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A B S T R A C T

The utilisation of heterogeneous catalysts in producing fatty acid monomers can minimise the separation cost 
and hence reduce the price of the fatty acid monomers. This study reports for the first time a novel, environ
mentally benign, highly active copper oxide-silica oxide/reduced graphene oxide (CuO-SiO2/RGO), heteroge
neous nano-catalyst derived from waste pomegranate peels, for the one-pot, low-temperature synthesis of fatty 
acid monomers from high-acid-value waste vegetable oil (WVO). The synthesised nano-catalyst was extensively 
characterised using XRD, FT-IR, TEM, SEM, EDX and TGA-DTA. Further, it was utilised to synthesise fatty acid- 
rich oleic phenoxypropyl acrylate (OPA) monomer from high acid value WVO via a single-step reaction. The 
process parameters for the synthesis of OPA monomer using CuO-SiO2/RGO catalyst have been optimised using 
response surface methodology (RSM) and found to be 8.5:1 reactant molar ratio, 3.5 % (w/w) catalyst loading, 
54 ◦C temperature, and 9.5 h reaction time, where the highest OPA monomer yield was 95.73 % under optimum 
conditions. The CuO-SiO2/RGO exhibited stable catalytic performance after regeneration with an OPA yield of 
93.1 ± 0.37 % after five consecutive runs. The plausible reaction mechanism unveiled that the direct synthesis of 
OPA monomer from high acid value WVO occurred through both transesterification and esterification reactions 
simultaneously on the surface of CuO and SiO2 catalyst supported on RGO sheets. The adaptation of waste 
pomegranate peels into a high-value CuO-SiO2/RGO nano-catalyst offers a new direction for clean, one-pot and 
low-temperature production of sustainable fatty acid monomers from high-acid-value WVO.

1. Introduction

Waste vegetable oils (WVOs) and their derived fatty acids are crucial 
sustainable materials for the synthesis of high-value chemicals due to 
their abundance, low cost, and potential to diminish environmental 
waste [1]. The rapid increase of global production of WVO, exceeding 
190 million metric tons per year, including about 1 million tons per year 
from the European Union (EU), provides an eco-friendly alternative to 
fossil-based resources [2]. According to Mannu et al. [3], millions of 
dollars are spent on WVO processing and recycling annually to be used 
as raw material for different applications. Recently, the literature has 
reported the application of renewable resources for the synthesis of 
biopolymers for different industrial applications [4–13]. The unsatu
rated nature of vegetable oils favours functionalisation reaction, which 

improves the hydrophilic properties of vegetable oil-derived materials 
despite the existence of long fatty acid alkyl chains [14]. The literature 
reported the utilisation of edible vegetable oils as a sustainable platform 
for the synthesis of fatty acid derivatives and monomers, owing to their 
worldwide availability, nontoxicity, and low cost [1,15,16].For the 
synthesis of fatty acid monomers, the catalyst should not only enhance 
the yield of the synthesised bio-monomer but also achieve the required 
conditions for a cleaner and sustainable chemical process [17]. Homo
geneous catalysts are the most applied catalysts for the synthesis of fatty 
acid-based monomers [18]. Yuan et al. [14] employed sodium meth
oxide catalyst in the transesterification reaction between vegetable oil 
and amino alcohols for the synthesis of N-hydroxyalkyl fatty amides, 
which are further converted into fatty acid monomers. Homogeneous 
catalysis has also been utilised for the esterification reaction of fatty 
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acids and methacrylate to synthesise fatty acid derivatives [19]. Mha
deshwar et al. [20] synthesised ricinoleic acid monomer through the 
esterification of ricinoleic acid with 2-hydroxyethyl methacrylate using 
butylstannoic acid as a catalyst. Machado et al. [21] reported the syn
thesis of diene monomer via esterification of 10-undecenoic acid and 
isosorbide. These monomers, practically with methyl (or ethyl) 10-unde
cenoate, were synthesised using 4,4-dimethylaminopyridine [22]; 
1,1‑carbonyl diimidazole [23], NaOMe or NEt3 [24] and p-toluene 
sulfonic acid or scandium(III) triflate Sc-(CF3SO3)3 [25]. Other re
searchers reported the synthesis of fatty acid-based monomers by 
reacting acid chloride with diols using the NEt3 catalyst [26,27]. The 
literature also reported the synthesis of fatty acid-based monomers by 
reacting acid chloride with diols using NEt3 catalyst [26,27]. Similarly, 
the literature reported the synthesis of oleic estolides under the catalysis 
of sulphuric acid (H2SO4), perchloric acid (HClO4), p-toluenesulfonic 
acid, or montmorillonite [28–31]. Despite the application of homoge
neous catalysts in the synthesis of the fatty acid monomers produced a 
relatively high fatty acid monomer yield that ranges from 86 % to 91 % 
at mild temperatures up to 60 օC they have limitations that involve the 
difficulty of catalyst separation, catalyst reusability is not possible along 
with the production of a large amount of wastewater during the puri
fication process that subsequently increases the manufacturing cost of 
materials and raises many environmental concerns [32–34].

To overcome the shortcomings, the utilisation of heterogeneous 
catalysts is favoured as it is easily regenerated, recycled and minimises 
the separation and purification cost that increases its commercial pro
duction [35–38]. Recently, the literature reported the utilisation of 
different heterogeneous catalysts for the synthesis of epoxy fatty acid 
derivatives from vegetable oil. These heterogeneous catalysts include 
acidic ion exchange resins (AIERs) [39–43] and metal heterogeneous 
catalysts [44–48] in the presence of oxidants, mostly hydrogen peroxide 
and percarboxylic acid as an oxygen carrier [39–43]. Other researchers 
also reported the utilisation of heterogeneous catalysts for the synthesis 
of fatty acid monomers. Moreno et al. [12,49] have reported the appli
cation of Cr III and zinc-based catalysts for the synthesis of methacry
lated linoleic acid monomer through the esterification of linoleic acid 
with glycidyl methacrylate. However, catalyst reusability has not been 
reported. Several heterogeneous catalysts have also been recently re
ported for the conversion of fatty acids to α-olefin fatty acid vinyl 
monomers, which include silver nitrate [50], Pd on non-oxidised CNF 
[51,52], Pd/Al2O3 [53], ZnCl2 [54,55], Pd/C [56–58], Pd on oxidised 
CNF [51,52,59], and Palladium [79]. These studies reported low selec
tivity of less than 60 % of the resultant fatty acid monomers due to the 
presence of ketones, saturated hydrocarbons, and cracking products 
byproducts [52,59]. Furthermore, these catalysts are operated at 
extremely high reaction temperatures and long reaction time ranges 
from 200 to 350 օC and 24 h, respectively, and prepared from high-cost 
commercial materials, which limits the commercial application of these 
catalysts in fatty acid monomer production. Therefore, it is essential to 
design a novel green catalytic process with high performance for the 
synthesis of fatty acid vinyl monomers with a high yield that could 
operate at lower reaction temperatures and less reaction time. Accord
ing to the literature, no previous studies have been reported so far 
approaching the synthesis of green, heterogeneous, nano-catalysts for 
the synthesis of fatty acid-rich monomers. Furthermore, the utilisation 
of green heterogeneous nano-catalysts in the synthesis of fatty acid 
monomers from WVO has not been reported.

The valorisation of agro-industrial waste, such as pomegranate peels, 
into a cost-effective catalyst for the synthesis of fatty acid monomers 
could be a smart alternative to high-cost catalytic materials. Pome
granate peels are rich in phenolic compounds characterised by a high 
antioxidant activity, involving flavonoids such as phenolic compounds 
and tannins such as punicalagin and gallic acid [60,61]. which can 
behave as a reducing agent for the synthesis of nanoparticles [62,63]. 
Pomegranate peels account for up to 55% of the pomegranate weight, 
and it is disposed contempt a large quantity of phenolic compounds 

[62–64]. The global production of pomegranates is 3 million tons 
annually, and 1.62 million tons are waste, including peels. This waste 
has a hazardous impact on the environment and reduces economic 
production as they are disposed of. Using this waste in the synthesis of 
nano-catalysts promotes their circular economy and diminishes envi
ronmental pollution. Current studies are investigating the innovative 
utilisation of phenolic-containing plant extracts for the green synthesis 
of nanomaterials. Although the synthesis of polyphenol-derived single 
nanoparticles [65–67] or binary systems [68,69] and graphene oxide- 
based materials [70,71] with a single metal oxide has been recently 
reported in the literature, the utilisation of PPE as the sole reducing and 
stabilising agent for the synthesis of a hybrid, multifunctional 
CuO–SiO₂/RGO nanocomposite specifically tailored for one-pot, low- 
temperature fatty acid monomer production remains unexplored. 
Recently, some researchers have reported on the utilisation of nano
particles as catalysts for transesterification reactions due to their high 
surface area and nanoparticle size. Nano-catalysts can accelerate the 
rate of reaction owing to a high number of molecules consuming mini
mal energy essential for the reaction to happen [17,33]. From various 
materials that can be utilised to synthesise nanocomposites, graphene- 
based materials provide unique properties as it is inert in basic and 
acidic media and easy to change their chemical properties. Moreover, it 
has a high surface area and high efficiency as a charge carrier. [33] and 
high interfacial interaction with metal nanoparticles, with ease of 
movement of charge within the surface, leading to synergistic influence, 
which improves the catalytic performance of the composite [17]. 
Various researchers presented the utilisation of graphene-based mate
rials as a catalyst for biofuel production and dimethyl carbonate; how
ever, no studies have been reported on their potential in the synthesis of 
fatty acid monomers.

