUD-1 with two different indium loadings for
toluene to benzaldehyde using TBHP as single oxygen donor
under very mild reaction conditions. We have also studied
the effect of aging time and temperature on the catalytic
activity. The catalysts were characterized by N, physisorp-
tion, HRTEM, UV-Vis, pyridine IR and O, pulse chem-
isorption, EDX and elemental mapping techniques. Among
the indium-loaded catalysts In-TUD-1 (In=1 and 4 mol%),
In(1)-TUD-1 shows higher catalytic activity, i.e., 48% tolu-
ene conversion and 83% benzaldehyde selectivity using ace-
tic acid as solvent.

Experimental
Materials and methods
Catalyst synthesis procedure

Different indium-loaded In-TUD-1 catalysts were synthe-
sized by sol-gel procedure as reported in literature. Tetra-
ethyl orthosilicate (TEOS, 98%, Acros Organics) was added
to the aqueous solution of indium nitrate (99.9%, Sigma-
Aldrich) in deionized water with continuous stirring. Trieth-
anolamine (TEA, 99%, Acros Organics) was added dropwise
to the mixture. The entire mixture was stirred for 10 min
followed by the addition of tetraethylammonium hydrox-
ide (TEAOH, 20% aqueous solution), (Merck Germany).
The resulting gel composition of the mixture is TEOS:
In(NO;);:TEA: H,O: TEAOH=1: x: 2: 11: 1 (x=0.01,
0.04). At room temperature, the complete mixture was
stirred for 24 h and the synthesized gel was dried at 110 °C
for 24 h in a static oven. In the end, the dried material was
calcined in a muffle furnace at 700 °C for 10 h with a tem-
perature ramp of 1 °C/min.

To study the effect of aging time and temperature on the
catalytic activity, we synthesized two other catalysts. The
first one is by varying aging temperature, i.e., 80 °C for 24 h
and the latter one is by varying time of 14 h at 110 °C. In
both the cases, indium loading of 1 mol% was kept con-
stant and the catalysts are labeled as In(1)-TUD-1-80C and
In(1)-TUD-1-14H, respectively. The details of the synthe-
sized procedures are depicted in supporting information as
(catalyst preparation).

Catalyst characterizations

The nitrogen adsorption—desorption isotherms of the
prepared catalysts were measured at liquid nitrogen tem-
perature at — 196 °C with a Quantachrome NOVA 3200,
USA. Pretreatment of the samples was done at 200 °C for
3 h under high vacuum. The surface area was calculated
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by Brunauer-Emmett-Teller (BET) equation and pore size
distribution was calculated by the BJH method. The HRTEM
image of the prepared catalysts was obtained on JEOL JEM
2100 microscope (USA) operated at 200 kV acceleration
voltage using lacey carbon-coated Cu grid of 300 mesh size.
The UV-Visible (UV-Vis) was performed in Varian Cary
500 (Shimadzu) spectrophotometer in the wavelength range
of 200-800 nm. The pulse chemisorption was performed
using 5% oxygen in helium for 2 h during pretreatment fol-
lowed by flushing at 200 °C. During analysis, 5% O,/He
was dosed by 2750 loop of volume 0.5 cm?®. The chemisorp-
tion was performed at room temperature. FTIR analysis of
the samples was performed using Agilent Cary 600 series
with praying mantis setup. Before pyridine treatment, the
catalysts were dried at 100 °C in a hot air oven. The cata-
lysts (50 mg each) were taken in sample cups and pyridine
(0.1 cc) was added to it. To remove the extra or physisorbed
pyridine, the sample cups were kept in a hot air oven at
100 °C. The samples were used at room temperature and IR
spectra were taken in the spectral range of 1700—1400 cm™!
with 64 scan and at a resolution of 8 cm™! using KBr back-
ground. EDX and elemental mapping were carried out by
S-3400N model Hitachi instrument.

Catalytic activity studies

In a two-necked round-bottom flask, toluene (8§ mmol) and
70% t-butyl hydroperoxide (20 mmol) and 10 ml of ace-
tic acid as solvent were added. The mixture was shaken in
molecular level followed by stirring in a thermostated oil
bath maintained at 80 °C and 100 mg of catalyst was added
to it. Before performing the reaction, the catalyst was dried
for 3 h at 100 °C in a hot air oven. The round-bottomed flask
was fitted with a condenser. Aliquots were taken at regular
intervals of time to check the progress of the reaction. After
completion of the reaction, the catalyst was separated by fil-
tration and the reaction mixture was extracted with ethyl ace-
tate and dried with anhydrous Na,SO,. The products were
analyzed with a gas chromatograph (Agilent 7890B) fitted
with a FFAP capillary column (30 m X 32 mm X 0.25 um)
and an FID detector. Temperature used was from 120 °C
(2 min) to 230 °C at a heating rate of 20 °C/min.

