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Abstract 

This study explores the use of a novel heterogeneous CoZnFe4O8 nanocatalyst for bio-
diesel production from a sustainable and innovative blend of waste cooking oil and neem 
oil feedstock. Utilizing waste cooking oil and inedible neem oil feedstock to produce bio-
diesel provides a green and economical way to produce renewable and environmentally 
friendly fuel while simultaneously reducing waste and valorizing inedible oils. Addition-
ally, this feedstock blend does not threaten food or land resources as opposed to feed-
stocks obtained from edible resources. To fulfill the rising demand for biodiesel and ad-
dress issues related to lower ester yields, particularly when utilizing waste cooking oils 
with high free fatty acid concentration, there is an urgent need for more effective pro-
cesses, including two-stage transesterification. The novel CoZnFe4O8 nanocatalyst em-
ployed in this study demonstrated high efficiency in biodiesel production thanks to its 
high surface area, mesoporous structure, and catalytic properties. The effect of key process 
parameters, including catalyst concentration, reaction time, alcohol-to-oil molar ratio, and 
oil blend ratio, was investigated to evaluate the performance of the nanocatalyst and op-
timize the biodiesel yield with the help of Response Surface Methodology (RSM). The 
optimized process achieved a yield of 94.23% under optimum parameters of 2.13 wt% 
catalyst, 6.80:1 methanol-to-oil ratio, 4 h, and a ratio of waste cooking oil to neem oil of 
98.32:1.68. The predicted and experimental values were in close agreement, indicating 
that the model was adequate. Additionally, detailed catalyst characterization, including 
analysis of the surface area, structure, and thermal stability, was carried out. Similarly, 
the biodiesel was characterized to assess its quality through heating value, density, Fou-
rier Transform Infrared (FTIR) spectroscopy, and ultimate analysis. The recovery and re-
usability of the nanocatalyst were also investigated, highlighting its potential for multiple 
reaction cycles. The novel CoZnFe4O8 nanocatalyst and innovative feedstock blend 
demonstrated high efficiency in biodiesel production comparable to other nanocatalysts 
and feedstocks reported in the literature, highlighting their potential as an efficient and 
sustainable method to produce biofuels. 
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1. Introduction 
The majority of global energy is obtained from fossil fuels, including oil, coal, and 

natural gas, given their high energy density and low cost. However, the cost of sustaining 
the anticipated growth will probably rise dramatically. As fossil fuels are a finite resource, 
there can be variations in how they are extracted, which can affect how much they cost 
[1]. Moreover, the combustion of fossil fuels results in harmful gaseous emissions [2] such 
as nitrogen monoxide and sulfur dioxide, which lead to a significant negative impact on 
the environment. Additionally, they can cause smog, harm human health, and stunt plant 
growth. Sulfur dioxide, in particular, causes acid rain, which can destroy crops and dam-
age monuments [3]. The global climate is being influenced by the warming of the atmos-
phere caused by elevated amounts of greenhouse gases, including carbon dioxide, result-
ing from the burning of fossil fuels [4]. 

Renewable energy sources are significantly less harmful to the environment than 
conventional fossil fuel energy technologies [5]. These resources encompass solar, wind, 
geothermal, hydropower, and biomass energies [6]. Biomass is a renewable energy source 
with promising potential for different applications and can result in the production of 
power, heat, and biofuels [7]. Biomass is any organic material formed either directly or 
indirectly from photosynthesis. The sources of biomass include algae, aquatic crops, agri-
cultural and forestry waste, animal manure, as well as municipal solid waste (MSW). Its 
biogenic origin makes it a renewable energy source since the carbon dioxide emitted dur-
ing its combustion and exploitation does not cause a rise in the atmospheric carbon diox-
ide [8]. Bioenergy can be obtained through a variety of methods, such as thermochemical 
and biochemical methods [2]. Depending on the method, these conversion processes can 
produce solid char, liquid bio-oil, ethanol, biodiesel, syngas, or biogas [8]. 

Biodiesel, essentially a methyl ester, is one of the most well-known biofuels produced 
from biomass and can be utilized in conventional engines by blending it with regular die-
sel [9]. It is safer to store than petroleum due to its higher flash point [10]. Additionally, it 
can help mitigate the harmful impacts on the environment by decreasing carbon dioxide 
emissions [11]. The most prevalent biodiesel production method is the transesterification 
of oils or fats using alcohol and a catalyst [9]. However, the production process and yield 
obtained are greatly affected by several factors such as the availability and cost of the 
feedstock, type and quantity of catalyst used, alcohol-to-oil molar ratio, temperature of 
the reaction, reaction time, and stirring speed [12]. Therefore, optimizing these parameters 
can be beneficial in terms of enhancing resource utilization and yield, especially when 
producing large amounts of biodiesel. 

RSM is a technique used to investigate the impact of a single independent variable or 
a group of variables on the dependent variable. Applying this mathematical model to the 
process of transesterification, this technique can be utilized to optimize operating condi-
tions and maximize biodiesel production. As biodiesel yield can be predicted by simply 
adjusting the operational conditions, RSM can save time and money by reducing the need 
for a higher number of practical experiments. Using accurate error estimates, the model 
can mimic the reaction under different transesterification conditions [13]. RSM is a useful 
method to investigate how manipulating multiple parameters concurrently impacts the 
response [2]. RSM also includes a response surface, which aids in visualizing the results 
of the experimental study [14]. Some of the most frequently used designs are the Box–
Behnken (BBD) and central composite designs (CCDs) [15]. The BBD lacks the extreme 
factor combinations or the vertices of the experimental cubic space, whereas the central 
composite explores borderline regions. As a result, BBD contains fewer experimental 
points and fewer degrees of freedom for the same number of parameters [16]. CCDs often 
anticipate more precise outcomes, and it is regarded as one of the most commonly utilized 
designs for second-order models [15]. In this study, the CCD was chosen since it can 
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estimate the curvature in responses for a reasonable number of experiments. Several re-
searchers have examined the application of RSM for the optimization of biodiesel produc-
tion by optimizing parameters such as the methanol-to-oil ratio, catalyst loading, temper-
ature, and time [17–22]. 