In our recently published work, we reported the synthesis of fatty 
acid-rich OPA monomer using 4-(dimethylamino)pyridine (DMAP) ho
mogenous catalyst through the transesterification of fatty acid methyl 
ester (FAME) via multi-stage reaction [1]. The usage of DMAP homog
enous catalyst increased the separation cost and environmental concerns 
associated with the production of wastewater during the purification 
process of synthesised OPA monomer. Also, catalyst separation and 
reusability were not applicable [72]. In this context, the current research 
reports the valorisation of waste pomegranate peels into a novel, green, 
cost-effective CuO-SiO2/RGO nanocomposite heterogeneous catalyst 
tailored for a cleaner, direct and low temperature transformation of high 
acid value WVO into valuable fatty acid-rich monomer via a single step 
transesterification reaction. The synthesised nano-catalyst has been 
characterised by XRD, FT-IR, SEM, EDX, TEM and TGA-DTA. The RSM 
approach has been used to optimise synthetic parameters for the OPA 
monomer preparation by varying four controllable variables (reactant 
molar ratio, catalyst loading, reaction temperature, and reaction time) 
at three levels. The values of the predicted response (OPA monomer 
yield) using RSM were compared with the experimental yield of OPA 
monomer. Furthermore, the relationship between the yield of OPA 
monomer and the synthesis parameters was also studied based on the 
experimental results. The regression analysis has been utilised to 
develop the validated model to conclude the optimum reaction condi
tions for maximising OPA yield. Further, the chemical structure of the 
OPA monomer has been confirmed. According to the literature, this is 
the first study of the synthesis of a competitive, green, heterogeneous 
nano-catalyst tailored for a cleaner and direct transformation of a high 
acid value WVO into a valuable fatty acid-rich monomer using a single- 
step reaction and low reaction conditions. The green CuO-SiO2/RGO 
PPE-derived nanocomposite developed in this research is uniquely 
designed to catalyse both esterification and transesterification reactions 
simultaneously, for one-pot, low temperature OPA monomer synthesis 
from high acid the approach not previously reported. In addition to the 
utilisation of systematic optimisation of response surface methodology 
(RSM) to maximise OPA monomer yield under mild reaction conditions. 
Therefore, the integration of waste valorisation, green heterogenous 
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nano-catalyst and statistical process optimisation in this research offers 
an innovative, cleaner, cost-effective approach for the synthesis of fatty 
acid-rich polymer precursors from high acid-value WVO using a single- 
step reaction as an alternative to existing multistage approaches of 
applying homogeneous catalysts.

2. Experimental section

2.1. Materials

WVO feedstock was collected from restaurants in Egypt (TAN eval
uated using ASTM D-974 method is 10 mg KOH g− 1, density evaluated 
using ASTM D-4052 is 0.93 g/cm3); Pomegranate peels were collected 
from juice stores in Egypt, natural graphite powder, potassium per
manganate (KMnO4), sulphuric acid (H2SO4), hydrogen peroxide 
(H2O2), hydrochloric acid (HCl), p-cymene (99 %), 2-hydroxy-3-phenox
ypropyl acrylate (HPA), sodium metasilicate (Na2SiO3), copper chloride 
(CuCl2), methyl hydroquinone (MEHQ), dimethyl sulfoxide‑d6 (99.9 
atom %D) were supplied by Sigma-Aldrich.

2.2. Synthesis of CuO-SiO2/RGO nanocomposite catalyst

The synthesis of CuO-SiO2/RGO nanocomposite was performed as 
indicated in Fig. 1. Initially, Graphene oxide (GO) was synthesised ac
cording to Hummer’s method with minor modifications [17,73,74]. In a 
500 mL conical flask, 2 g of graphite powder was dissolved in 46 mL 
concentrated H2SO4 and stirred. 6 g of KMnO4 was added dropwise. The 
mixture was stirred for 2 h at a temperature of − 5 ◦C. The mixture was 
then heated to 40 ◦C with stirring for 12 h. Further, 92 mL of deionised 
water is added to the mixture under continuous stirring. Thereafter, 35 
% H2O2 was added dropwise, followed by 5 % HCl solution. The reaction 
solution was then washed with deionised water to remove unreacted 
salts and acids. Further, pomegranate peel extract (PPE) was prepared 

by dissolving 16 g of pomegranate peel powder in 200 mL of deionised 
water and heating the mixture to 40 ◦C for 1 h. The solution was then 
filtered, and the PPE was kept at 4 ◦C. To prepare CuO-SiO2/RGO, 400 
mg of GO powder was dispersed in 40 mL of deionised water by soni
cation. The GO dispersion was transferred to a round flask, then 1 g of 
CuCl2 and 2.5 g of Na2SiO3 were added dropwise to the GO dispersion. 
The reaction mixture was then refluxed at 90 ◦C with a100 mg of PPE 
solution (0.4 g mL− 1) with stirring for 8 h. The mixture was then cooled 
to 25 ◦C, and the precipitate of the nanocomposite was collected by 
filtration. PPE solution concentration ranging from 0.21 g mL− 1 to 0.43 
g mL− 1 was selected to evaluate its effect on the catalyst’s chemical 
structure, size and morphology. This range was selected based on pre
liminary experiments, indicated that higher PPE concentration above 
0.43 g mL− 1 resulted in a significant increase in the reaction medium 
viscosity, which diminished mixing and diffusion within the reaction 
medium, resulting in ineffective mass transfer and incomplete reduction 
of metal ions. The synthesis protocol of the CuO-SiO2/RGO nano
composite catalyst is shown in Fig. 1.

2.3. Synthesis of fatty acid-rich oleic phenoxypropyl acrylate monomer 
(OPA)

Both transesterification and esterification reactions simultaneously 
occurred between 2-hydroxy-3-phenoxypropyl acrylate (HPA) and both 
triglycerides and fatty acids that exist in WVO, respectively. SiO2 works 
as a catalyst in the esterification reaction[75], and CuO contributes to 
the transesterification reaction [76]. In a 250 mL jacketed reactor 
equipped with a thermometer and mechanical stirrer, 90 mL of p-cym
ene was charged into the reactor as a solvent, followed by the designed 
amounts of HPA and WVO (according to the specified molar ratio of each 
run). The designed weight of the synthesised catalyst was dispersed in p- 
cymene and added to the reaction mixture dropwise over 20 min, then 
1.2 % (w/w) methylhydroquinone was added to the reaction mixture. 

Fig. 1. Synthesis protocol of CuO-SiO2/RGO nanocomposite catalyst.
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The reaction mixture was then stirred at different temperatures for the 
specified reaction durations. After the designed reaction time, the 
mixture was centrifuged, and the synthesised product was separated 
from the produced glycerol and water during esterification and trans
esterification reactions. The catalyst was separated by centrifuge and 
denoted as a fresh catalyst, and then the reusability studies of the CuO- 
SiO2/RGO catalyst were conducted. The catalyst was reused for 5 cycles 
of reactions without any treatment. Regeneration of the catalyst was 
performed after the accomplishment of the catalyst reusability for 5 
cycles. The catalyst was separated after the cycle and regenerated before 
being reused for another 5 runs. After the reusability of the catalyst in 5 
consecutive cycles, the catalyst was regenerated by washing with 
methanol, followed by drying in an oven at 80 օC for 1 h. This was 
followed by calcination of the catalyst in a vertical furnace in the 
presence of argon at 300 օC using a ramp rate of 10 ◦C/min for 3 h to be 
re-used for the next cycles at the same reaction conditions. The isolated 
OPA monomer was rinsed with methanol and dried with magnesium 
sulfate under vacuum. Further, the OPA monomer yield was calculated 
based on the ratio of the mass of the product to the reactants [77].

2.4. Characterisation techniques

The gas chromatography–mass spectrometry (GC–MS) analysis and 
physicochemical properties of WVO feedstock were discussed in detail 
elsewhere [72]. The phase structure of the prepared nanocomposite 
catalyst was analysed by X-ray diffractometer (Rigaku Miniflex, Japan) 
using CuKa radiation at 30 KV in the 2θ range of 10-80օ. The identifi
cation of functional groups in the synthesised nanocomposite catalyst 
was performed using an FT-IR spectrometer (Shimadzu FTIR-8400). The 
morphology and elemental composition of the nanocomposite catalyst 
were investigated by Scanning Electron Microscope (SEM; Hitachi S- 
4800 II Model), which was connected with Energy Dispersive X-ray 
(EDX) spectroscopy. The structural and morphological properties of the 
catalyst were evaluated using Transmission Electron Microscopy (TEM) 
images using (JEM-2100F, 200 kV). The 1H NMR of the synthesised 
monomer was performed by a Bruker Avance 400 spectrometer, 
Rheinstetten, Germany. Thermogravimetric analysis was performed 
using a Shimadzu TGA-50 thermogravimetric analyser.

2.5. Experimental design

A three-level-four-factor, BBD was applied in this optimisation study. 
The influence of four independent variables on the OPA monomer yield 
was investigated. The independent variables were identified as molar 
ratio of HPA:WVO (A), catalyst loading (B), temperature (C) and time 
(D) to optimise the process parameters for the synthesis of the OPA 
monomer. The coded and actual levels of the four independent variables 
are indicated in Table 1. The values of the four variables were defined 
based on preliminary experiments. The WVO:HPA molar ratio 
(2:1–10:1) was selected to cover stoichiometric and excess reactant 
conditions. Catalyst loading (0.5–3.5 wt%) is the typical range to avoid 
mass-transfer limitations. The temperature range (40–130 ◦C) involves 
both mild to moderate reaction conditions, ensuring no HPA degrada
tion, whereas the reaction time (2–15 h) was selected to allow evalua
tion of kinetic and equilibrium phases. BBD has been utilised to design a 
set of experiments for evaluating the relation between process variables 

and reaction response. Twenty-nine experiments have been generated 
using the defined variables and levels. Design Expert 11 software (Stat- 
Ease Inc., Minneapolis, MN, USA) was utilised to design experimental 
runs. Table 2 indicates the experimental design along with the predicted 
response of OPA monomer yield.