Results and discussion
Characterization results

BET surface area and porosity measurement, XRD,
HRTEM, EDX and STEM, FTIR, NH;-TPD, H,-TPR and
0,-TPO techniques have been depicted thoroughly in our
previous paper (Rahman et al. 2015). The characterization
techniques revealed that In(1)-TUD-1 (In=1 mol%) shows
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Fig.2 Infrared spectra of pyridine adsorbed at 298 K on fresh a In(1)-
TUD-1and, b In(4)-TUD-1. L Lewis acid site, B Bronsted acid site,
L+B Lewis+Bronsted acid site

higher surface area and larger pore diameter, better disper-
sion of metal nanoparticles over the surface of TUD-1, more
reducible In,O5, more oxygen uptake and lower surface acid-
ity compared to In(4)-TUD-1 (In=4 mol%).

The UV-Vis spectra of the synthesized catalysts have
been represented in Fig. 1. The absorption band at 250 nm
instead of at 330 nm indicates the presence of In,O; nano-
particles which may be due to the weak quantum confine-
ment effect. With increasing indium loading, the peak is
intensified and shifted to a higher wavelength (Kumar et al.
2016).

Figure 2 depicts the pyridine-adsorbed FTIR spectra of
the fresh samples at 298 K. The absorption peaks at 1640,
1550 cm™! correspond to the pyridine adsorbed in Bron-
sted acid sites and peaks at 1596, 1445 cm™' correspond to
pyridine adsorbed in Lewis acid sites. Peak at 1485 infers to
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pyridine adsorbed in both the Bronsted and Lewis acid sites.
Bronsted acid sites are more populated for In(4)-TUD-1
(Reddy et al. 2009). The percentage of acidic and basic sites
is depicted in Table S1.

O, pulse chemisorption study depicted in Table 1 dis-
closes the dispersion of indium oxide nanoparticles over
TUD-1 matrix. The lower dispersion may be due to stronger
metal and support interaction. Better dispersion was found
for lower indium-loaded catalyst compared to higher indium-
loaded catalyst because in case of higher metal-loaded cata-
lyst, agglomeration of particles and larger crystallite size
was also supported by XRD and HRTEM studies.

In(1)-TUD-1-80C and In(1)-TUD-1-14H were character-
ized by N, physisorption study, HRTEM, elemental mapping
and EDX. N, physisorption results are depicted in Table S2
and isotherms as Fig. S1, HRTEM, SAED and elemental
mapping are depicted as Figs. S2, S3 and S4, respectively
(Supporting Information). It was observed that In(1)-TUD-
1-14H shows better catalytic activity both in terms of tolu-
ene conversion and benzaldehyde selectivity compared to
In(1)-TUD-1-80C and such enhanced catalytic behavior
of In(1)-TUD-1-14H can be attributed to its larger surface
area and pore diameter. HRTEM micrograph confirms the
sponge-like morphology and SAED pattern confirms the
amorphous nature of silica. Agglomeration of indium oxide
nanoparticles and lower dispersion of indium on silica were
observed from HRTEM and elemental mapping, respec-
tively, which might be the reason behind inferior catalytic
activity of In(1)-TUD-1-80C compared to In(1)-TUD-1-14H.

Table1 O, pulse chemisorption study of different indium-loaded
TUD-1 catalysts

Catalyst O, uptake Dispersion  Surface area Average
(pmol/g) (%) of indium crystallite
(mz/g) diameter (nm)
In(1)-TUD-1 1.02 1.99 7.94 103.3
In(4)-TUD-1 0.98 0.62 2.4 342

Indium amount was found from EDX described in our previous paper
(Rahman et al. 2015)

Table 2 Toluene oxidation activity using different oxidants

EDX result depicted in Table S3 reveals the presence of
a little more amount of indium in In(1)-TUD-1-80C than
In(1)-TUD-1-14H. Such a small increase in indium has been
found to have no such profound effect on catalytic activity.

Catalytic activity and discussion

Initially, oxidation of toluene was conducted using molecu-
lar oxygen, but no reaction occured. The reaction was also
carried out using the silica support TUD-1 and 70% TBHP
in water but a small amount of product was obtained. Again,
the reaction was conducted using indium-incorporated
TUD-1 silica using 70% TBHP in water as oxidant and it
showed quite an appreciable result. The catalytic activity
was optimized by varying oxidant, metal loading, tempera-
ture, time, toluene and TBHP ratio, solvent and represented
in Tables 2, 3, 4, 5, 6 and 7, respectively.

Table 2 delineates the effect of oxidants on toluene oxi-
dation. Oxidation of toluene was conducted using molecu-
lar oxygen, but no reaction was observed. We performed
the reactions using both TBHP in decane (5.5 M) and 70%
TBHP in water as oxidant and found that in case of both
the oxidants, by increasing the metal loading, the catalytic
activity increased a little in terms of conversion along with
an appreciable decrease in benzaldehyde selectivity. So, we
performed the other reactions using 70% TBHP in water as
oxidant.