Different types of catalysts can be employed in biodiesel production, such as homo-
geneous, heterogeneous, and nanocatalysts [23]. Homogeneous catalysts are generally dif-
ficult to separate and recover; however, exceptionally active homogeneous catalysts may 
be left in the biodiesel product, since their residual concentration remains within accepta-
ble impurity limits [24]. This limitation has nonetheless increased interest in the utilization 
of heterogeneous catalysts [25]. Heterogeneous catalysts have a few significant disad-
vantages, including the poisoning of the catalyst with exposure to air, sensitivity to free 
fatty acids and soap creation, and the possibility of contamination from the leaching of 
active sites [26]. Nanocatalysts can significantly increase the biodiesel production quality 
and yield while reducing reaction time [27]. Nano zeolites, oxides of metals, nano hy-
drotalcites, as well as magnetic nanocatalysts are examples of nanocatalysts that have 
demonstrated improved selectivity and yield. Combining two or more nanocatalysts im-
proves productivity and simplifies purification, making heterogeneous nanocatalysts an 
excellent choice [28]. 

In this study, the biodiesel production process was carried out with the use of a blend 
of waste cooking oil and inedible neem oil catalyzed by a nanocatalyst that has not yet 
been explored for this application. The use of this feedstock blend is beneficial for the 
environment in terms of reducing waste as well as utilizing inedible oil. The neem tree 
has the ability to grow rapidly in severe conditions, and the neem oil obtained from this 
tree is an inedible oil with advantages such as reducing competition with food and land 
resources—a disadvantage of first-generation fuels produced from edible feedstock. Ad-
ditionally, employing nanocatalysts in the process of biodiesel production has been 
shown to improve the obtained yield, reduce the time required, and allow for catalyst 
reusability in the case of heterogeneous nanocatalysts. 

The process was optimized to maximize the biodiesel yield percentage using RSM by 
changing four independent variables: concentration of catalyst, duration, alcohol-to-oil 
molar ratio, and ratio of blend of oils. The study addresses the lack of understanding re-
garding the effectiveness of using a blend of waste cooking oil and inedible neem oil on 
the biodiesel yield and reaction parameters. It provides optimal solutions that can increase 
the efficiency and sustainability of biodiesel production, evaluate the effectiveness of a 
novel nanocatalyst in improving yields, as well as study its reusability and leaching of 
metals. The outcomes of this research contribute to the wider adoption of biodiesel as a 
sustainable fuel source by addressing economic and environmental concerns in biodiesel 
production. 

2. Materials and Methods 
2.1. Materials 

The waste oil was collected from a local source that collects used cooking oil from 
several fast-food restaurants in Dubai and pretreated via filtering and drying to remove 
suspended impurities and eliminate residual moisture, ensuring a consistent quality of 
the feedstock despite the varying waste oil sources. The neem oil was commercially pur-
chased online, and methanol (extrapure AR, 99.8%, SRL (Sisco Research Laboratories Pvt. 
Ltd., Mumbai, India) was used as the alcohol reagent. The catalyst used was a Cobalt Zinc 
Iron Oxide (CoZnFe4O8) nanopowder of 30–50 nm particle size, purchased from 
Nanostructured & Amorphous Materials, Inc. (NanoAmor, Los Alamos, NM, USA). 
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2.2. Characterization 

The calorific value and density of the oils to be utilized for transesterification and the 
product biodiesel were measured using the Parr 6400 calorimeter and the portable density 
meter DA-130N. Fourier Transform Infrared (FTIR) analysis of the oils was carried out using 
the Jasco FTIR-6300 with ATR unit, and the spectra were recorded with a resolution of 2 
cm−1 and 16 scans in the range of 3600–400 cm−1. The carbon, hydrogen, nitrogen, and sulfur 
contents in the biodiesel were measured using the vario MACRO cube elemental analyzer. 

The nanocatalyst was characterized using X-Ray Diffraction (XRD), Brunauer–Em-
mett–Teller (BET) adsorption–desorption, X-ray Photoelectron Spectroscopy (XPS), Trans-
mission Electron Microscopy (TEM), and thermogravimetric analysis (TGA) techniques. 
XRD pattern was measured using the BRUKER D8 ADVANCE (Bruker, Karlsruhe, Ger-
many), and the BET surface area and pore size were measured using the NOVA TOUCH 
(Quantachrome Instruments, Boynton Beach, FL, USA). XPS analysis was carried out us-
ing the Nexsa G2 (Thermo Scientific, East Grinstead, UK) spectrometer using a mono-
chromatized Al- Kα radiation (1486.6 eV) under ultra-high vacuum (~10–9 mbar). Further-
more, TGA was performed using the Simultaneous Thermal Analyzer (Netzsch STA 449 
F5) (Netzsch, Selb, Germany) in the range of 17.5 °C to 800 °C at a heating rate of 10 K/min 
under a nitrogen atmosphere. 

