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Facile Synthesis of Natural Kaolin-Based CuO Catalyst: An Efficient
Heterogeneous Catalyst for the Catalytic Reduction of
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ABSTRACT: Water contamination by nitro compounds from /~
various industrial processes has significantly contributed to OH OH
environmental pollution and severely threatened aquatic ecosys- A \
. . . . Q ‘\0

tems. Inexpensive, efficient, and environmentally benign catalysts T foNe ne

. . . . 021\ A\ HzN OQ
are required for the catalytic reduction of such nitro compounds. oy : GRS

. . . . X% Reduction “\\

This study reports the fabrication of various nanocomposites ~ = . D‘,P»
(NCs) of copper oxide nanoparticles (CuO NPs) supported on a X :
kaolin sheet using straightforward and simple one-pot synthesis Assorntion T2 N\ | S e
procedures that control the metal precursor to kaolin ratios. The Y ﬂ“ ~ ’;:f,- \ m. O
selected as-synthesized CuO/kaolin NC was characterized using a | © #‘L\ _______ — NI/ \\ - L }F}k
range of advanced spectroscopic and microscopic methods, such as |e " OO0 1 N }“L
X-ray diffraction (XRD), Fourier transform infrared spectroscopy ‘. B =T ) 4

(FT-IR), ultraviolet—visible (UV—vis) spectroscopy, field emission

scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX),
high-angle annular dark-field scanning TEM (HAADF-STEM), and N, adsorption/desorption analysis. The characterization results
confirmed the successful incorporation of CuO NPs into the kaolin sheets, which had an average size of about 18.7 nm. The
fabricated CuO/kaolin NC was used as a heterogeneous catalyst for the efficient reduction of 4-nitrophenol (4-NP) to 4-
aminophenol (4-AP) in the presence of sodium borohydride (NaBH,) in an aqueous system at room temperature. The catalyst
demonstrated superior catalytic performance with high 4-NP conversion into 4-AP (>99%) in the aqueous phase (50 mL, 20 mg
L") within 6 min. In addition, the reaction kinetics of 4-NP reduction was also investigated, and the reaction followed the pseudo-
first-order kinetics equation with the apparent rate constant of 1.76 min~'. Furthermore, the Arrhenius and Eyring parameters for the
catalytic hydrogenation reaction of 4-NP were calculated in order to investigate the catalytic reaction process in more detail.
Moreover, the catalyst exhibited excellent reusability and stability over seven repeated catalytic test cycles without any noticeable
decline in catalytic activity. Therefore, this paper could provide a novel, efficient, and environmentally promising clay-based non-
noble metal oxide nanocatalyst to reduce nitro compounds in the aqueous system.

1. INTRODUCTION mutagenic and carcinogenic effects on human and animal
health.”> 4-NP is listed as a priority contaminant by the
Environmental Protection Agency (EPA).®” Because of its
high Hammet constant (0.778), it is regarded as one of the
most challenging aromatic compounds to remove using
traditional oxidizing techniques.2 It can, however, be reduced
to its amino derivative, 4-aminophenol (4-AP), which is
nontoxic and has a significant market value in the manufacture
of numerous essential products such as plastic products,
antipyretics, corrosion inhibitors in paints, acetaminophen,

The amount of dangerous pollutants discharged into the
environment is increasing exponentially due to global
population expansion as well as industrial and agricultural
activity.' The paper and pulp, printing, textile, paint, iron-steel,
pharmaceutical, pesticide, and petroleum industries are the
primary sources of various organic and inorganic toxic
pollutants in their industrial wastewater. These pollutants
include synthetic dyestuffs, benzene, phthalates, hydrocarbons,
polychlorinated biphenyls (PCBs), sulfonamides, phenols, and
aromatic nitro compounds.” Because they are toxic and
carcinogenic, they have become a key research topic for Received:  April 27, 2024
academic and industrial fields. Among these pollutants, 4- Revised:  October 16, 2024
nitrophenol (4-NP) is the most harmful, nonbiodegradable, Accepted:  November 15, 2024
and water-soluble substance mainly released into the environ- Published: November 21, 2024
ment through wastewater from the pesticide, paper, dye,

agrochemical, and pharmaceutical industries.” 4-NP has
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Figure 1. Sample location map.

anticorrosion lubricants in fuels, analgesics, paints, hair dye,
and other fine chemicals.”® In light of this, there has been a lot
of interest in reducing 4-NP to 4-AP in recent years. The
reduction process of 4-NP on nanoparticle surfaces by NaBH,
has gained a lot of interest due to its practicality, effectiveness,
environmental friendliness, and crucial industrial role.”

To date, several methods, such as electrolytic reduction,
photo reduction, homogeneous and heterogeneous catalytic
transfer hydrogenation, metal/acid reduction, and the use of
reducing agents like hydrazine hydrates and hydrazine, have
been employed for the reduction of nitrophenols to amino-
phenols.'"~"* Several limitations, including the need to recycle
catalysts, the issue of disposing of metal oxide sludge, the
carcinogenic and mutagenic properties of hydrazine, etc., made
searching for alternative solutions imperative. To get rid of
these harmful pollutants, scientists have been continuously
investigating novel and effective techniques, as well as creating
easy-to-use, environmentally friendly processes. Though
thermodynamically possible, the reduction reaction of 4-NP
to 4-AP by NaBH, is kinetically limited without a catalyst
because of the large kinetic barrier due to the high potential
difference between the mutually repulsive molecules of 4-NP
(acceptor) and BH; (donor). Therefore, developing a cheap,
efficient, and environmentally friendly catalyst for the catalytic
hydrogenation of 4-NP is crucial. Among several methods, the
chemical reduction of 4-NP to 4-AP catalyzed by metal (M)
and metal oxide (MO) nanoparticles (NPs) has been widely
studied, mainly with NaBH, as the reducing agent.'”"*

These days, due to their diverse structures, unique features,
and cutting-edge technological applications, metal oxides are
undoubtedly among the functional materials that are being
studied the most."> However, strong interactions between the
oxide particles, particularly those of their nanostructured

counterparts, cause the particles to clump and aggregate,'®
which lowers the relevant characteristics and makes it difficult
to recover the particles from the reaction mixture for reuse. As
a result, dispersing metal oxide nanoparticles across various
supporting substrates, such as metal oxides,” carbon com-
pounds,'”** zeolites,"” and natural clay,” is considered a very
promising strategy for avoiding interparticle aggregation.
Numerous drawbacks of the aggregation of metals and metal
oxides could also be addressed by dispersing the active
particles into host materials that are polymeric or biopolymeric
in the right way.”' Unfortunately, most support materials are
costly, and the synthesis processes are complex and time-
consuming.

