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ABSTRACT: The present study deals with sonochemically in situ synthesis of a novel functional catalyst using hydrogen exfoliated
graphene (HEG) supported titanium dioxide (TiO2) and copper sulfate (CuSO4) doped with zinc oxide (ZnO) (abbreviated as Ti/
Cu/Zn-HEG). The synthesis of the Ti/Cu/Zn-HEG nanocomposite (NCs) catalyst was confirmed through its characterizations by
XRD, SEM-EDX, TEM, XPS, FTIR, and BET methods. It was assessed for catalytic conversion of a model aromatic compound para-
nitrophenol (p-NP) in an aqueous solution. The p-NP is a nitroaromatic compound that has a toxic and mutagenic effect. Its
removal from the water system is necessary to protect the environment and living being. The newly synthesized Ti/Cu/Zn-HEG
NCs were applied for their higher stability and catalytic activity as a potential candidate for reducing p-NP in practice. The operating
parameters, such as p-NP concentration, catalyst dosage, and operating time were optimized for 150 ppm, 400 ppm, and 10 min
through response surface methodology (RSM) in Design-Expert software to obtain the maximum reduction p-NP up to 98.4% at its
normal pH of 7.1 against the controls (using HEG, Ti/Cu-HEG, and Zn-HEG). Analysis of variance of the response suggested the
regression equation to be significant for the process with a major impact on catalyst concentration and operating time. The model
prediction data (from RSM) and experimental data were corroborated well as reflected through model’s low relative error (RE <
0.10), high regression coefficient (R2 > 0.97), and Willmott d-index (dwill‑index > 0.95) values.

1. INTRODUCTION
Heterogeneouslycatalyzed reactions are crucial for producing
commodities and consumer products, such as chemicals,
pharmaceuticals, and polymers, accounting for approximately
25% of industrial energy usage.1,2 In the future, most energy-
intensive chemical industries will essentially count on
heterogeneous catalysis to secure carbon-neutral operations
and sustainable manufacturing.3 Therefore, an increasing
demand is for the development of more efficient and
environmentally friendly industrial catalysts. It is possible, in
theory, to design atomically precise materials with self-
regenerating sites of activity for use as catalysts in selective
chemical/biochemical reactions.4 Noble metallic nanoparticles
(NPs) have a large surface area, many functioning surface
areas, and the potential for quantum confinement effects,

making them a few of the most extensively studied
heterogeneous catalysts.5 In particular, the effectiveness of
these new catalysts for the hydrogenation reaction is measured
by how well they reduce p-nitrophenol (p-NP) by using
NaBH4 as a model reaction.6

Nitrophenols or nitroaromatic compounds are widely
discharged in water bodies due to their overuse in
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manufacturing pharmaceuticals, petrochemicals, paints, plastic,
pesticides, and dye.7,8 Considering the severe environmental
effect on soil, groundwater, and air, US Environmental
Protection Agency has listed p-NP as one of the priority
pollutants and recommended its concentration <10 ppb in
surface water.9 Highly stable and soluble p-NP compounds
show recalcitrance in natural systems and largely resistance
toward bioremediation.10 Other methods, such as solvent
extraction, adsorption, and advanced oxidation processes,
either transfer pollutants from one phase to another or
produce secondary pollutants. The catalytic transformation of
p-NP to industrially useful p-aminophenol (p-AP) molecules
has received specific attention owing to its unique potential to
treat environmentally hazardous chemicals in a greener and
more economical approach focusing on the circular econo-
my.11

There is a lot of focus on industries to find alternatives to the
metal NPs traditionally used for catalytic conversion of p-NP
to p-AP.12−14 It has been proposed that nanocomposites
(NCs) made from supported carbon materials, viz., graphene
and silica, were used to accommodate nanocatalyst to enhance
their stability and durability.15 These NCs are made by
meticulously designing their chemical makeups and/or
morphologies. Maghemite/zinc oxide nanocomposites were
used for the catalytic reduction of p-NP, as reported by Behera
et al.16 Thus, exploration of non-noble-metal-based catalysts,
high efficiency, and requirement of low catalyst loading, such
as metal oxide/graphene-based NCs, have recently been
proposed as potential candidates to overcome the scale-up
limitations. Graphene is expected to provide a large and active
surface area, higher chemical stability, and higher electrical
conductivity for the anchoring of metal oxides. It can also help
in the adsorption of p-NP, thus, enhancing its proximity
toward the catalyst, which promotes the catalytic process.
Jacob et al. used NiCo2O4 NPs anchored on reduced graphene
oxide for catalytic reduction of p-NP.17 Guo et al. reported the
plasma-catalytic degradation of aqueous p-NP with graphene-
ZnO.18 However, experiments with these catalysts lack
reusability, optimization of process parameters, and economic
analysis, which limits their large-scale trials. Nevertheless,
efficient p-NP reduction through the mutual interaction of
different parametric factors, such as p-NP concentration,
catalytic dosage, and operating time, can be planned using a
tool (central composite design) from the response surface
methodology of Design-Expert software. Optimization of the
process parameters for obtaining the most favorable conditions
for the catalytic process is useful to bring maximum catalytic
activity with minimum time and chemical usage by checking
the cross-effects of the different parameters at a time.19,20