2.3. Design of Experiments and Statistical Analysis 

The design of experiments was conducted through RSM using Design Expert Soft-
ware (Version 13.0). In this study, the input variables considered were the catalyst con-
centration, methanol-to-oil molar ratio, reaction duration, and waste cooking oil (WCO)-
to-neem oil ratio (v/v), with biodiesel yield as the response. The levels for each variable 
and the ranges are shown in Table 1. Using the CCD, the Design Expert software designed 
30 experimental runs. The Analysis of Variance (ANOVA) method was used to evaluate 
Fisher’s test value (F-value), probability value (p-value), and coefficient of variation (R2) 
to assess the effectiveness and significance of the RSM model. 

Table 1. Four input variable levels for the CCD. 

Factor Symbol Unit 
Levels 

−1 0 1 
Catalyst concentration A wt% 2 3.5 5 

Methanol-to-oil molar ratio B - 6:1 13:1 20:1 
Time C mins 60 150 240 

WCO: Neem D - 0:100 50:50 100:0 

2.4. Experimental Procedure 

The experimental setup for the transesterification reaction is provided in Supplemen-
tary Figure S1. First, the feedstock blend of waste cooking oil and neem oil was preheated 
to 65 °C, and the methanol and catalyst were added. For instance, for a run using a 3.5 
wt% catalyst concentration, 13:1 methanol-to-oil molar ratio, 150 min, and a WCO/neem 
ratio of 50:50, the amount of catalyst, methanol, WCO, and neem oil used were 1.6 g, 30.9 
mL, 25 mL, 25 mL, respectively. Next, the mixture was stirred for the desired reaction 
time. At the end of the reaction, the crude mixture is centrifuged to separate the biodiesel, 
glycerol, and catalyst. The biodiesel yield was then calculated using Equation (1). This 
gravimetric method has been consistently reported in the literature [29,30] as a practical 
approach for determining yield, and it also facilitates comparability with previous studies. 𝑌𝑖𝑒𝑙𝑑 (%) =  𝑀𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑜𝑖𝑙 (1)
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2.5. Catalyst Recovery and Reuse 

The heterogeneous catalyst was recovered through centrifugation, washed with eth-
anol several times to remove adsorbed oil and glycerol residues, left to air-dry to remove 
residual ethanol, and then dried in an oven before reusing in subsequent reactions to eval-
uate its reusability. 

3. Results and Discussion 
This section demonstrates the results and analysis of the catalyst characterization—

XRD, BET adsorption–desorption, XPS, TEM, and TGA—and feedstock properties—heat-
ing value, density, and FTIR. The experimental results and statistical analysis using RSM 
are discussed, including the model fit statistics and statistical plots, interactions of the pa-
rameters, and model optimization. Additionally, the biodiesel characterization results—
heating value, density, FTIR, and ultimate analysis—are evaluated. Finally, the catalyst 
recovery, reusability, and leaching are discussed. 

3.1. Catalyst Characterization 

3.1.1. X-Ray Diffraction (XRD) 

The XRD pattern of the heterogeneous Cobalt Zinc Iron Oxide (CoZnFe4O8) nanocat-
alyst is shown in Figure 1. The sharp peaks in the XRD pattern are consistent with a crys-
talline structure. The presence of magnetite (Fe3O4, PDF # 19-0629) [31] was detected at 2Ɵ 
values of around 30.96°, 35.41°, 43.07°, 57.08° and 62.49° [32], corresponding to the (220), 
(311), (400), (511), and (440) Miller indices [33]. In addition, several of the magnetite peaks 
can also be attributed to the zinc oxide wurtzite structure [34] (PDF # 36-1451) [35]. In 
addition to the peaks at 35.41°, 43.07°, 57.08°, and 62.49°, the peaks at 18.29°, 36.97°, and 
53.37° corresponding to the (111), (222), and (422) planes can be assigned to cobalt oxide 
[36,37] (PDF# 42-1467) [38]. Previous studies have reported that enhanced crystallinity of 
the catalyst could potentially increase its stability and reusability compared to amorphous 
catalysts [39]. 

 

Figure 1. XRD pattern of the cobalt zinc iron oxide nanocatalyst used for the biodiesel production 
process. 
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3.1.2. Brunauer–Emmet–Teller (BET) Analysis 

The BET method was employed to assess the surface area and pore characteristics of 
the catalyst, with results indicating a type Ⅳ isotherm (Figure 2), typical of mesoporous 
solids [40]. Variations in the amount of adsorbed gas during adsorption and desorption 
create a hysteresis loop [41]. The curves in Figure 2 correspond to a hysteresis loop Type 
H3 found in solids of plate-like particles aggregated with slit-like pores [40,42]. The aver-
age pore radius is 16.2 nm, and the BET surface area is 39.1 m2/g. The mesoporous nature 
of the catalyst and high BET surface can result in better catalytic activity [43]. Triglyceride 
molecules have an effective size of approximately 1.5–2.0 nm, which is smaller than the 
catalyst pore radius [44]. Catalysts of larger average pore diameters have been suggested 
to be effective in minimizing diffusion limitations for reactant molecules. This facilitates 
enhanced infiltration of reactants and ensures optimal utilization of active sites during the 
reaction [45]. 

 

Figure 2. Brunauer–Emmet–Teller (BET) analysis for the nanocatalyst used in the biodiesel produc-
tion experiment. 

