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INTRODUCTION

The process of catalysis is one of the key components that
support green chemistry. Innovative catalytic systems are
paving the way for environmentally friendly production which
is also economically viable [1]. Hence, the development of newer
synthetic techniques utilizing cost-effective environmentally
friendly catalysts results in time and energy savings, thereby
enhancing the efficiency of chemical synthesis processes [2].

Heterogeneous catalysts have garnered significant atten-
tion in both scientific researchers and the chemical manufact-
uring sector [3,4]. The development of solid catalysts that
promote reduction reactions with high activity and selectivity
remains an active area of research. Reduction such as hydro-
genation allows the controlled addition of hydrogen to organic
substrates. Performing these transformations heterogeneously
provides significant advantages over homogeneous catalysis
in terms of catalyst separation from products, potential for
recovery and reuse and simplified purification.
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‘I
Palladium-catalyzed hydrogenation is considered a crucial stage in the entire synthesis of difficult natural products as well as a crucial |
step in the manufacturing of fine compounds used in pharmaceuticals. When it comes to the reaction rate and simplicity of work-up, using |
Pd/C as heterogeneous catalyst is one of the best choice for process efficiency. In this study, nitroarenes compounds viz. 3-bromo
nitrobenzene, 4-fluoro nitrobenzene, 3-methyl nitrobenzene, 4-hydroxy nitrobenzene reduced by using macro 10% Pd/C and micro 10% |
Pd/C to 3-bromo aniline, 4-fluoro aniline, 3-methyl aniline, 4-hydroxy aniline respectively and verified from '"H NMR studies. The reduction |
reactions were similar conditions using electron beam irradiated 250 kGy macro and micro 10% Pd/C catalyst. The effectiveness of |
commercial sources of palladium on carbon (Pd/C) varies widely, leading to the appreciable variations in the reaction times. The decrease
in reaction time has been attributed to the higher dispersion of Pd particles upon irradiation. The physico-chemical characteristics of |
effective hydrogenation catalysts were determined to be: (i) small Pd particle size and (ii) homogeneous distribution of Pd on the carbon |
support. With no significant loss of catalytic activity, the electron beam-irradiated catalyst can be used again for five runs. These days, |
chemists can determine as well as forecast the effectiveness of catalysts before investing time and money in expensive synthetic materials. |
|
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According to 2020, over 80% of all chemical manufacturing
processes utilize heterogeneous catalysts at some stage due to
their economic and environmental benefits [5]. Heterogeneous
catalysts enable reactions to occur faster, more selectively and
at lower temperatures than non-catalyzed processes. This imp-
roves energy efficiency and product yield. Unlike homogen-
eous catalysts, heterogeneous catalysts exist in a different phase
from the reactants, which simplifies separation and recycling.
The heterogeneous catalysts market is expected to rise from
its 2020 valuation of $33.9 billions to $35 billions at rate of
4.4% by 2027, underscoring the increasing significance of this
subject [6]. The last stage in difficult complete synthesis to
produce the intended target chemical is frequently palladium
catalyzed hydrogenation.

Researchers in the field of heterogeneous catalysis exhibit
significant interest in novel catalyst activation methods such
as microwave irradiation and plasma treatment. These non-
traditional methods enable the formation of new active sites
on the surface of the catalyst, which display increased activity.
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Irradiating catalysts with an electron beam is an efficient
method [7-9]. Electron beam irradiation has emerged as a viable
technique in the pharmaceutical sector for improving the struc-
ture as well as the properties of heterogeneous catalysts [10].
The properties can be considerably enhanced with catalysts
by high-energy beams. The chemical bonds are activated due
to several events occurring under the impact of an accelerated
electron beam on the surface and within the depth of catalyst.
The combined physical and chemical impacts of the enhanced
electron flux may lead to the development of new types of
active centers [11,12].