Kaolin, a widely used natural clay mineral, has been explored
as a nanoparticle carrier because of its low cost, abundance,
and environmental friendliness.”>>* Specifically, its remark-
able characteristics, such as excellent versatility and mechanical
and thermal stability, make it indispensable for serving as a
support for nanocatalysts.”> Kaolin is a type of phyllosilicate
material that has been characterized by its layered structure.
Because of its layered structure, transparent, nontoxic, smooth
surfaces, and structural stability, two-dimensional hexagonal
kaolin, kaolinite is a key component with the theoretical
formula ALSi,O;(OH), is readily adaptable to create
composites and hybrids as well as a strong support substrate.
The two-dimensional supports are the most desirable of these
different substrates since they offer a surface on which the
particles can be attached and give the bare particle surface
highly active sites.”” Li and co-workers have effectively
coloaded TiO, nanoparticles and core—shell Bi-containing
spheres on kaolin substrate as a highly effective photocatalyst
for the degradation of methyl orange.”® In addition to the
recent advancements in kaolin nanosheet stabilization and
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exfoliation,”” considerable attempts have been made to
integrate kaolin nanosheets with other materials, primarily
focusing on noble metal nanoparticles.”*’ It would be highly
desirable to develop simple and eflicient techniques for
dispersing the functional metal oxide NPs throughout the
kaolin nanolayer, both from the perspective of fundamental
science and technological applications. Specifically, cupric
oxide (CuQ) is a well-known functional material that has been
the subject of extensive research due to its potential uses in
lithium-ion batteries, gas sensors, biocides, solar energy
photovoltaics, gas sensors, and catalysis.‘%o’31 The CuxO
clusters containing Cu(Il), especially arranged on the surfaces
of TiO,, provide antibacterial characteristics and effective
visible-light photooxidation of volatile organic compounds to
the resultant composites.””*® Furthermore, dispersing CuO
particles on the graphene oxide can improve activity and
stability.’* In other studies, noble metal nanoparticles have
successfully dispersed into the beneficiated kaolin to remove
organic pollutants from wastewater.”>*>>

We recently synthesized silver NPs supported on kaolin clay
by a facile adsorption-reduction method for the catalztic
reduction of methylene blue dye in an aqueous medium.”” In
this work, we explain CuO NPs that are firmly attached to the
kaolin surface, which was treated through the wet beneficiation
process. The as-synthesized CuO/kaolin NC catalytic perform-
ance was examined by converting 4-NP to 4-AP with NaBH,,
exhibiting excellent reduction performance. The catalytic
performance of the CuO/kaolin NC catalyst was also
thoroughly investigated by changing the CuO loadings.
Moreover, after seven recycling processes, there was a slight
decrease in the catalytic activity of the catalyst to reduce 4-NP,
indicating that it was very stable for long-term reuse. This
kaolin-based metal oxide catalyst demonstrates that the
material is a promising environmental catalyst for practical
application in wastewater treatment due to its facile
preparation method, high catalytic performances toward the
reduction of 4-NP, mild reaction conditions, and stable
reusability. Thus, this work would extend the applications of
kaolin and motivate other researchers to investigate more of
this promising clay material in other catalytic systems as
catalyst support.

2. MATERIALS AND METHODS

2.1. Materials. The raw kaolin clay mineral sample was
taken from a deposit in the South Gondar Zone of Arga Didim
Local Government Area, Ethiopia (Figure 1), which was
utilized in this work as a robust and solid support for the CuO
NPs. The clay mineral was allowed to completely dry in the
laboratory at room temperature (~22 °C). The analytical
grade reagents included copper sulfate pentahydrate (CuSO,-
SH,0, 99.99%, Unichem chemical), sodium hydroxide
(NaOH, 98%, Unichem chemical), sodium borohydride
(NaBH,, 97%, Savgan Heights plc), and 4-nitrophenol (4-
NP, C(H;NO,, Sigma-Aldrich), which were used exactly as
supplied. All the solutions were made with deionized (DI)
water.

2.2. Methods. 2.2.1. Wet Beneficiation Treatment of Raw
Kaolin Clay. Prior to utilization, the raw kaolin clay sample was
ground into a fine powder with a mortar and pestle. The
mixture was further sieved using a 75 pym sieve to eliminate any
residual coarse particles and was then stored. To produce pure
and fine powder, the wet beneficiation process is applied to
remove chemical and physical impurities, such as soluble salts,

metallic oxide, organic debris, quartz, grits, and typically coarse
particles.”**>*® To do this, 100 g of powdered kaolin were
soaked in 1 L of DI water and stirred for 24 h at room
temperature. After settling, the mixture produced a firm clay
cake, which was filtered out and washed several times with DI
water. After that, the solid product was subsequently dried
overnight at 60 °C in an air oven. Lastly, the dried product was
thoroughly pulverized, sieved, and kept before being used and
analyzed further.

2.2.2. Synthesis of CuO NPs and CuO/Kaolin Nano-
composites. The CuO/kaolin nanocomposite catalysts with
various CuO NP loadings were prepared by simple wet
precipitation followed by calcination. In a typical experiment,
0.5 g of CuSO,-5H,0 was dissolved in 100 mL of DI water
and stirred for 10 min on a hot plate to get a homogeneous,
blue-colored solution. After adding beneficiated kaolin clay
powder (1 g) to the precursor solution, it was vigorously
stirred for 1 h. NaOH solution (0.5 M) was added in drops to
the mixture to adjust the pH to around 12 under stirring at 60
°C for 1 h. The formed heterogeneous gel was allowed to age
overnight at ambient temperature. After aging, the mixture was
separated and rinsed thoroughly with DI water until the filtrate
solution turned neutral. The final products were ground into a
fine powder after overnight drying at 80 °C in an electric oven.
Finally, the powder sample was calcined at 500 °C in a furnace
under air for 3 h. To observe the effect of the metal precursor
amount, the mass of CuSO,-5H,0O was varied from 0.25 to 1.5
g by keeping the mass of kaolin at 1 g. These catalysts were
labeled as CuO/kaolin NC-X (X = 0.25, 0.5, 1, and 1.5) based
on the various mass ratios of CuSO,-SH,O to beneficiated
kaolin clay.

A similar procedure was used to synthesize CuO/kaolin
nanocomposites to synthesize unsupported CuO NPs, except
that kaolin was absent in the reaction mixture.

2.2.3. Material Characterization. The ultraviolet—visible
(UV—vis) absorption spectra of samples were obtained using a
DR6000 UV-—vis spectrophotometer (Cole-Parmer, Hach
Company) at room temperature. Fourier transform infrared
spectroscopy (FT-IR) spectra of the samples were recorded
over the wavenumber range of 4000—400 cm™' with 4 cm™
resolution using an FT/IR-6600 spectrometer (JASCO.,
Japan), using the KBr disk method. The morphology,
elemental composition, and dispersion pattern of the prepared
nanoparticles were examined on a field emission-scanning
electron microscope (FE-SEM) equipped with an energy-
dispersive X-ray spectrometer (EDX) (ZEISS SIGMA), and
SEM images were obtained by a JEOL NeoScope JCM-6000
Plus Benchtop apparatus at a 10 kV accelerating voltage
operating condition. Transmission electron microscopy
(TEM) and high-angle annular dark-field scanning TEM
(HAADF-STEM) images were obtained on a JEOL JEM-
2100F transmission electron microscope using an accelerating
voltage of 200 kV. Note that the STEM system was equipped
with energy-dispersive X-ray spectroscopy (EDX) units.
Powder X-ray diffraction (XRD) patterns of the as-prepared
samples were obtained on a Shimadzu XRD-7000 diffrac-
tometer using a Cu Ka radiation source (4 = 1.5406 A)
running at 40 kV and 30 mA in the 26 degree range from 10 to
80° at a scan rate of 3° min~". Using a Quantachrome AsiQwin
Automated Gas Sorption System, nitrogen adsorption and
desorption isotherms at 77 K were recorded. The investigation
of surface area and pore-size distribution was carried out by

https://doi.org/10.1021/acsomega.4c04029
ACS Omega 2024, 9, 48014—-48031


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Brunauer—Emmett—Teller (BET) and density functional
theory (DFT) calculations, respectively.

