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Lignocellulosic Biomass Derived Carbon Supported
Nickel Nanoparticles as an Efficient Catalyst for
Reduction of Nitroarenes

Sunshine Dominic Kurbah* © 3 Kenneth Umdor ®, and Ndege Simisi Clovis @ ¢

Nickel-based catalysts directing selectivity for nitroarenes reduction have drawn a lot of attention; yet, they have
not yielded considerable accomplishments. Here, we report an environmentally friendly method for synthesizing
a nickel-based carbon-supported nanocatalyst using lignin residues. The carbon-supported nickel nanoparticle
catalysts generated from lignocellulosic biomass were characterized by powder x-ray diffraction (XRD), energy-
dispersive x-ray spectroscopy (EDS), and transmission electron microscopy (TEM). The present catalytic system
not only shows outstanding performance with an excellent anilines output but also shows an environmentally
friendly catalytic process with simple separation, easy operations, reuse and recycle.
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1. Introduction

A number of hazardous chemicals that have been leaked  process called hydrogenation of nitroarenes, such 4-
from industrial, agricultural, and living wastewater have posed  nitrophenol, to produce the equivalent aromatic amines is
a serious danger to water security in recent years. The used to both synthesize anilines and remove hazardous nitro
production of colours, medications, pigments, insecticides, aromatics from aqueous solutions [6-10]. Moreover, aromatic
wood preservatives, and rubber compounds frequently uses 4-  amine such as aniline is an essential component in the
nitrophenol (4-NP), a common water pollutant [1-5]. Even in  synthesis of methylene diphenyl diisocyanate. Methylene
tiny amounts, 4-NP can cause serious harm to aquatic lifeand  diphenyl diisocyanate is an essential component in the
green plants in surface waters. A fundamental chemical synthesis of polyurethanes, a class of speciality polymers
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used in many industries, such as the building and furniture
sectors, where it is used to make foams and insulations,
respectively [11-13]. The scientific community attempted to
create alternative protocols for the reduction of aromatic nitro
compounds in an effort to address the previously mentioned
shortcomings. These protocols included the use of various
reducing agents, such as hydrazine, silane, and sodium
borohydride, in conjunction with catalysts for Cu, Pd, Au, Ry,
Ag, and, more recently, Co and Ni [14-20]. Noble metal
systems do, however, have certain inherent issues, such as
high cost, metal nanoparticle interparticle aggregation, lack of
reuse, and other flaws that prevent their widespread
commercialization [21-23].

Thus, the development of more affordable, stable,
reusable, and noble metal-free catalysts is still required.
Replacing precious metals with widely available transition
metals is a promising approach for reducing manufacturing
expenses and promoting the conservation of precious metals
on Earth. In this regard, lately, because of their affordability,
nickel catalysts have been used in various organic processes,
especially hydrogenations. Nickel-based catalysts offer a
substitute for the hydrogenation of nitrobenzene because of
its plentiful on Earth, with a relatively low cost and toxicity [24-
28]. Despite their superior catalytic performance, the
development of such nanostructured materials catalysts
involves the use of costly organic functional ligands and metal
supports. Among various kinds of supported Ni catalysts,
carbon material supported Ni catalysts generated from
biomass have attracted a lot of attention and widely studied
to address this problem [29-31]. Renewable sourced metal-
supported carbon catalysts that hydrogenate nitroarenes to
anilines have made some headway. Recently lignin residue
derived carbon supported cobalt, ruthenium and nickel
catalysts generated from biomass for selective hydrogenation
processes has been reported. This information served as a
stimulus to start looking for fresh, renewable, and sustainable
sources of carbon [32-35]. Motivated by the above mentioned
studies and our understanding of the significance of biomass
utilization in catalyst manufacture, we opted for lignin residue
as a substitute carbon source. Remarkably, there are only few
studies discussing the use of catalysts produced from lignin
for organic conversions. In this paper, we report the synthesis,
and characterization of biomass derived carbon supported
nickel nanoparticles and explore their catalytic activity for
reduction of aromatic nitro groups.