2.6. Statistical analysis

Regression analysis was completed by applying a quadratic poly
nomial equation to state the model as indicated in Eq. (10). Where: Y, 
the dependent response; β0, coefficient constant; βi, βii, βij, intercept 
coefficient of linear, quadratic, interactive terms respectively, Xi, Xj, 
model-independent variables (i ∕= j). 

Y = bo +
∑n

i=1
bixi +

∑n

i=1
biix2

i +
∑n− 1

i=1

∑n

j>1
bijxixj +ℇ (10) 

The adequacy of the model was evaluated using ANOVA by calcu
lating Fisher’s F-test value at a 95 % confidence level. The statistical 
significance of model variables was expressed by p-value, as the variable 
is significant when the p-value is less than 0.05. Moreover, Lack-of-fit 
analysis is one of the crucial analyses by ANOVA, which evaluates the 
failure of the developed model to represent the actual experimental 
results. The accuracy of the generated model to fit the experimental data 
can be determined from the significance of the regression analysis and 
the insignificance of the lack of fit value [78]. The lack of fit and the 
value of pure error indicated in Table 3 prove the good reproducibility of 
the experimental results. The predicted OPA yield is summarised in 
Table 2, which was estimated using the developed model.

3. Results and discussion

The characterisation results of the synthesised CuO-SiO2/RGO 
nanocomposite catalyst, along with the OPA fatty acid monomer, have 
been discussed in this section. Furthermore, the results of the RSM 
optimisation of the synthesis parameters of the OPA fatty acid monomer 
using CuO-SiO2/RGO nanocomposite catalyst have been presented in 
detail.

3.1. Characterisation of CuO-SiO2/RGO nanocomposite catalyst

3.1.1. X-ray diffraction of synthesised CuO-SiO2/RGO nanocomposite 
catalyst

The XRD pattern of GO, the control nanocomposite prepared without 
PPE and CuO-SiO2/RGO nanocomposites prepared with different PPE 
solution concentrations ranging from 0.21 g mL− 1 to 0.43 g mL-1 are 
shown in Fig. 2(a). The XRD pattern of GO indicates a diffraction peak at 
~10.48 corresponding to (002) of GO, revealing the successful oxidation 
of graphite powder to GO [79]. The diffraction peaks observed at 2θ 
=32.5, 35.45, 54.1, 58.2, 62.50, 67.1, 72.04, and 75.8 corresponds to 
(110), (11− 1), (020), (202), (113), (022), (311) and (004), respectively 
attributed to CuO matched with JCPDS file (48–1548) as reported in 
other studies [80]. The XRD pattern also demonstrates a broad peak at 
23◦ due to the amorphous phase of SiO2. It can be observed that all the 
diffracted peaks are intensified with the increase in PPE concentration, 
which confirms the crystallinity of the nanocomposite. The average 
particle size of CuO-SiO2/RGO prepared with 0.43  g mL-1 PPE solution 
was evaluated from the diffraction peak with the highest intensity (2θ =
32.51

◦

) by applying the Scherrer equation and determined to be 7 nm. It 
was observed that with the increase of the applied PPE concentration, 
the diffraction peaks showed higher intensity, and the crystallite phase 
became more regular. The XRD pattern mainly demonstrates the exis
tence of a CuO crystalline phase with improved crystallinity and size as 
the PPE solution concentration increased to 0.43 g mL− 1. The increase of 
PPE concentration decreased the crystallite size of the synthesised 
catalyst from 35 nm to 7 nm, which can be attributed to the shielding 

Table 1 
Experimental design variables and their coded levels.

Factor Code Levels

-1 0 +1

WVO: HPA (molar ratio) A 2 2.66 10.00
Catalyst loading (%) (w/w) B 0.5 1.5 3.5
Reaction temperature (◦C) C 40 85 130
Reaction time (h) D 2 6 15
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effect of PPE that modifies the size and shape of the particles to a 
nanosized range where polyphenols of PPE behave as a reducing agent. 
The decrease of the nano-particle size with the increase of PPE con
centration can be attributed to an improved reduction reaction rate 
along with accelerated reaction kinetics with the increase of poly
phenols concentration contained in higher concentrations of PPE, which 
results in fast nucleation of the formed nanoparticles. The accelerated 
nucleation owing to the higher concentration of polyphenols results in a 
rapid decrease in the size of the formed nanoparticles. The behaviour 
that can be justified by fast nucleation restricts the time available for the 
formed nanoparticles to increase their size [73]. This can result in the 
formation of a higher number of smaller particles in a shorter time, 
contrasting with lower concentrations where particles could have more 

time to increase their size. The increase in the polyphenol concentration 
increases the number of nucleation sites in the solution. Furthermore, 
high polyphenol concentrations behave as a stabiliser that restricts the 
growth of the formed nanoparticles and increases their size [73]. Based 
on Yuan et al. [81], the polyphenols of PPE also behave as a capping 
agent where they adsorb onto the surface of the nanoparticles, hindering 
their aggregation. These results are in good agreement with other pub
lished literature. [82–84] Therefore, it can be concluded that the PPE is 
largely responsible for providing high catalytic activity of the syn
thesised CuO-SiO2/RGO catalyst in the transesterification and esterifi
cation reaction of WVO. To investigate further the reason for the OPA 
monomer yield and understand the deactivation mechanism, the fresh 
and spent catalysts were extensively characterised. Fig. 2(b) indicates 

Table 2 
Experimental design matrix with the actual and predicted yield of OPA monomer.

Entry WVO:HPA 
(molar ratio)(A)

Catalyst loading 
(%)(B)

Reaction temperature, (◦C)(C) Reaction time (h) 
(D)

Isolated OPA yield% Predicted OPA  
yield%

Residuals

1 10 2 85 1 30.2 29.29 0.91
2 6 2 130 1 20.7 20.00 0.7
3 6 0.5 40 8 23.5 28.79 − 5.29
4 10 2 85 15 79.1 75.96 3.14
5 6 2 85 8 86.8 84.00 2.8
6 6 3.5 85 15 75.5 77.21 − 1.71
7 6 0.5 85 15 36.1 39.04 − 2.94
8 6 0.5 130 8 39.1 35.13 3.97
9 2 3.5 85 8 30.3 33.17 − 2.87
10 6 2 85 8 84.5 84.00 0.5
11 10 2 130 8 70.6 76.04 − 5.44
12 6 3.5 130 8 86.4 76.29 10.11
13 2 2 40 8 20.2 17.54 2.66
14 6 0.5 85 1 30.2 31.37 − 1.17
15 6 2 130 15 70.8 70.67 0.13
16 10 2 40 8 26.2 22.71 3.49
17 6 2 85 8 85.3 84.00 1.3
18 2 2 130 8 15.2 21.88 − 6.68
19 2 2 85 1 20.1 19.13 0.97
20 6 3.5 40 8 25.2 24.96 0.24
21 2 0.5 85 8 37.8 33.50 4.3
22 6 2 40 1 15.2 14.67 0.53
23 10 0.5 85 8 47.8 44.17 3.63
24 10 3.5 85 8 78.1 81.83 − 3.73
25 6 2 85 8 85.2 84.00 1.2
26 6 2 40 15 18.2 18.33 − 0.13
27 2 2 85 15 30.8 26.79 4.01
28 6 2 85 8 80.5 84.00 − 3.5
29 6 3.5 85 1 30.1 30.54 − 0.44

Table 3 
Analysis of variance for yield of OPA monomer model.

Source Sum of Squares df Mean Square F-value p-value Significance

Model 20,172.51 14 1440.89 57.93 < 0.0001 HS
A-HPA:WVO 2640.33 1 2640.33 106.14 < 0.0001 HS
B-Catalyst loading 1045.33 1 1045.33 42.02 < 0.0001 HS
C-Temperature 2494.08 1 2494.08 100.26 < 0.0001 HS
D-Time 2214.08 1 2214.08 89.01 < 0.0001 HS
AB 361 1 361 14.51 0.0065 S
AC 600.25 1 600.25 24.13 0.0002 S
AD 380.25 1 380.25 15.29 0.0013 S
BC 506.25 1 506.25 20.35 0.0004 S
BD 380.25 1 380.25 15.29 0.0003 S
CD 552.25 1 552.25 22.2 0.0003 S
A2 2940.55 1 2940.55 118.21 < 0.0001 HS
B2 1371.63 1 1371.63 55.14 < 0.0001 HS
C2 5146.13 1 5146.13 206.88 < 0.0001 HS
D2 4027.07 1 4027.07 161.89 < 0.0001 HS
Residual 348.25 14 24.88 ​ ​ ​
Lack of Fit 326.25 10 32.63 5.93 0.0558 NS
Pure Error 22 4 5.5 ​ ​ ​
Cor Total 20,520.76 28 ​ ​ ​ ​

a HS: Highly Significant, S: Significant and NS: Not Significant.
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the XRD pattern of fresh and spent CuO-SiO2/RGO nanocomposite 
catalyst. The XRD pattern of the fresh catalyst demonstrates the presence 
of active complexes for the transesterification and esterification reac
tion, i.e. CuO and SiO2. The literature has reported these complexes’ 
high activity as a catalyst for both reactions, respectively [75,76]. The 
XRD pattern of the spent catalyst demonstrated a high resemblance to 
the fresh unused CuO-SiO2/RGO nanocomposite catalyst, suggesting 
that it did not significantly change its chemical structure. The decreased 
peak intensity of the spent catalyst evidenced the coverage of its surface 
with WVO. These results are in agreement with the results reported by 
Dias et al. [85] and Deng et al. [86]