2.2.4. Catalytic Reduction of 4-NP. To assess the catalytic
performance of the CuO/kaolin NC, the reduction of 4-NP
with excess NaBH, was selected as a model reaction. Initially,
an aqueous 4-NP solution (50 mL, 20 mg L™") was mixed with
0.132 mmol of NaBH, (S mg), forming a deep yellow 4-
nitrophenolate solution. Subsequently, 5 mg of the synthesized
CuO/kaolin NC was added with constant stirring at room
temperature. From the time of catalyst addition, a few portions
of 4-NP samples were collected at definite time intervals, and
the change in absorbance was measured using a UV—vis
spectrophotometer within the 250—500 nm scanning range. All
the spectra were normalized by using OriginPro 2024 software.
From the UV—vis absorption spectra, the reduction efficiency
of 4-NP was calculated using eq 1

Ay — A
M % 100%
Ag (1)

where Aj and A, are absorbances of 4-NP aqueous solution at
initial and time t, respectively, in the reaction mixture.

The kinetic equation for the catalytic reduction of 4-NP to
4-AP by NaBH, over CuO/kaolin NC in aqueous solution can
be written by applying the linear equation of the pseudo-first-
order (PFO) model (eq 2)

1 A, k¢t
n—|=-—
A, app @)

where k,,; is the apparent rate constant. The study investigated
the effects of several factors on the efficiency of the fabricated
catalyst, including reaction temperature, catalyst dose, NaBH,
amount, and initial 4-NP concentration.

2.2.5. Reusability of CuO/Kaolin Nanocomposite. The
catalytic performance of the CuO/kaolin nanocomposite was
assessed over multiple cycles to evaluate its reusability. The
experiments were conducted using the exact stoichiometry of
the mixture used for the original tests. In the first cycle, 10 mg
of CuO/kaolin NC was added to the mixture of 15 mL of 4-
NP aqueous solution (S0 mg L™") and 0.264 mmol of NaBH,
(10 mg). After S min of stirring the mixture, the CuO/kaolin
NC was separated by centrifugation at 4000 rpm for 10 min
and rinsed thoroughly with DI water to remove any adsorbed
compounds before being used in the next catalytic cycle. The
same procedure was carried out for the subsequent six runs.

reduction (%) =

3. RESULTS AND DISCUSSION

3.1. Synthesis of CuO/Kaolin Nanocomposites. The
overall synthesis procedure of the CuO/kaolin NCs is
illustrated in Scheme 1. The Cu** ions become adsorbed in
the pores of a cross-linked network of kaolin from the bulk
region in the basic medium due to the formation of a dative
bond. The Cu®* ions on the surface of kaolin precipitated as
Cu(OH), after addition of base, NaOH. Cu(OH), is
converted to CuO NPs upon calcination, and the kaolin is
changed into amorphous metakaolin.’” Hydrous kaolin’s
distinguishing features include its tiny particle size, plate-like
or lamellar particle form, and chemical inertness. Calcined
kaolin (metakaolin) is an anhydrous aluminum silicate
produced by heating natural kaolin to high temperatures.
When structural water is removed by dehydroxylation, the
aluminum migrates into empty spaces created by the interlayer
spacing, causing distortion or buckling in the 1:1 Al-Si layers.

Scheme 1. Pictorial Diagram of Synthesis of CuO/Kaolin
NC

solution

\_ ool

The transformation of kaolin into metakaolin is characterized
by removing the chemically bonded water and breaking the
hydroxyl bonds. At higher temperatures, metakaolin is formed
by dehydroxylation of the structure of the Al-OH and Si—OH
groups of kaolin, as shown in eq 3.*
450-700 °C
ALSi,O,(OH), —— (AL,05-2Si0,) + 2(H,0)1

3)

The structural change is characterized by a loss of
crystallinity (Figure 6B) and an accompanying shift in
aluminum coordination from octahedral to tetrahedral. The
color of the powder changed from light black to brownish-
black when the ratio of CuSO,-5SH,0 to kaolin increased from
0.25 to 1.5, which implied that different sizes of CuO NPs with
increased numbers were immobilized on the surface of kaolin
layers. The 2D structure of kaolin is shown in Figure S1 in the
Supporting Information.

3.2. Characterization of the CuO/Kaolin Nanocompo-
site. The absorbances of diluted kaolin and CuO/kaolin NC-1
dispersions were recorded with a UV—vis spectrophotometer
at room temperature (Figure 2A). The kaolin dispersion
showed no clear peak, while a clear peak at around 364 nm was
observed for CuO/kaolin NC-1 dispersion. This peak is a
result of the electronic transition of CuO NPs deposited on
kaolin sheets from the valence band to the conduction band.
The spectra confirmed the presence of CuO NPs in kaolin
surfaces.”

The chemical functional group of kaolin, calcined kaolin,
and the as-prepared CuO/kaolin NC-1 were subjected to FT-
IR analysis; the data is shown in Figure 2B. The distinctive
peaks of kaolin were detected at 1035 and 1624 cm™’, which
are ascribed to the deformation of water molecules and the in-
plane stretching vibration of the Si—O (O—Si—O and Si—O—
Si) network, respectively. In addition, the vibrations of
perpendicular Si—O stretching, AI-O—Si deformation, and
Si—O-Si deformation are correlated with the maxima at 685,
538, and 464 cm™!. Furthermore, the O—H deformation
vibration of internal hydroxyl groups and Si—O-Si in-plane
stretching indexed at 909 cm™'. Although an organic impurity
is present, it is negligible due to beneficiation, as indicated by
the very weak peak at 2920 cm™' from the raw kaolin-
attributed aliphatic hydrocarbon (CH) stretching. The FTIR
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Figure 2. (A) UV—vis absorption spectra of kaolin and CuO/kaolin NC-1. (B) The FT-IR spectra of kaolin, calcined kaolin, and CuO/kaolin NC-
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Figure 3. (A) FE-SEM images of kaolin. (B, C) The FE-SEM images of CuO/kaolin NC-1 at various magnifications. (D) The EDX spectrum of
CuO/kaolin NC-1. (E—H) Elemental mapping images of CuO/kaolin NC-1.

spectrum of kaolin also exhibits a peak at 3613 cm™, which is
indicative of the asymmetric stretching of the O—H group.*’
The FT-IR spectrum of CuO/kaolin NC-1 shows peaks at
439.9 and 528.9 cm™!, revealing the deposition of CuO NPs on
the kaolin’s surface.”' Additionally, the nanocomposite showed

48018

a distinctively high absorbance at 1041 cm™, connected to
CuO’s Cu—O bending vibration, in line with other ﬁndings.42
The Cu—O bond rocking out of the plane at 1628 cm™ was
another way to identify CuO NPs. The stretching vibration of
the hydroxyl group from the leftover water is represented by

https://doi.org/10.1021/acsomega.4c04029
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Figure 4. TEM images of CuO/kaolin NC-1 with different magnification: (A) 500 nm and (B) 200 nm. The inset in (B) is SAED pattern of CuO

NPs.

