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Cost-effective mechanically and thermally activated fly ash catalysts were synthesized by doping
boric acid (1, 3, 5, 7, and 9 wt. %) in the presence of 0.5 M sulphuric acid by a co-precipitation
method. The synthesized hybrid materials were characterized by XRD, FT-IR, SEM-EDS and
NH3-TPD analyses. The catalytic active sites on the inert surface of fly ash were studied by
synthesizing benzimidazole and benzoxazole derivatives. The optimal conditions for the highest
product conversion were determined through the careful adjustment of variables such as the
catalyst weight fraction, molar ratio of reactants, time and temperature. The catalyst containing
5 wt. % boric acid was found to be the most efficient and could be reused for up to four reaction
cycles without loss of conversion efficiency. This study presents a potential green chemistry

approach for utilizing industrial solid waste as a valuable resource.
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Currently, N-bearing heterocyclic structures (four-,
five- and six-membered rings) such as B-lactams,
pyrazoles, imidazoles, 1, 2, 4-triazoles, pyrimidines,
quinolines, and quinazolines have many applications
in organic synthesis. Compounds containing N and
O atoms like benzimidazoles and benzoxazoles
have various applications in pharmaceutical and
medicinal fields due to their active role in biological
systems. Heterocyclic compounds have demonstrated
significant activity as agents that can counteract
bacteria [1, 2] viruses [3] fungi [4], inflammation [5],
and tumours [6, 7]. There are numerous methods that
have been developed for synthesizing benzimidazoles
and benzoxazoles. They may be prepared through a
chemical reaction between o-phenylenediamines or
2-nitroanilines and carboxylic acids [8] or their
derivatives (such as nitriles, imidates, or ortho-esters)
[9]. In addition, benzimidazoles and benzoxazoles
have been synthesized through the condensation-
aromatization of o-phenylenediamines or o-amino-
phenol with aldehydes in the presence of various
catalysts such as NaHSO3 [10], sulfamic acid [11],
FeCls.6H,0 [12], ZrCl, [13], Sc(OTf)s [14], Pb(OAC)s
[15], In(OTf)3 [16], Heuland natural zeolite [17], NaY
zeolite [18], AIKT-5 [19], Co(OH),/CoO (II) [20],
nano In,O3 [21], iron (I11) sulfate-silica [22], MoOs/
Ce0,-ZrO; [23], Fe(HSO4)s [24], TP [25], Er(OTf);
[26], KCN/MWCNT [27] and TiCI;OTf/EtOH [28].
But these methods have many drawbacks, including
the use of expensive and toxic reagents, long reaction
times and high synthesis temperatures. Therefore, the
development of a simple, mild and efficient method
would be very useful. In this study, we used a dopant
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and co-dopant supported on fly ash to synergistically
enhance the acidic character of the catalyst. We
developed a simple, efficient and low-cost method for
the synthesis of benzimidazole and benzoxazole
compounds.

EXPERIMENTAL
Chemicals and Materials

0-Phenylenediamine, o-aminophenol, substituted aryl
aldehydes, boric acid, ethanol, and ethyl acetate were
obtained from Sigma Aldrich, and fly ash was
collected from the thermal power plant in Parli
Vaijnath, Maharashtra, India.

Preparation of Catalyst

The collected fly ash was crushed using a ball mill and
calcined at 400 °C up to 1 h in a muffle furnace. About
10 g of the fly ash was treated with 1-9 wt. % of boric
acid, separately. A homogeneous slurry was prepared
by adding 5 ml of 0.5 M sulfuric acid and 100 ml of
deionized water to the mixture, stirring constantly for
12 h. Then, the slurry was left for aging for 5 days.
The mixture was evaporated at 100 °C to obtain a dry
powder, which was then calcined at 400 °C for 1 h to
prepare the fly ash-based hybrid material.