Graphene NCs have significant prospects for various
applications, including energy storage and energy conversion
devices, because of their improved electrical and electronic
properties and the synergistic interaction between graphene
and inorganic NPs.21,22 Consequently, due to their unique
ability to combine desirable qualities of building blocks for a
specific purpose, interest in graphene-based materials has been
steadily increasing.25,26 Highly porous graphene is expected to
accommodate more catalytic metal oxides, including active
hydrogen molecules, for better p-NP reduction. Furthermore,
graphene has shown exceptional electronic conductivity due to
special sp2 hybridization of carbon bonds for better
delocalization of electrons.27 Its electronic conductivity can
be improved by adding various inorganic metals as nano-

catalysts.23,24 Different metal and metal oxide NPs have been
encased on graphene to prevent the accumulation of individual
graphene sheets, which is brought on by strong van der Waals
interactions between graphene layers.28 In the present study, a
novel functional NCs catalyst (Ti/Cu/Zn-HEG) was synthe-
sized using nanocatalysts (TiO2/CuO/ZnO) impregnated in
hydrogen-exfoliated graphene (HEG) via coprecipitation
method for p-NP reduction under response surface-optimized
experimental conditions. It is hypothesized that the presence of
different metal oxides impregnated on graphene sheet may
facilitate the delocalization of electrons, which in turn may
augment the overall reduction efficacy and catalytic life span of
the NC system. In the course of further discussion, the results
endorsed the proposed hypothesis. Theory and experimental
results supported Ti/Cu/Zn-HEG as a suitable catalyst for p-
NP reduction under the model experimental conditions.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. All the chemicals and

reagents used in the reaction process are of analytical reagent
grade except titanium dioxide (TiO2), a photocatalytic grade
product of SRL, India. Graphite flakes, N-methyl-pyrrolidone,
sulfuric acid (H2SO4), potassium permanganate (KMnO4),
copper oxide (CuO), sodium nitrate (NaNO3), and sodium
borohydride (NaBH4) were purchased from Sigma-Aldrich,
USA. p-NP (C6H5NO3) and sodium hydroxide (NaOH) were
procured from SRL, India. Zinc nitrate hexahydrate (ZnNO3·
6H2O) is a product of HIMEDIA, India. Absolute ethanol was
utilized as the solvent for the sol−gel process. The experiment
used all of the chemicals and reagents received in their original
state.
2.2. Synthesis of Ti/Cu-HEG NCs. Improved Hummer’s

method23,29,30 synthesized graphite oxide (GO) by chemical
oxidation and exfoliation of graphite flakes followed by
hydrogen gas expulsion for 2 min at 180 °C to achieve GO’s
extended surface area named HEG. The Ti-HEG was
synthesized using a conventional ultrasonic-assisted sol−gel
process by mixing 2 g of TiO2 in 30 mL of absolute ethanol
and sonicated for about 30 min. A carbon binder, glucose
(0.01M) solution, and 3 g of CuO solution were prepared and
added slowly into the Ti-HEG mixture.31,32,37 The mixture was
sonicated for another 2 h, allowing the solid residues to settle
properly. The precipitate was collected, dried, and calcined for
2 h at 500 °C and labeled Ti/Cu-HEG.
2.3. Synthesis of Ti/Cu/Zn-HEG Nanocomposites. A

solution of 50 mg of Ti/Cu-HEG in 100 mL of distilled water
(DW) was sonicated and kept on a hot plate at 500 rpm and
80 °C. The ZnO solution was prepared (by dissolving 30 mg of
10 mM zinc nitrate hexahydrate in 10 mL of DW and 2 M
NaOH). A 3.5 mL aliquot of freshly prepared ZnO solution
was mixed into the Ti/Cu/Zn-HEG and adjusted to a total
volume of 10 mL. The resulting slurry was continuously stirred
for 2 h until its settlement at the bottom. The filtered catalyst
was dried in the oven and muffle-fired for an hour at 500 °C to
obtain Ti/Cu/Zn-HEG catalyst.20,33

2.4. Characterization Techniques. X-ray diffraction was
used to study the NC phases and crystal structures (Xpert Pro,
PAN Analytical, UK). PerkinElmer Spectrum IR Version
10.7.2 assessed the surface activity and organic contaminants.
NC morphology was examined using scanning electron
microscopy (ZEISS Supra-40) and high-resolution trans-
mission electron microscopy (JEOL JEM 2100 PLUS). SEM-
EDS identified NC system elements. The Quanatchrome
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Novae 2200 system measured the pore size distribution and
surface area using BET and BJH methods. X-ray photoelectron
spectroscopy experiments were performed with Thermo Fisher
Scientific’s ESCALAB Xi+ and an Al K X-ray source.
2.5. Catalytic Experiments. To transform into p-nitro-

phenol (p-NP) in the presence of NaBH4, the Ti/Cu/Zn-HEG
NCs were tracked in a UV/vis spectrophotometer (Agilent,
Carry 100) to determine their catalytic interest. In summary, a
1 mL quartz cuvette with a temperature of over 80% was
loaded with 0.2 mM p-NP and 15 mM freshly prepared NaBH4
aqueous solution. The solution’s color shifted to yellow almost
instantly. UV/vis spectra of the solution were recorded
regularly, with a scanning range of 200−800 nm. The reaction,
detected through a color change, took 10 min to complete.
Several control experiments were conducted using various
catalysts, including hydrogen exfoliated graphene coupled with
zinc oxide (HZ), hydrogen exfoliated graphene coupled with
zinc oxide/titanium dioxide (HTC), and only zinc oxide. The
purpose of these control reactions was to gain a better
understanding of the influence of NaBH4 on the catalytic
reaction. By comparing the results obtained from these
different setups, researchers aimed to elucidate the specific
role of NaBH4 in the catalytic process and its interaction with
the catalysts, shedding light on the underlying mechanisms at
play. The formula can determine the catalytic conversion
efficiency of p-NP during the reaction process.34