E— 500.0nm

Figure 5. TEM (A) and HAADF-STEM (B) images of CuO/kaolin NC-1. EDX elemental mapping images of Si (C), Al (D), O (E) and Cu (F).

the peak at 3377 cm™". All spectra also contain a band at 795.9,
805, and 795.9 cm™! in kaolin, calcined kaolin, and CuO/
kaolin NC-1, respectively, attributed to symmetrical Si—O
stretching vibrations of quartz. Compared to pure kaolin, many
peaks disappear in the CuO/kaolin NC, indicating that the
kaolin’s crystallinity changed into an amorphous phase due to
the calcination process.

The surface morphologies of kaolin and CuO/kaolin NC-1
samples were investigated by SEM measurements (Figure 3A—
C). The particle size distribution of kaolin was not uniform,
with smaller particles able to form bigger aggregates dispersed
on the outside and the surface of larger particles, as
demonstrated in Figure 3A. The smooth kaolin flakes had
become rough and porous following the calcination and
deposition of CuO NPs (Figures 3B,C and S2A), confirming
the deposition of CuO NPs on the surface of kaolin sheets. In
the images, the CuO NPs are seen as bright, nearly uniform
spherical dots immobilized on the surface of kaolin with an
average diameter of 22.26 + 5.09 nm (Figure S2B).
Furthermore, FE-SEM images (Figure 3C) clearly show the
uniform loadings and nonagglomerated CuO NPs on the
kaolin support, demonstrating the support’s importance in
reducing CuO NP aggregation on the kaolin’s surface. This
strengthens the fact that the copper cation is uniformly
distributed on the surface of kaolin due to the electrostatic
interaction between the copper cation and the negative surface

charge of the kaolin, after which it is converted to Cu(OH),
and CuO. The elemental composition of CuO/kaolin NC-1
was investigated by EDX analysis, and the result is shown in
Figure 3D. The EDX spectrum confirmed that Si, Al, Cu, and
O are the sole elements (other than H) in the composite
CuO/kaolin NC-1. EDX elemental mapping also confirmed
the uniform distribution of the Cu element on the kaolin’s
surface (Figure 3H).

The detailed structure and interfacial feature of the CuO/
kaolin NC-1 were further examined by TEM and are shown in
Figure 4A,B. Several CuO/kaolin nanoleaves with uniformly
sized multiple petals were observed. No other morphology of
pure kaolin or CuO NPs coincides with the TEM images of the
nanoleaves, showing their excellent homogeneity. The inset
image of Figure 4B, which displays the selected area electron
diffraction (SAED) pattern of a single CuO NP, indicated that
the monoclinic CuO NPs that were generated are composed of
single crystal structures. Moreover, high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) imaging and EDX elemental mapping of the TEM
picture in Figure SA have confirmed the structural character-
istics of the representative CuO/kaolin NC-1, as illustrated in
Figure SB. The existence of various elements within the CuO/
kaolin NC-1 is responsible for the color points, as illustrated in
Figure SC—F. The Si and Al elements are present due to the
kaolin substrate. Si, Al, O, and Cu elements in the sample are
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uniformly distributed over the nanocomposite. The homoge-
neous distribution of Cu on the surface of the kaolin substrate
can be observed in Figure SE.

A powder X-ray diffractometer was used to examine the
phase purity and degree of crystallinity of kaolin and CuO/
kaolin NC-1 (Figure 6). The diffraction peaks of beneficiated
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Figure 6. XRD patterns of (A) beneficiated kaolin and (B) CuO/
kaolin NC-1 with their respective standard JCPDS data.

kaolin (Figure 6A) obtained at 26 values of 12.12, 20.14, 24.7,
35.14, 38.42, 54.84, and 62.5° correspond to the (001), (100),
(002), (110), (003), (210) and (300) planes, respectively
(JCPDS 00—029—1487).*" Additionally, according to JCPDS
5—0490, the diffraction peak at 260 = 27.59° demonstrated the
presence of quartz,”’ which is highly crystalline SiO,.*” The
XRD analysis of CuO/kaolin NC-1 (Figure 6B) revealed well-
defined diffraction peaks at 26 values of 32.64, 35.74, 38.89,
48.89, 53.68, 58.44, 61.58, 66.30, and 68.31°, which
correspond to the (110), (111), (111), (202), (020), (202),
(113), (311) and (220) planes of monoclinic CuO,
respectively, confirming the formation of CuO NPs on the
kaolin surface.*” Each of the distinctive diffraction peaks of the
CuO/kaolin NC-1 sample is in good agreement with the
standard CuO crystallographic data (JCPDS No. 05—0661,
space group C2/c). The positions of all the characteristics of

the XRD peaks are in agreement with the results reported
previously.”™* CuO crystals are made easier to form when
kaolin undergoes a structural change from its crystalline form
to the amorphous metakaolin phase during calcination at 500
°C. The presence of the amorphous phase is confirmed by the
large peak seen in the metakaolin diffraction peak at about 26
= 15-35°"" Moreover, the diffraction peak at 27.51° is
assigned to quartz from metakaolin.*® The development of a
pure phase CuO is indicated by the absence of any
characteristic peaks of other impurities, such as Cu(OH),,
Cu,O, or precursors utilized.”” The average crystallite size
(Dy) for CuO NPs was also calculated using Scherrer’s
formula (eq 4).

Piyacos 0 (4)

where 1 is the wavelength of the X-ray source (1.5405 A), f is
the full width at half-maximum (fwhm) of the diffraction peaks,
and 6 is the diffraction angle. The mean crystallite size of CuO
NPs in the as-synthesized nanocomposite was determined to
be about 18.7 nm, which is in close agreement with the values
found from FE-SEM images.

Figure 7A displays the mesopore size distribution and N,
adsorption and desorption isotherms for the kaolin and CuO/
kaolin NC-1. Type IV isotherms with H;-type hysteresis loops
were seen in the N, adsorption and desorption isotherms.
Mesopore capillary condensation is associated with the type IV
isotherm, and slit-shaped pores are characterized by the Hj-
type hysteresis loop.”” Figure 7B shows the pore size
distribution of kaolin and CuQO/kaolin NC-1. As shown in
the figure, the pore size distribution of kaolin was found in the
mesopore range of 2—10 nm. Conversely, following the
loading of CuO NPs onto the kaolin sheet, the proportion of
mesopores increased after CuO NPs were loaded on the kaolin
surface. This could be explained by the calcination of kaolin.*!