The catalytic activity studies varying the indium loading
are described in Table 3. We have performed the reactions
using both 70% TBHP in water as oxidant. By increasing
the metal loading, the catalytic activity increased a little in
terms of conversion along with an appreciable decrease in
benzadehyde selectivity. In(4)-TUD-1 exhibits higher sur-
face acidity than In(1)-TUD-1 found from NH;-TPD and
more Bronsted acid sites were observed from pyridine IR.
(Martin et al. 1999) also explained very precisely that both
Bronsted and Lewis acid sites are responsible for toluene
chemisorption and increase in basicity of the catalyst surface
by blocking the Bronsted acid site enhances the desorption
rate of aldehyde. Bronsted acid sites are very necessary for

Catalyst Oxidants Toluene conver-  Selectivity (%)

sion (%

(%) Benzyl alcohol Benzaldehyde Benzoic acid Others

In(1)-TUD-1 0, - - - - -
In(1)-TUD-1 70% TBHP in water 42 20.6 78.2 <2
In(1)-TUD-1 TBHP in decane (5.5 M) 45 89.07 3.5 7.4
In(4)-TUD-1 70% TBHP in water 47 31.3 64.5 <1
In(4)-TUD-1 TBHP in decane (5.5 M) 51 93.6 2.8 32 <1

Reaction conditions: toluene: 8 mmol, TBHP: 20 mmol, time: 5 h, temperature: 80 °C

Reaction performance in optimum condition are shown in bold
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Table 3 Toluene oxidation
activity using different indium-
loaded TUD-1

Table 4 Effect of reaction
temperature on selective
oxidation of toluene

Table 5 Effect of reaction time
on selective oxidation of toluene

Table 6 Effect of toluene:
TBHP molar ration on toluene
oxidation

Catalyst Indium load-  Toluene Selectivity (%)

ing in (mol%) conversion - -

(%) Benzyl alcohol  Benzaldehyde Benzoic acid  Others

- - 7 92.8 7.1
TUD-1 - 8 92.2 7.7
In(1)-TUD-1 1 2% 98.5 <1
In(1)-TUD-1 1 42 20.6 78.2/0.53" <2
In(4)-TUD-1 4 47 31.3 64.5/0.22° <1

Reaction conditions: toluene: 8§ mmol, TBHP: 20 mmol, catalyst: 100 mg, temperature: 80 °C
Results in optimum conditions are represented in bold
*Reaction in the absence of TBHP

"TOF, TOF=Moles of toluene converted/moles of indium present per hour. Indium amount was found
from EDX described in our previous paper (Rahman et al. 2015)

Catalyst Tempera-  Toluene con-  Selectivity (%)
ture (°C)  version (%)

Benzyl alcohol ~ Benzaldehyde  Benzoic acid ~ Others

In(1) TUD-1 30 29 32.6 67.2 - -
In(1) TUD-1 80 42 20.6 78.2 <2
In(1) TUD-1 100 45 17.1 62 20.7 -

Reaction conditions: toluene: 8§ mmol, TBHP: 20 mmol, catalyst: 100 mg, time: 5 h

Reaction performance in optimum condition are shown in bold

Catalyst Time (hours)  Toluene con- Selectivity (%)
version (%)

Benzyl alcohol ~ Benzaldehyde Benzoic acid ~ Others

In(1) TUD-1 2 21 21 79 - -
In(1) TUD-1 5 2 20.6 78.2 <2
In(1) TUD-1 6 51 17.2 76.5 6.1 <1
In(1) TUD-1 12 58 9.1 73 17.6

In(1) TUD-1 26 59 45 63.1 31.9

Reaction conditions: toluene: 8 mmol, TBHP: 20 mmol, catalyst: 100 mg, solvent: 10 ml, time: 5 h, tem-
perature: 80 °C

Reaction performance in optimum condition are shown in bold

Catalyst Toluene: Toluene Selectivity (%)

TBHP molar  conversion - -

ratio (%) Benzyl alcohol ~ Benzaldehyde Benzoic acid  Others
In(1)-TUD-1  1:1 36 253 73 1.2
In(1)-TUD-1  1:1.25 38 22.6 75.3 2 <1
In(1)-TUD-1  1:2.5 42 20.6 78.2 <2
In(1)-TUD-1  1:4 45 12.1 65.8 21 <1

Reaction conditions: time: 5 h, temperature: 80 °C, catalyst: 100 mg

Reaction performance in optimum condition are shown in bold
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Table 7 Effect of different

e Catalyst Solvent Toluene con- Selectivity (%)
solvents on toluene oxidation .
version (%) —
Benzyl alcohol  Benzaldehyde Benzoic acid ~ Others