Examining the effects of an electron beam on the structure
and activity of Pd/C catalysts during hydrogenation is the
objective of this work. Herein, we present an easy-to-follow
method for employing accelerated electrons to boost the 10%
Pd/C catalytic performance. The effort of the irradiation Pd/C
on the catalytic properties by the example of the nitroarenes
reduction. To ascertain the characteristics of the high perfor-
mance catalysts, a number of methods like N, adsorption and
desorption (BET and Langmuir), X-ray photoelectron spectro-
scopy (XPS), high-resolution transmission electron microscopy
(HRTEM) and X-ray diffraction (XRD) analysis were used.

EXPERIMENTAL

3-Bromo nitrobenzene and 4-fluoro nitrobenzene were
obtained from Sisco Research Laboratory, India and 3-methyl
nitrobenzene, 4-hydroxy nitrobenzene were procured from Avra
Chemical Pvt. Ltd. Methanol was sourced from Aldrich Chemical
Company (USA). Every reagent used in this experiment was
of analytical grade, requiring no extra purification. Micro Pd/C
from SigmaAldrich and macro 10% Pd/C from were procured
from Hindustan Platinum Ltd., Mumbai, India. Using an RF
Linac operationed at the Electron Beam Centre, BARC, Navi
Mumbai, India both the macro and micro 10% Pd/C catalysts
were exposed to an electron beam with a 10 MeV energy. The
catalytic hydrogenation apparatus, a low-pressure shaker-type
SUPERFIT Model SS316, was utilized to conduct hydrogena-
tion reactions. A 0.2 mm and 0.5 mm Kieselgel G F,s, pre-coated
plates (Merck, USA) were utilized for analytical as well as
preparative thin-layer chromatography, respectively and the
UV light was used to visualize the spots. At 300 MHz, proton
NMR spectra were captured using a Bruker 300 5 mm probe.

Catalyst pre-treatment: A 25 mL round bottom flask
containing all varieties of 10% Pd/C (0.3 g, Macro, Micro,
250 kGy macro and 250 kGy Micro) was filled with the mixture
and suspended in a 6 mL DMF/H,0O mixture (70:30 v/v). The
solution was then acidified by adding 800 uL of HCI (37%,
pH 2-3), either in the presence of hydrogen gas or not, stirring

vigorously (400 rpm) for approximately 30 min. The utilization
of ninhydrin staining verified the existence of dimethylamine.
By filtration, the treated Pd/C catalyst was separated once again.
The hydrogenation reaction was then started immediately with
the wet catalyst [13].

Optimized procedure for hydrogenation: The treated
catalyst of macro 10% Pd/C (0.3 g) was added to a solution of
nitroarenes derivatives (2 g) dissolved in a methanol solution
(40 mL). The reaction was placed in a Parr hydrogenator vessel
flushed with nitrogen at 5 atm with vigorous stirring (400 rpm)
and a temperature of 26-28 °C. Using normal phase thin layer
chromatography (TLC) with a heptane:ethyl acetate combi-
nation of 7:3, the reaction’s progress was observed. After the
reaction was finished, the mixture was filtered using a celite
stopper and then concentrated in a vacuum using a Buchi Rotary
evaporator. By employing n-heptane and ethyl acetate as an
eluent in column chromatography on silica gel, the crude product
was refined. The reactions were conducted under similar condi-
tions using 250 kGy 10% Pd/C (irradiated). Also, the similar
reactions were carried out usingmicro 10% Pd/C and 250 kGy
10% Pd/C (irradiated) catalyst.

Palladium on carbon characterization: The images were
taken with a JEOL JEM-2100F transmission electron micro-
scope. Images captured by HRTEM were obtained at 200 kV
acceleration voltage. The produced samples were subjected
to a Cu-Ko radiation X-ray diffractometer (XRD, Bruker D8
Advance) with a scanning step of 0.02° to analyze their crystal
structure within the 5-90° range. For ascertaining the chemical
condition as well as the surface elemental composition of the
samples produced, an XPS equipped with a monochromatic
Al-Ko source (hv = 1486.6 eV) was utilized. All the binding
energies were calibrated with reference to the C 1s hydrocarbon
peak at 284.60 eV. On the [SUPRA 55]-Carl Zeiss, Upright
Microscope, BX 51, Olympus, the nitrogen sorption measure-
ment was performed at liquid nitrogen temperature.