Characterization

The synthesized fly ash-based hybrid material was
characterized using X-ray powder diffraction (XRD)
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at room temperature using a Bruker AXS D8 model
with monochromatic Cu radiation (40 kV, 30 mA).
The particle sizes of the materials were determined by
X-ray powder diffraction based on the maximum
intensity peaks. Surface morphology and elemental
analysis of the samples were performed using an
energy dispersive spectrophotometer (EDS) (Jeol; JED-
2300), while temperature programmed desorption (NHs-
TPD) was performed on a chemisorption analyzer
(Autosorb-iQ-C, Quantachrome Instruments). The
acidity determination was supported by TGA studies
using 2, 6 dimethylpyridine at room temperature for
24 h which was then subjected to thermal analysis
under a N, atmosphere at a heating rate of 10 °C min™.
The fraction of weight loss in the range of 300-600 °C
was calculated and taken as a measure of the Bronsted
acidity of the samples. FT-IR analysis of samples were
carried out using a Shimadzu-8400 spectrometer in the
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range of 4000-400 cm.
Catalytic Activity

The catalytic activity of the synthesized fly ash-based
hybrid materials was tested in the synthesis of
benzimidazole or benzoxazole using o-phenylene-
diamine or o-aminophenol with substituted aryl
aldehydes, respectively, as described in Scheme | and
Tables 1 and 2.

Screening of Catalyst

Table 3 summarizes the results of the screening of fly
ash-based hybrid materials for their ability to catalyse
the synthesis of heterocyclic benzimidazole and
benzoxazole through the use of appropriate reaction
conditions.

N NH, \ AN N —
Rl_@ + ‘ Fly ash hybrid catalyst @ \>—@
Z XH " /\\/Rz / X 7 R,
Ry
(0]
1 2

R1= H, CH3,C,Hs R,= H, OH, NO,, Cl,

X=NH, 0 F, OCHj, CHs

3X=NH
4X=0

Scheme I. Synthesis of benzimidazole and benzoxazole using various fly ash-based hybrid materials from o-
phenylenediamine and o-aminophenol with aryl aldehyde.

Table 1. Synthesis of benzimidazole derivatives from substituted o-phenylenediamine with substituted aryl
aldehyde using 5 wt. % H3;BO3/fly ash.

Entry R1 R2 Product (3X) Time Yield
(min) (%)
1 H H N 92
©_</ 5
N
2 H OH N
H04©—</ j@ 8 90
N
3 H 2-OH N
4 j@ 10 85
N
OH
4 H 4-NO;, N 92
OZN4©—</ 5
N
5 H 3- NO N 88
B 1 |
N
H
O,N
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10 5-CHs 3-CHs HsC, 8 88
N
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11 5-CH; 4- NO; N CHz 6 91
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N
H

12 H CH3 H3C N 7 87
4 —N \ Y
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Table 2. Synthesis of benzoxazole derivatives from substituted o-aminophenol with substituted aryl aldehyde
using 5 wt. % H3BOs/fly ash.

/N

Entry R1 R2 Product (4X) Time Yield
(min) | (%)

1 H H N 5 90
CI-0)
\

3 H 2-OH

2 H 4 -OH 7 87
>—<: :)—OH
0
N

HO
N
O
]
4 H 4 -NO; 5 90
-0
o
5 H 4-Cl N
(OO
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6 H 4 — OCH3 N 5 90
OO
0
7 H 4 —CHs N 5 89
]
8 H 4- CoHs N 7 86
OO
¢}

Table 3. Screening of catalysts for the synthesis of benzimidazole and benzoxazole derivatives.

No. | Fly ash-based Catalysts Amount of Reactiqn rate Yield (%)
catalyst loaded (min)
(mg) Benzimidazole Benzoxazole
1 H2SO4/fly ash 30 25 75 72
2 1 wt. % H3BOs/fly ash 30 15 80 78
3 3 wt. % HzBO:/fly ash 30 10 85 87
4 5 wt. % HzBOs/fly ash 30 5 92 90
5 7 wt. % H3BOs/fly ash 30 5 92 90
6 9 wt. % H3BOs/fly ash 30 5 91 89

General Method for Synthesis of Benzimidazole
and Benzoxazole

A mixture of o-phenylenediamine or o-aminophenol
(1 mmole), substituted aryl aldehyde (1 mmole) and
co-doped fly ash-based hybrid material (30 mg) in
ethanol (5 ml) was placed in a round bottom flask
and stirred at room temperature. The reaction was
monitored by TLC. After completion of the reaction,
the mixture was filtered, washed with cold water,
dried and recrystallized in ethanol. Synthesized
derivatives are listed in Tables 1 and 2 with their
yields, rates and physical parameters.

