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1. Introduction

Revealing an efficient copper oxide nanoparticle
catalyst for the reduction of the hazardous
nitrophenol: experimental and DFT studies

Elsayed Elbayoumy, (2 *® Emadeldin M. Ibrahim,® Ashraf El-Bindary,®
Tamaki Nakano @2 °® and Mohamed M. Aboelnga (2 2©

The accumulation of hazardous nitrophenols generated from industrial wastewater necessitates every
possible scientific collaboration to help protect our ecosystem. To participate in this increasingly
pressing matter, we provide a synthesized crosslinked vinyl polymer loaded with copper oxide
nanoclusters as a high-performance catalyst for the reduction of 4-nitrophenol to 4-aminophenol. The
catalyst was synthesized via free radical polymerization using divinylbenzene (DVB) as the monomer. The
resulting polymer served as a support matrix for copper oxide nanoparticles (CuO NPs). The structural
characteristics of the synthesized composites were analyzed for their properties using FTIR, TGA, XRD,
TEM, and BET for surface area measurements. The results confirm that copper oxide nanoparticles (CuO
NPs) were uniformly distributed across the poly(DVB) surface with no aggregation. BET analysis revealed
a microporous structure with a defined surface area of 90.0928 m? g~X. When employed as a
heterogeneous catalyst in the hydrogenation of 4-nitrophenol (4-NP), the composite achieved a
reaction rate constant of 0.45 min~! and a half-life of 1.45 min. Notably, the catalyst could be easily
recovered from the reaction mixture and reused for four consecutive cycles without significant loss in
activity. DFT calculations were carried out to elucidate the underlying reduction mechanism of
nitrophenol.

toxicity, carcinogenicity, and high water solubility, 4-NP is a
prominent aquatic pollutant, implicated in adverse health

The accelerated expansion of industrial activities and contem-
porary technology has increased the reliance on organic com-
pounds for synthesizing commercially significant materials.?
Notably, 4-nitrophenol (4-NP), a basic aromatic molecule, is
widely employed as a precursor in industries such as textiles,
dyes, explosives, pharmaceuticals, pesticides, paper, and pet-
roleum refining.>”® This widespread use has resulted in the
environmental accumulation of toxic byproducts, posing sub-
stantial risks to ecosystems, humans, and wildlife.” Owing to its
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effects, including headaches, nausea, cyanosis, abdominal
pain, hepatorenal dysfunction, and neurological disorders.®™
In addition, it is known to cause fatal diseases in animals.*®*®
Thus, addressing the environmental and health risks associated
with 4-NP has become a critical focus of research, attracting
considerable attention recently. Various methods have been
explored to eliminate 4-NP from water, including
hydrogenation,'®?'  catalytic ~ amination,  photocatalytic
degradation,* adsorption,”® ozonation,”® biodegradation,* and
electrochemical methods.>> However, conventional approaches
suffer from limitations, such as lengthy processing times, elevated
cost, suboptimal efficiency, stringent reaction conditions, and the
generation of harmful aromatic byproducts.***” In contrast, the
catalytic reduction of 4-nitrophenol (4-NP) into 4-aminophenol (4-
AP) provides a safer alternative with minimal toxicity. This method
is particularly advantageous, owing to its rapid reaction kinetics,
cost-effectiveness, and exceptional catalytic performance relative to
existing strategies.”®*° Metal nanoparticles, characterized by their
extensive surface area relative to volume and distinct physicochem-
ical properties in comparison to bulk materials, are pivotal in
diverse applications.*** Nanoparticles of metals, including silver,
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copper, iron, palladium, cobalt, nickel, gold, and platinum, have
been successfully employed as catalysts for degrading toxic organic
pollutants.*>*3

Currently, nanostructured particles (NPs) have garnered
significant attention in catalytic processes due to their distinctive
electronic properties and large surface areas.**™*” Among these,
copper oxide (CuO) nanoparticles stand out as highly efficient
catalysts for various chemical reactions, such as dimethyl-
dichlorosilane synthesis,*® ring-opening reactions,” and dye
degradation.>® However, as a result of their extensive surface area
and elevated surface energy, CuO NPs are prone to instability and
self-aggregation, which can lead to a reduction in catalytic effi-
ciency, as catalytic activity is closely linked to surface area. To
overcome this challenge, CuO NPs are typically loaded onto
supporting matrices® > or synthesized into specific structures,
such as flowerlike microspheres,® urchins,® or hollow
nanospheres.>® However, these specialized structures often require
complex modification and preparation processes. Moreover, the
catalytic characteristics of CuO NPs may be diminished when they
are embedded into supports, as the supporting matrices often
possess relatively limited surface area, limiting the availability of
catalysts to interact with reactants. As a result, the development of
novel supporting materials for CuO NPs remains a critical area
of scientific research to fully harness their catalytic potential.