= ×C C
C

Conversion efficiency of p NP 100%t0

0 (1)

where C0 is the initial concentration of p-NP (ppm) measured
at time, t = 0, and Ct is the final concentration of p-AP (ppm)
measured at time t.
2.6. Optimization of Process Parameters. Multiple

experiments were run to fine-tune various parameters to move
forward with finer elaboration. Experiments with varying
concentrations of p-NPs, catalyst doses, pH values, and other
factors were conducted in naturally occurring air. Ti/Cu-HEG:
ZnO concentrations were 50, 100, 150, and 200 ppm, and the
ratio of Ti/Cu-HEG: ZnO was 1:0.25, 1:0.5, 1:1, and 1:1.5.
The pH of the solution was measured at 3, 5, 7, 9, and 11 using
a pH ion meter, and the amount of catalyst used ranged from
200 to 800 (ppm).
2.7. Order of Reaction and Rate Constant. Analysis of

reaction data can be done by the differential method to
calculate reaction order.20

For any reaction A → products with unknown order n, the
rate expression may be written as

=C
t

kC
d
d

nA
A (2)

where −dCA/dt is the rate of disappearance of A (the negative
sign indicates that the concentration of the reactant is
decreasing) and k is the rate constant with units (time)−1

(concentration)1−n.
Solving eq 2 by taking logarithms in both LHS and RHS, we

obtain

i
k
jjj y

{
zzz = +C

t
k n Cln

d
d

ln lnA
A (3)

Equation 3 represents a straight line with ln k as the intercept
and n as the slope. The slopes of the tangents drawn (a
minimum of three tangents are required) on the concentration
vs time plot can give the values of −dCA/dt. Finally, ln(−dCA/
dt) vs the logarithms of corresponding concentrations (ln CA)
can be plotted, and the slope obtained gives us the reaction
order.35,36 The average value of k can now be obtained from eq
2.
2.8. Process Optimization through Response Surface

Methodology (RSM). Maximum conversion of p-NP into p-
AP was determined through an array of experiments designed
to optimize the system parameters. The response (the
efficiency of the conversion) was the only dependent variable
in a set of 20 experiments that manipulated three independent
variables. Within a time frame of 10 min, the most effective
conversion parameters are as follows: p-NP concentrations of
50, 100, 150, and 200 ppm; catalyst Ti/Cu/Zn-HEG NCs
concentrations of 200, 400, 600, and 800 ppm; and pH values
of 3, 5, 7, 9, and 11.
2.9. Reusability Potential of Ti/Cu/Zn-HEG NCs. After

completion of the reaction, 2 mL of samples was collected in
centrifuge tubes. The Ti/Cu/Zn-HEG NCs were retrieved
after being washed (thrice) with DW and centrifuged for 10
min at 5000 rpm. The NCs were dried in a hot-air oven at 60
°C for 8 h before being employed in subsequent catalysis.37

3. RESULTS AND DISCUSSION
3.1. Characterizations. XRD is commonly used to analyze

the underlying crystalline phases in materials both qualitatively
and quantitatively. XRD patterns of Ti/Cu-HEG and Ti/Cu/
Zn-HEG NCs are displayed in Figure 1a. The peaks at 2θ =
25.4° and 43.5° correspond to hkl values (002) and (101) of
graphitic planes, respectively. However, the XRD profile of Ti/
Cu/Zn-HEG NCs indicates a prominent broad peak at a 2θ
value of around 25, which can be attributed to the exfoliated

Figure 1. (a) XRD pattern of Ti/Cu-HEG NCs and Ti/Cu/Zn-HEG NCs and (b) FTIR spectra of Ti/Cu/Zn-HEG NCs.
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graphene concentration levels. The graphite phase in the
stacked layers of exfoliated graphene is represented by the peak
reflection in the (002) plane (JCPDS 41-1487). The peak
development at 43.5° can be explained by the covalently linked
hydrogen atoms on the exfoliated graphene’s surface.38,39

Moreover, the peaks pointed at 37.9° (004), 48.3° (200), 54.1°
(105), 55.2° (211), 62.7° (220), 68.4° (116), 69.9° (204), and
82.8° (224) can be referred to the TiO2 anatase phase and its
crystallinity form. JCPDS file no. 211272 is in good accord
with these values.40−42 Further, the diffraction peak at 2θ value
75.2° having the corresponding plane (220) confirms the
presence of copper in Ti/Cu/Zn-HEG NCs.43,44 The 2θ peaks
at 31.4° (100), 36.1° (101), 57.5° (110), and 66.3° (200) can
be referenced to the hexagonal wurtzite structure of ZnO.
According to JCPDS card number 01-007-2551, the above
planes relate to the crystal planes and hexagonal crystal
geometry.45,46 No peak correlates with any alloys or other
structural formations. Using Scherrer’s equation, the mean
crystallite diameter (MCD) of Ti/Cu/Zn-HEG NCs was
determined to be around 25−30 nm.
FTIR helps to ascertain the level of surface activity and the

organic contaminants on the catalyst’s surface. The FTIR
spectra of the newly synthesized Ti/Cu/Zn-HEG NCs are
displayed in Figure 1b. It is observed that the −OH functional

