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Introduction

Driven by environmental concerns and green chemistry

Copper-boosted thiol-functionalized carbon
nanospheres from biomass: a novel nhon-noble
metal based recoverable catalyst for efficient
nitro-to-amine reductiony

Apoorva Shetty,?® Braja Gopal Bag, @°
Uraiwan Sirimahachai @< and Gurumurthy Hegde O+

In this work, the synthesis and catalytic activity of thiol-functionalized copper-deposited porous carbon
derived from dry oil palm leaves (Cu/TF-CNS) was investigated for the reduction of aromatic nitro
compounds. The procedure to synthesize porous carbon nanospheres involves the pyrolysis of oil palm
leaves in a nitrogen atmosphere at 1000 °C. The resulting porous carbon material was further
functionalized with thiol groups to facilitate the uniform deposition of copper nanoparticles and serve as
an efficient support. Excellent catalytic performance was shown by the Cu/TF-CNS catalyst in reducing
aromatic nitro compounds to their corresponding aromatic amines with a low copper loading of only 4
mol% which is an inexpensive non-noble metal in the presence of NaBH, as a reducing agent and EtOH/
H,O as green solvents. The products were identified using *H NMR spectroscopy. The catalyst was isolated
from the reaction mixture and reused upto 10 cycles without any significant loss in the activity. The ICPAES
analysis confirmed the successful incorporation of approximately 8.9% Cu during the deposition process
and the reusability of the catalyst underscores its efficacy as a sustainable and effective heterogeneous
catalyst for nitroarene reduction.

dyes, agricultural chemicals, pharmaceuticals, and materials,
both in laboratory and industrial settings. Despite numerous
reported synthetic routes for aniline preparation from

objectives, chemists strive to devise novel pathways for the
elimination or reduction of pollutants, utilizing waste
materials for synthesizing valuable chemicals. Nitro
compounds, prevalent in industrial and agricultural
wastewater, are deemed toxic environmental pollutants. A
viable solution involves catalytic reduction of nitro
compounds to yield amines, which are valuable entities in
synthetic organic chemistry."?

The catalytic reduction of aromatic nitro compounds
remains attractive due to its widespread use in synthesizing
intermediates and final products across various sectors such as
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corresponding aromatic nitro compounds, there persists a need
for the development of cost-effective catalysts with high activity.

The conventional method of producing amines involves
reacting free hydrogen gas with the nitro groups while using
either heterogeneous or homogeneous catalysts. However,
because of the severe reaction conditions, including high
temperatures and pressures this conventional procedure poses
a higher risk*® To address safety concerns, alternative
hydrogen sources such as hydrazines, formic acid, alcohol
derivatives, including glycerol, isopropanol, and ethanol have
garnered interest. Although these alternatives are safer,
environmentally friendly, and require less stoichiometric
amounts, their hydrogenation process tends to be slow and
occasionally demands elevated temperatures.® Thus, sodium
borohydride (NaBH,) is regarded as the best option for
reducing R-NO, to R-NH,, acting as a possible source of
hydrogen.” Sodium borohydride hydrolysis is a useful source of
hydrogen due to its high volumetric density (10.8 wt%
hydrogen content), excellent stability, and safety.® The
conventional use of sodium borohydride typically involves
noble metal activators such as silver, platinum, or palladium.®°
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The strategy of employing metals as catalysts in organic
reactions has a century-old tradition. Metallic nanoparticles,
distinguished by unique physico-chemical properties
attributed to a higher surface atom count, have garnered
significant  attention.’®''  Recently, noble metal-free
alternatives have emerged, aiming to advance
sustainable chemical processes.®*?

Copper nanoparticles (CuNPs) are particularly appealing
due to their abundant natural availability and cost-
effectiveness. The simple and productive methods of
preparing these Cu-based nanomaterials add to their
attractiveness."® Copper, as a versatile transition metal, can
exist in various oxidation states (Cu’, Cu', Cu", and Cu™),
enabling diverse reactions through both one- and two-
electron pathways. The unique characteristics of Cu-based
nanocatalysts find applications in nanotechnology, including
catalytic organic transformations, electrocatalysis, and
photocatalysis.">**

In reduction reactions specifically, the active site of Cu
exhibits strong affinity for hydrogen atoms and other
molecules, which prolongs the lifespan of reactive species and
increases the potential for reactions.'> However, to address
potential issues such as aggregation in aqueous media, a
promising approach involves the development of solid supports
for the immobilization and stabilization of nanoparticles.*
Over time, the research emphasis has also been towards the
development of supports, which is often more cost-effective
and environmentally sustainable compared to focusing on
active species. This aspect renders the field highly appealing
with substantial potential. A fundamental approach to altering
support properties involves manipulating their size and shape,
achieved through downsizing into nanoparticles. This
modification significantly impacts the resulting catalytic
properties, enabling precise adjustments for the preferential
exposure of specific active sites. Such modifications aim to
maximize the availability of active sites for reagents, enhance
overall activity, and guide the reaction towards the formation
of a desired product, thereby achieving greater selectivity.®"”