In(1)TUD-1 - 42 20.6 78.2 <2
In(1)TUD-1  Ethyl acetate 43 16.5 74.5 8.2

In(1)TUD-1  Acetonitrile 45 13.2 79.8 6.5

In(1)TUD-1  Acetic acid 48 14.5 83.2 <2
In(1)TUD-1  Ethanol 47 18.2 81.5

Reaction conditions: toluene: 8 mmol, TBHP: 20 mmol, catalyst: 100 mg, solvent: 10 ml, time: 5 h, tem-

perature: 80 °C

Reaction performance in optimum condition are shown in bold

toluene conversion but more Bronsted acid sites are associ-
ated with more coke deposition and catalyst deactivation
(Mendez-Roman and Cardona-Martinez 1998; Bulushev
et al. 2004). At higher metal loading of 4 mol%, toluene
conversion should be profoundly high because of its higher
acidity. As the catalyst in lower indium loading exhibits less
surface acidity, so, it should show lower toluene conversion
(Mal et al. 2018). Although the acidity of In(4)-TUD-1 is
high, no appreciable change in toluene conversion may be
due to poor metal dispersion compared to In(1)-TUD-1 was
observed from XRD, HRTEM, H,-TPR and O, pulse chem-
isorption study as well as lower surface area observed from
N, physisorption. The decrease in benzaldehyde selectivity
can be explained by the more populated Bronsted acid site
which leads to deactivation of the catalyst.

Table 4 describes the effect of temperature on toluene
oxidation. We started the reaction at 80 °C following the lit-
erature. By increasing the temperature from room tempera-
ture (30 °C) up to 80 °C, both the conversion and selectivity
increased, but above 80 °C, toluene conversion increased
but benzaldehyde selectivity decreased. Higher temperature
favors total oxidation instead of partial oxidation.

To check the progress of the reaction, aliquots were taken
at some regular intervals of time and the catalytic activities
are depicted in Table 5. With the increase of time from 2 to
12 h, gradual increase in toluene conversion and variation
in product selectivity were observed. For prolonged reac-
tion time of 26 h, benzoic acid formation increased sub-
stantially meanwhile benzyl alcohol selectivity decreased.
This implies that with time, benzyl alcohol is getting further
oxidized to benzoic acid which is a very stable product. Fig-
ure 3 depicts the effect of time on toluene conversion.

Table 6 delineates the impact of toluene:TBHP ratio on
toluene oxidation. The molar ratio of toluene: TBHP var-
ied as (1:1, 1:1.25, 1:2.5 and 1:4) and we observed a better
result in 1:2.5 molar ratio which is 48% toluene conversion
and 83% benzaldehyde selectivity. No benzoic acid was
found, but a small amount of o-cresol was observed. A small
increase in toluene conversion and appreciable decline in
benzaldehyde selectivity were observed with toluene: TBHP
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Fig.3 Effect of reaction time on toluene conversion using In(1)-
TUD-1

(1:4) ratio. In case of toluene:TBHP ratio of 1:1 and 1:2.5,
the amount of TBHP may not be sufficient for converting
benzyl alcohol to benzaldehyde for which a higher amount
of benzyl alcohol was found compared to benzaldehyde and
no acetic acid was found. The higher amount of TBHP in
the ratio of toluene: TBHP 1:4 may result in total oxidation
which produced benzoic acid by total oxidation instead of
partial oxidation as a result of which decrease in benzalde-
hyde selectivity was observed.

Again, the target of achieving optimum catalytic activ-
ity led to the use of solvents like acetic acid, acetonitrile,
ethyl acetate and ethanol. We found the optimum catalytic
activity, i.e., 48% toluene conversion and 83% benzaldehyde
in the case of acetic acid. Acidity of the solvents is in the
order acetic acid > ethanol > acetonitrile > ethyl acetate. The
solvent acidity has great significance in oxyfunctionaliza-
tion and with increasing solvent acidity, both the toluene
conversion and benzaldehyde selectivity increased in our
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Table 8 Catalyst regeneration and substrate variation

Catalyst Substrate Conversion ~ Major product
(%) selectivity (%)
In(1)-TUD-1 Toluene 48 83.28
In(1)-TUD-1 Toluene? 47 84.28
In(1)-TUD-1 Toluene® 44 83.3¢
In(1)-TUD-1 Toluene® 40 80.98
In(1)-TUD-1 Toluene! 36 80.5%
In(1)-TUD-1 Toluene® 28 78.68
In(1)-TUD-1 Toluene’ 8 63.52
In(1)-TUD-1 Ethylbenzene 54 8sh
In(1)-TUD-1 Cyclohexane 21 67

Reaction conditions: reactant=toluene 8 mmol; TBHP=20 mmol;
catalyst=0.1 g; acetic acid: 10 ml, temperature =80 °C; time=5 h

Reaction performance in optimum condition are shown in bold
*First recycle

bSecond recycle

“Third recycle

dFourth cycle

°Fifth cycle

fSixth cycle

¢Benzaldehyde

" Acetophenone

iCyclohexanone

study. The effect of the solvent acidity on catalytic reac-
tion is not clear (Bauer 2017; Velu et al. 1999; Zhang et al.
2005). Effect of solvent on toluene oxidation is represented
in Table 7.