2. Material and Methods

2.1. Chemicals and Instruments

Solvents were reagent grade purchased from HiMedia,
Sigma Aldrich. Other chemicals such as nitrobenzene, nickel
nitrate hexahydrate (Ni(NO3),:6H20, (Sigma, 99.99%), sodium
borohydride (NaBH4, Sigma, 99%), all chemicals were reagents
grade and were used without further processing or
purification. Powder XRD was recorded in a Bruker D8
Discover X-ray diffractometer, equipped with a LynxEye
detector, using an acrylic sample holder. The 'TH NMR and "3C
NMR spectra were recorded on AMX-400 MHz and 100 MHz
in DMSO-ds solution using TMS as internal standard. The
morphologies of the NiO@LBM were characterized using
scanning electron microscope (JSM-6360, Joel, with oxford
EDS detector) operating at 1-30 kV. For sample preparation,
diluted sample was put into the thin aluminum sheet by using
capillary tube and then allowing it to dry in air. The sample was
also coated with a thin layer of gold before the experiment to
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minimize sample charging.

2.2. Procedure for the preparation of lignin residue

Soda lignin underwent a hydrothermal treatment to yield
lignin residue [34]. Typically, a 100 mL batch autoclave was
filled with 60 mL of distilled water and 5 g of soda lignin. After
that, the autoclave was heated in an oil bath and stirred
constantly for four hours while the reaction temperature was
raised to 200 °C. The reactor was allowed to cool to ambient
temperature once the reaction was finished, and unconverted
soda lignin was easily removed from the bio-oil using simple
filtration method. The lignin residue was dried in the oven at
120 °C for 8 hr.

2.3. Synthesis of NiO@Lignocellulosic biomass (NiO@LBM)

In a typical synthesis of NiO@LBM, Ni(NO3),:6H20 (0.58 g,
2.0 mmol) was dispersed in 30 mL deionized water for 30
minutes. To this solution, lignocellulosic biomass (2 g) stirred
in 10 mL deionized water was added, and stirred at room
temperature. The reaction mixture was then heated at 150 °C
to dryness for 4 hr. Finally, the prepared NiO@LBM
nanoparticle was heated in a muffle furnace at the rate of 5°C
min-T under air conditions until reaching 700 °C and held at this
temperature for 6 hr. The resulting black grey powder obtained
was kept for further use.

2.4. General procedure for the catalytic hydrogenation of
nitroarene

In a typical reaction, nitroarene (2.0 mmol) and NiO@LBM
(2.0 mg) were mixed in water (10 ml) and the reaction mixture
was stirred at room temperature for 3 minutes. Subsequently,
NaBH, (3.0 mol) was added to the reaction vessel and the
reaction mixture was stirred at 23 °C for the required time. The
completion of reactions was monitored by thin layer
chromatography (TLC) and gas chromatography (GC). The
catalyst was separated from the reaction mixture by simple
filtration, after the completion of each and every reaction. The
crude products obtained were extracted with ethyl
acetate/hexane mixtures (5:1) and dried over anhydrous
sodium sulfate (Na;S04). The products were purified with
column chromatography using 20% ethyl acetate/hexane as
eluent. The products were confirmed by H and 3C NMR
spectroscopy. The yields of products were calculated using
gas chromatography (GC) and column chromatography.

3. Results and Discussion

3.2. Characterization of NiO@LBM

Lignocellulosic materials, also known as lignocellulosic
biomass, are among the most abundant and readily available
renewable resources. The constituent material of the plant
that forms the cell wall is called lignocellulosic biomass, and
it is composed of several kinds of macromolecules with a
variable chemical composition. Lignin is the primary source of
aromatic polymers in the environment and containing
phenolic groups which serves as an excellent absorber of
nickel nitrate. The method for the preparation of the
NiO@LBM catalyst is highlighted in Scheme 1. The
preparative procedure involves two steps, in the first step it
involved reaction of Ni(NOs)2:6H,0 with lignocellulosic
biomass at room temperature and then heated at 150 °C to
dryness for 4 hr to generate NiO@LBM. In the next step, the
prepared NiO@LBM was heated in a muffle furnace at the rate
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of 5 °C min-! under air conditions until reaching 700 °C for 6
hr. The protocol adopted in the preparation of NIO@LBM is a
low-cost strategy, simple and environmental friendly. To
understand the performance of newly synthesized NiO@LBM
nanoparticle for catalytic hydrogenation of nitroarenes, we

Sources of Lignin
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characterized the catalyst by transmission electron
microscopy (TEM), EDX, and X-ray diffraction (XRD). The
structures and morphology of the synthesized materials was
determined by TEM studies.