Inorganic supports functionalized with metal nanoparticles,
while effective, exhibit constrained structural adaptability.>” Con-
versely, porous organic polymers enable greater structural versa-
tility, as their synthesis from diverse monomers permits tailored
designs. The integration of functional groups within the polymer
framework further enhances interactions with metal nano-
particles, minimizing leaching and preserving catalytic
efficiency.”® For instance, poly(divinylbenzene) (poly(DVB)), a
hyper-crosslinked vinyl-based polymer, is synthesized via free
radical polymerization of divinylbenzene, offering a cost-
effective route. It offers several advantages as a porous organic
support, such as facile synthesis, affordability, high surface area,
and robust thermal/chemical stability.”® Earlier research reported
a poly(DVB)-supported palladium nanoparticle catalyst for oxidiz-
ing benzyl alcohol to benzaldehyde and toluene. This system
exhibited no detectable palladium leaching into the reaction
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medium and retained activity over five reuse cycles after a facile
filtration-based recovery.*!

Recent studies have explored green-synthesized metal oxide
nanoparticles using plant-based extracts for environmental reme-
diation, combining catalytic efficacy with sustainable production
methods.®®®> Despite the promising use of green-supported cata-
lysts, such as metal biopolymer composites and green-synthesized
metal oxide systems, their broader application is often hindered by
critical limitations. These include insufficient thermal and
chemical stability, leaching of active metal sites into the reaction
medium, and complicated synthesis procedures that can impact
reproducibility. In contrast, porous organic polymers, such as
poly(DVB), provide a structurally tunable, thermally robust, and
chemically inert framework that enables uniform nanoparticle
dispersion and efficient catalysis. The CuO/poly(DVB) system
proposed in this study addresses these shortcomings by offering
a cost-effective, reusable, and highly active platform for the
catalytic reduction of 4-nitrophenol (4-NP).** Furthermore, the
facile synthesis of poly(DVB) and its high surface area facilitate
better accessibility of active sites, while minimizing the aggrega-
tion commonly observed in unsupported or biopolymer-supported
CuO nanoparticles. These advantages make CuO/poly(DVB) a
competitive and scalable alternative for environmental remedia-
tion applications.

In this work, a CuO/poly(DVB) composite was fabricated as a
heterogeneous catalyst in two stages: (1) poly(DVB) synthesis
via AIBN-initiated free radical polymerization of divinylbenzene
in acetonitrile, and (2) subsequent CuO nanoparticle immobi-
lization onto the polymer matrix (Fig. 1). The catalytic perfor-
mance of the composite was evaluated for its efficacy in
reducing toxic nitrophenol to aminophenol. Complementary
DFT simulations revealed atomistic insights into the reaction
mechanism, highlighting intermediate species, and deepening
mechanistic understanding.

2. Materials and methods
2.1. Materials

a,0'-Azobisisobutyronitrile (AIBN), acetonitrile, and sodium boro-
hydride were acquired from Wako Chemical (Osaka, Japan).

(1) CuSO,
—
(2) NaBH,

CuO/poly(DVB)

Fig. 1 Schematic representation for the preparation of poly(DVB) and CuO/poly(DVB).
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AIBN was synthesized using ethanol, and acetonitrile was dis-
tilled prior to use. Divinylbenzene (DVB) was sourced from TCI
(Tokyo, Japan) and used directly without additional purification.
Nitrophenol and copper(u) sulfate pentahydrate were obtained
from MilliporeSigma (formerly Sigma-Aldrich; St. Louis, MO,
USA) and used as received without further processing. High-
grade methanol was employed without purification. Deionized
water was employed throughout the experiments.

2.2. Synthesis of poly(DVB)

Poly(divinylbenzene) (poly(DVB)) was prepared using a method
detailed in our previous study.*" This involved the free radical
polymerization of divinylbenzene (DVB) with o,0 -azobisiso-
butylonitrile (AIBN) as the initiator and acetonitrile as the solvent.
Specifically, AIBN (0.7435 g, 4.79 mmol) was introduced into a
300 mL round-bottom flask with two necks, which was equipped
with a condenser. The flask was subsequently evacuated and
purged with nitrogen gas three times. Acetonitrile (175 mL) and
DVB (14.24 mL, 0.1 mol) were then introduced into the flask
under stirring to create a uniform solution. The reaction mixture
was maintained at 60 °C under an N, atmosphere for 24 h.
Following completion, it was allowed to cool to room temperature.
The poly(DVB) product was collected by means of centrifugation
and thoroughly rinsed with methanol and acetone to remove any
unreacted monomers or residual initiators. After purifying the
polymer, it was vacuum-dried for 24 h, providing 10.154 g (78%
yield) of poly(DVB) as a white powdered solid.