3.1.3. X-Ray Photoelectron Spectroscopy (XPS) 

The XPS graph in Figure 3 demonstrates the presence of zinc, iron, cobalt, oxygen, 
carbon, and nitrogen elements in the heterogeneous nanocatalyst used. The higher counts 
per second for the zinc, iron, cobalt, and oxygen indicate higher concentrations of these 
elements in the sample, whereas the concentrations of nitrogen and carbon are signifi-
cantly lower. 
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Figure 3. XPS spectrum of cobalt zinc iron oxide nanocatalyst. 

3.1.4. Transmission Electron Microscopy (TEM) 

The TEM micrograph of the heterogeneous nanocatalyst at a 100 nm scale is shown 
in Figure 4. The dark spots are individual nanoparticles or clusters of nanoparticles, and 
the varying intensity of darkness indicates differences in electron density or thickness, 
with darker regions corresponding to overlapping particles or denser particle domains. 
The figure reveals aggregated nanosized particles with predominant spherical morphol-
ogy. The average particle size is approximately within the tens of nanometers range (~30 
nm), consistent with the reported size distribution and literature reports of spinel ferrite 
nanoparticles, where CoFe2O4 particle sizes ranging from 3.5 nm to 80 nm have been ob-
served depending on synthesis conditions [46]. The observed morphology supports the 
nanoscale structure and porosity characteristics inferred from the BET analysis. 

 

Figure 4. TEM image of nanocatalyst [47]. 

3.1.5. Thermogravimetric Analysis (TGA) 

TGA was carried out on the nanocatalyst sample in the range of 17.5 °C to 800 °C at 
a heating rate of 10 °C/min under a nitrogen atmosphere. Figure 5 represents the mass 
percentage versus the temperature for the nanopowder sample. The first significant 
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decrease in Mass% occurs at approximately 103 °C and can be attributed to the drop in 
moisture content. The green curve in Figure 5 represents the derivative of mass loss and 
shows peaks that represent mass loss events during the stages of decomposition. The 
sharpest peak corresponds to the moisture content loss at around 100 °C, as is also appar-
ent in the Mass%. Another smaller decomposition occurs at around 250 °C, which could 
be due to the decomposition of other volatile matter in the sample. The overall weight loss 
was around 11%. 

 

Figure 5. TGA of cobalt zinc iron oxide nanopowder. 

3.2. Feedstock Characterization 

The oil feedstocks were characterized using the higher heating value (HHV), density, 
and Fourier Transform Infrared (FTIR) analysis. The values of HHV for the feedstocks 
were very similar at 39.3 MJ/kg, 39.1 MJ/kg, and 39.6 MJ/kg, for waste cooking oil, neem 
oil, and the 50:50 blend, respectively. The measured density of the neem oil was 0.924 
g/cm3, while the densities of the waste cooking oil and the blend were 0.916 g/cm3 and 
0.912 g/cm3. 

FTIR analysis of neem oil and WCO (Figure 6) was performed to compare the func-
tional groups of the two feedstocks and highlight compositional differences that may in-
fluence biodiesel production. For neem oil, characteristic absorption bands were observed 
at 2920 cm−1 and 2852 cm−1 (C–H stretching), 1743 cm−1 (C=O stretching of esters) [48], 1460 
cm−1 (C–H bending vibrations of CH2/CH3) [49], 1158 cm−1 and 1029 cm−1 (C–O stretching 
of esters) [49,50], and 723 cm−1 (CH2 rocking) [51]. The spectra of neem oil and WCO share 
similarities but also exhibit differences in band sharpness and intensity. In WCO, the ester-
related bands appear weaker and less sharply defined compared to neem oil, which can 
be attributed to its mixed-source origin and compositional variability. These spectral var-
iations suggest a partial alteration of triglyceride structures in WCO. The main peaks and 
their literature references are summarized in Table 2. 
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Figure 6. FTIR spectra of neem oil and waste cooking oil. 

Table 2. FTIR peak assignments for neem oil and WCO. 

Wavenumber (cm−1) Assignment Reference 
2920, 2852 C–H stretching (CH2, CH3) [48] 

1743 C=O stretching (ester) [48,52] 
1460 C–H bending (CH2/CH3) [49] 

1158, 1029 C–O stretching (ester) [49,50] 
723 CH2 rocking [51] 

3.3. Statistical Analysis of Transesterification Experiments 

Table 3 below presents the values of the input parameters considered for the trans-
esterification experiments and the corresponding biodiesel yield obtained using the novel 
CoZnFe4O8 nanocatalyst. These yields are particularly significant as they demonstrate the 
catalyst’s performance, providing crucial insights into its potential in biodiesel produc-
tion. The total number of runs was 30, and the experimental runs were randomized in 
order. 

Table 3. Experimental design and biodiesel yields using CoZnFe4O8 nanocatalyst. 

Std Run 

Factor 1 Factor 2 Factor 3 Factor 4 Response 
A:  

Catalyst Concentration  
(wt%) 

B:  
Methanol-to-oil 

Molar Ratio 

C:  
Time 

(Minutes) 

D:  
WCO: Neem 

Biodiesel Yield 
(%) 

10 1 5 6 60 100 89.8 
6 2 5 6 240 0 90.64 

14 3 5 6 240 100 87.61 
25 4 3.5 13 150 50 86 
12 5 5 20 60 100 90.43 
22 6 3.5 13 240 50 90.98 
4 7 5 20 60 0 86.35 