In heterogeneous catalysis, porous solids serve as supports
that facilitate the even dispersion of active metal or metal
oxide catalysts while also helping to lower the overall cost of
the catalyst."® A wide range of support materials are available,
including amorphous oxides, nanoporous crystalline oxides
(zeolites), mesoporous oxides, and others."® However, carbon
based materials have found numerous applications in
heterogeneous catalysis because of their abundance and low
cost.’® Among these, nanocarbons stand out due to their
numerous advantages, such as large surface area, high
adsorption capacity, remarkable stability in aggressive media
(acidic or basic), excellent thermal and mechanical stability,
outstanding electronic properties, tunable porosity, and the
ability to effectively anchor and disperse active metal
nanoparticles."”*! These properties enable nanocarbons to
perform versatile functions. Hence significant research
efforts continue to explore and unravel the fascinating
chemistry of nanocarbon materials.*

more
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The utilization of low-cost waste materials, such as
lignocellulose,” bagasse,”*> and chitosan,”®*” for the
synthesis of such carbonaceous supports/materials is
imperative. These materials, characterized by both
economic viability and environmental benignity, play a
crucial role as raw materials in facilitating advanced
catalytic transformations.

Using carbon as a support for heterogeneous catalysts
presents significant challenges due to its complex surface
characteristics and the potential for surface modification
through various treatments.”® Introducing heteroatoms
can create defects that modify the surface structure,
providing anchoring points for metal nanoparticles or
active sites.”*® Chemical functionalization of nanocarbons
is thus a valuable approach for introducing uniformly
distributed anchoring points.>® Additionally, modified
carbons often exhibit reduced aggregation compared to
their pristine forms, resulting in improved dispersibility
and enhanced catalytic performance.”> Sulfur-containing
functional groups, particularly thiol (-SH), have attracted
special attention due to their strong affinity for transition
metals, making them effective for anchoring metal
nanoparticles.***

In this study, we investigated the potential of using
a low loading (4 mol%) of affordable Cu to develop a
biomass derived thiol functionalized catalyst Cu/TF-CNS
with good efficiency, yield, stability and recyclability for
nitro amine reduction reactions. The porous carbons
were synthesized from dry oil palm leaves at 1000 °C
through a pyrolysis technique providing an efficient
carbon support. Thiol functional groups were introduced
onto the carbon wvia a chemical functionalization
technique, and copper nanoparticles were then
immobilized onto the porous nanocarbons, resulting in
the formation of the Cu/TF-CNS catalyst. The
effectiveness of Cu/TF-CNS was tested under different
reaction conditions using the model reduction of
4-nitroaniline. Additionally, its versatility and recyclability
were examined to determine its practical potential as an
efficient heterogeneous catalyst. This study aims to
deepen our understanding of the potential of using low-
cost metals like copper effectively, as well as the impact
of functionalization on the stability, recyclability and
catalytic = performance, thereby providing promising
implications for developing cost-effective and sustainable
materials.

Experimental
Materials and methods

The aromatic nitro compounds utilized in this study were
sourced from Avra Synthesis Pvt Ltd and used without
additional purification. Ethanol was procured from Finar
Chemicals. All other chemicals, including thionyl chloride,
2-mercaptoethanol, CuCl,-2H,0, and sodium borohydride
were sourced from Chempure.

This journal is © The Royal Society of Chemistry 2025
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Preparation of materials

Synthesis of the carbon nanospheres (OPL-CNS). The dry
oil palm leaves were obtained from various oil palm
cultivation farms across India. The leaves were washed to
remove dust particles and then dried in a hot air oven at 100
°C for about 24 h. This biowaste precursor was then
powdered and sieved to 60 pm. The powdered material was
placed in a silica crucible and carbonized under a N,
atmosphere at 1000 °C in a quartz tube furnace, with a
constant nitrogen flow maintained throughout the synthesis.
The pyrolyzed carbon was then washed thoroughly with 0.1 N
HCI, followed by water, and then dried to obtain OPL-CNS,
which was used for further studies.>*>°

Preparation of thiol functionalized CNSs (TF-CNS). The
synthesized OPL-CNS (1 g) was dispersed in a mixture of 50 mL
of HNO; and H,SO, taken in a 1:3 ratio and sonicated at 40 °C
for about 3 h. The reaction mixture was then diluted with 100
mL of distilled water, washed thoroughly, filtered, and dried at
45 °C in a hot air oven for 8 h to obtain acid functionalized
carbon nanospheres (AF-CNS) (Scheme 1, step 1). The acid-
functionalized carbon nanospheres (AF-CNS) 800 mg, were
taken in 6 mL of DMF. To this, 150 mL of SOCI, was added and
refluxed at 60 °C for 24 h. The reaction mixture was then
concentrated in a rotary evaporator to remove excess SOCI,,
washed with 40 mL THF, dried and taken to the next step
immediately (Scheme 1, step 2).