2.3. Preparation of CuO nanoparticle-polymer composite

The copper oxide nanoparticle-polymer composite was synthe-
sized in air by reducing copper(u) sulfate pentahydrate (CuSO,-
5H,0) with sodium borohydride (NaBH,)in the presence of
synthesized poly(DVB), following a modified version of a pre-
viously described method.®* Specifically, 0.3 g of poly(DVB) was
stirred in 25 mL of a methanol solution containing CuSO,-5H,0
(17.16 mM, constituting 10% of the polymer mass) for 1 h to
thoroughly load Cu** ions into the poly(DVB) framework. Follow-
ing the immersion period, the Cu®‘/poly(DVB) complex was
isolated from the unreacted CuSO,-5H,0 solution by centrifuga-
tion and thoroughly rinsed with methanol to eliminate residual
copper sulfate. The complex was subsequently chemically
reduced under ambient conditions by introducing 10 mL of a
freshly prepared NaBH, methanol solution (1.11 mM) and
stirring for 1 h to yield the CuO/poly(DVB) composite. The final
product was separated via centrifugation, rinsed with methanol,
dried, and stored under vacuum until characterization.

2.4. Catalytic reduction of nitrophenol

The catalytic activity of the CuO nanoparticles/poly(DVB)
composite was evaluated through the hydrogenation of
4-nitrophenol (4-NP) to 4-aminophenol (4-AP) as a representa-
tive reaction. Adopting literature protocols,*™®” a freshly pre-
pared 10 mM NaBH, solution (5 mL) was combined with 5 mL
of a 1 mM 4-NP solution. Subsequently, 20 mg of the CuO/
poly(DVB) catalyst was added to the mixture, which was then
diluted to 50 mL with deionized water. Aliquots (2 mL) were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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collected every 2 min through a nylon syringe filter (0.22 pm) to
remove particulates and characterized by UV-vis spectroscopy
(250-500 nm). Reaction progress was monitored via the decay
of the 400 nm absorption band (characteristic of 4-NP) and the
visual color transition from yellow (4-nitrophenol) to colorless
(4-aminophenol).

2.5. Characterization techniques

A JASCO FT/IR-6100 spectrometer was used to obtain Fourier-
transform infrared (FTIR) spectra, with samples prepared as
potassium bromide (KBr) pellets. Thermogravimetric analysis
(TGA) was carried out on a Rigaku Thermo plus TG8120
instrument under a nitrogen flow of 20 mL min~", and heating
at 10 K min~" from room temperature to 750 K in an aluminum
crucible. Transmission electron microscopy (TEM) images were
captured using a ThermoFisher Talos L120C G2 microscope.
Wide-angle X-ray diffraction (XRD) patterns were recorded on a
Siemens D-500 diffractometer with Cu Ko radiation (/. = 1.54 A).
Surface area and pore size distribution were determined by
nitrogen physisorption at 77 K using a Quantachrome analyzer
(USA), employing the Brunauer-Emmett-Teller (BET) method.
UV-vis absorption spectra were recorded using a Jasco V-630
spectrophotometer with a 1 cm quartz cuvette in the range of
250-500 nm.

2.6. Computational methods

To explore the potential intermediates involved in the reaction
mechanism on the CuO cluster, density functional theory (DFT)
calculations were performed using the B3LYP functional, as
implemented in Gaussian. Relevant studies support the use of
this functional in such systems.®®”° In this study, two basis
sets were applied: initially, the B3LYP/cc-pVDZ basis set was
used to optimize the geometry of the CuO nanocluster. Follow-
ing that, the 6-31G(d) basis set was employed for subsequent
reaction steps. The use of B3LYP/cc-pVDZ for geometric opti-
mization of CuO nanoclusters has been successfully reported in
previous work.”' Moreover, the B3LYP functional in combi-
nation with the 6-31G(d) basis set has been widely and success-
fully applied in treating various metal-containing systems.”>”">

The CuO cluster model was selected based on previous
research, which identified the Cu,O,, configuration, with a
ratio of approximately 2:1, as the most stable form ref. 71.
Therefore, a CugO; cluster was used as the representative model
in the current work. The chemical model includes the adsorp-
tion of a nitrophenol compound onto the CugO; cluster, and
the reaction mechanism follows the pathway briefly illustrated
in Scheme 1. This mechanism proceeds through different
consecutive steps, ultimately leading to the formation of the
reduced product, aminophenol. An alternative six-step mecha-
nism was also identified, where protonation of nitrogen occurs
before the elimination of the second oxygen atom as a water
molecule. All intermediates were comprehensively analyzed,
with their identification as local minima or transition states
verified through vibrational frequency calculations at the same
theoretical level as that used for geometric optimization. To
elucidate the electronic interactions between phenol derivatives
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Scheme 1 Proposed mechanism for the catalytic hydrogenation of nitro-
phenol mediated by a CuO nanoparticle catalyst.

and the CugO; cluster, the frontier molecular orbitals, specifi-
cally the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), were examined to
assess charge transfer processes.