N, adsorption and desorption isotherms were also used to
investigate the texture properties of kaolin and CuO/kaolin
NC-1, which are presented in Table 1. Kaolin’s pore volume
was 0.170 cc/g, and its Sppp was 63.9 m® g~'. The Spgr
dropped to 46.8 m* ¢! and pore volume increased to 0.198 cc
g~! following the loading of CuO NPs onto the kaolin surface.
Furthermore, it was discovered that the average pore size of
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Figure 7. (A) N, adsorption and desorption isotherms and (B) DFT pore size distributions of kaolin and CuO/kaolin NC-1.
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Table 1. Textural Properties of Kaolin and CuO/Kaolin
NC-1

sample SEET (m2 g_l) pore size (nm) pore volume (cc g_l)
Kaolin 63.9 3.8 0.17
CuO/kaolin NC-1 46.8 4.76 0.198

CuO/kaolin NC-1 was approximately 4.76 nm, which was
comparatively higher than the 3.8 nm pore size of kaolin. The
ﬁnding suggest that CuO NPs may be able to fill some tiny
pores.

3.3. Catalytic Performance. The model reaction utilized
to assess the catalytic activity of the synthesized CuO/kaolin
NC is the catalytic reduction of 4-NP to 4-AP in the presence
of NaBH,. For this purpose, 50 mL (20 mg L") of 4-NP
(model pollutant), 0.132 mmol (5 mg) of NaBH, (reductant),
and S mg of CuO/kaolin NC-1 (catalyst) were mixed in a
beaker under continuous stirring. After that, the volume of the
reaction solution was taken at predetermined time intervals,
and its UV—vis absorption spectra in the region of 250—500
nm were recorded to monitor the progress of the reaction. As
shown in Figure S3A, the 4-NP shows an absorption peak at
317 nm. When NaBH, is added, the OH group of 4-NP is
deprotonated, which causes the absorption peak to shift to 400
nm, which indicates the formation of a 4-nitrophenolate ion
(Figure S3A).>* Meanwhile, the light-yellow solution of 4-NP

turned to deep yellow (inset image of Figure S3A). According
to reports, BH} and 4-nitrophenolate ions are repulsive to one
another. However, metal oxide nanoparticles can speed up the
reduction of 4-NP by enhancing the transfer of hydrides from
BH; to the —NO, group.”® As the reaction continued, the
intensity of the absorption peak at 400 nm rapidly decreased
and eventually disappeared within 6 min, while a new
absorption peak at 300 nm appeared (Figure 8A), attributed
to the formation of 4-AP.> The isosbestic point at 277 and
314 nm (shown by ellipses in Figure 8A) also confirmed the
reduction product was 4-AP and suggested no byproduct was
generated during the reduction process.’® Furthermore, the
color of the 4-NP solution quickly changed from a deep yellow
to a colorless state (inset image of Figure 8A), indicating the
strong catalytic effectiveness of CuO/kaolin NC-1 for 4-NP
reduction by NaBH,. For comparison, the catalytic activity of
CuO NPs in the reduction of 4-NP by NaBH, was investigated
(Figure 8B). The result showed poor catalytic performance
compared to CuO/kaolin NC-1 and could not be completely
reduced within 10 min. As shown in Figure 8C, CuO/kaolin
NC-1 performs much better than CuO NPs, indicating the
catalytic activity of CuO NPs enhanced by the support kaolin.
Some controlled experiments were conducted to confirm and
identify the true catalyst. Under the same conditions, the 4-NP
reduction reaction by NaBH, was performed without any
catalyst (Figure S3B) and with the presence of beneficiated
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Figure 8. UV—vis time-dependent absorption spectra changes of 4-NP reduction using (A) CuO/kaolin NC-1 and (B) CuO NPs. (C) The plots of
absorbance against reaction time. (D) The corresponding plots of In(A,/A,) against reaction time. Reaction conditions: 20 mg L™", 50 mL of 4-NP;
0.132 mmol NaBH,; 5 mg catalyst; 22 °C. Note: 4-NPI is 4-nitrophenolate ion.
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Figure 10. (A) UV—vis absorption spectra changes of 4-NP reduction using S mg CuO/kaolin NC-1. (B) The plots of absorbance against reaction
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NP over various 4-NP concentrations within 6 min reaction time. Reaction conditions: 20 mg L™!, 50 mL of 4-NP; 0.132 mmol NaBH,; 22 °C.

kaolin (Figure S3C). No significant absorption spectra change
of the 4-nitrophenolate ion were observed in these cases. All
these results indicated that CuO/kaolin NC-1 was the true
catalyst. The greater catalytic reduction efficiency of CuO/
kaolin NC-1 was illustrated by plotting the reduction rate
against reaction time (Figure S3D), as determined by the

48022

corresponding absorbance at 400 nm. This further demon-
strates the differences in the catalytic efficiencies of the four
samples. As shown in Figure 8D, good linear correlations of
In(A,/A,) against reaction time were obtained for CuO/kaolin
NC-1 and CuO NPs, confirming the 4-NP reduction followed

a pseudo-first-order kinetics. The apparent rate constant (k)
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of 4-NP reduction by NaBH, over CuO/kaolin NC-1 was
calculated from the slope of In(A,/A,) versus reaction time plot
and found to be 1.01 min~! with R*> = 0.99, which is 11 times
higher than bare CuO NPs with a k,,, of 0.09 min™" with R* =
0.98 (Figure 8D).

3.4. Effect of CuO NPs Loading on Kaolin Surface. The
loading amount of CuO NPs on kaolin sheets could influence
the catalytic activity of the reduction of nitroarenes. The CuO/
kaolin NCs with different CuO loading amounts (CuO/kaolin
NC-0.25, 0.5, 1, and 1.5, obtained using copper sulfate
pentahydrate to kaolin mass ratios of 0.25, 0.5, 1, and 1.5,
respectively) were prepared to study their effect on the
reduction of 4-NP by NaBH,. The reduction reaction
efficiency of 4-NP increased with the copper sulfate
pentahydrate to kaolin mass ratio increasing from 0.25 to 1
(Figure 9A). This could be attributed to the increased number
of CuO NPs, which, in turn, leads to an increased specific
surface area for the nanocomposite. However, when the ratio
further increased to 1.5, the removal efficiency of 4-NP
decreased (Figure 9A). This decline might be caused by the
increase in the size of CuO NPs, owing mainly to their
aggregation at overload. NaBH, almost entirely reduced 4-NP
in the presence of CuO/kaolin NC-0.5, CuO/kaolin NC-1,
and CuO/kaolin NC-1.5 after 12 min (Figures S4B), 6 min
(Figures S4C), and 10 min (Figure S4D) exposure times,
respectively. For CuO/kaolin NC—0.25, the reduction of 4—
NP was slow, and there was no completion of the reaction
even after 20 min of reaction time (Figure S4A). The
corresponding plots of In(A,/A,) versus reaction time during
the reaction progress are shown in Figure 9B. The reduction
efficiency of 4-NP over the reduction progress using various
nanocomposites is shown in Figure S4E. CuO/kaolin NC-1
achieved 98.9% of 4-NP conversion in just 6 min, while CuO/
kaolin NC-0.25, 0.5, and 1.5 are only 49.8, 75.08, and 46.64%,
respectively (Figure S4F). Therefore, the catalytic performance
of CuO/kaolin NC-1 is considerably better than that of other
nanocomposites. Thus, CuO/kaolin NC-1 was the best catalyst
for further experiments.