Catalyst regeneration and substrate variation

To commercialize the catalyst, catalyst recyclability is one
of the essential parameters. Catalytic activities of the cata-
lysts did not vary to a greater extent up to five cycles as
represented in Table 8. The gradual decrease in conversion
up to fifth cycle can be due to the leaching of metal and
loss of catalyst during filtration and drying. After the fifth
cycle, a sudden decline in catalytic activity was observed.
To investigate the reason behind the deactivation of cata-
lyst, the sixth cycle used catalyst was characterized by N,
physisorption and EDX and represented as shown in Fig. 4,
Tables 9 and 10, respectively. N, physisorption result reveals
that the mesopore structure is still retained and decrease in
surface area, pore volume and pore diameter may be due to
the blocking of surface sites or pores of the catalyst by the
reactant molecules. Again, to clear the presence of indium,
EDX was performed. From the EDX results of fifth (indium
0.4 at %) and sixth cycle catalyst (indium 0.00 at 4%), we
observed than an acute change in indium amount. So, we
may conclude that the catalyst is stable and leaching of

350 4
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N, Volume (cc/g) at STP

50 4

00 02 04 06 08 10
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Fig.4 N, physisorption isotherm and pore size distribution curve of
In(1)-TUD-1 catalyst after fifth regeneration

Table 9 N, physisorption results of fresh and sixth cycle catalyst

Catalyst Surface area Pore volume Pore
(mz/g) (cclg) diameter
(nm)
In(1)-TUD-1 688.7* 1.094% 8.30°
In(1)-TUD-1 500 0.048 6.36

*BET results reported by Rahman et al. 2015

Table 10 EDX results of fifth and sixth cycle In(1)-TUD-1 catalyst

Sample O (at %) Si(at %) In(at %) Total (at %)
In(1)-TUD-1 (fifth 83 16.53 0.04 100

cycle)
In(1)-TUD-1 (sixth 85.73 14.23 0.004 100

cycle)

indium which is the active component loss may be the rea-
son behind deactivation of the catalyst. The catalyst also
induced oxyfunctionalization of ethylbenzene and cyclohex-
ane. Acetophenone and cyclohexanone were observed to be
the major products of ethylbenzene and cyclohexane oxida-
tion, respectively.

Proposed reaction mechanism

Metal nanoparticles can decompose oxidants like TBHP to
form .OH and .OOH radicals (Anand et al. 2006). Early tran-
sition metals can accelerate liquid phase oxidations in their
highest oxidation state, like Ti** or V>, activate peroxides
for their Lewis acidity (Corma et al. 1995; Shylesh and Singh
2006). Indium in its (IIT) oxidation state is also well known
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Scheme 1 A plausible mecha-
nism for selective oxidation

of toluene over indium-loaded
TUD-1 silica (Rao et al. 2009)

CHO

<
'(CH3)3COH

-H,0

for its Lewis acidity (Gandara et al. 2008). Herein, TBHP
successfully performed as an oxidant in our reaction, but
in the absence of metal, no appreciable amount of products
formed. TBHP undergoes radical chemistry mostly. In fact,
when we added a radical scavenger like quinhydrone, the
reaction stopped immediately. This suggests that In-TUD-1
catalyzed reaction not surprisingly proceeds through radi-
cal intermediates or via radical chain mechanism. It is also
worth mentioning that the reaction also produces t-BuOH
as byproduct.

Toluene reacting with TBHP over In-TUD-1 proceeds
with the generation of tertiary butyl peroxy (t-BuOO.) and
tertiary butoxy (t-BuO.) radicals. In the first step, coordina-
tion of TBHP with In (IIT) occured. The tert-butyloxy radical
reacts with toluene to form the benzyl radical. The formation
of benzyl alcohol (I) proceeds via the formation of benzyl
cation by the transfer of electron from benzyl radical to the
catalyst. The benzyl cation reacts with hydroxyl anion to
produce benzyl alcohol. The reduced catalyst is oxidized by
TBHP. The benzyl radical combines with ferz-butyl peroxy
radical to produce benzaldehyde. It may proceed through
two steps. As benzyl alcohol is hydrophilic, the presence
of water near the active site allows subsequent oxidation to
benzaldehyde. Benzyl alcohol rearranged to form benzalde-
hyde, whether by dehydration or by abstraction of hydrogen
followed by rearrangement to benzyldehyde (Scheme 1).

Selective oxidation of toluene to benzaldehyde over a
variety of heterogeneous catalysts has been well studied.
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Table 11 provides a comparison of the results achieved
from our present catalyst with the other reported catalysts
(Guo et al. 2005; Wang et al. 2005; Li et al. 2006). Our
present catalyst exhibits a very comparable conversion and
selectivity at moderate temperature with a shorter reaction
time.