About 100 mL of ACN was added to the activated acid
functionalized carbon nanospheres (AF-CNS) taken in a 500
mL round bottom flask. To this, about 3 mL of DIPEA and 3
mL of 2-mercaptoethanol were added and stirred at RT for 3
h. The reaction mixture was then heated at 65 °C for 12 h.
Upon the completion of the reaction, it was cooled to RT,
and the solid was allowed to settle and washed with about 50
mL of water followed by 50 mL of ethanol, dried in a hot air

STEP 1

Sonicated at 40°C

—

for about 3 hrs

STEP 3

2-mercaptoethanol
ACN, DIPEA,
Refluxed

for about 12 hrs "
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oven at 50 °C for about 8 h to obtain thiol functionalized
carbon nanospheres (TF-CNS). (Scheme 1, step 3).
Preparation of Cu-deposited thiol functionalized CNSs
(Cu/TF-CNS). The synthesized TF-CNS (1 g) was taken in a
250 mL beaker, dispersed in 50 mL of DI water, sonicated for
30 min to obtain a uniform dispersion. To this, a solution of
10 wt% of CuCl,-2H,0 in 50 mL of DI water was added and
sonicated for 30 min. Further, 50 mL of 1% of sodium
borohydride was added dropwise to reduce Cu(u) to Cu(0).
The suspension was stirred at RT for about 16 h. The
suspension was allowed to settle, filtered, washed thoroughly
with 100 mL of distilled water followed by 100 mL of ethanol,
and dried in an oven at 50 °C for 6 h to obtain Cu-deposited
thiol functionalized CNSs (Cu/TF-CNS). (Scheme 1, step 4).

Material characterization

To determine the morphology of the samples and confirm
the presence and relative abundance of elements in OPL-CNS
and Cu/TF-CNS, field emission scanning electron microscopy
(SEM) was performed with an Apreo (Thermo Fisher
Scientific) operated at an accelerating voltage of 20.0 kv and
transmission electron microscopy (TEM) was performed
using a JEOL JEM-2010. The elemental composition and the
binding energy of the sample constituents were determined
using X-ray photoelectron spectroscopy (XPS, Thermo/
ESCALAB 250XI). X-ray diffraction (XRD) patterns were
obtained using a Rigaku Miniflex 600 employing Cu-Ka
radiation. The Cu loading in Cu/TF-CNS and recycled Cu/TF-
CNS was measured by inductively coupled plasma analysis
(ICPAES, ARCOS, SPECTRO Analytical Instruments GmbH).
For the Cu/TF-CNS catalyst optimization study, the crude
reaction mixtures were analyzed by gas chromatography
(GCMS-QP2010 SE, SHIMADZU). The isolated aromatic amine
derivatives were characterized by 'H and 'C NMR

STEP 2
DMF, SOCI,, 60°C

for about 24 hrs

HS
STEP 4 \\X ” °%c‘/ s
Gl M0, o — ¢ o
DI water, s b °
NaBH, Ho oH
dHO L/ P \0/\/SH
(o}
R =
16 hrs m g PR

Cu/TF-CNS

Scheme 1 Schematic representation for the synthesis of OPL-CNS followed by the synthesis of Cu/TF-CNS.
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spectroscopy (Bruker Ascend 400 MHz) using dimethyl
sulfoxide-ds (DMSO-Dg) as the solvent.

General procedure for the nitroarene reduction reaction
using the Cu/TF-CNS catalyst

In a 25 ml vial containing 3 mL of an appropriate solvent
placed on a magnetic stirrer, a nitroaromatic compound (1
mmol) was added. The catalyst Cu/TF-CNS (20 wt%) was then
introduced to the reaction mixture, followed by the addition of
NaBH, (5 mmol). The reaction mixture was stirred
continuously at 80 °C, with the progress monitored periodically
by TLC. Upon completion, the Cu/TF-CNS catalyst was
separated from the mixture via centrifugation. The reaction
mixture was then diluted with water, and the organic layer was
extracted with ethyl acetate (3 x 5 ml) and dried over anhydrous
Na,SO,. The organic solvent was evaporated under vacuum to
yield the crude product, which was purified using column
chromatography on silica gel (60-120 mesh) using an ethyl
acetate: hexane mobile phase. The product formation was
confirmed by recording the "H NMR spectra.

Procedure for the reuse of the catalyst

After the reaction was complete, (2 x 5 mL) of ethyl acetate
was added to the reaction mixture and stirred for 5 minutes.
The catalyst was then separated from the mixture using
centrifugation. The isolated solid was thoroughly washed
with water (5 mL), followed by ethanol (5 mL) and then dried
under reduced pressure. This recovered catalyst was
subsequently used for another reaction run, demonstrating
its reusability and suitability for multiple reaction runs.