group is responsible for a broad band around 3320 cm−1 in the
Ti/Cu/Zn-HEG NCs. In addition, the OH stretching
frequency is accountable for water molecule absorption on
the surface of the NCs. Further, a small sharp peak at 2892.4
cm−1 is attributed to the −C−H stretching of alkanes and the
alkyl functional group. The exfoliated graphene sheets in the
medium benefit from these functional groups. The peak at
2355 cm−1 is assigned to ambient CO2 adsorbed on
nanocomposites’ surfaces. A small sharp peak at 1728.6 cm−1

might correspond to the −C�O stretching of the carbonyl
group, and an absorption band at 1634 cm−1 is depicted as the
Ti−OH bending in the Ti/Cu/Zn-HEG catalyst. Each
functional group is critical in sustaining the efficiency level of
Ti/Cu/Zn-HEG NCs for catalytic conversion.46,47

The surface structure of the materials can have a significant
impact on the catalysis of the reaction, which is reflected by
SEM-EDS images for Ti/Cu/Zn-HEG and Ti/Cu-HEG NCs
in Figure 2. In Ti/Cu/Zn-HEG NCs (Figure 2a,b), near-
spherical and porous structures were observed in a vaguely
agglomerated form. These structures can be predicted as the
deposition of zinc oxide nanoparticles. A slightly uneven and
disorganized structure on a wide scale with elongated sheetlike
structures is shown in Ti/Cu-HEG NCs (Figure 2d,e).
Agglomerates form on the synthesized materials, and TEM

Figure 2. SEM images of (a,b) represent Ti/Cu/Zn-HEG NCs and (d,e) Ti/Cu-HEG NPs; (c,f) show the SEM-EDS spectra of respective
materials.

Figure 3. TEM images of (a,b) Ti/Cu/Zn-HEG NCs at different resolutions (inset: SAED pattern), (c,d) d-spacing, and (e) HAADF pattern.
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examinations are conducted to obtain improved surface
morphology data.48−50 Further, EDS images in Figure 2c,f
confirm the elements in the synthesized Ti/Cu/Zn-HEG NCs.
Compared to EDS data of Ti/Cu-HEG NCs, the Zn and O
peaks of ZnO NPs are fairly evident in the EDS spectra of Ti/
Cu/Zn-HEG NCs. In the case of Ti/Cu/Zn-HEG NCs, the
weight percentages of C, O, Ti, Cu, and Zn were found to be at
31.42, 40.57, 10.36, 6.35, and 6.54%, respectively, while in Ti/
Cu-HEG NCs, the weight percentages of C, O, Ti, and Cu
were at 25.1, 44.89, 12.63, and 6.95%.
Ti/Cu/Zn-HEG NCs were subjected to TEM investigation

to understand better their morphological patterns and crystal
properties, which are displayed in Figure 3. At various
magnifications, Figure 3a,b depicts different significant patterns
and even more realistic data regarding the revealed crystal faces
of Ti/Cu/Zn-HEG NCs which seemed to be in 20−30 nm

size. Furthermore, the inset image in Figure 3a depicts the
selected area electron diffraction (SAED) pattern of Ti/Cu/
Zn-HEG NCs, which offers information about the crystallinity
of the generated NCs. The coordinated rings of bright spots
are observed in the SAED patterns. These motifs reflect the
polycrystalline property. The crystallographic planes of the unit
cells that make up the specimen diffract the electron beam.
The d-spacing and lattice fringes of each element in the
crystalline unit of Ti/Cu/Zn-HEG NCs can be seen in Figure
3c,d. The cross-linked fringes and asymmetrical patterns of the
synthesized NCs help the nanocomposite to achieve high-
quality results and contribute to the rigidity of the structure.
Based on its atomic number (αZ2), the mass-to-thickness idea
of the elements present is outlined in Figure 3e by scanning
TEM (S-TEM) with a high-angle annular dark field
(HAADF).51−54 Each element’s atomic number determines

Figure 4. (a) displays the N2 adsorption−desorption (BET) isotherm of Ti/Cu/Zn-HEG NCs and (b) represents its BJH pore size distribution
curve.

Figure 5. Representative XPS spectra of Ti/Cu/Zn-HEG NCs: (a) all elements, (b) carbon, (c) titanium, (d) copper, (e) zinc, and (f) oxygen,
respectively, present in Ti/Cu/Zn-HEG NCs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03859
ACS Omega 2023, 8, 42164−42176

42168

https://pubs.acs.org/doi/10.1021/acsomega.3c03859?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03859?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03859?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03859?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03859?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03859?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03859?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03859?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the lighter and darker portions in the colored representations.
In HAADF analysis, the greater the Z value, the darker the
depiction of that specific element, and vice versa. With a total
magnification of 800 nm, the generated Ti/Cu/Zn-HEG NCs
comprise darker and lighter Cu, Zn, Ti, O, and C hues,
respectively. The EDS peak patterns of the formed elements
adequately reflect the compositional examination of Ti/Cu/
Zn-HEG NCs, which supports the tangible composite of the
prepared NCs.
The results of an analysis using the Brunauer−Emmett−