To investigate the catalytic efficacy of 250 kGy irradiated
macro 10% Pd/C and 250 kGy irradiated micro 10% Pd/C,
the reduction of 3-bromo nitrobenzene, 4-fluoro nitrobenzene,
3-methyl nitrobenzene and 4-hydroxy nitrobenzene were carried
out (Scheme-I). The efficiency of the optimized catalysts in
terms of time taken is shown in Table-1.

NO 2 NH;

\ Catalyst \
——R —_—> —R

F Z

R = 3-Bromo, 4-fluoro, 3-methyl, 4-hydroxy

TABLE-1
TIME TAKEN DATA FOR THE CATALYTIC REDUCTION OF SUBSTITUTED NITROBENZENE TO SUBSTITUTED ANILINE

Catalyst used =
3-Bromo aniline

4-Fluoro aniline

Macro 10% Pd/C 12
Micro 10% Pd/C 10
250 kGy macro 10% Pd/C 2.5

250 kGy micro 10% Pd/C 2

10
8
1.5
1

Scheme-I
Time taken (h)
3-Methyl aniline 4-Hydroxy aniline
11 14
10 12
3 3.5
2 2.5
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RESULTS AND DISCUSSION

The structures of the product were characterized by proton
NMR spectroscopy. In '"H NMR of 3-bromo aniline, the peaks
were observed at § (ppm): 7.01-6.55 (q, 4H)-aromatic proton,
3.67 (s, 2H)-NH,; for 4-fluoro bromoaniline: 6.90-6.23 (q,
4H)-aromatic,6.87-6.85 (t, 1H), 6.37 (s, 1H), 6.32-6.29 (m,
2H)],4.90 (s, 2H)-NH,, 2.13 (s, 3H)-CHj; for 3-methyl aniline:
6.90-6.23 (q, 4H)-aromatic, 4.90 (s, 2H)-NH,, 2.13 (s, 3H)-
CHs; for 4-hydroxy aniline: 8.31 (br, s, 1H)-OH, 6.49-6.40
(q, 4H)-aromatic, 4.35 (br, s, 2H)-NH,.

Characterization of palladium on carbon catalysts:

XRD spectral studies: Diffraction peaks at 26 angles of
33.4°,34.4°, 42 8° and 55.5° were obtained by XRD analysis
of the macro 10% Pd/C and micro 10% Pd/C and they are
attributed to the (002), (101), (110) and (112) planes of Pd
[14,15]. The presence of palladium was verified based on the
observed peaks at 20 angles of 40.2°, 46.6° and 68.3°, which
matched the (111), (200) and (220) crystallographic planes of
cubic Pd [16,17]. While the XRD pattern for the 250 kGy
macro Pd/C and 250 kGy micro Pd/C show clear peaks at
33.4°,34.5°,42.8° and 55.5° for irradiated Pd/C (Fig. 1). The
intensities of the XRD peaks for the irradiated Pd/C catalyst
exhibited a substantial augmentation in comparison to the macro
Pd/C and micro Pd/C catalysts (which were not irradiated),
thus proving the superior dispersion of Pd/C catalyst. Further-
more, a large peak was observed in all catalysts at 20 of around
25°. This peak was identified as the (002) diffraction planes of
graphite microcrystals in the disordered carbon [18,19].

TEM: The most potent catalysts 250 kGy macro 10%
Pd/C and 250 kGy micro 10% Pd/C indicated that Pd particles
uniformly dispersed on carbon with a mean size of < 10 nm
(Fig. 2). Numerous active sites may be found in the corners as
well as edges of nanoparticles with small size, which is in line
with the finding of improved catalytic activity during the
reduction (hydrogenation) processes.

The HRTEM images of the macro 10% Pd/C and micro
10% Pd/C reveal the presence of two lattice fringes with a
separation of 0.224. These fringes can be attributed to the (111)

= Macro 10% Pd/C
— 250 kGy macro 10% Pd/C
= 250 kGy micro 10% Pd/C
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crystalline plane of palladium. The 250 kGy macro 10% Pd/C
and 250 kGy micro 10% Pd/C (irradiated) catalysts showed
the small particle sizes because of greater size distribution as
well as severe particle agglomeration. This correlates with the
shorter reaction times and more beneficial for the catalytic
process.