21 8 3.5 13 60 50 91.23 
17 9 2 13 150 50 90.07 
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24 10 3.5 13 150 100 91.77 
2 11 5 6 60 0 90.49 
26 12 3.5 13 150 50 89.02 
1 13 2 6 60 0 89.95 
9 14 2 6 60 100 93.71 
7 15 2 20 240 0 86.05 
30 16 3.5 13 150 50 86.73 
3 17 2 20 60 0 80.42 
27 18 3.5 13 150 50 88.76 
18 19 5 13 150 50 92.71 
28 20 3.5 13 150 50 87.83 
13 21 2 6 240 100 94.1 
5 22 2 6 240 0 90.61 
20 23 3.5 20 150 50 87.14 
19 24 3.5 6 150 50 90.48 
29 25 3.5 13 150 50 86.38 
8 26 5 20 240 0 83.07 
11 27 2 20 60 100 89.24 
16 28 5 20 240 100 82.63 
15 29 2 20 240 100 93.36 
23 30 3.5 13 150 0 87.13 

The model fit summary is demonstrated in Table 4. p-values less than 0.05 suggest a 
significant model, and therefore, if the p-value > 0.5, a more complex model is needed to fit 
the data better [53]. The lack of fit p-value should be insignificant (>0.5) if the model is an 
adequate fit for the data, since a significant lack of fit implies variation in response around 
the fitted model [54]. The coefficient of determination (R2) is a critical parameter that repre-
sents the square of the statistical variance between the experimental and model-calculated 
data. The closer the R2 value is to 1, the better the fit the model is [55]. Adjusted R2 is fine-
tuned to the number of predictors in the regression equation, preventing the model from 
becoming overparameterized, and is often more conservative [56]. Based on these criteria, 
the suggested model by the software is the 2FI (two-factor interaction) with a low p-value, 
insignificant lack of fitness, and the highest R2 values among the different models. 

The standard deviation value and the coefficient of variation (CV) indicate the degree 
of precision [57]. The low CV of 2.28% implies that the data has minimal variability rela-
tive to the mean, indicating relatively consistent measurements. Furthermore, the R2 value 
of 74.62% is considered a good value and indicates that the model fits the data well. A 
good R2 is dependent on the application; for instance, biological and social sciences are 
known for their high levels of noise and more weakly linked variables, and therefore a 
lower value is anticipated in these domains; a value of 0.6 may be regarded as good, and 
a value of 70% would already be regarded as high. However, in physics, a higher value is 
anticipated since the majority of data comes from well-regulated experiments [58]. The R2 
value of 74% in this study reflects a 26% variability attributed to experimental noise; nev-
ertheless, the model performance is consistent with values reported for catalytic process 
models. To confirm the model’s significance, the F-test is often used in addition to the R2 
[59]. The term “Adequate precision” is used to analyze the signal-to-noise ratio, which 
should be higher than 4 [60]. In this study, the ratio is 10.958, indicating that the model is 
reliable. In addition, the adjusted R2 value of 0.6127 is lower than R2 since it penalizes for 
non-significant terms. Based on the ANOVA in Table 5, factors A and C were statistically 
insignificant on their own but were retained in the model due to their significant interac-
tion effects with other variables. Nevertheless, the model is statistically significant as 
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indicated by the low p-value (0.0007) and an adequate precision ratio above 10. The pre-
dicted R2 is considerably lower than both the R2 and adjusted R2, which indicates a limited 
ability of the RSM to generalize well to unseen data. 

Table 4. Model fit statistics. 

Source 
Sequential p-

Value 
Lack of Fit p-

Value R2 Adjusted R2  

Linear 0.0040 0.0412 0.4471 0.3587  

2FI 0.0127 0.1097 0.7462 0.6127 Suggested 
Quadratic 0.7244 0.0793 0.7770 0.5689  

Cubic 0.5916 0.0261 0.8869 0.5314 Aliased 
Std. Dev. 2.03     

Mean 88.82     
C.V. % 2.28     

Adeq Precision 10.9576     
Adjusted R2 0.6127     
Predicted R2 0.2257     

To examine the RSM model’s effectiveness and significance, the ANOVA approach 
was used to evaluate the F-value and p-value of the model and parameters. As seen in 
Table 5, the p-value for the model is 0.0007, which is lower than 0.05, making the model 
significant. In addition, the model terms B (Methanol-to-oil ratio), D (WCO/neem), AC, 
and AD are also significant. Greater F-values indicate greater significance of the terms on 
the response [61]. The model’s F-value of 5.59 suggests the model is significant with just a 
0.07% probability that it is due to noise. The overall lack of p-value fit is not significant, 
which suggests an adequate model fit. Even though factors A and C were not significant 
for this model, their interactions between AC and AD were significant, and the effects of 
the factors cannot be disregarded since they are theoretically important due to their com-
bined effects on the response yield. 

Table 5. ANOVA for 2FI model. 

Source Sum of 
Squares 

Df Mean Square F-Value p-Value  

Model 229.46 10 22.95 5.59 0.0007 significant 
A-Catalyst concentration 10.55 1 10.55 2.57 0.1255  

B-Methanol-to-oil ratio 83.20 1 83.20 20.26 0.0002  

C-Time 0.3669 1 0.3669 0.0893 0.7683  

D-WCO/neem 43.37 1 43.37 10.56 0.0042  

AB 0.6561 1 0.6561 0.1598 0.6938  

AC 35.76 1 35.76 8.71 0.0082  

AD 34.40 1 34.40 8.38 0.0093  

BC 0.0072 1 0.0072 0.0018 0.9670  

BD 16.48 1 16.48 4.01 0.0596  

CD 4.67 1 4.67 1.14 0.2998  

Residual 78.03 19 4.11    

Lack of Fit 69.94 14 5.00 3.09 0.1097 not significant 
Pure Error 8.09 5 1.62    

Cor Total 307.49 29     
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The final model equation (Equation (2)) to predict the biodiesel yield is as below: 