3.1.2. FT-IR spectra of CuO-SiO2/RGO nanocomposite catalyst
FT-IR spectra were utilised to determine the functional groups that 

exist in GO, along with the nanostructures synthesised with different 
PPE concentrations as indicated in Fig. 3(a). FT-IR spectra of GO show 
an absorption band at 3440 cm− 1, which was attributed to the stretching 
vibrations of–OH. The peaks at 2930 cm− 1 and 1050 cm− 1 were assigned 

to C–H and stretching vibrations C–O [87], respectively. The FTIR 
spectra of the nanocomposite sample prepared with no PPE content 
demonstrate a high-intensity peak at 3450 cm− 1 assigned to free O–H 
of GO. The FT-IR spectrum also shows characteristic peaks at 1630 cm− 1 

corresponding to (C–O) due to the incorporation of graphene sheets and 
the (O–H) bond of water. The characteristic peaks at 460 cm− 1 and 
1088 cm− 1 were assigned to the stretching vibrations Si–O–Si and 
Si–O–Cu/Si–O–Si of amorphous SiO2 as detected in the XRD patterns 
[88], respectively. The peaks at 968, and 807 cm− 1 were also assigned to 
the stretching vibrations of Si–OH and Si–O–Si, respectively. The ab
sorption peaks at 825–840 cm− 1 are owing to the vibration of SiO4 
groups of Cu2SiO4. The intensity of these absorption peaks of SiO4 
significantly decreases with the increase of PPE concentration and 
completely diminishes when PPE concentration increases above 0.21 g 
mL− 1 was applied suggesting the phase transformation of Cu2-SiO4 to 
mixed oxide CuO-SiO2, which is evidenced by the XRD pattern of the 
synthesised catalyst. The FT-IR spectra demonstrate the characteristic 
peaks of Cu–O at 670, 570 and 430 cm-1, which confirm the presence of 

a b

Fig. 2. XRD patterns of (a) CuO-SiO2/RGO nanocomposite synthesised with different PPE concentrations and (b) GO, fresh and spent CuO-SiO2/RGO nano
composite catalyst.
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the copper nanoparticle. The intensity of the peaks at 3450 cm− 1, 
1744.8 cm− 1 and 1628 cm− 1 significantly decreased with the increase of 
PPE concentration, which suggests a reduction of functional groups with 
oxygen by PPE solution. The characteristic peaks at 1744.8 cm− 1 and 
1628 cm− 1 correspond to C–H stretching completely and disappear at a 
high PPE solution concentration of 0.4 M. All the observed peaks 
confirm the creation of a new metal‑oxygen bond of Cu–O and Si–O–Si 
in the structure of the catalyst, which coordinated with XRD data. The 
appearance of these peaks proves the successful synthesis of CuO-SiO2/ 
RGO nanocomposite.

Further, the FTIR spectrum was utilised to evaluate the change in the 
chemical structure on the catalyst surface. Fig. 3(b) demonstrates the 

FTIR spectra of fresh and spent CuO-SiO2/RGO nanocomposites. The 
characteristic peak at 1674 cm− 1 on the FTIR spectra of the fresh catalyst 
proves the adsorption of water molecules on the catalyst’s surface. On 
the other hand, the spent CuO-SiO2/RGO nanocomposite shows a new 
sharp band at 1745.10 cm− 1 that can be attributed to the presence of 
carbonyl stretching vibration of triglycerides (C=O). Furthermore, the 
presence of absorption peaks of -CH2- and -CH3- of the fatty acid chain is 
situated at 2800 cm− 1, and 2930 cm− 1, respectively [89,90]. The pres
ence of all these new peaks confirms the direct interactions between 
WVO fatty acids and the synthesised catalyst, where alkyl fatty acids 
cover the surface of the catalyst as indicated in the proposed reaction 
mechanism introduced in section 5.7. These results indicate that the 

(e)

Fig. 4. SEM images of CuO-SiO2/RGO nanocomposite catalyst synthesised with different PPE concentrations (a) GO-[Cu2SiO4] (no PPE content), (b) RGO-[CuO- 
SiO2]/PPE 0.2 g mL− 1. (c) RGO-[CuO-SiO2]/PPE 0.3 g mL− 1 (d) RGO-[CuO-SiO2]/PPE 0.4 g mL− 1(e) Spent CuO-SiO2/RGO catalyst.
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organic components of WVO cover the catalyst’s surface, which in
fluences the availability of the active sites of the catalyst.

3.1.3. Scanning electron microscope (SEM) with energy dispersive X-ray 
(EDX) analysis

The surface morphology of nanostructures synthesised with various 
concentrations of PPE solutions is indicated in Fig. 4 (a-d) for further 
investigation of the effect of PPE on the shape and size of the synthesised 
nano-catalyst.

Fig. 4(a) shows the SEM image of GO-[Cu2SiO4] nanostructure 
before the addition of PPE solution, where a clear irregular sheet-like 
structure with a continuous layer was observed, signifying incomplete 
reduction in the absence of polyphenols. As can be observed in Fig. 4(b), 
the incorporation of 0.21 g mL− 1 PPE solution highly changed the sur
face from planar microstructures to non-uniform nano-bundles of rela
tively large and sparsely distributed CuO–SiO₂ particles along the RGO 
surface. This can be attributed to lower nucleation sites at insufficient 
polyphenol concentration, permitting larger particles to grow. Fig. 4(c) 
demonstrates less distinct nanoparticles on the RGO layer, despite a 
reduction in crystallite size from 26 nm to 15 nm with increasing PPE 
concentration from 0.21 to 0.32 g mL− 1, as evidenced by XRD analysis. 
This could be attributed to the formation of ultra-small nanoparticles 
(~15 nm) that are partially embedded in RGO matrix, thereby limiting 
the visibility of some particles in SEM imaging. The behaviour reported 
in other literature, where ultrafine metal oxide was difficult to resolve by 
SEM while it was proved by diffraction [91]. Fig. 4(d) shows the SEM 
image of the CuO-SiO2/RGO nanocomposite catalyst synthesised by 
applying 0.43 g mL− 1, PPE solution. As indicated, a higher-density 
nanoparticle-like structure with localised aggregation can be observed. 
The XRD and TEM of the synthesised CuO-SiO2/RGO nanocomposite 
using 0.43 g mL− 1, PPE solution confirmed that the crystallite sizes are 7 
nm and 6.67 nm, respectively, suggesting that the detected localised 
aggregation is owing to the agglomerated ultrafine primary nano
particles. The behaviour attributed to the high surface energy of the 
ultrasmall nanoparticles resulted from a higher reduction rate and an 
increased nucleation promoted by the abundant polyphenols [92]. 
Similar results have been reported in another literature where SEM re
sults revealed larger particle size, compared to XRD and TEM, owing to 
particle aggregation [93]. These results confirm that the PPE concen
tration has a substantial influence on the nanoparticles formation and 
morphology. Although the increase of PPE concentration endorses 
smaller particles, excessive concentrations can disturb its stability, 
resulting in a degree of aggregation. Particle aggregation of ultrasmall 
oxide nanoparticles at excessively increased concentration of reducing 
agent has been reported previously [94,95].

The creation of uniform CuO-SiO2 nanoparticles on RGO sheets at 
higher PPE concentrations can be attributed to the shielding effect of 
PPE solution that modifies the size and shape of the particles to a 
nanoscale, owing to the presence of polyphenols in PPE solution that 
behave as a reducing agent. Increasing the concentration of polyphenols 
with the increase of PPE concentration enhances the reduction reaction 
rate, which reduces the copper and silica ions faster which resulting in 
the fast nucleation of nanoparticles. The higher nucleation rate owing to 
a higher concentration of polyphenols acts as a reducing agent and leads 
to the formation of smaller nanoparticles, which can further aggregate 
[82–84]. Furthermore, the conception of the steric hindrance effect and 
capping effects of polyphenols during the synthesis of the nano-catalyst 
results in better control of the shape and size of the catalyst’s particles. 
The presence of negatively charged hydroxyl groups of polyphenols in 
PPE results in a decrease in the size of the formed particles, as indicated 
in Figs. 4 (a-d), resulting in better control of particle aggregations that 
aid in the formation of uniform CuO-SiO2 nanoparticles doped on RGO 
sheets. This was in line with the principle mentioned by Aisida et al. [73] 
The morphological change of the synthesised nanoparticles from irreg
ular shape to spherical nanoparticles with the increase of reducing agent 
extract has also been reported in other literature [96] where 

polyphenols of PPE solution act as a capping and stabilising agent, which 
averts any further growth of nanoparticles after they are formed. The 
polyphenols of PPE adsorb on the surface of the produced particles, 
forming a hydrogen bond between these particles and the hydroxyl 
groups of polyphenols, which hinders particle agglomeration through 
the steric hindrance technique [96,97]. Therefore, these results intro
duce the usage of PPE as a novel and sustainable reactant that can be 
utilised for in situ synthesis of uniform CuO-SiO2/RGO nanocomposite 
catalysts. Hence, optimising the applied PPE solution concentration is a 
key parameter for efficient control of the shape and size of CuO-SiO2/ 
RGO nanocomposite catalyst.