3. Results and discussion

3.1. FTIR analysis

Fig. 2 displays the FTIR spectra of poly(DVB) and the CuO/
poly(DVB) composite. For poly(DVB), four distinct absorption
bands appear between 1447 and 1697 cm ™', assigned to aro-
matic C—=C stretching vibrations. Vibrational modes corres-
ponding to aliphatic C-H groups are observed in the 2900-
3017 cm ' range. A peak at 712 cm ™" arises from out-of-plane
deformation vibrations of the aromatic ring, while symmetric
and asymmetric out-of-plane deformation modes of adjacent
hydrogen atoms, evident at 796 and 834 cm™ ", confirm the di-
substituted benzene ring structure. Absorption bands at 901
and 992 cm ™! correspond to vinyl group vibrations.”®”® Upon
incorporation of CuO nanoparticles, two new peaks emerge in
the composite spectrum at 619 cm ™" and 1123 cm ™', which are
not present in the spectrum of poly(DVB). These are assigned to
Cu-O stretching vibrations, indicating successful anchoring of
monoclinic copper oxide nanoparticles onto the polymer
matrix. The presence of these additional peaks, along with a
minimal shift in the original polymer bands, suggests that CuO
nanoparticles are well dispersed without disrupting the poly-
mer backbone.”®

poly(DVB)
CuO/poly(DVB)

Vinyl group

Aromatic C=C

C-H stretching

Transmittance (%)

"cuo

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2 FTIR spectra of poly(DVB) and CuO/poly(DVB).
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3.2. Thermal gravimetric analysis

Fig. 3A displays the thermogravimetric analysis (TGA) and
derivative thermogravimetric analysis (DTG) profiles for the
CuO/poly(DVB) composite. The TGA curve indicates three pri-
mary degradation stages, occurring within the temperature
ranges of 278.17 °C-372.24 °C, 372.24 °C-495.30 °C, and
495.30 °C-674.77 °C, with corresponding weight losses of
11.71%, 30.87%, and 24.47%, respectively. The DTG curve
shows three distinct peaks, with the highest degradation rates
observed at temperatures of 346.70 °C, 418.92 °C, and 571.40 °C
for stages 1 through 3. All the degradation stages are assigned
to the decomposition of the polymer backbone in the CuO/
poly(DVB) composite, a finding that aligns with observations in
previous studies.’"®> The activation energy (E*) for the three
main thermal degradation stages of the CuO/poly(DVB) com-
posite was determined using the Coats-Redfern method.®*%*
For a first-order degradation process, the relationship between
the decomposed sample fraction (), temperature (7), and
heating rate (0) is described by eqn (1):

—loglog(1l — « AR 2RT
log {%} =loglog {HE* 1- 5

1

"~ 2303RT (1)

where A’ represents the Arrhenius constant, and R denotes the
universal gas constant. The parameter o is calculated using the
initial sample mass (W,), the residual mass after degradation
(Ws), and the mass at a specific temperature (W;), as expressed
in eqn (2):

0=t )

By applying eqn (1) to the TGA experimental data and
—loglog(1 —
plotting the relationship between log [W} and
1/T, we can determine the values of the activation energy and the
Arrhenius constant from the resulting linear plot (see Fig. 3B).
The thermodynamic parameters (AS*, AH*, and AG*) for the
three thermal degradation processes of CuO/poly(DVB) were

calculated according to eqn (3)-(5).5>%°
A'h
AS* =2.303R|logl 3
A\ 0 {og Og(KBT)} (3)
AH* = E* — RT (4)
AG* = AH* — TAS* 5)

where 7 symbolizes Planck’s constant, and kg represents Boltz-
mann’s constant. Table 1 compiles the thermal activation
energy (E*), Arrhenius constant, and thermodynamic para-
meters (AG*, AH*, and AS*) for the thermal decomposition of
CuO/poly(DVB). The positive AG* and AH* values confirm that
the degradation of the composite across all three stages is
thermodynamically non-spontaneous and endothermic.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3
poly(DVB) composite.

3.3. Transmission electron microscopy

The morphological features and particle size distribution of the
CuO/poly(DVB) composite were analyzed using transmission
electron microscopy (TEM), with the findings illustrated in
Fig. 3. The data reveal that CuO/poly(DVB) comprises micro-
sphere particles measuring 2-4 pm, primarily composed of
poly(DVB) (Fig. 4a). CuO nanoparticles appear as dark spots
on the surface of these spheres (Fig. 4b). Additionally, Fig. 3B
confirms that the CuO nanoparticles are well dispersed across
the poly(DVB) surface, with no significant aggregation detected.
The electron beam diffraction images shown in Fig. 4c reveal
distinct bright spots corresponding to the CuO nanoparticles,
indicating that these particles are indeed nano-sized crystals.
The size distribution of CuO nanoparticles dispersed on the
poly(DVB) surface is illustrated in Fig. 4d, indicating an average
particle size of approximately 33 nm.