Biodiesel yield = 85.84948 + 1.87753 * A − 0.514583 * B + 0.043611 * C + 0.079769 
* D + 0.019286 * AB − 0.011074 * AC − 0.019550 * AD − 0.000034 * BC + 0.002900 
* BD − 0.000120 * CD 

(2)

Figure 7a shows the normal plot of residuals, where all the points fall roughly along 
the straight line. A normal plot of residuals with no noticeable deviations from the line 
suggests that the residuals are mostly normally distributed, and the model can be consid-
ered adequate. The graph of residuals vs. predicted values (Figure 7b) shows a random 
distribution of the residual points and no clear pattern in the plot, which implies constant 
variance and no reason to suspect dependency. The colored points in the plots represent 
the range of the biodiesel yield, where blue and red represent the lowest and highest 
yields, respectively. 

 
(a) (b) 

Figure 7. (a) Normal plot of residuals; and (b) R = residuals vs. predicted values plot. Point colors 
represent biodiesel yield, with blue indicating the lowest and red indicating the highest yields. 

Figure 8a–d show the residuals plotted against each of the four independent varia-
bles. All the plots exhibit a random scatter of residuals across (no clear trend in the 
spread), indicating that the variance in biodiesel yield is constant regardless of the inde-
pendent variables. There are no outliers, and the absence of patterns or trends in the re-
siduals supports the model’s reliability. 
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Figure 8. Residuals vs. (a) catalyst concentration; (b) methanol-to-oil molar ratio; (c) time; and (d) 
WCO to neem. Point colors represent biodiesel yield, as described in Figure 7. 

The predicted vs. actual yield graph in Figure 9 demonstrates that the model is a 
good fit for the prediction of the response (i.e., biodiesel yield) since there is close corre-
spondence between the predicted and actual values. A few points show a difference be-
tween the actual and predicted yields, which may be attributed to experimental variability 
or unaccounted interactions in the model. 

(c) (d) 

(a) (b) 
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Figure 9. Predicted vs. actual values of biodiesel yield. Point colors represent biodiesel yield, as 
described in Figure 7. 

3.4. Parameter Interactions and 3-D Plots 

Figure 10a–f show the 3-D response surface plots for the interaction of the independ-
ent variables and the biodiesel yield. In Figure 10a, the combined interaction of catalyst 
concentration and methanol-to-oil molar ratio on the yield is shown. The highest pre-
dicted yield appears to be in the lower range of the catalyst concentration and at higher 
methanol-to-oil ratios. The interaction between the catalyst concentration and time (Fig-
ure 10b) demonstrates that the catalyst concentration does not have a significant impact 
on this interaction, whereas longer reaction times at lower catalyst concentration increase 
the yield. The curve in Figure 10c indicates that the effect of the catalyst concentration 
varies with the WCO/neem ratio, supporting the significant AD interaction term. As evi-
denced by the relatively flat response surface in Figure 10d, the interaction between the 
methanol-to-oil ratio and reaction time on the yield has minimal effect. Furthermore, the 
plot of the methanol-to-oil ratio and WCO/neem vs. the biodiesel yield (Figure 10e) shows 
that lower methanol-to-oil ratios and higher WCO ratios result in better yield. Finally, the 
lack of significant curvature in Figure 10f indicates that time does not significantly interact 
with the WCO/neem ratio, which is also proven by the ANOVA results. Overall, the effect 
of time on the yield in the interactions considered was not very significant, whereas the 
methanol-to-oil and waste cooking oil to neem oil ratios seem to have a larger impact on 
the response. 
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Figure 10. Three-dimensional surface plots for interaction between response and the following: (a) 
catalyst concentration and methanol-to-oil molar ratio; (b) catalyst concentration and time; (c) cata-
lyst concentration and WCO/neem; (d) methanol-to-oil ratio and time; (e) methanol-to-oil ratio and 
WCO/neem; and (f) time and WCO/neem. Surface colors indicate the predicted biodiesel yield from 
lower to higher values (green to yellow/orange). 

To further illustrate the significant interactions between AC and AD, the 2-D con-
tours in Figure 11 can be examined. In the 2D plots, the contour lines represent the levels 
of biodiesel yield, and the change in color of the plot from green to orange represents an 

(a) (b) 

(c) (d) 

(e) (f) 
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increasing yield percentage. As seen in the first plot (Figure 11a) and the 3-D plot in Figure 
10b, lower catalyst concentrations and higher reaction time can increase the yield. The 
areas with no contour lines are ranges where the change in catalyst concentration or time 
has little effect on yield. The interaction of the catalyst concentration and WCO/neem ratio 
has a considerable impact on the yield, as seen in Figure 11b. This effect could be due to a 
higher catalyst affinity in terms of conversion of triglycerides in the case of WCO com-
pared to neem. 

 

Figure 11. Two-dimensional contour plots for interactions of the following: (a) catalyst concentra-
tion and time; and (b) catalyst concentration and WCO/neem ratio. Surface colors represent bio-
diesel yield, as described in Figure 10. 

The perturbation graph in Figure 12 shows the impact of each of the four factors on 
the response. Based on the graph, the two steeper slopes are the lines associated with fac-
tors B and D, which indicate that these two factors have the most effect on the yield. Factor 
B has a negative impact on the yield, while factor D has a positive impact. On the other 
hand, changes in factors A and C do not have as much influence as indicated by the lower 
slopes, which also supports the earlier demonstrations from the surface plots and 
ANOVA results that indicated minimal impact of catalyst concentration and reaction 
time. 