Teller (BET) and Barrett−Joyner−Halenda (BJH) models on
the surface area and pore size distribution of Ti/Cu/Zn-HEG
NCs are depicted in Figure 4a,b, respectively. The N2
adsorption/desorption procedure utilized by the NCs is
characterized as a Type V isotherm with an H3 hysteresis
loop, as stated by IUPAC. The BET surface area was 39.026
m2/g, but the relative pressure (P/P0) was only 0.67−0.99.
This behavior can be explained by weak adsorbent−adsorbate
relationships, and molecular aggregation is often accompanied
by pore filling at elevated pressures, resulting in increased
surface area in the prepared NCs.55,56 Furthermore, the pore
width of Ti/Cu/Zn-HEG NCs at 7.05 nm in the BJH pore size
distribution curve is typical of a mesopore-like material. Thus,
Ti/Cu/Zn-HEG NCs are projected to have brilliant catalytic
activity due to their large surface area and effective pore size.
To understand more about the surface charge and the

feasibility of surface engineering concerning the reaction
mechanism, X-ray photoelectron spectroscopy (XPS) is
analyzed. This method also detects a material’s surface
properties, elemental content, and electronic states in the
atom. The XPS spectrum of Ti/Cu/Zn-HEG NCs prepared
sonochemically is shown in Figure 5a. Shirley’s approach
deconvolved all the peaks with the least distortion. The
components discovered in the XPS spectrum correspond to

the SEM-EDX results. Thus, Figure 5b displays C 1s spectra
fragmented to multiple Lorentzian carbon peaks generated
from H. It exhibits two significant peaks, one at 284.7 eV that
can be attributed to the sp2 (C�C) and sp3 (C−C)
hybridized graphitic carbon of C−C or C−H bonds,
respectively, and another at 288.2 eV that can be related to
the carboxyl (C�O) or ester (RCO2R/) connections.57,58

Figure 5c describes the XPS data of Ti. Two important
deconvoluted peaks at 458.2 eV of Ti 2p3/2 and 463.9 eV of Ti
2p1/2 electronic levels belong to Ti4+, indicating Ti valence
state to be +4.59,60 The availability of Ti3+ ions in the material,
leading to the production of O vacancies in the TiO2 lattice,
has been reported in the literature as satellite peaks.61,62

Meanwhile, the presence of metallic copper in the form of
Cu+ state can be verified by two intense peaks at 934.2 and
954.1 eV, which correlate to Cu 2p3/2 and Cu 2p1/2 states,
respectively (Figure 5d). However, the appearance of two
weaker satellite peaks at 942.8 and 962.0 eV implies that the
Cu2+ chemical state is paramagnetic.63−65 The XPS of Zn2+
2p3/2 and Zn2+ 2p1/2 confirm the binding energy of ZnO with
two prominent peaks at 1022.1 and 1045.2 eV, respectively,
with no apparent shift in Figure 5e. O 1s photoelectron
spectrum is wide and unsymmetrical, showcasing multivalent
oxidation states with binding energies of 529.8 eV in Figure 5f.
Some oxygen species are reported to be directly associated
with these metal ions, whereas others are adsorbed on the
surface.66,67

3.2. Investigation of Catalytic Activity. In a quartz
cuvette with a capacity of 2 mL, the catalytic efficiency of Ti/
Cu/Zn-HEG NCs was examined using the reduction of p-NP
to p-AP as a model reaction. The reducing agent used in this
experiment was NaBH4. Using UV−vis spectroscopy (Agilent,
Carry 100), the results of each of the reactions were plotted
and recorded in Figure 6. Although p-NP exhibited a distinct

Figure 6. UV−vis optimization data for catalytic reduction of p-NP using different parameters such as (a) with different catalysts, (b) at different
concentrations of Ti/Cu/Zn-HEG NCs, (c) ratios of various concentrations of ZnO to Ti/Cu-HEG NCs, (d) at different concentrations of p-NP
and (e) at different pH values. Control represents the corresponding data with NaBH4 in the absence of catalyst and p-NP in (b,d) respectively.
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peak at 317 nm, the addition of NaBH4 to the solution resulted
in the production of a potent absorption peak at max = 400
nm. This phenomenon was observed, which could be
accounted for by the appearance of yellow p-phenolate ions.
On the other hand, a new peak was discovered at a maximum
wavelength of 300 nm, which may result from the generation
of p-aminophenol (p-AP) ions.68,69 Aside from that, the
performance of the reaction system was researched using only
the catalyst and the NaBH4. Besides, no induction period or
resting phase was noted during the reaction. This interphase
could be the time the catalyst takes to align its surface particles
to improve different active sites.7 As a result, the maximum
time required to convert p-NP to p-AP using Ti/Cu/Zn-HEG
NCs was approximately 10 min, which can be inferred toward
the presence of multiple porous structures and active groups in
the produced NCs. The optimization of several aspects and
parameters is discussed in detail below.
Further, in Figure 6a, a comparison was made between Ti/