The SEM image of the fresh catalyst Fig. 4(d) shows a dense 
nanoparticle-like structure of grafted along the RGO grafted along the 
RGO surface can be observed, which demonstrates high catalytic activity 
of the catalyst. The uniform nanoparticle-like structure with spaces be
tween the nanoparticles is a favourable catalyst morphology for the 
transesterification reaction [98]. After the transesterification and 
esterification occurred on the surface of the catalyst, the SEM image of 
the spent catalyst Fig. 4(e) indicates an unclear, rugged surface due to 
the coverage of the catalyst surface with oily fatty acids, which rein
forced the previous observation by XRD and FTIR characterisation. 
Despite the rugged surface of the spent catalyst, the coverage of some 
active sites with WVO components could be a reason for the loss of 
catalytic activity of the catalyst. The transesterification and esterifica
tion reactions that happened on the surface of CuO-SiO2/RGO nano
composite are the reasons for the morphological changes reported 
before and after the reaction.

The comparison between the nanocomposite control sample syn
thesised with no PPE content and the PPE-derived nanocomposite 
catalyst further highlights the role of the PPE in the synthesis of the 
nanocomposite catalyst. The FTIR and XRD results of the prepared 
nanocomposite with no PPE content indicated the formation of Cu₂SiO₄ 
supported on GO, resulting from the interaction of Cu2+ and SO2−

3 ions in 
the presence of the GO solution (Fig. 2A and Fig. 3A). The morphological 
study of Cu₂SiO₄/GO further indicated the absence of a dispersed 
nanoparticle structure, demonstrating poor structural development 
without the application of PPE. In contrast, the presence of PPE facili
tated the reduction of Cu2+ to CuO, condensation of silica, and a 
reduction of GO to RGO, resulting in the formation of uniformly 
dispersed CuO–SiO₂ nanoparticles on RGO sheets.

Fig. S1, supporting information, demonstrates the EDX analysis of 
the CuO-SiO2/RGO nanocomposite catalyst (Fig. 5a) and spent CuO- 
SiO2/RGO catalyst obtained from the reaction with WVO (Fig. 5b). 
These investigations yield elemental compositions of the samples that 
evidence the obtained results from XRD and FTIR. Fig. (5a) indicates the 
weight compositions of carbon, oxygen, silica, and copper are 19.43, 
30.42, 19.81 and 30.34 %, respectively. In Fig. (5b), the weight com
positions of carbon, oxygen, silica and copper are 37.43, 20.42, 14.81 
and 27.34 %, respectively. The characterisation of the spent CuO-SiO2/ 
RGO demonstrates that the initial weight percent of copper and silica is 
reduced, whereas the weight percent of carbon increases. To explain 
these changes, a proposed reaction mechanism is introduced in section 
3.6. The elemental composition of fresh and spent CuO-SiO2/RGO 
catalyst was further evaluated by EDS mapping as indicated in Fig. 5(a)- 
(h), which indicates the existence of 4 elements of C, O, Cu and Si.

3.1.4. Transmission electron microscopy (TEM) analysis
The TEM image of GO in Fig. 6(a) indicates a plate/sheet-like 

morphology. Whereas CuO-SiO2/RGO nanocomposite Fig. 6(b) shows 
a uniform distribution of spherical CuO-SiO2 nanoparticles on the RGO 
sheets, which reveals the presence of a chemical bond between mixed 
ions and inorganic nanoparticles CuO-SiO2 and RGO sheets, which is 
crucial for efficient catalytic performance. According to the TEM results, 
the average particle size of the synthesised catalyst is 6.72 nm, which 
was in good agreement with the results of XRD.
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Fig. 5. SEM-EDX mapping of fresh CuO-SiO2/RGO catalyst before the reaction (a) C; (b) O; (c) Cu; (d) Si; SEM-EDS mapping of spent CuO-SiO2/RGO catalyst after 
the reaction and (e) C; (f) O; (g) Cu; (h) Si.

Fig. 6. TEM image of (a) GO and (b) CuO-SiO2/RGO nanocomposite catalyst.
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3.1.5. TGA/DTA analysis of synthesised CuO-SiO2/RGO nanocomposite 
catalyst

Fig. 7 demonstrates the TGA and DTA curves of GO and CuO-SiO2/ 
RGO nanocomposite catalyst. For GO, the onset degradation tempera
ture of GO where 10 % mass loss was observed is ~180 ◦C. The following 
thermal decomposition stage was at 200–300 ◦C with a weight loss of 
~40 %. The complete decomposition of the GO sample was reported at 
approximately 700 ◦C. The DTA curves exhibit two peaks at 230 and 
630 ◦C. The first peak corresponds to the pyrolysis of unstable oxygen- 
containing functional groups that exist on the GO surface [99], while 
moderately stable oxygen-containing functional groups decompose at a 
higher temperature of 630 ◦C [100]. The TGA and DTA curve of CuO- 
SiO2/RGO nanocomposite catalyst demonstrates higher thermal stabil
ity compared with GO, which is proved by the significant increase in T10 
value ◦C to 421 ◦C and the considerable decrease in the peaks of the DTA 
curve. The obtained TGA and DTA curves of CuO-SiO2/RGO nano
composite catalyst demonstrate the first decomposition stage at 430 ◦C, 
which is attributed to the pyrolysis of organic components, mostly the 
oxygen-containing functional groups on RGO, i.e. carboxyl, hydroxyl 
groups that result in the release of CO, CO₂. It is worth noting that the 
weight loss of CuO-SiO2/RGO nanocomposite catalyst due to the 
decomposition of the remaining functional group process is much less 
than that of the GO (10 wt%), which proves the elimination of the 
oxygen-containing functional groups through the reduction reaction 
initiated by PPE [101]. The last degradation stage started at a temper
ature of 538 ◦C, which is due to the pyrolysis of the carbon skeleton of 
RGO [102].

3.2. Model fitting and adequacy checking

Design Expert software developed a regression equation signifying 
the relationship between reaction variables and response. Accordingly, a 
quadratic model has been constructed to fit the actual experimental 
results as indicated in Eq. 11. 

Y1 = 84+14.25 A+9.33 B+14.42C+13.00 D+7.75 A B+ 12.25 AC
+9.75 CE+11.25 BCE+ 11.5 BD
+11.75CD–21.00 A2–13.37 B2–28.75 C2–24.63 D2

(11) 

Where Y1 is the dependent variable of OPA monomer yield, while A, 
B, C and D are the independent variables; HPA: WVO molar ratio, 
catalyst loading, temperature, and time, respectively.

The generated model has been evaluated for adequacy to define any 
errors related to normal assumptions. The regression equation clarifies 
the influence of the reaction variables on the responses. The positive sign 

of each parameter signifies the synergetic influence, whereas the nega
tive sign signifies the antagonistic influence [103]. The generated RSM 
model has been validated by ANOVA via evaluating the F-test and p- 
values. As indicated in Table 3, the F-test and p-values are 60.08 and <
0.0001, respectively, which proves the statistical significance of the 
developed quadratic models. It is also observed that the lack-of-fit value 
is 0.0558 (not significant), which indicates that the model represents 
most of the experimental data accurately. The values of the determi
nation coefficient, R2and R2

adj, which assess the accuracy of the model 
fitting, have been reported to be 0.9836 and 0.9673, respectively. These 
values illustrate that around 98.3 % of the variance has been related to 
the variables, which proves the accuracy of the generated model to fit 
the experimental data.

The performance of the model has been evaluated using various 
methods. As indicated in Fig. S2, supporting information, the predicted 
versus experimental result of OPA monomer yield displayed high cor
relation and good agreement. The accurate estimation of the model 
response values is concluded from the reasonable agreement between 
the predicted and actual experimental results. Fig. S3, supporting in
formation, shows a plot of residual distribution versus predicted 
response that has been introduced to evaluate the capability of the 
model to fit the experimental results. Residual value is stated as a 
variance between the experimental and predicted values of a defined 
response. The data presented in Fig. S4, supporting information, proves 
that the generated model adequately signifies the experimental results 
owing to its random distribution as a function of the predicted response 
values. Furthermore, the perturbation plot clarifies the influence of each 
variable on the response as indicated in Fig. S5, supporting information. 
As sharp curvature from the centre point shows the high significance of 
the model’s variable, which proves the statistical results attained from 
ANOVA. As indicated in Fig. S4, supporting information, the indepen
dent variables HPA:WVO molar ratio (A), catalyst loading (B), temper
ature (C) and (D) time have a highly significant effect on model response 
(OPA yield). It also signifies the influence of each variable, as for the 
HPA:WVO molar ratio, the plot clarifies that it has a marked increasing 
influence on OPA yield until it reaches a maximum point, where it barely 
decreases beyond this point.