1. Ni(NO3)2.6H20

10 mL water
150 °C 4 hr

2.700 °C 6 hr

Lignin Residue

Scheme 1. Schematic illustration of the synthesis of NIO@LBM nickel nanoparticles.

The powder XRD pattern of NiO@LBM nanoparticles is
shown in Figure 1. Three peaks at 43.21°, 51.69° and 62.47.5°
were clearly seen in the XRD patterns of the NiO@LBM
nanoparticles, these peaks corresponded to crystalline facets
of Ni (111), Ni (200), and Ni (220), respectively [34, 35]. By
examining the full width at half maximum (FWHM) value of the
XRD spectra, one might study the crystal quality and the
distribution of compositional phases of the formed structure.
Therefore, the Debye-Scherrer equation is used to determine
the average crystallite size from the XRD measurement.

0.951
~ Bcosh
where A is wave length of the incident X-ray (0.154 nm), 8 is
the Bragg's angle and B is full width at half maximum (FWHM),
and D is the average crystallite size (diameter). Additionally,
the above equation yielded an average crystallite diameter of
about 10.64 nm.
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Fig. 1. XRD pattern of the newly synthesized NiO@LBM.

The energy dispersive X-ray (EDX) analysis of NiO@LBM
nanocrystallites showed an optical absorption peak at 0.8 keV
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and 7.6 keV approximately, which is the characteristics
absorption peak of nickel nanoparticles (Figure S1). Similarly,
the EDX spectrum of NiO@LBM shows maximum percentage
of nickel with 47%, oxygen 30% and carbon with 21%. The
overall characterization provides information about the
crystallinity, uniform morphology and remarkable phase purity
of NiO@LBM. The Transmission Electron Microscope (TEM)
of NiO@LBM and SEAD pattern is shown in Figure 2. The TEM
image shows that the particles are irregular in shape, in which
the particles aggregate together. The particle size distribution
of NiO@LBM nanoparticles is shown in Figure. 2 (d) and the
average size of nickel nanoparticles was calculated and found
to be 7.5 nm.

The catalytic reduction of nitrobenzene was chosen as the
model substrate to study the catalytic activity of the newly
synthesized NiO@LBM. In our initial investigations we carried
out the catalytic reaction by observing the effect of the
catalyst concentration. We discovered that increasing the
amount of catalyst from 0.5 mg to 1.0 mg resulted in the
greatestyield (Table 1, entry 12). The yield generated fell when
the amount of NiO@LBM was reduced, and contrary to
expectations (Table 1, entry 11), the yield declined as the
amount of NiO@LBM increased from 2.5-3.0 mg (Table 1,
entries 13-16). Hence, the optimal catalyst concentration for
the present catalytic system was 1.0 mg and increasing the
concentration beyond this limit may have negative impact
such as catalyst aggregation or inhibition. The catalytic
reduction of nitrobenzene was examined using different types
of organic solvents, and the findings were presented in Table
1. It is clear that using water as a medium facilitates a smooth
response (Table 1, Entry 12). Table 1 shows the findings of our
study on the effects of temperature and reducing agents. With
NaBH; as a reducing agent at room temperature, which
produced the equivalent aniline with 85% conversion, the most
favorable findings were achieved (Table 1, Entry 12). Changing
the reaction parameters has significant influence on the
process of conversion of the intended products. The
outcomes of our investigation confirmed that the current
method increased activity.
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Fig. 2. (a-b) TEM image of NiO@LBM nanoparticle, (c) SEAD pattern of NiO@LBM and (d) Particles size distribution.

Table 1. Optimization of reaction conditions for the catalytic reduction of nitrobenzene to aniline using NiO@Lignocellulosic.?