(a) (b) 
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Figure 12. Perturbation plots. 

3.5. Model Optimization 

The optimum catalyst amount, methanol-to-oil molar ratio, time, and ratio of waste 
cooking oil to neem oil were found to be 2.13 wt%, 6.80:1, 4 h, and 98.32:1.68, respectively, 
as shown in Figure 13. These optimum conditions would result in a 94.23% predicted bi-
odiesel yield. These results are close to the experimental results obtained of a 94.10% yield 
using 2 wt% catalyst, 6:1 methanol-to-oil ratio, 4 h, and a 100:1 waste cooking oil-to-neem 
oil ratio. 

 

Figure 13. Optimized parameters. 
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3.6. Catalyst Performance Comparison 

The performance of the novel CoZnFe4O8 nanocatalyst was compared to other hetero-
geneous nanocatalysts, homogeneous base catalysts, homogeneous acid catalysts, and en-
zyme catalysts reported in the literature in order to assess its efficiency in the biodiesel pro-
duction application. Table 6 shows the catalyst used, feedstock, reaction conditions, and bi-
odiesel yield for several heterogeneous nanocatalysts used in previous studies. The yield 
obtained from the present study (94.10%) utilizing the CoZnFe4O8 nanocatalyst is compara-
ble to yields obtained from reported studies utilizing different heterogeneous, homogene-
ous, and enzyme catalysts. These findings indicate the potential of the CoZnFe4O8 nanocat-
alyst for efficient biodiesel production under optimal reaction circumstances. 

Table 6. Performance comparison of CoZnFe4O8 nanocatalyst and other catalysts for biodiesel pro-
duction. 

Catalyst Feedstock Reaction Conditions Biodiesel  
Yield Reference 

NaOH Waste frying oil 

- 0.5 wt% catalyst 
- 7.5:1 methanol-to-oil molar 
ratio 
- 30 min 
- 50 °C 

96% [62] 

ZnO/BiFeO3 magnetic nanocata-
lyst 

Canola oil 

- 4 wt% catalyst 
- 15:1 methanol-to-oil molar 
ratio 
- 6 h 

95.43% [63] 

CaO/CuFe2O4 nanoparticles Chicken fat 

- 3% catalyst loading 
- 15:1 methanol-to-oil ratio 
- 4 h 
- 70 °C 

94.52% [64] 

CoZnFe4O8 nanopowder Waste cooking oil and 
neem oil 

- 2 wt% catalyst loading6:1 
methanol-to-oil molar ratio 
- 4 h 
- 100:1 WCO-to-neem oil ra-
tio 
- 65 °C 

94.10% Present study 

MgO nanocatalyst Goat fat 

- 1 wt% catalyst 
- 12:1 methanol-to-oil molar 
ratio 
- 3 h 
- 70 °C 

93.12% [65] 

TiO2 nanoparticles 
Waste cooking/frying 

olive oil 

- 30:1 methanol-to-oil molar 
ratio 
- 4 h 
- 120 °C 

91.2% [66] 

H2SO4 Waste cooking oil 

- 4 wt% catalyst 
- 20:1 methanol-to-oil molar 
ratio 
- 40 min 
- 95 °C 

90% [67] 

Lipase  Waste cooking oil 

- 1.5 wt% catalyst 
- 3:1 methanol-to-oil molar 
ratio 
- 4 h 
- 65 °C 

88% [68] 
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3.7. Biodiesel Characterization 

The biodiesel sample used to measure the heating value and density, as well as for 
the FTIR analysis, was obtained from the optimum biodiesel run based on the RSM and 
experimental findings. 

3.7.1. Heating Value 

The higher heating value of the biodiesel was found to be 38.2 MJ/kg. Although the 
American Society for Testing and Materials (ASTM) D6751 standards [69] do not specify 
ranges of heating value [70], it is prescribed in EN 14213 [71] (biodiesel for heating pur-
poses) with a minimum of 35 MJ/kg [72]. The measured heating value is within standard 
ranges of biodiesel heating values. 

3.7.2. Density 

The density of the produced biodiesel was measured at standard conditions of 20 °C 
and 1 atm. The measured density of 0.9137 g/cm3 is close to the normal ranges reported in 
the literature of 0.825–0.931 g/cm3 [73]. 

3.7.3. FTIR 

Figure 14 shows the spectra of biodiesel against WCO in order to compare the bio-
diesel to the feedstock that was used in the optimum run (WCO), as well as to confirm the 
conversion into methyl ester. The two plots have similar peaks at around 2786 cm−1, 2201 
cm−1, and 2023 cm−1. There are more differences in the region between 1500 cm−1 and 800 
cm−1, including the peak in the biodiesel spectra at 1444 cm−1, suggesting substantial –CH2 
stretching, which contributes to greater carbon content [74]. The peaks at around 1735 
cm−1, 1580 cm−1, and 670 cm−1 are more intense in the biodiesel plot. The peak at 1735 cm−1 
is sharper and more intense due to the C=O vibration representative of the carbonyl ester 
bond [75]. 