Results and discussion
Characterization of the Cu/TF-CNS catalyst

Scheme 1 shows the steps related to the synthesis of the Cu/
TF-CNS nanocatalyst. The OPL-CNS was synthesized at 1000
°C from dry oil palm leaves, resulting in the formation of
mesoporous spherical carbons, which acted as efficient eco-
friendly supports for the synthesis of the catalyst. Carboxyl
groups were grafted onto the OPL-CNSs after oxidizing them
using a mixture of HNO3/H,SO,, taken in a ratio of 1:3 to
obtain AF-CNS and then, addition of thionyl chloride
stimulated it to yield activated AF-CNS for the reaction with
2-mercaptoethanol, introducing sulphur functional groups
onto the carbon support (TF-CNS). Finally, copper
nanoparticles were deposited on the surface of the thiolated
CNS affording the Cu/TF-CNS. Inductively coupled plasma
(ICP-AES) analysis determined that the synthesized material
contained 8.96% copper, as shown in Table S3 (ESIY).

The Fig. 1la-c illustrate the X-ray diffraction (XRD)
patterns, FESEM image with the EDS plot and TEM image of
the synthesized OPL-CNS. The XRD pattern of OPL-CNS
exhibited two broad peaks around 24° and 44°,

1 "H NMR and "*C NMR data of compounds. ICPAES data for the catalyst (ESIT).
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corresponding to the (002) and (100) lattice planes of
graphitic carbon, (JCDPS card no. 75-1621) respectively.’”
The broad nature of these peaks suggested the formation of
an amorphous type of carbon material. The structural
characteristics of OPL-CNS were initially analyzed using
FESEM, as shown in Fig. 1b, where the CNS displayed a
spherical morphology with an average diameter of 62 nm and
the EDS analysis of OPL-CNS indicated that carbon
accounted for approximately 79% of the composition. The
TEM image of OPL-CNS Fig. 1c further confirmed the
spherical morphology and revealed an uneven, flake-like
structure, potentially contributing to the tendency of the
material to form spherical aggregates.®®

The crystallinity and morphological analysis was performed
on the synthesized Cu/TF-CNS catalyst. The XRD pattern of Cu/
TF-CNS Fig. 2a confirmed the presence of Cu particles on the
carbon substrate. Along the broad peak at approximately 24°,
indicative of the (002) facet of amorphous carbon, two sharp
peaks were observed at 20 = 42.4 and 73.7 corresponding to the
(111) and (220) planes of fec metallic Cu (JCPDS no. 04-0836).%°
Additionally, two distinct sharp peaks at 26 = 36.5 and 61.6
were attributed to the (111) and (220) planes of cubic phases of
Cu,0, (JCPDS no. 78-2076) respectively.’® The XRD pattern
showed that both Cu and Cu,O coexist in the material and the
formation of Cu,O may be due to the nature of copper readily
oxidizing in the presence of air. Fig. 2b presents the FESEM
image and EDS profile of Cu/TF-CNS, illustrating the presence
of copper particles deposited on the mesoporous carbon, while
the carbon has retained its spherical morphology even after the
deposition of copper nanoparticles. The EDS profile of the
catalytic material Cu/TF-CNS gave the elemental percentages of
carbon, oxygen, sulphur and copper to be 63%, 23.8%, 4.5%,
and 8.6% respectively. The elemental percentage of copper on
TF-CNS, as indicated by the EDS profile, aligns with the
amount of copper deposited during the synthesis procedure
and is consistent with the ICP-AES analysis data (Table S3,
ESIt). The elemental mapping of the Cu/TF-CNS further
demonstrated a uniform deposition of copper as well as the
uniform functionalization of the carbon surface (Fig. 2d). The
TEM image (Fig. 2c) of Cu/TF-CNS further confirms the
deposition of copper on TF-CNS; the copper nanoparticles
appeared as dark spots on the surface of the carbon.

XPS measurements were conducted to analyze the
elemental composition and chemical bonding states of OPL-
CNS, and the catalyst Cu/TF-CNS. These measurements
provided insights into the oxidation state of the copper
species associated with the catalyst under investigation and
helped assess the role of copper species that contribute
towards catalytic activity. The representative XPS survey
spectra for OPL-CNS revealed the presence of C 1s and O 1s
peaks, with mass concentrations of approximately 75% for C
and 15% for O. Trace amounts of Ca (~3%) and Si (~6%)
were also detected in the sample. The well deconvoluted C 1s
spectrum (Fig. 3a) consisted of four distinct component peaks
corresponding to sp® C-C (285 eV), C-O (286 eV), C-O0-C
(286.8 eV), and C=0 (287.9 eV). Similarly, the O 1s spectrum

This journal is © The Royal Society of Chemistry 2025
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(a) X-ray diffraction pattern of OPL-CNS, (b) FESEM image along with the EDS plot of OPL-CNS and (c) TEM image of OPL-CNS.
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TF-CNS; elemental mapping of composition elements C, O, S and Cu.