3.4. X-ray diffraction (XRD) analysis

The crystalline structure of the CuO/poly(DVB) catalyst was
characterized using X-ray diffraction (XRD), as shown in
Fig. 5. The XRD pattern of CuO/poly(DVB) reveals distinct
diffraction peaks at 20 values corresponding to 18.929°
22.746°, 28.118°, 28.992°, 32.144°, 35.675°, 38.517°, 48.695°,
52.523°, 54.547°, 59.360°, 60.276°, 65.251°, 74.002°. According
to the JCPDS (File No. 00-045-0937) card, the diffraction peaks
observed in the range of 32.144° to 74.002° can be assigned to
the following crystallographic planes of monoclinic CuO nano-
particles: (—110), (002), (111), (—202), (112), (020), (202), (—113),
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(A) Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) profiles; (B) Coats—Redfern kinetic plot for the CuO/

(122), and (004). However, the peaks identified between 18.929°
and 28.992° correspond to the polymeric structure of
poly(DVB). Similar findings regarding the polymeric structure
of DVB have been reported in previous studies.®”*® This con-
firms that the CuO/poly(DVB) composite consists of both pure
CuO nanoparticles and the organic phase of poly(DVB). The
crystallite size of the CuO nanoparticles was calculated from
the XRD data using the Scherrer equation:*>*°

KA

- pcosO ()

where D represents the crystallite size (in nm), K is the Scherrer
constant (0.89), A denotes the X-ray wavelength (0.15406 nm), f3
corresponds to the full width at half maximum (FWHM), and 0
is the Bragg angle. Additionally, the CuO nanoparticles exhibit
an average crystallite size of approximately 1.541 nm.

3.5. Energy dispersive X-ray spectroscopy (EDS)

To further assess the elemental composition and dispersion of
copper oxide in the composite, energy dispersive X-ray spectro-
scopy (EDS) was performed. As shown in Fig. 6, the EDS
spectrum displays characteristic peaks for carbon (C), oxygen
(0), and copper (Cu). The measured weight percentages were
44.58% C, 48.13% O, and 7.28% Cu, while the atomic percen-
tages were 54.30% C, 44.02% O, and 1.68% Cu. These results
confirm the successful incorporation and uniform distribution
of CuO nanoparticles on the poly(DVB) support, corroborating
the structural and catalytic stability of the composite observed
in other characterization results.

Table 1 Thermal activation energies and thermodynamic parameters for the CuO/poly(DVB) composite

Degradation stage E** (k] mol ™) A% (s AS** (J mol ' K1) AH*® (k] mol™) AG*? (k] mol™Y)
Stage 1 (278.17 °C-372.24 °C) 36.1487 0.2299 —52.6447 30.9965 63.6205
Stage 2 (372.24 °C-495.30 °C) 54.5686 9.8897 —22.2852 48.8160 64.2355
Stage 3 (495.30 °C-674.77 °C) 68.6812 37.2202 —12.9203 61.6608 72.5707

% Obtained from the slope and intercept of the equation log{ 7

© 2025 The Author(s). Published by the Royal Society of Chemistry

—loglog(1 — o)

} and 1/T (Fig. 3B). ? Calculated according to eqn (3)-(5).
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Fig. 4 TEM images (a) and (b); electron beam diffraction (c); and particle size distribution of CuO NPs (d) for CuO/poly(DVB).
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Fig. 5 XRD analysis of CuO/poly(DVB).

3.6. Brunauer-Emmett-Teller (BET) analysis

The Brunauer-Emmett-Teller (BET) method was utilized to
determine the specific surface area and pore volume of the
CuO/poly(DVB) catalyst through N, adsorption-desorption
measurements conducted at 77 K. As illustrated in Fig. 7, the
adsorption-desorption isotherm exhibits a type IV BET classi-
fication. The composite displayed a specific surface area of

6296 | Mater. Adv,, 2025, 6, 6291-6304
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Fig. 6 Energy dispersive X-ray spectroscopy (EDS) of CuO/poly(DVB).

90.0928 m” g~ . Barrett-Joyner-Halenda (BJH) analysis further
yielded a pore volume of 0.12818 cm® g~ ! and an average pore
radius of 1.682 nm. Based on IUPAC guidelines,”* which
classify porous materials as macroporous (>50 nm), meso-
porous (2-50 nm), and microporous (<2 nm) based on pore
size, the composite is categorized as a microporous catalyst.