Spectral Analysis

1) 5-Methyl-2-(3-methylphenyl)-1H-benzimidazol
(Table 1, entry 10)

!H NMR (CDCls) : 8 9.7 (s, 1H, N-H), 7.9 (s, 1H, Ar-
H), 7.9 (s, 1H, Ar-H), 7.5 (d, J = 8.0 Hz, 1H, Ar-H),
7.4 (s, 1H, Ar-H), 7.2 - 7.2 (m, 1H, Ar-H), 7.1 (d, J =
7.6 Hz, 1H, Ar-H), 7.0 (d, J = 8.4 Hz, 1H, Ar-H), 2.4
(s, 3H, -CH3) and 2.2 (s, 3H, -CH3).

3C NMR (CDCls) : 8151.9, 138.8, 138.7, 137.6,
132.8,130.8,129.7, 128.9, 127.5, 124.4, 123.8, 115.1,
114.5,21.7 and 21.2.

Mass (El, m/z ) : 223.12 [M+]

2) 5-methyl-2-(4-nitrophenyl)-1H-benzimidazole
(Table 1, entry 11)

IR (KBr pellet) : vmax 3109, 1605, 1511, 1463, 1354,
1176, 739, 701 and 657 cmL.,

'H NMR (DMSO-d6) : & 8.36 (s, 4H, 1H, overlapped
Ar-H and N-H), 7.4 (s, 1H, Ar-H), 7.5 (d, J = 8.0 Hz,
1H, Ar-H), 2.4 (s, 3H, -CHjs), and7.08 (d, J =8.3 Hz,
1H, Ar-H).

13C NMR (DMSO-d6) : § 159.0, 153.7, 143.2, 136.3,
131.0,129.3, 127.9, 119.4, 114.7, 114.6, 111.5 and 31.

Mass (El, m/z) : 254 [M+]

3) 2-(4-Methylphenyl)benzoxazole (Table 2,
entry 7)
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'H NMR (CDCls) : 5 8.18 (d, J= 8 Hz, 2H, Ar-H), 7.7
(m, 1H, Ar-H), 7.62 (m, 1H, Ar-H), 7.39 (d, J=8.7
Hz, 4H, Ar-H) and 6 2.47 (s, 3H, -CHs).

13C NMR (CDCl) : & 163.2, 150.8, 142.2, 129.6,
127.5,124.8, 124.5, 119.7, 110.5 and 21.4.

4) 2-(4-ethylphenyl)benzoxazole (Table 2,
entry 8)

IR (KBr pellet) : vmax 3320, 3230, 2349, 1640, 1573,
1451, 1366, 1273, 1196, 1159, 1067, 832, 797 and 749
cmt

IH NMR (DMSO-d6) : § 8.2 (d, J = 7.4 Hz, 2H, Ar-
H), 7.6 -7.5 (m, 4H, Ar-H), 7.5 (d, J = 7.4 Hz, 1H,
Ar-H), 7.4 (t, J = 7.6 Hz, 1H, Ar-H), 7.06 (d, J = 8.2
Hz, 1H, Ar-H), 2.7-2.6 (m, 2H, -CH,-CHs) and 1.24
(t, J= 7.2 Hz, 3H, -CH,-CHa).

13C NMR (DMSO0-d6) : 6 151.5, 138.5, 138.0, 132.3,
130.9, 130.6, 130.3, 130.1, 129.4, 126.8, 123.0, 29.0
and 16.8.