(Fig. 3b) was deconvoluted into four individual component
peaks corresponding to ether C-O-C (531.1 eV), carbonyl
oxygen O-C=0 (532.19 eV), non-carbonyl oxygen in O=—C-O
(533.1 eV), and hydroxy O-H (534.4 eV).*®**" The
representative XPS survey spectra for Cu/TF-CNS revealed the
presence of C 1s, O 1s, S 2p and Cu 2p peaks. The mass
concentrations were found to be 61.8%, 20.3%, 1.8% and 9%
for C, O, S, and Cu respectively. The binding energy (BE) of C

This journal is © The Royal Society of Chemistry 2025
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(a) X-ray diffraction pattern of Cu/TF-CNS, (b) FESEM image along with EDS plot of Cu/TF-CNS, (c) TEM image of Cu/TF-CNS and (d) Cu/

1s electrons in the Cu/TF-CNS catalyst was similar to that of
OPL-CNS. The well deconvoluted C 1s spectrum (Fig. 3c)
contained five distinct component peaks corresponding to sp®
C-C (285 eV), C-O (285.8 eV), C-O-C (286.8 eV), C=0 (287.7
eV) and O-C=0 (289.3 eV)."”> However, due to the close
binding energy values, the C 1s core spectrum cannot be
precisely used to differentiate between the C-O, C-S and the
desired C-SH bond. The O 1s spectrum (Fig. 3d) was
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Fig. 3 XPS spectrum: OPL-CNS (a and b) for C 1s and O 1s, respectively, and Cu/TF-CNS (c-f) for C 1s, O 1s, S 2p and Cu 2p, respectively.

deconvoluted into four individual component peaks
corresponding to ether C-O-C (531.3 eV), carbonyl oxygen
O-C=O0 (532.2 eV), non-carbonyl oxygen in O—C-O (533.3
eV), and hydroxy O-H (534.4 eV). Notably, there was an
increase in percentage area for carbonyl oxygen O-C—O
(532.2 eV) as compared to O 1s spectra of OPL-CNS, which
may be attributed to the functionalization of the material
resulting in an increase in carbonyl oxygen content. The S
2p spectrum (Fig. 3e) is also deconvoluted to reveal two
peaks of C-S-H (S 2p) appearing at binding energies of
163.9 eV and 165.1 eV for Cu/TF-CNS,"” confirming the
successful grafting of S-H onto the carbon surface.
Additional peaks at 168.7 eV and169.5 eV can be attributed
to S-0/0-S-0, likely resulting from the formal oxidation of
sulfur during analysis.** In the XPS spectra (Fig. 3f), two Cu
peaks were observed at binding energies of approximately
932.9 eV and 952.8 eV, corresponding to Cu 2p;z, and Cu

1530 | Catal. Sci. Technol., 2025, 15, 1525-1537

2Py, respectively.”> The presence of CuO (934.5 and 955.3
eV) indicates that copper on the surface can be easily
oxidized at room temperature.

Additionally, peaks for Cu(OH), (935.5 and 954.4 eV)
were also detected.”®"” The binding energies (BE) of Cu
2ps3, and Cu 2p,, electrons in Cu/TF-CNS suggest the
presence of both metallic Cu’° and Cu®*' species. The
limited energy resolution of X-ray photoelectron
spectroscopy (XPS) makes it challenging to differentiate
between Cu and Cu,O since the difference in their 2p;),
energies is less than the resolution of the XPS tool.*®
These findings support the efficiency and recyclability of
the catalyst in reduction reactions, as the successful
functionalization of the support has led to Dbetter
interaction between the support and the metallic
particles, contributing to their effective recyclability and
catalytic properties.

This journal is © The Royal Society of Chemistry 2025
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Catalytic activity of the Cu/TF-CNS catalyst in the nitro to
amine reduction reaction

Optimization studies. To optimize the reaction conditions
for the nitro to amine reduction reaction using the Cu/TF-
CNS catalyst a series of reactions were performed using
ecofriendly solvents such as ethanol and water, different
hydrogen sources such formic acid and hydrazine hydrate,
different temperatures such as RT, 50 °C and 80 °C and
catalyst loadings (5 wt%, 10 wt%, 15 wt%, 20 wt% and 25
wt%) in order to obtain mild and sustainable reaction
conditions. All the results obtained from the optimization
studies are presented in Table 1.

The optimization studies were performed for the model
reaction of the reduction of 4-nitroaniline. The selection of
solvents played a crucial role. The aim was to use water as
a green solvent since organic solvents tend to cause
carcinogenic and genotoxic diseases; however there were
some water insoluble starting materials, therefore the EtOH/
H,O system was chosen to facilitate the solubility of such
materials. Hence, the choice of solvent was evaluated
keeping the hydrogen source (NaBH,), the catalyst loading
(20 wt%) and the temperature (80 ©C) constant. The
experimental results for the reduction of 4-nitroaniline are
summarized in Table 1 (entries 1-3), demonstrating
promising conversion rates (>99%) for the H,O system in
20 min, whereas the EtOH system exhibited inadequate
conversion, and the EtOH/H,O solvent system did not yield
favorable outcome as compared to the H,O system in
facilitating the reduction reaction; this may be due to the
poor solubility of the starting material. Hence due to better
conversion rate of the H,O system, this solvent system was
optimized for further investigations.