3.7. Catalytic reduction of 4-nitrophenol

3.7.1. Experimental investigation. The catalytic hydrogena-
tion of 4-nitrophenol to 4-aminophenol, mediated by CuO/
poly(DVB) in the presence of NaBH,, demonstrates exceptional
efficiency, as demonstrated by UV-visible spectrophotometry.®?
Initially, attempts to reduce 4-nitrophenol with only NaBH,
showed no significant change; the yellow color associated with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 N, adsorption/desorption isotherm of CuO/poly(DVB).

4-nitrophenolate ions persisted, and the absorbance peak at
400 nm showed no significant variation. This indicates that the
reaction does not occur in the absence of a catalyst. However,
upon introducing the CuO/poly(DVB) catalyst, a rapid transfor-
mation was observed. Within just six minutes, the reaction
mixture transitioned from yellow to colorless, reflecting the
successful conversion to 4-aminophenol. The UV-vis spectra,
illustrated in Fig. 8A, support this observation: the absorbance
intensity at 400 nm, corresponding to 4-nitrophenol,
diminishes over time, while a new peak emerges at 300 nm,
confirming the formation of 4-aminophenol. This evidence
emphasizes the critical role of the CuO/poly(DVB) catalyst in
effectively facilitating the reduction process.

Our investigation was further extended to explore the pro-
gression of the catalytic hydrogenation reaction, which was
tracked by monitoring the absorbance of 4-nitrophenol at
400 nm at regular two-minute intervals.®”°**® During the
kinetic studies, the concentration of NaBH, was maintained
at a higher concentration than that of 4-nitrophenol, ensuring
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that NaBH, remained effectively constant throughout the reac-
tion. This excess concentration allows us to treat NaBH, as a
constant, thereby making the reaction rate independent of its
concentration. Under these conditions, a pseudo-first-order
kinetic model can be employed to determine the kinetic para-
meters. The mathematical representation of the pseudo-first-
order reaction is given by:

In <%) = —kt (7)

where C, and C; represent the initial concentration and concen-
tration at time ¢ of 4-nitrophenol, respectively, while k£ denotes the
observed rate constant. Fig. 8B illustrates the In(A/A,) versus time
plot for the catalytic hydrogenation of 4-nitrophenol mediated by
CuO/poly(DVB) under conditions of 0.5 mM NaBH, and 0.1 mM 4-
nitrophenol. The kinetic profile exhibits two distinct phases.
During the initial phase (first 2 minutes), In(4,/4,) remains con-
stant, signifying no observable catalytic activity. This induction
period, a well-documented phenomenon,’****> may arise from
factors such as surface oxide layers on CuO nanoparticles, reactant
diffusion into the polymer matrix, or interactions between NaBH,
and dissolved oxygen. During this activation stage, catalyst pre-
conditioning occurs without measurable substrate conversion,
maintaining a constant In(4,/4,). Subsequent to the delay phase,
In(A/A,) decreases linearly with time, corresponding to depletion
of 4-nitrophenol through reduction to 4-aminophenol. This transi-
tion signifies the onset of effective catalytic behavior in CuO/
poly(DVB), enabling efficient transformation of the substrate.
The linear correlation adheres to pseudo-first-order kinetics, facil-
itating the determination of kinetic parameters. The rate constant
(k), derived from the slope in Fig. 8B, was calculated as 0.45 +
0.06 min~". The corresponding half-life (t,/,), calculated using &,
was determined to be 1.45 £ 0.19 minutes.

3.7.2. Theoretical investigation. As described in the com-
putational methodology, seven intermediates were identified
during the hydrogenation of 4-nitrophenol, aligned with the
five principal mechanistic steps depicted in Fig. 9. The reactive
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(A) UV-vis absorption spectra and (B) pseudo-first-order kinetic profile for the catalytic hydrogenation of 4-nitrophenol (4-NP) to 4-aminophenol

(4-AP) mediated by NaBH, as the reducing agent and CuO/poly(DVB) as the catalyst. Experimental conditions: 0.1 mM 4-NP, 0.5 mM NaBH,, and 20 mg