Conclusion

In-TUD-1 catalysts of different loading (1 and 4 mol%)
were prepared by sol-gel method. In(1)-TUD-1 shows bet-
ter selective oxidation of toluene to benzaldehyde using
acetic acid as solvent. Elevated surface acidity of the cata-
lyst, solvent acidity and better distribution of indium oxide
nanoparticles over silica are the key enablers for better
catalytic activity. Bronsted acid site is a must for toluene
conversion, but an optimum Bronsted/Lewis acid site is
required for selective benzaldehyde production. Interest-
ingly, 48% toluene conversion was found in case of In(1)-
TUD-1 with 83% selectivity for benzaldehyde. The present
catalyst has several advantages like environment friendly,
mild reaction condition, economic, simple work-up and
recyclability of the catalyst up to fifth cycle.
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Table 11 A comparison table of toluene oxidation with other reported catalysts

Catalyst Temperature/pressure Oxidant Conversion (%) Selectivity (%) References

Present catalyst 80 °C/1 atm TBHP 41 77 Present work
Co-SBA-15 80 °C/1 atm TBHP 7.97 63.8 Brutchey et al. 2005
Co-(I)TPP 150 °C/0.8 MPa 0, 8.9 33 Guo et al. 2005
MPAV,/Nb,O5 RT/1 atm TBHP 22 76 Rao et al. 2009
V-Mo-Fe-O 80 °C/1 atm H,0, 40.3 84.5 Reddy et al. 2009
Cu-Fe/TiO, 190 °C/1 MPa 0, 1.8 27 Wang et al. 2005
Cu-Mn (1:1) 190 °C/1 MPa 0, 17.2 20 Li et al. 2006
CO/Mn/Br~ 110 °C/10 kg/cm? 0, 38.31 1.01 Kantam et al. 2002
Sil-Si-Ti(OiPr) 30 °C/1 atm TBHP 222 _ Saravanamurugan et al. 2004
1%Au-Pd/TiO, 80 °C/1 atm TBHP 4.4 32 Saiman et al. 2012
MnWO, nanobars 80 °C/1 atm H,0, 59.5 90 Bulushev et al. 2004

*TBHP conversion

References

Anand R, Hamdy MS, Gkourgkoulas P, Maschmeyer T, Jansen JC,
Hanefeld U (2006) Liquid phase oxidation of cyclohexane over
transition metal incorporated amorphous 3D-mesoporous sili-
cates M-TUD-1 (M =Ti, Fe, CO and Cr). Catal Today 117:279.
https://doi.org/10.1016/j.cattod.2006.05.031

Anand R, Hamdy MS, Parton R, Maschmeyer T, Jansen JC, Glaser R,
Kapteijn F, Hanefeld U (2009) Metal-TUD-1 catalyzed aerobic
oxidation of cyclohexane: a comparative study. Aust J Chem
62:360-365. https://doi.org/10.1071/CH08471

Bauer EB (2017) Recent advances in iron catalyzed oxidation reac-
tions of organic compounds. Isr J Chem 57(12):1131-1150.
https://doi.org/10.1002/ijch.201700050

Brutchey RL, Drake 1J, Bell AT, Tilley TD (2005) Liquid-phase
oxidation of alkylaromatics by a H-atom transfer mechanism
with a new heterogeneous CoSBA-15 catalyst. Chem Commun
3736-3738. https://doi.org/10.1039/b506426k

Bulushev DA, Rainone F, Kiwi-Minsker L (2004) Partial oxidation
of toluene to benzaldehyde and benzoic acid over mode vanadia/
titania catalysts: role of vanadiaspecies. Catal Today 96:195—
203. https://doi.org/10.1016/j.cattod.2004.06.143

Corma A, Esteve P, Martinez A, Valencia S (1995) Oxidation of
olefins with hydrogen peroxide and tert-butyl hydroperoxide
on Ti-beta catalyst. J Catal 152:18-24. https://doi.org/10.1006/
jcat.1995.1055

Gandara F, Gomez-Lor B, Gutierrez-Puebla E, Lglesias M, Monge
MA, Proserpio DM, Snejko N (2008) An indium layered MOF
as recyclable Lewis acid catalyst. Chem Mater 20:72-76. https
://doi.org/10.1021/cm071079a

Guo CC, Liu Q, Wang XT, Hu HY (2005) Selective liquid phase
oxidation of toluene with air. Appl Catal A Gen 282:55-59.
https://doi.org/10.1016/j.apcata.2004.11.045

Kantam ML, Sreekanth P, Rao KK, Kumar TP, Rao BPC, Choudary
B (2002) An improved process for selective liquid-phase air
oxidation of toluene. Catal Lett 81(3—-4):223-232. https://doi.
org/10.1023/A:1016537325179

Kumar R, Das PP, Al-fatesh AS, Fakeeha AH, Pandey JK, Chowd-
hury B (2016) Highly active InOx-TUD-1 catalyst towards
Baeyer—Villiger oxidation of cyclohexanone using molecular
oxygen and benzaldehyde. Catal Commun 74:80-84. https://
doi.org/10.1016/j.catcom.2015.11.007

Lai CY (2013) Mesoporous silica nanomaterials applications in
catalysis. J Thermodyn Catal 5:1. https://doi.org/10.4172/2157-
7544.1000e124