3.3. Effect of process variables

3.3.1. Effect of individual process variables
Experimental runs have been conducted at HPA:WVO molar ratios 

between 2:1 and 10:1 to investigate the influence of their change on the 
yield of the OPA monomer. According to the ANOVA results summarised 
in Table 3, the HPA:WVO molar ratio has a highly significant influence 
on the OPA yield. The HPA:WVO molar ratio displays a linear 

a b

Fig. 7. (a) Thermogravimetric analysis (TGA) and (b) differential thermal analysis (DTA) of GO sheets and CuO-SiO2/RGO nanocomposite catalyst.
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relationship with the transesterification reaction catalytic performance 
as an ~88.9 % yield of OPA was obtained at a higher HPA:WVO molar 
ratio of (7.9:1). As indicated in Fig. S5, supporting information, the OPA 
yield increased from 53.1 % to 88.9 % as HPA:WVO molar ratio 
increased from 2:1 to 7.9:1. However, OPA yield significantly decreased 
at HPA:WVO molar ratio higher than 7.9:1. The increase of OPA yield 
with HPA:WVO molar ratio can be attributed to increased conversion 
rate of the transesterification reaction controlled by the Le Chatelier 
principle in the existence of high concentration of HPA in the reaction 
mixture [104]. Further, the decrease in OPA yield could be due to the 
dissolution of produced glycerol in a large amount of HPA that hinders 
the reaction of HPA with the catalyst and WVO, as indicated in the 
transesterification reaction mechanism in Fig. 10. Gendy et al. [103] 
reported that excessive concentration of the hydroxyl group during the 
transesterification reaction of WVO prevents the separation of glycerol, 
which drives the equilibrium back to the reactant side, hence decreasing 
the reaction’s yield. The same observation has also been reported by 
Dukare et al. [105] They have reported that an excessive increase in the 
molar concentration of the hydroxyl group negatively affects the rate of 
conversion of the transesterification reaction owing to limited mass 
transfer.

The ANOVA results, summarised in Table 3, indicate that catalyst 
loading has a highly significant effect on OPA yield. It is observed in 
Fig. S5, supporting information, that the yield of OPA monomer in
creases with the increase of the catalyst loading. For the reaction con
ducted with 0.5 % (w/w) catalyst loading, the OPA yield was ~61.4 %. 
Whereas a further increment in the yield of OPA (~86.6 %) was noted at 
2.4 % (w/w) catalyst loading. The high yield attained with the increase 
of catalyst loading up to 2.4 % (w/w) may be owing to the presence of a 
huge number of active sites that facilitate the transesterification reac
tion. Additionally, there was a decrease in the OPA yield as the catalyst 
loading increased beyond 2.4 % (w/w). This indicates that the produced 
active sites for the reaction between WVO and HPA were sufficient at 
2.4 % (w/w) catalyst loading. Hence, increasing the catalyst loading 
above 2.4 % (w/w) is not required. Zubir and Chin [106] reported 
similar phenomena. They reported that the reaction equilibrium was 
reached faster at a higher concentration of catalyst loading, owing to the 
increase in available active sites for the reaction. The decrease of OPA 
yield with further increase of catalyst loading beyond 2.4 wt% can be 
attributed to the increase of the viscosity of the reaction mixture, which 
restricts the mass transfer of the WVO-HPA catalyst system.

The summarised ANOVA results in Table 3 indicate that the reaction 
temperature has a highly significant effect on OPA yield. It is indicated 
in Fig. S5 supporting information that the OPA yield increases with the 
increment of the reaction temperature from 25 and 92 ◦C. The increase 
of OPA yield with the reaction temperature can be attributed to the 
increased mass transfer at the phase interface with increasing temper
ature. At a lower reaction temperature, the available energy to have 
enough collisions between WVO and HPA with the catalyst is insuffi
cient. However, at the higher reaction temperatures, the opportunity for 
collision between WVO and HPA is improved and easily attains the 
needed activation energy to proceed with the reaction [107]. Further
more, the increase in temperature would improve the constant rate of 
transesterification and esterification reactions [103] which results in a 
rapid synthesis of OPA monomer. At a reaction temperature of 92 ◦C, the 
yield of OPA was~86.4 %. However, the OPA yield decreased at higher 
reaction temperature values (≤92 ◦C).

As indicated in Fig. S5 supporting information, the reaction time has 
almost a linear relationship with OPA yield within the range of 1 to 10.6 
h; however, the OPA yield significantly decreased at a longer reaction 
time above 10.6 h. This decrease in the OPA yield is possible due to the 
equilibrium reached at the optimum reaction condition and the high 
possibility of reverse reaction at a longer reaction time [108]. Albishri 
et al. [109] reported similar phenomena at higher reaction times. They 
reported that excessive reaction time negatively affects the product yield 
resulting from a reverse reaction of transesterification, leading to a 

battering of esters, which may lead to a conversion of free fatty acids to 
soaps that adversely affect the rate of the transesterification reaction.

3.3.2. Effect of variable interactions on the response
RSM is utilised to evaluate the interactive effect of different pa

rameters that influence the process. The consideration of the variable’s 
interaction effect is crucial for the reaction optimisation process. The 
three-dimensional response surface plots and ANOVA results have been 
utilised to evaluate the interactive effect of variables. Furthermore, the 
effect of variable interaction has been demonstrated using three- 
dimensional surface and contour plots of OPA yield for the interaction 
of two variables. Fig. 8(a) indicates the three-dimensional graphical 
representation of the interactive effect of HPA:WVO molar ratio and the 
catalyst loading, where reaction temperature and time were constant at 
their central midpoint values. It is noted that the yield of OPA increases 
as the reactant molar ratio and catalyst loading increase. Maximum OPA 
yield is observed at a catalyst loading of 2.4 % (w/w) and reactant molar 
ratio of 7.8:1. However, the OPA yield declines as the reactant molar 
ratio and catalyst loading exceed 7.8:1 and 2.4 % (w/w), respectively.

Additionally, the interaction between the HPA:WVO molar ratio and 
reaction temperature has indicated a significant influence on OPA yield, 
as summarised in Table 3. The three-dimensional response surface plot 
between the HPA:WVO molar ratio and the reaction temperature is 
indicated in Fig. 8(b). The interaction is observed in Fig. 8(a), where the 
influence of reaction temperature at HPA:WVO molar ratio of 2:1 has an 
increasing influence on the OPA yield until nearly 88 ◦C, and above 
88 ◦C, there is a decrease in the response of OPA yield with the increase 
of temperature. However, the influence of reaction temperature at HPA: 
WVO molar ratio of 10:1 is different where there is an increase in the 
OPA yield until 101 ◦C where a decline in the response is observed as the 
temperature increases at HPA:WVO molar ratio of 10:1. This demon
strates that the reaction temperature has a decreasing influence at 
higher values, however, the decreasing influence is more significant at H 
PA:WVO molar ratio of 2:1. Moreover, the effect of HPA:WVO molar 
ratio at 40 ◦C on the OPA yield indicates an increasing influence on OPA 
yield until HPA:WVO molar ratio, where a slight decline in the OPA 
yield with further increase in HPA:WVO molar ratio. However, the effect 
of the HPA:WVO molar ratio at 130 ◦C has an increasing influence on the 
OPA yield. The increase in OPA monomer yield with the increase in 
reaction temperature could be attributed to the increased reaction rate 
owing to the increase in the kinetic energy of the reactant. Although 
higher reaction temperature increases the reaction rate, it can also 
accelerate side reactions that compete with the transesterification re
action, which decreases the yield of the main product [110]. Therefore, 
the decrease of OPA monomer yield with an excessive increase of re
action temperature can be attributed to the occurrence of side reactions, 
i.e. the hydrolysis of triglycerides in the presence of water to FFAs, at a 
faster rate compared to the transesterification reaction, which nega
tively affects the OPA monomer yield. Similar results were concluded by 
Díaz et al. [111] Furthermore, high reaction temperature can also shift 
the equilibrium of the transesterification reaction, which leads to the 
formation of reactants instead of products. [112,113]

Moreover, the interaction between catalyst loading and reaction 
time on OPA yield is indicated in Fig. 9(a). Notably, reaction time has a 
different increasing influence at different levels of catalyst loading, 
whereas reaction time has a more significant increasing influence on the 
OPA yield at higher levels of catalyst loading. It is also notable that OPA 
yield decreases as the catalyst loading and reaction time exceed 3.5 % 
(w/w) and 10.6 h, respectively. The observed increase in OPA monomer 
yield could be owing to the increase in active sites with the increase in 
catalyst loading, which facilitated reactants’ adsorption on the surface 
of the catalyst’s active sites. Hence, a higher OPA monomer yield was 
obtained. Based on the results of ANOVA, the interaction effect between 
HPA:WVO molar ratio and reaction time has displayed a highly signif
icant influence on OPA yield, as indicated in Table 3. The interaction 
effect is shown in Fig. 9(b), as at 1 h reaction time, the increase of the 
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HPA:WVO molar ratio on OPA yield is approximately negligible. How
ever, at a longer reaction time, i.e. at 15 h, the increase of HPA:WVO 
molar ratio has a pronounced increasing effect on the OPA yield. Ac
cording to this interaction, a maximum OPA yield of about was achieved 
at HPA: WVO molar ratio of 7.8:1 and a reaction time of 9.4 h.

3.4. Process optimisation and experimental validation

Design Expert software was utilised to optimise the model response 
(OPA yield) by merging the desirability of each model variable into one 
value and finding the optimum value for the specified goals of the 
response. OPA yield has been set to the maximum target while mini
mising process variables as indicated in Table 4. The optimum reaction 
conditions have been specified via numerical optimisation at a reactant 
molar ratio of 8.5:1, catalyst loading of 3.5 (w/w)%, reaction temper
ature of 54 ◦C, and reaction time of 9.5 h, resulting in 95.73 % for OPA 
yield, respectively. The experimental validation of the optimisation re
sults indicated an OPA yield of 96.76 %, which signifies the accuracy of 
the predicted optimum conditions with a 1.1 % deviation from the 
experimental results. To confirm the catalytic role of PPE in the 

synthesis of the nanocomposite, the catalytic performance of a control 
catalyst prepared without PPE was also assessed under the same reaction 
conditions. The catalytic evaluation of Cu₂SiO₄/GO control sample for 
the synthesis of OPA monomer was negligible of less than 10 %. Whereas 
CuO–SiO₂/RGO PPE-derived nanocomposite provided significantly 
higher OPA yield of 95.73 %. These results demonstrate the role of PPE 
in the formation of the active structure of the catalyst through the 
conversion of Cu₂SiO₄/GO intermediate product into CuO–SiO₂/RGO 
nanostructured composite, where polyphenols of PPE behave as green 
reductants, stabilising agents, and improve nucleation, resulting in a 
synergistic structure of CuO-SiO2/RGO nanocomposite with high cata
lytic activity.