CuO/poly(DVB).
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complex (RC) comprising 4-nitrophenol adsorbed on the CusO3
cluster features an interaction between a nitro group oxygen
atom and a Cu site, with a Cu-O bond length of 1.96 A. The
initial stage involves proton transfer to the coordinated oxygen
atom, yielding the first intermediate complex (IC1). This step
shortens the Cu-O bond to 1.90 A. Subsequent proton transfer
to the oxygen atom in IC1 triggers the release of a water
molecule and generates the second intermediate complex
(IC2), where the organic moiety remains anchored to the
CueO; cluster via the second oxygen atom of the nitro group
(Cu-O distance: 1.98 A). The next step involves a similar
protonation process, where the second oxygen is protonated,
resulting in a slight elongation of the Cu-O bond distance to
1.99 A in IC3. This is followed by the elimination of the second
water molecule and the formation of IC4. In IC4, the nitrogen
atom forms a stronger bond with the copper atom, with a Cu-N
bond distance of 1.72 A. At this stage, the nitrogen carries a
charge of —2, requiring two protons to neutralize. Upon proto-
nation, the reduced aromatic compound (IC5) forms, with the
protonated nitrogen coordinated to the CuO cluster, exhibiting
a Cu-N bond distance of 1.89 A. In the final product complex
(PC), where the nitrogen is fully protonated, the Cu-N bond is
weakened, indicating the tendency of the reduced molecule to
detach from the metal surface and move into solution. Alter-
natively, in IC3, a different pathway was identified where the
nitrogen is protonated before the elimination of the second
oxygen as a water molecule, as depicted in Fig. 9. In this
alternative intermediate (IC4*), the Cu-O bond distance was
measured at 2.18 A, indicating a weaker interaction compared
to the previous step in IC3. This weakening of the Cu-O bond
suggests a higher likelihood of the OH group being released as
a water molecule in the subsequent step.

To better understand the role of our catalyst in promoting the
reduction mechanism, it is essential to underlne key chemical
interactions that take place between different states of nitrophe-
nol and the CuO NP cluster. The proposed reduction mechanism
has been thoroughly examined based upon the structural and
electronic characterization of the reaction intermediates, which
clearly underscore the reduction mechanism. Overall, the experi-
mental findings have been complemented by the DFT calcula-
tions, affording fresh atomistic details in identifying the
geometries of the possible intermediates. This current level of
background understanding is paramount in improving our
knowledge to design more potent catalysts for similar processes.

View Article Online
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To further improve our knowledge regarding the nature of the
chemical interaction involved between nitrophenol and CuO
NPs, we display both HOMO and LUMO over RC, IC3 and PC3
intermediates in Fig. 10. Generally, the HOMO is found to be
distributed over the aromatic nitro compound molecule, includ-
ing the atoms involved in ligation to the CuO NPs throughout all
the characterized complexes. Conversely, the LUMO is mainly
delocalized over CuO metal composites, as observed in all the
selected intermediates. Accordingly, our mechanistic findings
suggest that the reduction pathway is catalyzed by CuO loaded
on the polymer. For both RC and IC6, nitrophenol, an electron-
rich molecule, acts as an electron donor, while the metal cluster
behaves as an electron acceptor, indicating its electron defi-
ciency. In the case of IC4, the CuO nanocluster is found to be
involved in back donation, as noted in its HOMO, while the
reduced version of the nitrophenol accepts electrons according
to the displayed LUMO. These valuable insights further explain
the nature of the interaction between nitrophenol and the CuO
NPs, which should deepen our understanding of the actual role
played by our catalyst in facilitating the reduction reaction. We
propose that the greater the propensity of the metal catalyst to
act as an electron acceptor, the more efficient it is in facilitating
the reduction reaction of nitrophenol-containing compounds.

3.8. Catalyst reusability

Following the catalytic hydrogenation of 4-nitrophenol to 4-
aminophenol, the CuO/poly(DVB) catalyst was recovered via
centrifugation, rinsed with methanol, dried, and directly
reused in successive cycles. Reusability tests (Fig. 11) revealed
that the composite retained significant catalytic efficiency over
four cycles, with conversion rates declining from 84.6% (cycle
1) to 79%, 78.23%, and 78% in subsequent cycles. Despite this
modest decline, the catalyst maintained robust activity, demon-
strating structural integrity and stability under the reaction
conditions. These findings underscore the reusability of CuO/
poly(DVB) successive catalytic cycles.

To evaluate the structural stability of the CuO/poly(DVB) catalyst
after multiple reuse cycles, FTIR and XRD analyses were performed
on the recovered catalyst following four consecutive reductions of
4-nitrophenol. As shown in Fig. 12A, the FTIR spectra of the fresh
and reused catalysts exhibit no significant differences. The char-
acteristic Cu-O stretching band around 619 cm ™" and the aromatic
C=C stretching vibrations between 1447 and 1697 cm ' remain
present, indicating the preservation of both the copper oxide phase

RC 1 Ic1_ 28 Ic2 35 Ic3 S |c4} ics @
329 " o 9 Ice |
1 o ‘J“ ‘u" : : P »a“ ‘a: )
Fag | ..‘1 ‘o ) 29 N~ * ]
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Fig. 9 Reaction pathway for the hydrogenation of nitrophenol to aminophenol catalyzed by CuO nanoparticles, as investigated through density

functional theory (DFT) calculations.
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Fig. 10 The HOMO (top) and LUMO (bottom) Frontier orbitals displayed over three key intermediates determined throughout the reduction mechanism.