Further investigations were performed to optimize the
catalyst loading. Cu loadings 5 wt%, 10 wt%, 15 wt%, 20 wt%
and 25 wt% were considered (Table 1, entries 3-7), keeping
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the solvent system (H,O), the hydrogen source (NaBH,) and
the temperature (80 °C) constant. After examining the
reactions, a 20 wt% loading (4 mol%) of Cu was selected for
further studies due to its better product conversion within a
shorter reaction time. Additionally, increasing the catalyst
loading did not significantly affect the catalytic performance
in this study.

In the next phase, the catalytic activity of Cu/TF-CNS was
evaluated using NaBH,, formic acid and hydrazine hydrate
as different hydrogen sources. Notably, the reaction using
NaBH, as a reducing agent exhibited significantly better
conversion rates and yields compared to those using
HCOOH and N,H,;-2H,0 which did not yield the desired
results (Table 1, entries 3, 8 & 9). This enhanced
performance may be attributed to the greater amount of
hydride formed and transferred when using NaBH, in
conjunction with the Cu/TF-CNS catalyst under the
optimized reaction conditions. Further optimization of the
reaction temperature at RT, 50 °C and 80 °C showed that
performing the reaction at 80 ©°C resulted in high
conversion rates (Table 1, entries 3, 10 &11). Studies
performed to examine the effect of functionalization of the
catalyst showed that OPL-CNS (Table 1, entry 12) did not
exhibit significant catalytic activity, while Cu/OPL-CNS
(Table 1, entry 13), the non-thiol-functionalized catalyst,
demonstrated reduced catalytic activity and required longer
reaction times as compared to Cu/TF-CNS, the thiol-
functionalized catalyst. The results confirmed that chemical
functionalization, which introduces heteroatoms, creates
uniformly  distributed anchoring points for metal
nanoparticles due to their stronger affinity for transition
metals. This leads to improved dispersibility and enhanced
catalytic performance. Subsequently, the role of the Cu/TF-
CNS catalyst and the significance of the hydrogen source
(NaBH,) were examined. In the absence of a catalyst, the
reaction progressed slowly, with a conversion rate of less

Table 1 Optimization of the reaction conditions for nitro-amine catalysis by Cu/TF-CNS

SL. no Solvent Catalyst loading (wt%) Hydrogen source Temperature Time Product conversion
1 EtOH/H,O 20% NaBH, 80 °C 50 min 58%"

2 EtOH 20% NaBH, 80 °C 50 min 15%"“

3 H,0 20% NaBH, 80 °C 20 min >99%”

4 H,0 5% NaBH, 80 °C 90 min 12%"°

5 H,0 10% NaBH, 80 °C 50 min >99%”

6 H,0 15% NaBH, 80 °C 25 min >99%”

7 H,0 25% NaBH, 80 °C 20 min >99%”

8 H,0 20% HCOOH 80 °C 120 min 2%

9 H,0 20% N,H,-2H,0 80 °C 120 min No reaction
10 H,0 20% NaBH, RT 150 min 99%"

11 H,0 20% NaBH, 50 °C 150 min 90%”

12 H,0 20% (Cu/OPL-CNS) NaBH, 80 °C 60 min 96%”

13 H,0 20% (OPL—CNS) NaBH, 80 °C 60 min Trace

14 H,0 No catalyst NaBH, 80 °C 120 min <5%

15 H,0 20% No H, source 80 °C 120 min No reaction

Reaction conditions: 4-nitroaniline (1.0 mmol), Cu/TF-CNS, hydrogen source (5 mmol), solvent 3 mL. “ Product conversion based on GCMS

analysis. ” Isolated yield.

This journal is © The Royal Society of Chemistry 2025
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than 5% even after 120 min (Table 1, entry 14), while in the
absence of a hydrogen source (NaBH,) the reaction did not
occur at all (Table 1, entry 15). These results clearly
demonstrate the crucial roles of both the Cu/TF-CNS catalyst
and the hydrogen source in facilitating the efficient
progress of the reduction reaction.

Reactions. The scope and generality of the catalytic
protocol using Cu/TF-CNS were investigated through the
reduction of structurally diverse aromatic nitro compounds
under optimized conditions with NaBH, as the reducing
agent (Table 2). The detailed results in Table 2 indicate the
halogenated nitroarenes were successfully reduced to the
corresponding anilines without any dehalogenation, which
was a common issue encountered with
hydrogenation reactions (Table 2, entry 6). Molecules
featuring both nitro and carbonyl groups showed no
selectivity, as both functional groups were reduced with
equal reactivity. This was demonstrated by the reduction of
nitroacetophenone to the corresponding amino alcohol
(Table 2, entry 13). Further investigations revealed that the
present method was also effective for reducing dinitroarenes
to the corresponding phenylenediamines under the same
reaction conditions (Table 2, entry 10). To broaden the
scope of the catalyst, various mono substituted aromatic
nitro compounds containing -OH in different positions
(Table 2, entries 1, 11 & 12), -NH, in various positions
(Table 2, entry 2, 4 & 5), and -OCHj; (Table 2, entry 9) were
successfully reduced. Additionally, the disubstituted
aromatic nitro compound containing -OCH; and -NH,
(Table 2, entry 8) as well as the bicyclic nitro compound
(Table 2, entry 7) were also converted to their corresponding
amines using the Cu/TF-CNS catalyst. Thus, the successful
application of the Cu/TF-CNS catalytic system was achieved,
yielding favourable results for the desired products, often
within a shorter time frame. The spectroscopic data for the
corresponding aromatic amines listed in Table 2 are
provided in the ESIf (*H NMR, Fig. Sla-m and *C NMR,
Fig. S2a-f).