Table 5 demonstrates the comparison of the optimised synthesis 
conditions of OPA fatty acid monomer using the novel green CuO-SiO2/ 
RGO nanocomposite catalyst proposed in this research with other 
studies reported in the literature. The optimised OPA monomer yield 
attained in this research compared favourably with other reported 
studies, where the synthesised green CuO-SiO2/RGO heterogeneous 
catalyst provided higher fatty acid monomer yield at lower reaction 
temperature and time compared with other heterogeneous catalysts 

(a)

(b)

Fig. 8. Three-dimensional and contour plots for OPA monomer yield. The RSM plots were generated using the data shown in Table 2 (a) OPA monomer yield (%) as a 
function of HPA: WVO molar ratio and catalyst loading, and (b) OPA monomer yield (%) as a function of HPA:WVO molar ratio and temperature.
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reported in the literature. As indicated in Table 5, the reported hetero
geneous catalysts in the literature were utilised to catalyse the esterifi
cation reaction of various fatty acids for the synthesis of fatty acid 
monomers, whereas the synthesised CuO-SiO2/RGO nanocomposite 
catalyst reported in this research was designed to catalyse both trans
esterification and esterification reactions simultaneously which is the 
property tailored for one-pot, low-temperature synthesis of fatty acid 
monomer from high acid value WVO reported for the first time in this 

research.

3.5. Catalyst reusability study and economic assessment

The catalyst reusability study and the FTIR spectra of regenerated 
CuO-SiO2/RGO catalyst are indicated in Fig. 10(a)-(b). Reusability is an 
imperative property of heterogeneous catalysts, as they can be recycled 
for further reaction with an appropriate purification process. In this 
research, the reusability of the CuO-SiO2/RGO nanocomposite catalyst 
was examined for 5 runs. The optimum conditions of the reaction were 
applied to evaluate for reusability of the CuO-SiO2/RGO catalyst for 
OPA synthesis. The experiments were conducted at reaction conditions 
of HPA:WVO 8.5, 3.5 % (w/w) catalyst loading, 54 ◦C for 9.5 h. The 
catalyst reusability was assessed as indicated in Fig. 10(a). The reus
ability of the catalyst demonstrated a maximum yield of 96.76 % ± 0.36 
% in the first cycle. The used catalyst was directly reapplied to synthesise 
the OPA monomer at the same reaction conditions. In the second cycle, 
the OPA yield was almost equal to the yield obtained in the first cycle. In 
the third cycle, the OPA decreased to 86.3 ± 0.39 %. Further, the OPA 
monomer yield reached 84.6 ± 0.41 % and 76.62 ± 0.34 % after the 

(a)

(b)

Fig. 9. Three-dimensional and contour plots for OPA monomer yield. The RSM plots were generated using the data shown in Table 2 (A) OPA monomer yield (%) as 
a function of catalyst loading (w/w) and reaction time and (B) OPA monomer yield (%) as a function of HPA:WVO molar ratio (w/w) and reaction time on OPA 
monomer yield.

Table 4 
Optimisation constraints are used to predict the optimum composition for OPA 
synthesis.

Factor Code Goal Importance Limits

Scale 1–5 lower upper
WVO: HPA (molar ratio) A Minimise 4 2 10
Catalyst loading (%) (w/w) B Minimise 4 0.5 3.5
Reaction temperature (◦C) C Minimise 4 40 130
Reaction time (h) D Minimise 4 1 15
OPA Yield, % Y1 Maximise 5 80 100
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fourth and fifth cycles, respectively. The aforementioned results sug
gested that the stability of the catalyst gradually decreased after the 
second cycle of reusability. As evidenced from the XRD, FTIR, SEM and 
EDX analysis of the fresh and spent CuO-SiO2/RGO nanocomposite 
catalyst, the transesterification and esterification occurred on the sur
face of the catalyst, resulting in the accumulation of oily molecules of 
WVO and the coverage of active sites of the synthesised catalyst upon 
usage in reusability cycles. The behaviour which hindered the catalyst’s 
interaction with HPA monomer resulted in a decrease in the catalytic 
activity of the synthesised catalyst after the second cycle.

Subsequently, the CuO-SiO2/RGO catalyst was washed with meth
anol and exposed to thermal treatment to remove the accumulated 
organic components of glycerol and residual WVO covering the cata
lyst’s active sites and retaining the catalytic performance of the catalyst. 
As indicated in Fig. 10(a), the regenerated catalyst demonstrated higher 
OPA yield reaching 94.5 ± 0.39 %, 93.4 ± 0.51 % and 93.1 ± 0.37 % for 
the third, fourth and fifth cycles, respectively, with insignificant de
creases in OPA yield from the first cycle. Hence, the catalyst was 
effectively activated after washing and calcination, demonstrating high 
catalytic stability up to the fifth cycle with an insignificant decrease in 
OPA yield. The FTIR spectra of the regenerated catalyst in Fig. 10(b) 
demonstrate the presence of characteristic peaks of the fresh catalyst. 
Furthermore, the disappearance of the characteristic peaks of fatty acid 
alkyl groups with calcination suggests the decomposition of fatty acid 
alkyl groups during the regeneration process, which enhances the 

surface of the catalyst and restores its catalytic activity.
Besides the catalytic performance, a preliminary cost estimate was 

conducted using the CatCost spreadsheet to evaluate the economic 
feasibility of the synthesised CuO-SiO2/RGO nanocomposite catalyst, 
applying a bottom-up cost modelling approach for material, utility, and 
labour costs. The methodology and assumptions of the CatCost methods 
were previously detailed in previous publications [121]. The materials 
quantities from the experimental procedure and their corresponding 
cost were input, and the estimated cost of the synthesised CuO-SiO₂/ 
RGO catalyst on a laboratory scale is $0.51 per gram. Given the reus
ability of the catalyst over 5 cycles, the effective cost per cycle is 
approximately $0.1 per gram. The upscaled cost for a production ca
pacity of 1000 kg per year, including utilities and labour, is approxi
mately $100 per kilogram. In comparison, commercial CuO or SiO₂ 
catalyst is priced $5–40 per gram, and Pd/C costs $33–80 per gram from 
typical chemical suppliers. Therefore, the proposed route provided a 
cost-effective solution considering the valorisation of waste PPE as a 
zero-cost reducing agent and the catalyst reusability up to 5 cycles at 
mild reaction conditions.

Furthermore, the economic viability of the synthesised OPA mono
mer was evaluated. Considering the zero-cost WVO, the low cost of the 
HPA monomer and high OPA yield under mild conditions, the calculated 
cost of OPA monomer in lab scale is below $200 per kilogram. The 
estimated cost is significantly lower than the price of long-chain fatty 
acid commercial analogues, priced up to $1700/kg. This emphasises the 

Table 5 
Comparative study of the catalytic activity of CuO-SiO2/RGO nanocomposite catalyst and several reported catalytic systems to synthesise fatty acid monomers.

Catalysts Fatty acid monomer 
yield, %

Experimental conditions Reaction Temperature, 
oC

Reaction Time, 
hr

Reference

Pt/Ce2O5 65 15 mL H2O, pressure 34.5 atm, 1 % Pt/Ce2O5, Gamma 
valerolactone

350 10 (114)

Pd/Al2O3 91 Stearic acid, reaction pressure 6.91, 2 % Pd/Al2O3 250 24 (53)
Palladium 80 Furfural, reaction pressure 1 atm, 2 % Palladium 200 32 (115)
Pd/C 80 Stearic acid, reaction pressure 5.91 atm, Dodecane 330 6 (58, 116)
PdCl2 90 Stearic acid, PdCl2 (3 mol%) Ac2O 110 18 (117, 

118)
NiI2 66 Stearic acid, NiI2 (2.8 mol%), PPh3 (0.14 equiv) 190 16 (119)
Chromium supported on MCM- 

41/O2

32.4 Oleic acid, 2.0 MPa CO2 followed by 1.0 MPa O2 80 8 (120)

CuO- SiO2/RGO 96.76 HPA:WVO 8.5, (CuO-SiO2/RGO) 3.5 % (w/w), 90 mL of 
p-cymene.
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Fig. 10. (a) Catalyst reusability and regeneration studies of CuO-SiO2/RGO on the yield of OPA. Experimental conditions: HPC:WVO molar ratio 8.5:1; catalyst 
loading 3.5 % (w/w), reaction temperature 54 ◦C and reaction time 9.5 h. (b) FTIR of calcinated CuO-SiO2/RGO nanocomposite catalyst.
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sustainable and economic route of both the recyclable green catalyst and 
the fatty acid-rich monomer.