NO, NH,
NiO@Lignocellulosic
Solvent, temp, 3 hr
Entry Catalyst Reducing agents Solvents Temp (°C) Yield (%)°
1 1mg NaBHa4 CHsOH RT 63
2 1mg NaBHa4 C2HsOH RT 68
3 1mg NaBHa4 CHsCN RT 31
4 1mg NaBH4 Toluene RT 17
5 1mg NaBHa4 DMF RT 48
6 1mg NaBHa4 DMSO RT 57
7 1mg NaBHa4 H20 50 80
8 1mg NaBHa4 H20 75 78
9 1mg NaBHa4 H20 100 74
10 0.0 mg NaBHa4 H20 RT 11
11 0.5mg NaBHa4 H20 RT 76
12 1mg NaBHa4 H20 RT 85
13 1.5mg NaBHa4 H20 RT 78
14 2.0mg NaBHa4 H20 RT 71
15 2.5mg NaBHa4 H20 RT 65
16 3.0 mg NaBH4 H,0 RT 57

aReaction conditions: Substrate (2.0 mmol), catalyst (1.0 mg), Reducing agents (3.0 mmol), solvent (10 mL), temperature (RT). “Isolated
yield after chromatography.
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We investigate the catalyst-induced reduction various
aromatic nitro compounds in order to examine the broadness
of substrates and the viability of the current catalytic system.
The reduction reaction was performed out using the
standardized procedure, NiO@LBM (as a catalyst), NaBH4 and
water as a solvent at room temperature for 4 hr (Table 2). Itis
essential to hydrogenate halonitroarenes to produce
corresponding haloanilines because haloanilines are
extensively utilised in dyes, agrochemicals, pharmaceuticals,
and polymers. Catalytic hydrogenation of 4-nitrophenol give 4-
aminophenol with 96% yield, similarly hydrogenation of 1-
chloro-3-nitrobenzene  and  1-chloro-4-nitrobenzene to
corresponding, 3-chloroaniline (95%) and 4-chloroaniline with
96% was successfully achieved (Table 2, entries 2-4). Benzene
bearing two nitro groups such as 1,2-dinitrobenzene and 1,4-

Orbital: Electron. J. Chem. 2024, 16(4), 286-292

dinitrobenzene undergo hydrogenation smoothly giving
benzene-1,2-diamine benzene-1 with 90% yield and 1,4-
diamine with 93% yield, respectively (Table 2, entries 5, 7).
Similarly, hydrogenation of 1-bromo-4-nitrobenzene giving 4-
bromoaniline with 94%, 1-fluoro-4-nitrobenzene giving 4-
fluoroaniline with 93% and 1-iodo-4-nitrobenzene giving 4-
iodoaniline with 90%, respectively (Table 2, entries 6, 9 and
10). Also, nitroarene containing functional groups like
methoxy group and nitrile was successfully reduced to
corresponding 4-methoxyaniline (90%) and 4-
aminobenzonitrile with 92%, respectively (Table 2, entries 8,
11). The excellent compatibility of this nickel-catalyzed
selective hydrogenation of the nitro group motivated us to
investigate its effectiveness for reducing pharmaceuticals,
dyes, agrochemicals, and polymers in the later stages.

Table 2. Reduction of aromatic nitroarenes to aniline using NiO@Lignocellulosic.?

NO . . .
= i 2 NiO@Lignocellulosic =~ NH,
7\ H,0, NaBH,, RT \/\
Entry Reactant Product Yield®/%

NO,
1 J
NO,
2 oy
0

H
; NO,
3
Cl
NO,
: O
Cl
NO,
: (X
NO,
NO,
: ol
Br
NO,
: o
OoN
NO,
: 1y
MeO

NH,
©/ 98

NH,
o :
HO
NH>
©/ 95
Cl
NH>
o y
Cl
NH>
I :
NH>

NH,
)9 g
Br
NH,
oy \
HoN
NH,
I %
MeO
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NO,
9
F
NO,
10
|
NO,
11
NC

NC

NH,
93
NH,
90
NH,
92

aStandard reaction conditions: Substrate (2.0 mmol), catalyst (1.0 mg), NaBH4 (3.0 mmol), solvent (10 mL), temperature (RT). "Isolated

yield after chromatography.
4. Conclusions

In conclusion, we have synthesized a lignocellulosic
biomass derived carbon supported nickel nanoparticles. The
catalytic hydrogenation of nitroarenes has been studied using
the NiO@LBM nanocatalyst. This study may offer a new
strategy for the rational design and application of NiO@LBM
nanomaterial for catalytic hydrogenation of nitroarenes.
Moreover, the entire process is straightforward and operates
in an eco-friendly manner, making the current approach highly
desirable as it provides intriguing possibilities for the catalytic
reduction of aromatic nitro compounds to aromatic amines.

Supporting Information

EDS spectrum of NiO@LBM and NMR spectra ("H and
13C) of the anilines.
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