Mass (El, m/z) : 223.12 [M+]

RESULTS AND DISCUSSION
XRD Study

To understand the phase symmetry of the synthesized
samples, a systematic XRD study was conducted.
Figure 1(a) shows the XRD pattern of pure fly ash
calcined at 400 °C for 1 h in air. Sharp peaks at 26
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O (111)
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= 20.97° and 26.77° corresponding to (111) and
(021) can be observed, which are associated with
the monoclinic crystalline structure of fly ash
[ASTM card No-86-0680] [29]. Figure 1(b) shows
the XRD pattern of H,SO4-doped fly ash, which
exhibits a crystalline phase of silico-aluminate
species that was reduced to an amorphous phase
possibly due to the interaction between the anions
of sulfuric acid and the silanol groups present on the
surface of the fly ash. Figure 2 shows the XRD
pattern of (c) 1 wt. % H3BOs/fly ash, (d) 3 wt.%
HsBOs/fly ash, (e) 5 wt. % H3BO3/fly ash (f) 7 wt.%
H3BO3/fly ash, and (g) 9 wt. % H3BOs/fly ash
powders with a fixed amount of H,SQO4, calcined at
400 °C for 1 h. A single monoclinic structure with
a crystalline phase was obtained for the entire range
of H3BOj3 concentrations. It was observed that the
peak intensity of the doped fly ash increased due to
the direct synergistic effect on the silica-alumina
species in the fly ash. The average particle sizes of
the samples at the major peaks were calculated
using the Debye-Scherrer formula based on XRD
peak broadening analysis techniques. The particle
size was found to be as large as 60-85 nm for 1 wt.
%, 3 wt. %, 7 wt. % and 9% wt. H3BOs/fly ash, and
as small as 40 nm for the 5 wt. % H3BOs/fly ash.
This apparent fall in the particle size should ensure
high catalytic activity for the sample with 5 wt. %
HsBOs, if it is used for catalytic applications. We
doped 1-9 wt. % H3BOg3to enhance the surface area
of catalyst. However, we observed a drastic fall in
the particle size with 5 wt. % H3;BOs, because for
this wt. % of H3BOs3 in activated fly ash, the grain
boundary inhibits crystallite growth of the catalyst,
thus reducing its particle size.
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Figure 1. X-ray diffraction patterns of (a) pure fly ash, and (b) H2SQO./fly ash calcined at 400 °C for 1 h.
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Figure 2. X-ray diffraction patterns of (c) 1 wt. % H3BOs/fly ash, (d) 3 wt.% H3BOs/fly ash, (e) 5 wt.%
HsBOs/fly ash, (f) 7 wt.% H3;BOs/fly ash, and (g) 9 wt. % H3BOs/fly ash powders with a fixed amount of H;BOs3,
calcined at 400 °C for 1 h.

FT-IR

Figure 3 shows the FT-IR spectra of (a) pure fly ash,
and (b) H2SO./fly ash while Figure 4 shows the FT-
IR spectra of (c) 1 wt. % H3BOs/fly ash, (d) 3 wt.%
H3BOz3/fly ash, (e) 5 wt.% HsBOs/fly ash, (f) 7 wt.%
H3;BOs/fly ash, and (g) 9 wt. % H3;BOs/fly ash
samples, all in the range of 4000 to 500 cm™. The
band corresponding to surface hydroxyl groups appears
at 3300-3000 cm*. This indicates the presence of
strong hydrogen bonding in the samples, as indicated
by the broad band [31], which is attributed to the
surface Si-OH groups and absorbed water molecules
on the surface [30]. The intense peak observed in the
region of 1000 — 1300 cm! is attributed to the
valence vibration of the silicate oxygen skeleton (Si-
O-Si). After acid treatment, the increase in silica
content resulted in a distinct and significant increase
in the broadening of the -OH peak at 3000 cm™ in all

% Transmittance

samples in comparison to pure fly ash, as shown in
Figure 4. This suggests that the increase in surface
hydroxyl groups [32] is due to the acid treatment,
which enhanced the silica content. After acid
treatment, an intense band was observed in the range
of 1050-1350 cm'?, which is usually assigned to the
valence vibration of the silicate oxygen skeleton and
corresponds to the amorphous silica content. This
indicates an increase in amorphous silica content
after acid treatment. The region between 800-500
cm* shows the symmetric stretching of Si-O-Si and
Al-O-Si bonds, which corresponds to the formation
of amorphous to semi-crystalline alumina-silicate
materials. The band below 500 cm™! shows the
bending vibration of Si-O-Si and O-Si-O bands [33].
The increase in silica content and surface hydroxyl
groups is responsible for the development of acidic
sites on the catalyst, which helps to enhance catalytic
activity.
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Figure 3. FT-IR spectra of (a) pure fly ash, (b) H.SOu/fly ash calcined at 400° C for 1 h.
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Figure 4. FT-IR spectra of (c) 1 wt. % HsBOs/fly ash, (d) 3 wt. % HsBOs/fly ash, (e) 5 wt. % H3BOs/fly ash, (f) 7 wt.
% H3BOs/fly ash, and (g) 9 wt. % H3BOs/fly ash powder with a fixed amount of H,SO4 calcined at 400 °C for 1 h.