3.5. Effect of Catalyst Amount. To study the effect of the
amount of CuO/kaolin NC-1 on the reduction of 4-NP,
different masses of composite (2.5, S, 7.5, and 10 mg) were
investigated in the reaction mixture while other experimental
conditions remained unchanged. The corresponding time-
dependent UV—vis absorption spectra changes are displayed in
Figures 10A and SSA—C. Figure 10B displayed the effect of
catalyst dose on the reduction of 4-NP by NaBH, in the
presence of CuO/kaolin NC-1 catalyst, and Figure 10C shows
the corresponding plots of In(A,/A,) versus reaction time on
which the k,,, values were calculated from the slope of In(A/
A,) versus reaction time plot (Table 2). The time required for
the catalytic reduction of 4-NP to 4-AP by NaBH, decreased as

app

Table 2. Apparent Rate Constants, Percent Reduction, and
Time Taken to Complete the Reaction for the Catalytic
Reduction of 20 mg L™ 4-NP by NaBH, at Different CuO/
Kaolin NC-1 Catalyst Dose

catalyst mass  4-NP solution (mg L' rate constant time
g,mg) , 50 mL) (min™") (min) %R
S 121 6 99.55
2.5 20 0.62 12 99.52
7.5 0.99 6 99.04
10 0.84 7 99.20

the amount of CuO/kaolin NC-1 increased, from 2.5 (12 min,
Figure SSA) to 5 mg (6 min, Figure 10A). The results showed
that the catalytic degradation rate of 4-NP was increased by
increasing the CuO/kaolin NC-1 dose. The primary reason for
this behavior is that as the amount of CuO/kaolin NC-1
increased, the active sites of the catalyst also increased,
allowing reactants to be adsorbed on their surfaces. This is in
agreement with other reports.”® Continuously increasing the
catalyst to 7.5 mg, the time required for the catalytic reduction
of 4-NP remained the same (6 min, Figure SSB). The reaction
rate slightly decreased as compared to the 5 mg catalyst
amount (Table 2), indicating that CuO/kaolin NC-1 has a
good catalytic efficiency. However, 10 mg of the CuO/kaolin
NC-1 catalyst required much time to obtain the complete
conversion of 4-NP (7 min, Figure SSC). This trend may be
related to the excellent dispersion of the catalyst at a low
loading amount in the aqueous solution.”” As shown in Figures
10D and S5D, 99.55 and 99.04% of 4-NP reduction over
CuO/kaolin NC-1 was obtained using 5 and 7.5 mg of catalyst
at a reaction time of 3 min, while only 90.2% was obtained in
10 mg of catalyst at the same reaction time. These results
suggest that 5 mg of CuO/kaolin NC-1 is the optimal amount
of catalyst for the reaction.

3.6. Effect of 4-NP Initial Concentrations. The influence
of 4-NP initial concentration on the catalytic activity of CuO/
kaolin NC-1 for the reduction of 4-NP by NaBH, was studied
by varying its concentration from 10 to 30 mg L™' while
keeping other reaction conditions unchanged. The effect of 4-
NP initial concentration on the reduction of 4-NP by NaBH,
catalyzed by CuO/kaolin NC-1 and the corresponding plots of
In (A,/Ay) against reaction time are shown in Figure 11B,C,
respectively. The k,,, values were obtained from the slope of
the plot of In(A/A,) versus reaction time (Table 3). At 10 mg
L™ of 4-NP used, a slightly slower reduction rate was observed
compared to the 15 mg L™" of 4-NP reduction rate. However,
the complete reduction was achieved in just 6 min (Figure
S6A,B), which could be attributed to the lower collision
probability between 4-NP and the catalyst particles.””>*
Continuously increasing the 4-NP concentration to 20 mg
L', the reaction rate decreased only slightly, and the reduction
completion was achieved within 6 min (Figure 11A),
demonstrating the good catalytic efficiency of CuO/kaolin
NC-1. The rate of reaction significantly dropped upon raising
the 4-NP initial concentration to 30 mg L™, and the complete
reduction of the reaction was reached virtually in 8 min
(Figure S6C). This result demonstrated that the CuO NPs on
the kaolin surface have insufficient active sites for the relatively
higher amount of 4-NP. As shown in Figures 11D and S6D,
the catalytic performance of CuO/kaolin NC-1 is greatly better
in concentrations not higher than 20 mg L™" of 4-NP. These
results suggest that 20 mg L™ of 4-NP is the optimal amount
of 4-NP concentration for the reduction of 4-NP by NaBH,
over the CuO/kaolin NC-1 reaction.

3.7. Effect of NaBH, Amount. To reduce 4-NP, NaBH,, is
required. Higher quantities, however, are poisonous because of
the presence of boron in addition to the harsh reaction.
Although many studies have used higher concentrations of
NaBH, than 4-NP to achieve a higher reaction rate and an
ideal fit in the pseudo-first-order reaction plot, it is crucial to
take into account the 2.4 ug mL™" boron toxicity limit set by
the World Health Organization (WHO) and the Environ-
mental Protection Agency (EPA)." Naturally, if the concen-
tration of NaBH, is smaller, the catalytic reduction reaction
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Figure 11. (A) UV—vis time-dependent absorption spectra changes of 4-NP using 20 mg L™" of 4-NP. (B) The plots of absorbance against reaction
time for the reduction of 4-NP using various concentrations of 4-NP. (C) The corresponding plots of In(A,/A,) against reaction time. (D)
Reduction efﬁciency of 4-NP over CuO/kaolin NC-1 using various 4-NP concentrations within 6 min reaction time. Reaction conditions: 0.132

mmol NaBH,; 5 mg CuO/kaolin NC-1; 22 °C.

Table 3. Apparent Rate Constants, Time Taken, and
Reduction Efficiencies of 4-NP Reduction by NaBH,
Catalyzed by CuO/Kaolin NC-1 at Different
Concentrations of 4-NP

catalyst [4-NP] (mg L7, Kepp time
mass 50 mL (min ") (min) %R
10 1.08186 6 99.16376
5 15 1.21108 6 99.47966
20 1.11681 6 99.38473
30 0.71211 8 82.06967

can take a longer time to complete, but avoiding boron
purification is crucial. Therefore, optimizing the sufficient
amount of NaBH, in the reduction of 4-NP over a given
catalyst instead of adding excess concentration is very
important. In this study, a series of reductions were carried
out by varying the mass of NaBH, added (5, 10, and 15 mg) in
the reaction system while keeping the concentration of 4-NP
and catalyst quantity constant. The corresponding time-
dependent UV—vis absorption spectra plots are shown in
Figures 12A and S7A,B. The effect of NaBH, amount on 4-NP
reduction in the presence of CuO/kaolin NC-1 is shown in
Figure 12B. At a constant 4-NP concentration and catalyst
amount, the increase in NaBH, amount significantly increased
the reaction rate. However, the presence of a sufficient
reducing agent, which was thought to be constant and had no
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effect on the reaction rate, diminished the effect of the NaBH,
amount when it was increased to 15 mg. The corresponding
plots of In(A,/A,) against reaction time are displayed in Figure
12C. As shown in Figures 12D and S7C, 99.55% of 4-NP
reduction over CuO/kaolin NC-1 was obtained using 10 mg of
NaBH, at a reaction time of 3 min, while 99.58% was obtained
in 15 mg of NaBH,. These results suggest that 10 mg of
NaBH, is the optimal amount for the reduction of 4-NP. Table
4 compares and reports the reaction rate constants for CuO/
kaolin NC-1 under optimized conditions and various other
catalysts for 4-NP reduction by NaBH,. According to the
results, the as-synthesized nanocomposite in this study may be
one of the best catalysts for 4-NP reduction in aqueous
environments.