3.6. Spectroscopic analysis of OPA monomer

FT-IR spectra of WVO and the OPA thermo-sensitive monomer were 
evaluated to identify their feature groups (Fig. S6, supporting informa
tion). The FT-IR spectra of WVO demonstrated a peak at 3007.40 cm− 1 

that is attributed to the C–H isolated double bond. The peak at 3470 
cm− 1 corresponds to the O–H group. The peaks at 2854.42 cm− 1, and 
2924.10 cm− 1 are assigned to C–H of the saturated carbon chain [122]. 
The weak absorption peak at 967 cm− 1 corresponds to C–H of unsat
urated free fatty acids. The FT-IR spectrum of the OPA thermo-sensitive 
monomer demonstrated a peak at 1560 cm− 1 corresponding to the C––C 
stretching vibration of the vinyl group. The band at 1630 cm− 1 was 
owing to the carbonyl group, whereas peaks at 1745 cm− 1 were assigned 
to the C–O ester group, which proves the incorporation of ester and 
vinyl groups into the fatty acid chains. The existence of a strong band at 
1745 cm− 1 shreds of evidence of the ester property of the OPA fatty acid 
monomer. The 1H NMR spectra of the OPA monomer (Fig. S7, sup
porting information) show a band at δ = 0.87 ppm corresponding to the 
terminal CH3 group of the fatty acid chain. The band at δ = 2.3 ppm is 
assigned to CH2 attached to the new carbonyl group formed owing to 

transesterification and esterification reactions. The peak at δ = 1.6 ppm 
is from the protons of the CH2 group that follow it. The band at δ = 1.26 
ppm is from -CH2- groups protons in the fatty acid chains. The signals at 
δ = 5.3 ppm are attributed to protons of the -CH=CH- group. Moreover, 
the bands between δ = 5.6–6.8 ppm are assigned to the protons of the 
-CH=CH2 group. The peak at δ = 5 ppm signifies the proton connected to 
(CH2 = CH-C(O)). The purity of the synthesised OPA monomer was 
evaluated using 1H NMR spectroscopy through the evaluation of the 
integration ratios of characteristic signals. The absence of signals of 
unreacted 2-hydroxy-3-phenoxypropyl acrylate, WVO, or side products 
proves the high purity of the synthesised OPA monomer. The estimated 
chemical purity of the OPA monomer is 98.86 %, which confirms the 
selectivity of the synthesised CuO-SiO₂/RGO catalyst and the effective
ness of the one-pot reaction.

TGA and DTA analyses have been performed for the synthesised OPA 
monomer to demonstrate the weight loss and mass derivative of the 
synthesised OPA monomer as a function of temperature. The TGA 
analysis (Fig. S8, supporting information) indicates a single-stage 
weight loss in the temperature range of 260–460 ◦C with approxi
mately 3 % mass residual. The decomposition within 315 to 460 ◦C 
demonstrates the pyrolysis of hydrophobic fatty acid chains, besides the 
breaking of C–H and C–C bonds. From DTA curves, notably, the OPA 
monomer shows a single peak that corresponds to the maximum rate of 

Fig. 11. Transesterification reaction mechanism of WVO triglycerides with HPA.
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degradation at 384 ◦C. This can be attributed to the absence of free fatty 
acids and improved conversion to ester groups. The presence of a single 
degradation peak proves the uniform and slow rate of thermal decom
position at a higher temperature [123].

3.7. Plausible reaction mechanism and green metrics study for the 
synthesis of OPA fatty acid monomer

The plausible reaction mechanism throughout the transesterification 
and esterification reaction processes, for the synthesis of OPA fatty acid 
monomer, was proposed in view of the performed characterisation 
analysis of the fresh and spent CuO-SiO2/RGO nanocomposite catalyst. 
The proposed transesterification and esterification reactions mechanism 
of HPA with WVO triglycerides and free fatty acids, respectively, is 
demonstrated in Figs. 11 and 12. Both transesterification and esterifi
cation simultaneously occurred on the surface of the catalysts CuO and 
SiO2. According to the characterisation of the spent catalyst, the catalyst 
surface was shielded by the triglyceride of WVO; therefore, as indicated 
in Fig. 11, the CuO catalyst interacts with the triglycerides of WVO. The 
interaction between the CuO and triglyceride creates a bond between Cu 
and -O-CH2. Hence, the FTIR spectra of the spent catalyst demonstrate 
an adsorption peak at 1745.1 cm− 1 that proves the presence of the -CH2 
aliphatic group (Fig. 3). This aliphatic was reported elsewhere [89,90]. 
Furthermore, the FTIR spectra demonstrate the presence of the carbonyl 
function of the triglycerides of WVO. As indicated in Fig. 11, the inter
action between CuO and triglyceride created a bond of Cu and–O-CH2 
(step A). The presence of an excess concentration of HPA monomers in 
the transesterification reaction eased the breakage of the interaction, as 
demonstrated in step B. Therefore, in step B, H2C=CHCO2CH2CH(O) 
CH2OC6H5 in the HPA replaced the O of the catalyst to get the OPA 
monomer. Hence, the OPA monomer was separated from the surface. 

Further, the residual interaction of Cu with CH2 aliphatic was added 
with a hydrogen atom, creating glycerol as demonstrated in step C. 
Further, the glycerol was separated from the catalyst surface. On the 
other hand, SiO2 worked to esterify FFA as indicated in Fig. 12 (step A). 
The hydrogen atom exists in FFA and RCOO- and interacts with the silica 
and oxygen atoms of the catalyst. The hydroxyl group of HPA can 
replace oxygen in SiO2 to form H2O, which is then separated from the 
catalyst as demonstrated in step B. Further, the RCOO-segment bonded 
with oxygen to get the OPA monomer as demonstrated in step C. The 
results obtained in the mechanism are in good agreement with other 
published literature [124].

The main aim of green chemistry is to efficiently utilise raw mate
rials, valorise waste, and minimise the use of toxic reagents and solvents 
during chemical synthesis [125,126]. Various green chemistry metrics, 
such as the Environmental Factor (E-factor), Process Mass Intensity 
(PMI), and Atom Utilisation (AU), were evaluated in the reaction of 
WVO with HPA using a CuO-SiO₂/RGO nanocomposite. The E factor is 
defined as a ratio of the total mass of waste generated during the syn
thesis to the mass of the synthesised product [127,128]. The high 
amount of waste produced during the chemical reaction increases the 
value of the E-factor, which results in negative consequences on the 
environment. The ideal value of the E-factor is in the range of 0–1. 
During the synthesis of OPA fatty acid monomer, glycerol is produced as 
a byproduct, which could be further utilised in many chemical synthe
ses; however, it was considered as a waste that is typically produced in 
each cycle. The E-factor for OPA fatty acid monomer synthesis using 
CuO-SiO2/RGO catalyst was evaluated at each catalyst run. As indicated 
in Table 6, E-factors from the 1st to 4th cycle were reported as low 
values that range from 0.063 to 0.037, which indicates that the synthesis 
process is environmentally friendly. In the 5th cycle E-factor value 
increased to 0.805 (less than 1) owing to the addition of the mass of 

Fig. 12. Esterification reaction mechanism of free fatty acids of WVO and HPA.
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solvent that was previously reused, which proved that the catalyst can 
be expressed as environmentally benign. The calculated E-factor value at 
each catalyst run is indicated in Table 6.

Process Mass Intensity (PMI) is another sustainability metric applied 
to evaluate the sustainability of a chemical reaction, which is a ratio 
between the mass of total mass of the reaction process to the mass of the 
isolated product [129,130]. Considering the mass of the reactants, sol
vent, catalyst, and by-products, and the main product OPA monomer, 
the calculated PMI values evaluated at each catalyst run as reported in 
Table 6 ranged from 1.81 to 1.89, which implies that CuO-SiO2/RGO 
catalyst is efficient to synthesise OPA fatty acid monomer from high acid 
value WVO up to five cycles without triggering any environmental 
concerns. Correspondingly, atom utilisation (AU) is another green 
metric utilised to evaluate the sustainability of a chemical reaction and 
is concluded to be a sustainable reaction in nature. AU is defined as a 
ratio between the mass of the main product to the mass of all products 
resulting from the chemical reaction [127]. It is considered a simple and 
fast evaluation of the greenness of a chemical synthesis process in terms 
of the amount of waste produced. During the synthesis of OPA fatty acid 
monomer, glycerol and water are produced as by-products. Using the 
mass of the produced OPA fatty acid monomer, glycerol and water at 
each cycle, the AU value was calculated as indicated in Table 6.

4. Conclusions

The synthesised green, cost-effective CuO-SiO2/RGO nanocomposite 
heterogeneous catalyst derived from the waste pomegranate peels 
demonstrated excellent results when applied for the synthesis of the 
fatty acid-rich OPA monomer from high acid value WVO. A quadratic 
model was developed, signifying the OPA monomer yield as a function 
of four reaction variables. The model predicted the optimum OPA yield 
of 95.73 % at HPC:WVO molar ratio of 8.5:1, catalyst loading of 3.5 % 
(w/w), reaction temperature of 54 ◦C, and 9.5 h reaction time. The 
reusability study demonstrated a decrease in OPA yield after the second 
run due to the coverage of the active sites of the catalyst with by- 
products and WVO. The catalyst regeneration by washing with meth
anol, followed by calcination, efficiently regenerated the catalytic ac
tivity of the synthesised catalyst. This study demonstrates, for the first 
time, the direct and simultaneous transesterification and esterification 
of high acid value WVO into an OPA monomer using a novel CuO–SiO₂ 
nanocomposite catalyst supported on RGO sheets. The successful uti
lisation of waste vegetable oil and a green, heterogeneous catalyst not 
only valorises low-cost waste feedstock but also paves the way for the 
sustainable production of fatty acid-based monomers. By integrating 
RSM optimisation, this research offers an innovative, cleaner, and 
economically viable route for synthesising fatty acid-rich monomers 
with wide-ranging industrial applications. These findings open new 
avenues for advancing circular economy approaches within the oleo
chemical and polymer industries.
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