several

Recyclability, stability and heterogeneity test of Cu/TF-CNS

The recyclability of the Cu/TF-CNS catalyst was assessed
in the reduction reaction of 4-nitroaniline under
optimized reaction conditions. After each cycle, the Cu/
TF-CNS catalyst was easily recovered from the reaction
mixture through centrifugation, followed by washing with
water and ethanol, and dried. The recovered Cu/TF-CNS
catalyst was used in subsequent cycles. Even after 10
reaction cycles, the product yield and catalytic activity
remained high, as shown in Fig. 4. This substantial yield
across multiple cycles indicates that the Cu/TF-CNS
catalyst is highly efficient and recyclable under the given
reaction conditions. The heterogeneity of Cu/TF-CNS was
a key focus of investigation, particularly regarding its
leaching behavior. ICP-AES analysis of the recycled
catalyst revealed that the copper content in the used
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catalyst remained at 8.9% (Table S3, ESIf) indicating no
significant leaching of copper during the reaction,
confirming the stability of Cu/TF-CNS under the reaction
conditions. Additionally, XRD analysis (Fig. 5a) of the
recycled  Cu/TF-CNS  (R-Cu/TF-CNS)  displayed  the
characteristic peaks for both copper and carbon.

An examination of the morphology of the recycled
catalyst using FESEM (Fig. 5b) revealed no significant
changes. A hot filtration test was performed to further
validate the heterogeneous nature of Cu/TF-CNS. The test
demonstrated an approximately 50% conversion rate after
10 minutes, at which point the catalyst was removed from
the reaction mixture. The reaction was then allowed to
proceed for an additional 150 minutes without the catalyst,
and TLC analysis after 2.5 h showed no significant increase
in the conversion rate of the desired product. These results
affirm the structural stability and heterogeneity of the
catalyst.

Table 3 presents a comparative analysis of the catalytic
activity of the Cu/TF-CNS catalyst with other previously
reported noble and non-noble metal based heterogeneous
catalysts for the reduction of 4-nitroaniline to benzene-1,4-
diamine. From Table 3, it is evident that Cu/TF-CNS
demonstrated favorable results regarding yield and reaction
time compared to other catalytic systems. Although some
systems achieved high yields, they often required larger
quantities of more expensive metals, complex synthesis
procedures or relatively longer reaction times. Additionally,
the reusable Cu/TF-CNS catalyst offers several advantages
including (i) the use of a cost effective, non-noble metal, (ii)
high efficiency, excellent recyclability and environmental
friendliness due to its operation in green solvents, (iii)
enhanced safety, since it does not necessitate any specialized
hydrogenation system, and (iv) ease of operation under
ambient conditions.

Catalytic mechanism

The porous carbon facilitates rapid electron transfer and
molecular diffusion within its structure, similar to other
carbon-based materials. This leads to enhanced dipole-
dipole interactions around the copper nanoparticles (Cu-
NPs), while the thiol functional groups on the carbon help
stabilize the copper nanoparticles.”® Furthermore these
functional groups enable efficient adsorption of aromatic
nitro compounds by providing various noncovalent
interactions, such as m-n stacking and hydrogen bonds.
These interactions enhance the accessibility of aromatic
nitro compounds to the surface of the Cu/TF-CNS catalyst.”®
Following the comprehensive characterization of Cu/TF-CNS,
along with examinations of its stability, recyclability, and
heterogeneity as a catalyst in the reduction reaction, we
propose a potential mechanism for the complete reduction
of aromatic nitro compounds to their corresponding amines
on the Cu/TF-CNS surface Scheme 2. Initially, hydrogen is
generated from sodium borohydride which is then adsorbed

This journal is © The Royal Society of Chemistry 2025
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Table 2 Reduction of various nitroarenes catalyzed by Cu/TF-CNS
R R\
|\ \ Cu/TF-CNS, Hydrogen source, |
P 80°C, H,0 =
NH
NO, :

Entry Substrate Product (1P to 13P) Reaction time Isolated yield
1. o el 180 min 96%

NO, NH,
2. NH; NHz 20 min 98%

NO; NH,
3. Q © 90 min“ 91%

NO, NH;
4. NO, NH, 45 min 85%

©\NH2 i “NH,

5. NO, NH, 30 min 62%

f NH, i _NH;
6. Br Br 35 min“ 73%

NO, NH,

NO, N,
8. NH, NH; 35 min“ 85%
o o

NO, NH

9. OCH3 OCHs 80 min 78%

=
(]
N
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Table 2 (continued)
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K™