3.8. Effect of Temperature and Reaction Thermody-
namics. For evaluating the thermodynamics of the catalyzed
reaction, the reduction of 4-NP was investigated at four
different temperatures in the room temperature range of 22 to
42 °C, and the corresponding UV—vis absorption changes are
shown in Figures 13A and S8A—C. The influences of the
reaction temperatures on 4-NP reduction by NaBH, over
CuO/kaolin NC-1 are shown in Figure 13B. The relations
between In(A,/A,) and reaction time at various temperatures
are plotted in Figure 13C, which was used to calculate the
associated k,,,, values from the slope of the curve and are listed

in Table 5. The k,,, gradually increases with temperatures from
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Figure 12. (A) UV—vis time-dependent absorption spectra changes of 4-NP using 10 mg of NaBH,. (B) The plots of absorbance against reaction
time for the reduction of 4-NP using various NaBH, amounts. (C) The corresponding plots of In(A4,/A,) against reaction time. (D) Reduction
efficiency of 4-NP over CuO/kaolin NC-1 using various NaBH, amounts within 3 min reaction time. Reaction conditions: 20 mg L™, 50 mL of 4-

NP; 5 mg CuO/kaolin NC-1; 22 °C.

Table 4. Comparison of the Reduction Efficiency of 4-NP by NaBH, over CuO/Kaolin NC-1 and CuO NPs with Related

Catalysts Reported in the Literature

catalyst amount of 4-NP (mmol) amount of NaBH, (mmol) catalyst amount (mg) reaction time (min) . (min~") refs

CuO/kaolinNC-1 0.007 0.264 N 6 1.76 this work
CuO NPs 0.007 0.264 N 10 0.09 this work
Au/ZnO nanoflowers 0.0005 0.02 20 11 0.236 9
CuBDC-DMF 0.1 225 S0 S 0.906 59
CuO/g-C3N, 0.0001 0.01 7 0.784 60
Au-m-Co;0, 0.0005 0.04 S 0.83 61
Co-MoN-MgO/C 0.006 0.185 N 1.5 0.41 62
Pd;-(Ni,0,),,@HPSNs 0.0 2.5 3 6 0.99 54
Co;0,/HNTs 0.000348 0.139 0.1 11 0.265 20
Au;-(Cu,0,)/, in HPSNs 0.025 1.5 5 5.5 0.96 58
Kaolin@CS-Pectine/Pd 0.0075 0.00025 6 23
Ag/Hal/PVA 0.006 2.4 14 0.297 63
Ag@TzTFB-COF 0.002 2 233 1.11 64

1.30 min~" at 22 °C to 1.84 min~" at 28 °C. Further increasing
the temperature to 35 °C, the k,,, rapidly increased to 2.81
min~, which indicated there was a great chance of collisions
and faster molecular motions at higher temperatures, while this
value decreased to 2.24 min™! at 42 °C, which could be related
to the extent of 4-NP and hydrogen adsorption decreased at
higher temperatures.”> More than 99% of 4-NP reduction was
obtained in just 2 min at 36 °C (Figure 13D). In addition,
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Figure S8D also shows the percentage reduction of 4-NP over
the reduction procedure using different reaction temperatures.
Based on the reaction rates at different temperatures, the

apparent activation energy (E,) for 4-NP reduction by NaBH,
over CuO/kaolin NC-1 could be determined from the plot of
Ink,,, against 1000/T (Figure 14A) according to the
Arrhenius equation (eq S)
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Figure 13. (A) UV—vis time-dependent absorption spectra changes of 4-NP reduction at 36 °C. (B) The plots of absorbance against reaction time
for the reduction 4-NP at different temperatures. (C) The corresponding plots of In(A,/A,) against reaction time. (D) Reduction of 4-NP over
various temperatures within 2 min reaction time. Reaction conditions: 20 mg L™, 50 mL of 4-NP; 0.132 mmol NaBH,; § mg CuO/kaolin NC-1.

Table S. Summary of Apparent Rate Constants, Activation Energy, and Thermodynamic Parameters for Reduction of 4-NP
Catalyzed by CuO/Kaolin NC at Different Reaction Temperatures

temperature (K) kypp (min~") E, (k] mol™) AH” (k] mol™!) AS* (J mol™! K1) AG” (K] mol™)
295 1.30 71.543
301 1.84 72.224
41.7 38.085 —113.52
309 2.81 73.132
315 2.24 73.813
E, k ky) . As*  AH*
Ink,,=InA — ) 1] 2222 | = 1ol BB | 4 AS"  AH®
RT T h R RT

where R is the universal gas constant, T is the absolute
temperature (in kelvin), and In A is the intercept of the line.
The E, value is found to be 41.7 kJ mol™" and which is in close
agreement with previously published nanocatalysts, including
Ag@TZTFB-COF (36.64 kJ mol™),** Co-MoN-MgO/C
(35.68 kJ mol™"),"* Pd-Ni,O,@HPSNs (47.1 kJ mol™"),**
Au;-(Cu,0,)pg/, in HPSNs (46.56 kJ mol™),** and Au/ZnO
nanoflowers (32.46 kJ mol™").” The result thus proved that the
4-NP reduction reaction occurs on the catalyst surface.
Furthermore, the thermodynamic parameters like the

enthalpy of activation (AH") and entropy of activation
(AS") were calculated from the plot of In(k,,,/T) against
1000/ T (Figure 14B) using the Eyring equation (eq 6)
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(6)

where ky is the Boltzmann constant (1.38 x 1072 JK™') and h
is the Planck’s constant (6.626 X 107** J s). The calculated
values of AH*and AS* are 38.055 kJ mol™' and —113.52 J
mol™ K™, respectively. The positive AH” values indicate that
the reaction between 4-NP and CuO NPs to create an
activated complex was endothermic. Additionally, the negative
value of AS* suggests that the molecules of 4-NP and CuO
NPs formed an activated complex.”® Moreover, the Gibbs free
energy (AG") could be calculated using eq 7; the results are
displayed in Table 5.