Li WB, Zhuang M, Xiao TC, Green MLH (2006) MCM-41 sup-
ported Cu-Mn catalysts for catalytic oxidation of toluene at low
temperatures. J] Phys Chem B 110:21568-21571. https://doi.
org/10.1021/jp063580g

Luo J, Peng F, Yu H, Wang H, Zheng W (2013) Aerobic liquid-
phase oxidation of ethylbenzene to acetophenone catalyzed by
carbon nanotubes. Chem Cat Chem 5:1578-1586. https://doi.
org/10.1002/cctc.201200603

Maksimchuk NV, Kovalenko KA, Fedin VP, Kholdeeva OA (2012)
Cyclohexane selective oxidation over metal-organic frameworks
of MIL-101 family: superior catalytic activity and selectivity.
Chem Commun 48:6812-6814. https://doi.org/10.1039/c2cc3
1877f

Mal DD, Khilari S, Pradhan D (2018) Efficient and selective oxida-
tion of toluene to benzaldehyde on manganese tungstate nano-
bars: a noble metal-free approach. Green Chem 20:2279-2289.
https://doi.org/10.1039/C8GCO00123E

Martin A, Bentrup U, Liicke B, Briickner A (1999) Permanent block-
ade of in situ-generated acid brgnsted sites of vanadylpyroph-
osphate catalysts by pyridine during the partial oxidation of
toluene. Chem Commun 1169-1170. https://doi.org/10.1039/
A9027001I

Mendez-Roman R, Cardona-Martinez N (1998) Relationship between
the formation of surface species and catalyst deactivation during
the gas-phase photocatalytic oxidation of toluene. Catal Today
40:353-365. https://doi.org/10.1016/S0920-5861(98)00064-9

Qian G, Ji D, Lu G, Zhao R, Qi Y, Suo J (2005) Bismuth-containing
MCM-41: synthesis, characterization, and catalytic behavior in
liquid-phase oxidation of cyclohexane. J Catal 232(2):378-385.
https://doi.org/10.1016/j.jcat.2005.03.024

Rahman S, Farooqui SA, Rai A, Kumar R, Santra C, Prabhakaran VC,
Bhadu GR, Sen D, Mazumder S, Maity S, Sinha A, Chowdhury
B (2015) Mesoporous TUD-1 supported indium oxide nanopar-
ticles for epoxidation of styrene using molecular O,. RSC Adv
5:46850-46860. https://doi.org/10.1039/C5SRA03400K

Rao KTV, Rao PSN, Nagaraju P, Saiprasad PS, Lingaiah N (2009)
Room temperature selective oxidation of toluene over vanadium
substituted polyoxometalate catalysts. J Mol Catal A Chem
303:84-89. https://doi.org/10.1016/j.molcata.2009.01.006

@ Springer


https://doi.org/10.1016/j.cattod.2006.05.031
https://doi.org/10.1071/CH08471
https://doi.org/10.1002/ijch.201700050
https://doi.org/10.1039/b506426k
https://doi.org/10.1016/j.cattod.2004.06.143
https://doi.org/10.1006/jcat.1995.1055
https://doi.org/10.1006/jcat.1995.1055
https://doi.org/10.1021/cm071079a
https://doi.org/10.1021/cm071079a
https://doi.org/10.1016/j.apcata.2004.11.045
https://doi.org/10.1023/A:1016537325179
https://doi.org/10.1023/A:1016537325179
https://doi.org/10.1016/j.catcom.2015.11.007
https://doi.org/10.1016/j.catcom.2015.11.007
https://doi.org/10.4172/2157-7544.1000e124
https://doi.org/10.4172/2157-7544.1000e124
https://doi.org/10.1021/jp063580g
https://doi.org/10.1021/jp063580g
https://doi.org/10.1002/cctc.201200603
https://doi.org/10.1002/cctc.201200603
https://doi.org/10.1039/c2cc31877f
https://doi.org/10.1039/c2cc31877f
https://doi.org/10.1039/C8GC00123E
https://doi.org/10.1039/A902700I
https://doi.org/10.1039/A902700I
https://doi.org/10.1016/S0920-5861(98)00064-9
https://doi.org/10.1016/j.jcat.2005.03.024
https://doi.org/10.1039/C5RA03400K
https://doi.org/10.1016/j.molcata.2009.01.006

Chemical Papers

Reddy CR, Bhat YS, Nagendrappa G, Jai Prakash BS (2009) Bonsted
and Lewis acidity of modified montmorillonite clay catalysts
determined by FT-IR spectroscopy. Catal Today 141:157-160.
https://doi.org/10.1016/j.cattod.2008.04.004

Rezaei M, Chermahini NA, Dabbagh HA (2017) Selective oxidation of
toluene to benzaldehyde by H,0O, with mesoporous silica KIT-6
supported VOHPO,0.5H,0 catalyst. J Environ Chem Eng 5:3529—
3539. https://doi.org/10.1016/j.jece.2017.07.019