XPS spectral studies: In order to examine the catalysts’
elemental components and states (Fig. 3), high-resolution XPS
was used. The binding energies of 342.5 eV as well as 336.5
have been exhibited by all the catalysts, which was in line with
the metallic Pd 3ds,, and 3d;,, peaks [20-22].

BET studies: The Brunauer-Emmett-Teller (BET) parti-
cular surface areas of the catalyst macro 10% Pd/C, micro
10% Pd/C, 250 kGy irradiated macro 10% Pd/C and 250 kGy
irradiated micro 10% Pd/C were found to be 572.9564,
702.6882, 807.9050 and 991.8263 m?/g, respectively.

Langmuir analysis: The Langmuir-specific surface areas
of catalyst macro 10% Pd/C, micro 10% Pd/C, 250 kGy irradi-
ated macro 10% Pd/C and 250 kGy irradiated micro 10% Pd/C
were 862.8573, 1059.9547, 1200.4033 and 1482.0662 m*/g,
respectively. The reduction of nitroarenes derivatives to aniline
derivatives may therefore have better catalytic activity, as evi-
denced by the specific surface area results of 250 kGy macro
and micro 10% Pd/C catalyst. Additionally, the specific surface
area of catalysts clearly suggests that the 250 kGy macro and
micro 10% Pd/C have many active sites on their surface, which
contributes to their catalytic effectiveness.

Catalyst recycling studies: Using 3-bromo nitrobenzene
as model substrate, we successfully conducted the recycling
study by centrifuging the Pd/C catalyst to separate it again.
Following five cycles, yields varied from 94 to 87% with no
significant of loss of activity or deactivation of catalyst (Fig.
4).

The XRD as well as TEM analyses of the pretreatment
recycled catalyst were subsequently performed XRD verified
that Pd was present in catalyst and it was found that its comp-
osition had not changed substantially (Fig. 5). Following five
cycles, the tiny particles of palladium remained equally distri-
buted, exhibiting no observable ageing or agglomeration growth,

= Micro 10% Pd/C

Intensity (a.u.)

Fig. 1. XRD patterns of the 10% Pd/C
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TEM HRTEM
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Fig. 2. TEM and HRTEM of macro 10% Pd/C (a), micro 10% Pd/C (b), 250 kGy macro 10% Pd/C (c), 250 kGy micro 10% Pd/C (d)
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Fig. 3. XPS for Pd 3d electrons of macro 10% Pd/C (a), micro 10% Pd/C
(b), 250 kGy macro 10% Pd/C (c), 250 kGy micro 10% Pd/C (d)

as indicated by TEM image (Fig. 6a) indicating that the Pd/C
catalyst surface chemistry is not considerably changed by the
pre-treatment procedure.

Conclusion

An efficient and considerable variability of four types of
catalyst viz. macro 10% Pd/C, micro 10% Pd/C, 250 kGy irrad-
iated macro 10% Pd/C and 250 kGy irradiated micro 10% Pd/C

100 =

80 =

60 =

Yield (%)

40 =

20 =

1 2 3 4 5
Number of cycle
Fig. 4. Catalyst recycling of the pretreated catalyst

- Recycled catalyst

Intensity (a.u.)

26 ()
Fig. 5. XRD patterns of the recycled catalyst 10% Pd/C

were investigated for the transfer hydrogenation reactions of
nitroarenes compounds. The most efficient 250 kGy macro
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10% Pd/C and 250 kGy micro 10% Pd/C for hydrogenating
nitroarenes were found to have the shortest reaction duration
and the lowest amount of saturated impurities in the model
systems. Three important conclusions emerged from the study:
(i) tiny Pd particle size inefficient Pd/C catalysts; (ii) homo-
genous distribution of Pd on the carbon support; and (iii) no
loss of activity after multiple cycles. It is suggested that the
Pd/C catalyst that has been exposed to electron beam radiation
is a good indicator of catalytic performance.
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