AGY = AH" — TAS? (7)

The value of AG" was positive in the adsorption of 4-NP on
the surface of CuO NPs, indicating that the reaction was
nonspontaneous and required energy to transform reactants
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Scheme 2. Schematic Diagrams of the Proposed Mechanism
CuO/Kaolin NC

for the Catalytic Reduction Reaction of 4-NP by NaBH, over the

iy

_

into products. In addition, the increased Gibbs free energy
from 71.543 kJ mol™" at 295 K to 73.813 kJ mol™" at 315 K
suggests that the reaction requires energy. Thus, the results
confirmed that the temperature increase provided energy to
the reaction system.

3.9. Proposed Catalytic Reduction Mechanism of 4-
NP. The catalytic reduction mechanism of 4-NP to 4-AP by
excess NaBH, is typically explained by the Langmuir—
Hinshelwood (L—H) kinetic model.®* This mechanism states
that the catalytic reduction process is facilitated by the metallic
768 The BHj ions attach to the
surface of CuO NPs by adsorption, transferring hydrogen
species to the surface of NPs. at the same time, 4-NP adsorbs
on the surface and is reduced to 4-AP by the action of
hydrogen species.'* In addition, the reaction medium’s
aqueous phase supplied the H" ions required to finish the
reduction process.”” The 4-AP products are finally desorbed
from the CuO NPs’ surface, allowing the subsequent catalytic
cycle to begin. Scheme 2 depicts the suggested method for the

. 6
oxide nanostructure’s surface.

catalytic reduction reaction of 4-NP by NaBH, over CuO NPs
loaded into kaolin sheets.

A heterogeneous catalytic reduction reaction occurs when
nitrophenols are reduced catalytically using CuO/kaolin NC.
Regarding the L—H mechanism, the reaction starts when both
the substrate molecules, nitrophenol and BH, get adsorbed on
the catalyst’s surface.”” Two methods can be used to study a
reaction mechanism for the reduction of 4-NP: (1) calculating
k.o values with varying 4-NP concentrations and (2)
calculating k,,, values with varying NaBH, concentrations.
The k,,, value in the L—H mechanism rises with NaBH,
concentration while falling with 4-NP concentration. With
regard to 4-NP concentration, we know that the reduction
reaction of 4-NP catalyzed by CuO/kaolin NC is a PFO
reaction. The surface area of the materials determines the k.,
values of the 4-NP catalytic reduction reaction. Figure S9A
shows the plot of the k,,, values against the concentration of 4-
NP in CuO/kaolin NC at room temperature at a fixed
concentration of NaBH,, of 0.32 mmol (5 mg). As the initial

concentration of 4-NP increased, the k,,, values declined.
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Figure 15. (A) Reductions at S min of each run. (B) The UV—vis time-dependent absorption spectra of 4-NP reduction by CuO/kaolin NC-1 for
7 cycles. (C) The XRD patterns of CuO/kaolin NC-1 before used (a) and after 7th cycles used (b) toward the reduction of 4-NP.

Similarly, Figure SOB shows the plot of k,,, values versus the
concentration of NaBH, in the presence of CuO/kaolin NC at
room temperature, with a fixed concentration of 4-NP of 20
mg L', As clearly shown in the figure, with the increase in
NaBH,, the k,,, values increased. The reduction of 4-NP
therefore proceeds following the L—H mechanism, as
evidenced by the nonlinear change of the k,,, values with
regard to the initial concentration of 4-NP and NaBH,
amount. With an increase in 4-NP concentration, more
molecules are adsorbed at the CuO/kaolin NC surface;
because of this, the surface becomes saturated with 4-NP
molecules. As a result, the concentration of BHj ions
approaching the CuO/kaolin NC surface decreases, which in
turn slows down the rate at which hydrogen is transferred from
the BH} ion to the 4-NP molecule. This demonstrates that the
L-H mechanism explains the 4-nitrophenol reduction reaction
that CuO/kaolin NC catalyzes.

3.10. Reusability of CuO/Kaolin Nanocomposite. The
most significant criterion in evaluating the potential of the
catalyst materials for widespread practical application is their
reusability. Thus, the reusability of CuO/kaolin NC-1 was
examined in seven consecutive cycles of the 4-NP catalytic
reduction reaction procedure. As shown in Figure 15A, the
catalyst maintained >99.7% of its 4-NP reduction capacity
during six successive reaction cycles. After seven reaction
cycles, the results show 93% retention of catalytic performance,
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indicating the stability of the catalyst. In the corresponding
UV—vis spectra (Figure 15B), the peak appearance of 4-AP at
300 nm and the disappearance of the peak of 4-NP anions at
400 nm during the seven cycles are visible indicating that
repeated use does not affect the material’s catalytic activity.
The decrease in catalytic efficiency after the six cycles might be
due to the aggregation and decrease of active sites of the
catalyst because of mass loss during filtration.%° It is supported
by the XRD pattern (Figure 15C) of the used catalyst, which
reveals that the crystallite size is increased to 21.6 nm for the
used CuO/kaolin NC-1 catalyst. As shown in Figure 15C, the
diffraction planes of CuO NPs after use (Figure 15C(b)) are
comparatively decreased in intensities than before use (Figure
15C(a)). This is supported by the increased intensities of the
calcined kaolin amorphous portion (20 = 15—35°) and the
quartz peak (Figure 15C(b)). Overall, the outcome showed
that the high reusability of the CuO/kaolin NC-1 may be
attributed to the effective stability of CuO NPs and better
adhesion to the kaolin surface, which prevents catalyst loss and
preserves the active sites for catalysis. Hence, the high stability
and reusability of the CuO/kaolin NC-1 ensure its great
potential use for long-term catalytic application in removing
hazardous pollutants in wastewater effluents.
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4. CONCLUSIONS

Locally available and inexpensive kaolin-supported CuO
nanoparticles were successfully prepared. CuO/kaolin NC-1
was characterized by XRD, FT-IR, UV—vis, SEM-EDX, TEM,
HAADF-STEM, and N, adsorption/desorption analysis.
Under mild conditions, the CuO/kaolin NC-1 was an efficient
catalyst for reducing 4-NP into 4-AP by NaBH, in aqueous
medium. The CuO/kaolin catalyst (S mg) degraded >99% of
4-NP aqueous solution (20 mg L', S0 mL) within 6 min in
the presence of NaBH, under ambient reaction conditions,
with a rate constant of 1.76 min~'. The CuO/kaolin NC-1
increased the catalytic reduction rate of 4-NP by factors of 4.44
compared with CuO NPs, demonstrating the critical role of the
kaolin substrate. Furthermore, the CuO/kaolin NC-1 catalyst
maintained 93% of its activity after recycling for seven cycles,
with its structural integrity maintained as confirmed by XRD
analysis, demonstrating its good durability. The robust kaolin
support contributed to the catalyst’s stability, showing no
significant loss in efficiency or activity over multiple cycles.
Moreover, the thermodynamic parameters determined by the
Arrhenius and Eyring equations showed values of E, (41.7 kJ
mol™), AH” (38.055 kJ mol™!), AS* (=113.52 J mol™! K7}),
and AG” (71.54—73.81 kJ mol™) across a temperature range
of 295—-315 K. The findings of this study have practical
applications in developing highly effective metal oxide
nanocatalysts that employ kaolin as a substrate for nitrophenol
reduction, paving the way for further applications in environ-
mental remediation and industrial catalysis.
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