and the polymer backbone. This suggests that the CuO nano-
particles remained anchored to the polymer matrix without
chemical degradation during the catalytic cycles. Similarly, the
XRD patterns in Fig. 12B reveal that the reused catalyst retains
the main diffraction peaks associated with monoclinic CuO, as
seen in the fresh catalyst. No additional peaks corresponding to
byproducts, metallic copper, or copper hydroxide phases were
observed, and no notable broadening or shifting of peaks occurred.
This confirms the crystallographic stability of the CuO

100

AERN

404

Conversion (%)

204

0 T T T
1 2 3 4

Number of cycles

Fig. 11 Recycling experiments for the catalytic reduction of 4-NP to 4-
AP. Reaction conditions: [4-NP] = 0.1 mM, [NaBH4] = 10 mM, weight of
CuO/poly(DVB) is 20 mg.

© 2025 The Author(s). Published by the Royal Society of Chemistry

nanoparticles during repeated use. The retention of peak intensity
also supports the notion that the catalyst did not undergo sig-
nificant particle agglomeration or phase transformation. Together,
these post-reaction characterizations strongly support the excellent
chemical and structural stability of the CuO/poly(DVB) catalyst.

To evaluate the catalytic performance of the CuO/DVB
catalyst, its efficiency in the hydrogenation of 4-nitrophenol
(4-NP) was benchmarked against other catalysts documented in
the literature. The comparative results are presented in Table 2.
Although a direct comparison is complicated by differences in
experimental parameters, such as varying 4-NP and NaBH,
concentrations and catalyst dosage, the CuO/DVB stands out
as one of the most effective catalysts. It offers notable advan-
tages over similar catalysts, particularly in terms of ease of
preparation and catalytic effectiveness.

4. Conclusion

In this study, CuO/poly(DVB) was demonstrated to be a highly
effective heterogeneous catalyst for the reduction of toxic
nitrophenol. The poly(DVB) matrix serves as an optimal support
for CuO nanoparticles, enabling their uniform dispersion as
nanoclusters with an average crystallite size of 33 nm. The
catalytic hydrogenation of nitrophenol was achieved within
6 min, exhibiting a rate constant of 0.45 min~" and a half-life
of 1.45 min. Thermogravimetric analysis confirmed the thermal
stability of the composite up to 278.17 °C. Notably, the catalyst

Mater. Adv., 2025, 6, 6291-6304 | 6299
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(A) FTIR spectra and (B) XRD patterns of the CuO/poly(DVB) catalyst before and after four catalytic recycling cycles.

Table 2 Comparative analysis of catalytic hydrogenation of 4-nitrophenol (4-NP) using various catalysts

Reaction conditions

No. Catalyst [4-NP] (x 10~® mmol)  [NaBH,] (x 10> mmol)  Wt. cat. (mg) Time (min) K (min~") Ref.

1 CuO nanoleaves 0.36 30.00 1.00 15.00 0.02 96

2 CuO flowers 0.25 50.00 2.00 4.00 0.56 97

3 Pd/CuO NPs 62.50 6250.00 7.00 1.00 3.30 98

4 CuO@C composite 100.00 2250.00 50.00 18.00 0.36 99

5 CuO/ZnO/eggshell 2.00 1320.00 20.00 30.00 0.20 100

6 CuO/Cu,0 nanowires 0.25 50.00 0.10 4.00 0.50 101

7 CuO NPs 14.38 528.00 5.00 12.00 0.38 102

8 CuO/poly(DVB) 5.00 500.00 20.00 6.00 0.45 Present study

exhibited excellent recyclability, retaining significant activity
over four consecutive cycles after facile separation from the
reaction mixture. Complementary DFT simulations further
elucidated the mechanistic pathway, reinforcing the utility of
the composite in sustainable catalysis. In addition, CuO/
poly(DVB) is found to be a competitive catalyst with superior
advantages over similar catalysts. Specifically, in addition to
providing similar activities, it has shown a tendency to be more
readily prepared. Our knowledge of the reduction mechanism
has been further enriched by obtaining atomistic details of the
reaction pathway through powerful DFT calculations. Imple-
menting a chemical model containing hazardous nitrophenol
loaded over CuO NPs, all the intermediates throughout the
catalytic reduction have been completely identified. Analysis of
the HOMO and LUMO frontier orbitals further corroborates our
results by highlighting the significant electronic interactions
between the intermediates of the aromatic compound and the
CuO NPs. This catalyst should afford an alternative, sustainable
catalytic approach for removing the toxic organic pollutants
present in industrial wastewater. We propose that the structural
findings obtained from our study could also be applied to the
reduction of similar nitrophenol compounds.
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