SEM-EDS Analysis

The effect of the dopant and co-dopant on the
morphology of the synthesized samples was investigated
using a scanning electron microscope (SEM). Figure
5 shows SEM images of (a) 1 wt. % HsBOs/fly ash,
(b) 3 wt. % H3BOs/fly ash, (c) 5 wt. % H3BOs/fly ash
(d) 7 wt. % H3BOs/fly ash and (e) 9 wt. % H3BOs/fly
ash calcined at 400 °C for 1 h. The surface morphology
of the fly ash samples doped with 1, 3, 7, and 9 wt. %
of H3BO3; were found to have irregular shapes and
were clumped together, with an average primary

particle size of less than 100 nm. However, the fly ash
sample doped with 5 wt. % of HsBO3z had regular shaped
particles with sizes less than 40 nm. These results are
inconsistent with the XRD analysis. Chemical analysis
of the elements confirmed the presence of Si, Al, O, C,
Ca, Fe, K, Mg and Ti in the sample, as listed in Table 4.
From these values it is clear that the percentage of
Al, Si and O in the 5 wt. % H3BOs/fly ash sample was
found to be higher in comparison with pure fly ash. The
increase in the silica-alumina content corresponds to
the increase in surface hydroxyl groups on the catalyst
surface. These results are consistent with the FT-IR data.
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a | 4.9 mm Nova NanoSEM NPEP303

Figure 5. SEM micrographs of (a)1 wt. % H3BOs/fly ash, (b) 3 wt. % HsBOs/fly ash, (c) 5 wt. % H;BOs/fly ash.
(d) 7 wt. % H3BOs/fly ash and (e) 9 wt. % H3BOs/fly ash calcined at 400 °C for 1 h.

Table 4. EDS analysis of pure and 5 wt. % H3sBOs/fly ash calcined at 400 °C for 1 h.

Elements Si Al 0] C Ca Fe K Mg | Ti Cu | Zn Zr | Total
Pure Fly ash 363 | 231 | 4796 | 45.28 | 0.16 | 0.68 | 0.09 | 0.11 | 0.08 | 0.09 | 0.08 | 0.03 | 100
Wit. (%)
5wt. % 2453 | 11.19 | 54.90 | 3.08 | 0.75 | 2.28 | 2.06 | 0.55 | 0.66 - - - 100
HsBOs/fly ash
At. (%)

NH3s - Adsorption Measurement

The acidity of the catalyst was determined with
the help of a very special technique, temperature-
programmed desorption of ammonia (TPD). The
amount of ammonia that was removed from the
catalyst during this process was measured and the
results are reported in Table 5.

Table 5 shows that the total acidity of the
H>SO./fly ash was 0.379 mmol/g. The values for fly
ash doped with 1, 3, 7, and 9 wt. % of H3BO3 were
0.395 mmol/g, 0.416 mmol/g, 0.420 mmol/g and
0.426 mmol/g respectively, while for 5 wt. %
H3sBOs/fly ash it was 0.431 mmol/g due to the
synergistic effect of boric and sulphuric acids with the
fly ash surface. From the above values, it can be

concluded that the catalysts on the surface of the fly
ash showed sufficient acidic character to carry out the
synthesis of benzimidazole and benzoxazole derivatives
from o-phenylenediamine and o-aminophenol.