80°C, H,0

Cu/TF-CNS, Hydrogen source, |

/

NH»y
NO,
Entry Substrate Product (1P to 13P) Reaction time Isolated yield
10. ; _NO, ; _NH; 45 min® 93%
NO; NH;
11. OH OH 45 min 87%
©\N02 ©\NHZ
12. OH OH 25 min 95%
f NO, f NH,
13. <|)| HO C 60 min“ 93%
C——CH,
NO; NH,

Reaction conditions: aromatic nitro compound (1.0 mmol), NaBH, (5 mmol), Cu/TF-CNS (20 wt%) temperature 80 °C, H,O (3 mL). “ Solvent: 3

mL, EtOH/H,0 (2:1).

onto the catalyst surface.”” Subsequently, the m-electron

cloud of the benzene ring of the nitroarene interacts with
the Cu/TF-CNS surface leading to its adsorption.”® Due to
the high electron migration efficiency of Cu’ it could
readily transfer electrons. The released H' combines with
the oxygens of the nitro group, resulting in the removal of
water molecules and the formation of hydroxylamine, which
is further dehydrated and ultimately reduced to amino

99% 99% 98%

98% 96% 97% 98% 959, 97%  96%

g

B - ®
=) o o

% Yield of 1,4-Diaminobenzene
N
o

o

No of Cycles

Fig. 4 Recyclability test of Cu/TF-CNS.
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groups.”®*® Additionally, experimental results indicate that a
small amount of Cu,O/CuO is primarily concentrated on the
Cu/TF-CNS surface. The presence of these oxides enhances
the reduction reaction by accepting electrons from BH,,
reducing Cu(1)/Cu(u) to in situ Cu®." This in situ formation
of Cu’ contributes to the acceleration of the catalytic
reaction, which may be one of the reasons for the efficiency

of the Cu/TF-CNS catalyst.

a) ~———R-CulF-CNS

g

Ccu,0(111)

§

Intensity(a.u)
g
8

c(002) cu(111
2000 (002) (1)
€u,0(220)

e ]
1000 / wuv%, Cu2z0)

20 30 40 50 60 70 80
20(degree)

Fig. 5 a) XRD pattern and b) FESEM image of the reused Cu/TF-CNS
catalyst (R-Cu/TF-CNS).
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Table 3 Comparison of the designed Cu/TF-CNS catalytic system with other reported studies for the hydrogenation of 4-nitroaniline

Entry  Catalyst Metal loading Solvent Hydrogen source ~ Temp  Time Yield (%)  Ref.

1 Pd-gCN 5 mol% EtOH N,H,4-H,O 70 °C 4 h 97% 49

2 Pd@CTF 1 mol% EtOH/H,0 NH,COOH 25 °C 20 min >99% 50

3. NiNPs/DNA 2 mol% H,0 NaBH, RT 3h >99% 51

4. Ni@N-CNT 2.4 wt% MeOH H, (5bar) 80 °C 1.5h >99% 52

5 CuFe,0,@Si0,@g-C;N,/Cu 35 wt% H,O NaBH, 55°C 20 min  98% 53

6 CuO@C 5 mol% EtOH NaBH, RT 2h 86%% 54

7 Cu/TF-CNS 4 mol% (20 wt%) H,0 NaBH, 80 °C 20 min ~ 98% Present work

NaBHH,0  NaBO,+H,
y Yy

ll(-mrplnm of aromatic
amines

A
Q"—Q
===

Cu/TF-CNS catalyst

e

Nitroarene reduction
catalyzed by Cu/TF-CNS
catalyst

Q

Hydrogen \dwrpuon-
\xxmuun of Nitroarenes

Scheme 2 Plausible mechanism for the Suzuki coupling reaction catalyzed by Cu/TF-CNS

Conclusions

In summary OPL-CNS has been successfully synthesized
through a pyrolysis technique utilizing dry palm leaves as a
biowaste precursor. Thiol functional groups were introduced
into the system via a chemical functionalization method to
obtain TF-CNS. The incorporation of Cu nanoparticles was
achieved through a simple reduction technique to obtain
the Cu/TF-CNS catalyst. This synthesized catalyst showed
high catalytic activity for a range of nitroarenes producing
good yields. The material demonstrated high efficiency and
required short reaction times under mild reaction
conditions, while utilizing a low loading of non-noble and
inexpensive metal like copper (4 mol%) in the catalyst. The
presence of thiol functionalities on the porous carbon
enhances the stability of the catalyst and also facilitates the
uniform dispersion of the metal nanoparticles. As a result,
it can be reused for several cycles (up to 10 cycles) without
significant loss of its catalytic activity or leaching of the
metal into the reaction mixture. Therefore, Cu/TF-CNS
presents a promising potential for the reduction of nitro
compounds under mild reaction conditions and stands out
as an economically viable and environmentally friendly
heterogeneous catalyst.

This journal is © The Royal Society of Chemistry 2025
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