Cu/Zn-HEG, Ti/Cu-HEG, Zn-HEG NCs, and ZnO NPs as
catalysts for efficient conversion of p-NP. Despite the suitable
environment, the catalyst Ti/Cu-HEG and Zn-HEG NCs
could not form p-AP molecules in the reaction system. On the
other hand, zinc oxide nanoparticles could convert p-NP
although the process was slower. However, the transformation
from p-NP to p-AP could be accomplished by Ti/Cu/Zn-HEG
NCs in fewer than 10 min. This discovery might be due to the
bigger pore size of the already synthesized Ti/Cu/Zn-HEG
NCs, making it easier for p-NP molecules and borohydride
ions to adsorb onto the catalyst’s surface. This is supported by
the findings of BJH, which show that, in contrast to NCs
generated via other techniques, the pore diameter of Ti/Cu/
Zn-HEG NCs builds considerably with the pore volume. This
finding lends credence to the previous statement. This means
that Ti/Cu/Zn-HEG NCs have greater catalytic activity in p-
NP conversion than either Ti/Cu-HEG or Zn-HEG NCs
alone. In addition, Figure S1a shows the control reaction that
occurred when the experiment was conducted without Ti/Cu/
Zn-HEG NCs.
Fast agglomeration could occur with an increase in catalyst

concentration, which would reduce the efficiency of the
catalytic process.70 In the instance of 800 ppm Ti/Cu/Zn-
HEG concentration, this might be the reason for the lowest
yield in p-AP synthesis (Figure 6b). However, a delayed p-NP
conversion was observed with catalyst concentrations of 200
and 600 ppm. The reaction was completed within 10 min after
being catalyzed with 400 ppm of Ti/Cu/Zn-HEG NCs. The
electron transmission from the donor (BH4) to the acceptor
(p-NP) molecules was thought to have caused this conversion
process. Control reactions (devoid of Ti/Cu/Zn-HEG NCs)
have been investigated to enhance the qualitative outcomes.
Zinc oxide is known to be the most appropriate catalyst for

reducing the time and temperature needed for organic
synthesis and a way better adaption with other transition
metals.71 Thus, Figure 6c represents different concentration
ratios of ZnO in Ti/Cu-HEG NC. With a low ratio of ZnO at
1:0.25, the conversion efficiency of p-NP is just 42% due to a
lower content of ZnO molecules on the catalyst surface.
However, the generation of p-AP was not so effective. It
required more time for systematic channeling of electron
movement when the ZnO concentration ratio was maintained
at 1:1 and 1:1.5. In Ti/Cu-HEG NC, ∼98% of p-NP converted
when the ZnO concentration was held at 1:0.5.

p-NP conversion is often investigated at minimal concen-
trations. With a control reaction (without p-NP), we have
reported roughly four initial p-NP concentrations in this
publication, i.e., 50, 100, 150, and 200 ppm in Figure 6d. Due
to the limiting presence of reactant molecules, no discernible
conversion occurred at the lower p-NP concentrations of 50
and 100 ppm. The active sites of Ti/Cu/Zn-HEG NCs
gradually fill up with p-NP molecules, until no more p-NP can
be adsorbed. Therefore, it takes time for p-NP to convert at
higher concentrations (200 ppm) completely. The optimized
concentration for converting p-NP was chosen to be 150 ppm.
The optimized concentration for converting p-NP was chosen
to be 150 ppm. Moreover, the control reaction where the
experiment was performed without NaBH4 is displayed in
Figure S1b.
From Figure 6e, it is evident that the highest rate of p-NP to

p-AP conversion occurs at neutral pH = 7. Additional H+ ions
under acidic conditions may have hampered the chemical
process at a lower pH. A similar pattern was also observed in
basic pH. The possible justification could be a negative surface
charge due to hydroxyl radicals in the system. The drop-in
conversion rate was caused at higher pH, which the BH4 might
have brought on− ions and hydroxyl radicals repelling one
another on the catalyst’s surface. Thus, acidic and basic
solution pH values could not promote the efficient conversion
of p-NP.
3.3. Reaction Order and Rate Study. The procedure

mentioned in Section 2.7 was followed to calculate the reaction
and rate constant order, which are 1.5 and 0.092 min−1 mg−0.5

L0.5, respectively. Similar studies demonstrated the results to be
on par with those obtained in this research (Figure 7).

3.4. Response Surface Methodology Used To Opti-
mize the Process: ANOVA Analysis. Optimization of the
response of an outcome variable influenced by multiple input
elements can be achieved through the response surface method
(RSM), also known as the response surface approach.
Compared with other costly analysis methods like the finite
element method or CFD analysis, this method is preferable
because it allows for design optimization while simultaneously
reducing total cost and numerical noise. However, the

Figure 7. UV/vis kinetics data for the catalytic reduction of p-NP
using Ti/Cu/Zn-HEG NCs.
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technique is more difficult because of the wide range of
coefficient estimate values that can result from the impact of
each parameter on output variables and the interacting effect of
each parameter on outcome variables when the responses are
independent of one another. The most common RSM
methods used in design experiments are the Central
Composite design (CCD), Box-Behnken, and Doehlert
designs.30,72−76

The statistical plan offered by Design Expert Software
(Version 6.0, Stat-Ease, Minneapolis, USA) was utilized in
each of our experiments. It was hypothesized that several
factors, such as pH, the concentration of the catalyst in parts
per million, and the concentration of the p-nitrophenol in parts
per million, all affected the conversion efficiency of p-NP to p-
AP. To put it another way, this is the typical response
produced by the central composite design procedure. To be
more specific, the lowest and highest values for catalyst
concentration (ppm), p-NP concentration (ppm), and pH,
respectively, were decided to be 100, 50, and 5. Tables 1 and 2

display the parametric coded table developed by Design Expert
Software and the statistical experimental design. The
effectiveness of the experimental design was evaluated with
the help of the model, which considered a variety of factors.
Among the many RSM techniques, the CCD methodology

lends itself to designing experiments the most effectively. It is
made up of factorial runs, axial runs, and center runs, for the
most part. The following equation can be used to determine

how many trials need to be conducted for each of the different
process variables:

= + + = + × + =N n n2 2 2 (2 3) 8 20n
c

3

where N represents the required total number of experiments
and the total number of variables that are considered
independent. The CCD method necessitates three stages:
first, the execution of design tests; second, the calculation of
model coefficients; and third, the forecasting of model
behavior and acceptance. As a result, a simulation model is
created to calculate behavior based on input process variables
and their interactions. The quadratic regression model
equation allows for process actions:
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where bi is a linear coefficient, bii and bij are interactive and
quadratic coefficients, and b0 is a constant.77 The amounts of
and were considered when accepting the polynomial model
equation. Higher correlation coefficients improved experimen-
tal data fitting to the proposed polynomial equation.
The regression model used all three factors (catalyst

concentration, ppm; p-NP concentration, ppm, and pH) as
input variables with p-NP to p-AP conversion efficiency. The
statistical coefficients were calculated using Design Expert
Software 6.0, as stated in eq 5:

= +
+ +

+ +

Conversion efficiency (%)

234.90909 1.68205(Catalyst conc.)

1.03841(p NP conc.) 27.52273(pH)

0.002000(Catalyst conc.)(p NP conc.)

0.050000(Catalyst conc.)(pH) 0.005000

(p NP conc.)(pH) 0.004486(Catalyst conc.)

0.002436(p NP conc.) 2.71591(pH)

2

2 2 (5)

As all of these parameters are interconnected, all process
parameters were crucial for the design experiment.
To identify significant regression model equation parame-

ters, ANOVA was used. F-test analysis was used throughout
the multifaceted research project. F and P values that are either
greater or lower than the coefficient values should be observed.
When the sum of squares is quite high, the relevance of any
process variable is proportionally and noticeably increased. If
the P value is less than 0.0001, then the sum of squares is
3524.34. The mean square value of 1174.78, the value of the
standard deviation of 2.07, the value of F of 105.36, the mean
value of 81.80, and the CV (%) value of 2.53 indicate that the
model is significant. The conjugate diagram illustrating the
efficiency of converting p-NP to p-AP utilizing Ti/Cu/Zn-
HEG NCs is illustrated in several distinct figures (Figure 8a−

Table 1. Parametric Coded Table Used for Design of the Experiment

factor name units minimum maximum coded low (−1) coded high (+1) mean std. dev.

A catalyst conc ppm 100 300 150 250 200 45.88
B p-NP conc ppm 50 250 100 200 150 45.88
C pH 5 9 6 8 7 0.9177

Table 2. Statistical Experimental Design Generated from
RSM

factor 1 factor 2 factor 3 responses

std run

A:
catalyst
conc.
(ppm)

B: p-NP
conc.
(ppm) C: pH

observed
conversion
efficiency

(%)

predicted
conversion

efficiency (%)

7 1 150 200 8 78 76.8
9 2 100 150 7 62 61.9
11 3 200 50 7 80 80.4
16 4 200 150 7 98 97.2
10 5 300 150 7 45 45.4
14 6 200 150 9 90 90.8
2 7 250 100 6 82 82.6
3 8 150 200 6 85 86.1
18 9 200 150 7 98 99.1
6 10 250 100 8 84 83.1
5 11 150 100 8 74 75.2
20 12 200 150 7 98 98.5
13 13 200 150 5 85 85.2
17 14 200 150 7 98 98.2
1 15 150 100 6 80 80.7
8 16 250 200 8 70 68.4
12 17 200 250 7 68 69.4
19 18 200 150 7 98 98.4
4 19 250 200 6 65 66.4
15 20 200 150 7 98 97.4
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f). Calculating the initial and end concentrations of p-NP and
p-AP in the solution, respectively, and the projected values
using a mathematical model equation developed by CCD

allowed for the derivation of the actual results. Both actual and
predicted data were utilized in the calculation of the overall
model’s correlation coefficient (R2), which was then expressed

Figure 8. Response surface plot diagrams showing variation of conversion efficiency % of p-NP with variable parameters: (a,b) 3D and contour
plots on conjugated effects of p-NP concentration and catalyst concentration on p-NP conversion; (c,d) 3D and contour plots on conjugated
effects of pH and catalyst concentration on p-NP conversion; (e,f) 3D and contour plots on conjugated effects of pH and p-NP concentration on p-
NP conversion.
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in terms of the adjusted correlation coefficient (0.98), as well
as the expected correlation coefficient (0.91).
Figure 8a depicts the combination plot of catalyst

concentration and p-NP concentration versus conversion
efficiency at a constant pH. Maximum conversion efficiency
(90%) is achieved at a catalyst concentration of 220 ppm and a
p-NP concentration of 16 ppm when both the preliminary
catalyst concentration and the p-NP concentration are
increased from 150 to 250 ppm and 100 to 200 ppm,
respectively. After that point, the conversion efficiency began
to rise for both components, and it continued to rise until the
components reached their respective maximum concentrations
(250 and 200 ppm). Figure 8c depicts the interaction between
the catalyst concentration and pH on conversion efficiency.
The conversion efficiency went from 50 to 90% when the
initial catalyst concentration was raised from 150 to 220 ppm.
Beyond 220 ppm of catalyst initially, the conversion efficiency
started to drop from 90 to 77%. Concurrently, the conversion
efficiency increased from 50 to 84% when the pH was raised
from 6 to 8. At a fixed starting concentration of p-NP, both
associated effects were observed. The coupled effects of pH
and p-NP concentration on the p-NP to p-AP conversion
efficiency are shown in Figure 8e. When the p-NP
concentration increases from 100 to 160 ppm, the conversion
efficiency increases from 55 to 92%. However, when the p-NP
concentration is increased further than 160 mg/L, the
maximum efficiency falls from 92 to 86%.
On the other hand, the pH level must be raised from 6 to 8