Catalytic Performance

The active fly ash was used as a catalyst in the
synthesis of benzimidazole and benzoxazole
derivatives from o-phenylenediamine and o-
aminophenol, respectively, in the presence of an
aryl aldehyde. We found that the 5 wt. % H3BO3/
fly ash catalyst had a faster reaction rate compared
to the other prepared catalysts, as shown in Table 3.
This is likely due to the strong acidity of the catalyst,
which is the result of a synergistic interaction
between boric and sulfuric acids, making it more




57 U. G. Ghoshir, B. H. Zaware, A. E. Athare
and A. B. Gambhire

effective than the other hybrid catalysts, as has
been proved by the reaction rate and yield obtained.
This prepared material has the potential to be
used widely in organic synthesis reactions due to
its activity, ease of preparation and availability of
raw materials. In the synthesis of benzimidazole
and benzoxazole derivatives (as shown in Scheme
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used under optimized reaction conditions and bearing
electron-donating groups such as methoxy-, hydroxyl-,
methyl- and N, N dimethyl-, as well as electron-
withdrawing groups such as nitro-, chloro- and
fluoro- substituents on the aldehyde. The yields
of the heterocyclic derivatives and the reaction
rates are presented in Tables 1 and 2.

Il and I11), fly ash-based hybrid materials were

Table 5. Acidity of synthesized catalysts measured by NH3-TPD.

Fly ash-based Catalyst Acidic sites (mmol NHa/g)
T1(<200°C) | T2 (>500°C) Total
H2SO4/fly ash 0.196 0.183 0.379
1 wt. % H3BO3/fly ash 0.206 0.189 0.395
3 wt. % H3BOs/fly ash 0.214 0.202 0.416
5 wt. % H3BO3/fly ash 0.227 0.204 0.431
7 wt. % H3BO3/fly ash 0.223 0.197 0.420
9 wt. % H3BOs/fly ash 0.224 0.202 0.426

A N -
/ NH NH / R
2

o0-phenylenediamine sub. aryl benzaldehyde

(e}

Scheme I1. Synthesis of benzimidazole from o-phenylenediamine with aryl aldehyde using 5 wt. % H3;BO3/fly ash.

0O
NH,
X H \ N -
R1@+ \ 5 wt. % H3BO4/fly ash @ \>_<:/>
Z OH /\/R Rl/ Z o] \ /\R2

2

sub. o-aminophenol sub. aryl aldehyde 2-substituted benoxazole

Scheme I11. Synthesis of benzoxazole from o-aminophenol with aryl aldehyde using 5 wt. % H3sBOs/fly ash.
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Scheme 1V. Possible mechanism for the synthesis of benzimidazole and benzoxazole derivatives using 5 wt. %
H3BOs/fly ash.

Table 6. Reusability of the catalyst the reaction of benzimidazole and benzoxazole in the presence of 5 wt. %

H3BO3/fly ash.
Run 1 2 3 4
Yield (%) 92 92 91 90
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The reusability and recovery of the fly ash-
based hybrid catalyst was investigated, as this is an
important aspect for commercial applications. During
the synthesis of benzimidazole and benzoxazole, the
recyclability of the catalyst was tested by separating it
and washing it with ethyl acetate before drying it in an
oven at 110 °C for 1 h. The catalyst was then reused
for further reactions, which showed equal catalytic
activity up to the fourth reaction cycle and resulted in
improved yields, as shown in Table 6.

Proposed Mechanism

The mechanism for 2-aryl substituted benzimidazole/
benzoxazole formation is proposed in Scheme IV. Fly
ash-based hybrid materials appear to play a more
efficient catalytic role due to their strong oxophilicity.
Initially aldehyde molecules co-ordinate through their
carbonyl oxygen atom to the fly ash-based material
and facilitate the nucleophilic attack. The reaction
between an aldehyde and amine group leads to the
formation of an imine intermediate. Then, intra-
molecular attack by the second group on the C=N
bond followed by air oxidation gives the final product.

CONCLUSION

We prepared H3BO3-doped fly ash materials by a co-
precipitation method. The effect of H:BO3z wt. % was
evaluated. It was found that the 5 wt. % H3BOs/fly ash
catalyst exhibited higher catalytic activity due to a
decrease in particle size (higher surface area) and its
strong acidity due to the synergistic interaction of
boric and sulfuric acids. This study demonstrated the
use of environmental pollutants or waste materials
as catalysts in the synthesis of benzimidazole and
benzoxazole. These materials can be easily obtained,
have high yields, and are reusable heterogeneous
catalysts.
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