Saiman M, Brett GL, Tiruvalam R, FordeMM Sharples K, Thetford
A, Jenkins RL, Dimitratos N, Lopez-Sanchez JA, Murphy DM,
Bethell D, Willock DJ, Taylor SH, Knight DW, Kiely CJ, Hutch-
ings GJ (2012) Involvement of surface-bound radicals in the oxi-
dation of toluene using supported Au-Pd nanoparticles. Angew
Chem Int Ed 51:1-6. https://doi.org/10.1002/anie.201201059

Saravanamurugan S, Palanichamy M, Murugesan V (2004) Oxyfunc-
tionalisation of toluene with activated t-butyl hydroperoxide.
Appl Catal A Gen 273:143-149. https://doi.org/10.1016/j.apcat
a.2004.06.023

Shylesh S, Singh AP (2006) Vanadium-conataining ethane-silica
hybrid periodic mesoporous organosilicas: synthesis, struc-
tural characterization and catalytic applications. Microporous
Mesoporous Mater 94:127-138. https://doi.org/10.1016/j.micro
mes0.2006.03.027

Velu S, Shah N, Jyothi TM, Sivasanker S (1999) Effect of manga-
nese substitution on the physicochemical properties and catalytic
toluene oxidation activities of Mg/Al layered double hydrox-
ides. Microporous Mesoporous Mater 33:61-75. https://doi.
org/10.1016/S1387-1811(99)00123-7

Visuvamithiran P, Sundaravel B, Palanichamy M, Murugesan V (2013)
Oxidation of alkyl aromatics over SBA-15 supported cobalt oxide.

Affiliations

Prangya Paramita Das' - Biswajit Chowdhury’

' Department of Chemistry, Indian Institute of Technology

(Indian School of Mines), Dhanbad, India

@ Springer

J Nano Sci Nanotechnol 13:2528-2537. https://doi.org/10.1166/
jnn.2013.7388

Wang F, Xu J, Li X, Gao J, Zhou L, Ohnishi R (2005) Liquid phase
oxidation of toluene to benzaldehyde with molecular oxygen
over copper-based heterogeneous catalysts. Adv Synth Catal
347:1987-1992. https://doi.org/10.1002/adsc.200505107

Wang Z, Qin Y, Pan F, Li Z, Zhang W, Wu F, Chen D, Wen W, Li
J (2018) Mesoporous silica-supported manganese oxides for
complete oxidation of volatile organic compounds: influence of
mesostructure, redox properties, and hydrocarbon dimension.
Ind Eng Chem Res 57(22):7374-7382. https://doi.org/10.1021/
acs.iecr.8b00630

Zhang Z, Tang Y, Li G, Hu C (2005) Room temperature direct oxida-
tion of benzene to phenol using hydrogen peroxide in the pres-
ence of vanadium substituted heteropolymolybdates. Appl Catal A
278:251-261. https://doi.org/10.1016/j.apcata.2004.10.009

Zhao R, Ji D, Lv G, Qian G, Yan L, Wang X, Suo T (2004) A highly
efficient oxidation of cyclohexane over Au/ZSM-5 molecular sieve
catalyst with oxygen as oxidant. Chem Commun 904-905. https
://doi.org/10.1039/b315098d

Zhou M, Li X, Bao L, Yuan X, Luo H (2016) A new method for
immobilization of NDHPI on SBA-15 carrier used as catalyst for
selective oxidation of toluene. Catal Lett 146:383-390. https://
doi.org/10.1007/310562-015-1635-z

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.cattod.2008.04.004
https://doi.org/10.1016/j.jece.2017.07.019
https://doi.org/10.1002/anie.201201059
https://doi.org/10.1016/j.apcata.2004.06.023
https://doi.org/10.1016/j.apcata.2004.06.023
https://doi.org/10.1016/j.micromeso.2006.03.027
https://doi.org/10.1016/j.micromeso.2006.03.027
https://doi.org/10.1016/S1387-1811(99)00123-7
https://doi.org/10.1016/S1387-1811(99)00123-7
https://doi.org/10.1166/jnn.2013.7388
https://doi.org/10.1166/jnn.2013.7388
https://doi.org/10.1002/adsc.200505107
https://doi.org/10.1021/acs.iecr.8b00630
https://doi.org/10.1021/acs.iecr.8b00630
https://doi.org/10.1016/j.apcata.2004.10.009
https://doi.org/10.1039/b315098d
https://doi.org/10.1039/b315098d
https://doi.org/10.1007/s10562-015-1635-z
https://doi.org/10.1007/s10562-015-1635-z
http://orcid.org/0000-0003-3257-2065

	Indium oxide nanoparticles embedded in TUD-1 as a highly selective catalyst for toluene to benzaldehyde oxidation using TBHP as oxidant
	Abstract 
	Graphic abstract
	Introduction
	Experimental
	Materials and methods
	Catalyst synthesis procedure

	Catalyst characterizations
	Catalytic activity studies

	Results and discussion
	Characterization results
	Catalytic activity and discussion
	Catalyst regeneration and substrate variation
	Proposed reaction mechanism


	Conclusion
	Acknowledgements 
	References