to improve the conversion efficiency from 55 to 92%. The
contour plots of all the effective parameters are depicted in
Figure 8b,d,f, respectively. The contour graphs are projections
of the three-dimensional plots onto the two-dimensional plot.
This plot in two dimensions depicts the maximum and lowest
points on a three-dimensional graph and the effect of two
factors on a particular response. The maximum conversion
efficiency of 98% was attained at the pH value of 7 and the
catalyst concentration dose of 200 ppm. The initial p-NP
concentration was set to 150 ppm. Since the attractiveness
value of the model is 1, it can be concluded that it is suitable
for analyzing the design experiment.
3.5. Error Analysis for the Prediction of Model

Accuracy. The predicted response from the RSM model
and observed response obtained from experimental inves-
tigations are presented in Table 2. The ability of RSM models
was evaluated statistically through the determination of
coefficient of determination (R2), relative error (RE), and
Willmott d-index (dwill‑index) values, which are described below:

(i) The model-derived data and the experimentally
observed data were used in the error analysis that was
performed using a standard statistical method known as
the relative error analysis (Table 2). This method
consisted of evaluating certain parameters per the
following list of criteria:
(a) Root-mean-square error (RMSE) was computed

by
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where EN and PN are the values of experimental
findings and model-predicted data.

(b) Relative error (RE) was then measured as

= ERE (RMSE/ )mean (7)

where Emean is the mean value of experimental
data.

(ii) In order to improve the performance of the model, it is
attainable to assess the model using the Willmott d-index
(dwill‑index) method, which was evaluated in the following
way:
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(iii) The following expression was used to determine the
value of the regression coefficient (R2):

=R
A

P P
xy

x y

2
2

2 2
(9)

where Axy2 is the covariance of the independent and
dependent variables and Px

2 and Py
2 are the variances of

the independent and dependent variables, respectively.
In terms of relative errors (RE), regression coefficients (R2),

and Willmott d-index (dindex), the developed model predicts
integrated system performance well. The relative error was
0.097 using the experimental data and the model’s predicted
data. In contrast, the regression coefficient (R2) and Willmott
d-index (dwill‑index) were found to be 0.975 and 0.966,
respectively. Less relative error and high values for the
regression coefficient (R2 > 0.97) and Willmott d-index
(dwill‑index > 0.95) reflect the model’s excellent agreement
with the experimental data.
3.6. Reusability Potential of Ti/Cu/Zn-HEG NCs. After

the catalytic conversion of p-NP to p-AP, the reusability
potential of the Ti/Cu/Zn-HEG NCs was examined.
Following the procedure outlined in the experimental section,
the catalyst was collected and used for three additional cycles.
The conversion process took approximately the same amount
of time as the catalyst’s initial utilization, as seen in Figure 9.
But when it was employed in the fourth and fifth cycles, the
entire conversion procedure took an additional 2−5 min. This

Figure 9. Conversion efficiency of p-NP (%) with respect to number
of reaction cycles in over Ti/Cu/Zn-HEG NCs (catalyst loading =
400 ppm).
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implied that Ti/Cu/Zn-HEG NCs are quite stable materials
that may be recycled at least three times without significantly
losing their catalytic characteristics, lessening the process’s
economic strain.20,37

4. CONCLUSIONS
In conclusion, we successfully synthesized Ti/Cu/Zn-HEG
NCs using in situ sonochemical coprecipitation with a two-step
approach. The resulting material exhibited characteristic peaks
of hydrogen exfoliated graphene (HEG), Ti/Cu-HEG, and
ZnO, along with the formation of exfoliated sheets in a layered
structure after undergoing thermal treatment at 500 °C.
Transmission electron microscopy (TEM) analysis revealed
the evidence of well-defined NCs in the size range of 20−30
nm. Furthermore, X-ray photoelectron spectroscopy (XPS)
analysis provided quantitative data confirming the distribution
of ions in the material. The Brunauer−Emmett−Teller and
Barrett−Joyner−Halenda (BET−BJH) analysis demonstrated
that Ti/Cu/Zn-HEG NCs possessed a nanoporous structure,
boasting a large surface area and pore volume�a promising
characteristic for catalytic applications. Assessing the catalytic
activity of Ti/Cu/Zn-HEG NCs, we investigated their
performance in the reduction of p-nitrophenol (p-NP) in the
presence of an excess of NaBH4. The catalytic reduction
reaction was found to be approximately of 1.5 order, with a
calculated rate constant of kapp = 0.092 min−1 mg−0.5 L0.5.
Optimal conditions for maximum p-NP degradation were
achieved with a p-NP concentration of 150 ppm, a catalyst
concentration of 400 ppm, and a total reaction time of 10 min.
One notable advantage of the newly synthesized material is its
recyclability without a significant loss of catalytic activity,
making it a promising candidate for commercial-scale
applications in the chemical processing industries. The
potential of Ti/Cu/Zn-HEG NCs lies in their efficient catalytic
performance, nanoporous structure, and ability to contribute to
environmentally friendly and sustainable processes. These
findings pave the way for the further exploration and utilization
of these NCs in various industrial applications.
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