 

Figure 14. FTIR spectra of biodiesel vs. WCO. 
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3.7.4. Ultimate Analysis 

The ultimate analysis of the biodiesel produced was carried out to obtain the percent-
ages of carbon, hydrogen, nitrogen, and sulfur. The carbon, hydrogen, nitrogen, and sul-
fur contents in the biodiesel were 69.89%, 4.76%, 0.05%, and 0.0063%, respectively. Ac-
cording to the ASTM-D6751 standard, sulfur content should be less than 0.05 wt% [72], 
which is the case with the produced biodiesel. The sulfur level of a fuel affects engine wear 
and deposits. It is damaging to both human health and the environment [76], and hence 
it is important for the sulfur content in biodiesel to be low. In addition, lower sulfur and 
nitrogen contents in the fuel result in lower SOx and NOx emissions [74]. Carbon and hy-
drogen contents are the primary factors for the quality of fuel and are responsible for the 
increased calorific value [74]. The percentages of carbon and hydrogen in the sample are 
within the range of reported percentages for biodiesel [74,77]. A summary of the meas-
ured biodiesel properties compared to reference ranges in the literature is presented in 
Table 7. 

Table 7. Properties of produced biodiesel. 

Property Measured Value (This 
Study) 

Range Reference 

HHV (MJ/kg) 38.15 >35 [72] 
Density at 20 °C (g/cm3) 0.9137 0.825–0.931 a [73] 

Carbon (%) 69.89 ~60–80 [74,77] 
Hydrogen (%) 4.76 ~11–12.6 [74,77] 
Nitrogen (%) 0.05 0.03 [74] 

Sulfur (%) 0.0063 0.05  [72] 
a Values vary with temperature and source of feedstock. 

3.8. Catalyst Reusability 

After catalyst recovery, the reused catalyst from run 10 (Supplementary Figure S2) 
was tested in a subsequent experiment. The catalyst recovered after the first reuse was 
further tested in a second reuse experiment. The reuse experiments were carried out using 
3.5 wt% catalyst, 13:1 methanol-to-oil molar ratio, 150 min reaction time, and 100:0 
WCO/neem oil ratio. The yields obtained from the reuse experiments are demonstrated in 
Figure 15, which shows that the heterogeneous nanocatalyst is reusable but with some 
decrease in efficiency. The results represent a 10.51% decrease in yield after the first reuse, 
and an additional 1.51% decrease in yield from the first reuse to the second. The loss in 
the catalytic activity could be attributed to the decrease in the BET surface area of the 
catalyst [78] or the leaching of the metals in the catalyst. 
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Figure 15. Yield of biodiesel using recovered catalyst. 

3.9. Metal Leaching from the CoZnFe4O8 Catalyst 

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) analysis was 
conducted to assess the leaching of the metals (Co, Zn, Fe) from the CoZnFe4O8 catalyst 
into biodiesel. As seen in Table 8, the concentrations of cobalt and zinc in the biodiesel 
samples were higher compared to the feed oils, confirming that these metals leached from 
the catalyst during the transesterification process. On the other hand, iron concentrations 
remained somewhat constant, suggesting higher structural stability of Fe compared to Co 
and Zn within the catalyst lattice. The leaching of active metals from the catalyst can re-
duce its catalytic activity and reusability, as well as complicate post-reaction separation 
and purification of the biodiesel product. Previous studies have highlighted that hetero-
geneous catalyst deactivation is often linked to leaching, ultimately limiting their reusa-
bility; however, supported catalysts are generally more resistant to leaching and can retain 
their activity over longer reusability cycles [79]. Additionally, feedstock acidity is known 
to influence yield [80], and in some cases (e.g., MgO), FFA presence may accelerate cata-
lyst leaching through Mg soap formation [81]. 

Table 8. ICP-OES results for Co, Zn, and Fe concentrations (mg/L) in feedstock oils and the corre-
sponding biodiesel product. 

Sample Co (mg/L) Fe (mg/L) Zn (mg/L) 
Neem oil 0.1458 4.2028 0.1077 

Biodiesel (Neem oil) 0.5115 4.0455 1.0976 
WCO 0.2709 4.5458 0.0587 

Biodiesel (WCO) 0.4751 4.0323 0.2536 

4. Conclusions 
The process of biodiesel production with the use of a sustainable blend of waste cook-

ing oil and neem oil and a novel heterogeneous nanocatalyst was carried out and then 
optimized using RSM alongside a CCD. The ANOVA was used to investigate the signifi-
cance of the developed model using statistical measures such as the p-value, coefficient of 
variation (R2), and lack of fit tests. According to the statistical analysis, the low p-value (p 
< 0.05) with a robust F-value, R2 of 74.62%, and the insignificant lack of fit suggested the 
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model is adequate and reliable. The significant model terms were the methanol-to-oil mo-
lar ratio, WCO/neem ratio, as well as the interactions of the catalyst concentration with 
time and the catalyst concentration with WCO/neem ratio. Furthermore, the actual bio-
diesel yields obtained experimentally closely matched the predicted yields, confirming 
the model’s ability to accurately predict the response. The normal probability plot indi-
cated the model was adequate and there were no significant deviations from normality, 
and the residual plots showed no clear trends in the residual points, indicating constant 
variance and the reliability of the model. The optimal combination of factors was found 
to be a catalyst concentration of 2.13 wt%, a methanol-to-oil ratio of 6.80:1, a reaction du-
ration of 4 h, and a waste cooking oil to neem oil ratio of 98.32:1.68, under which the 
achieved biodiesel yield is 94.23%. These results closely correspond with the achieved ex-
perimental yield of a 94.10% yield using 2 wt% catalyst, 6:1 methanol-to-oil molar ratio, 
240 min reaction time, and 100:1 waste cooking oil to neem oil ratio. In addition, the reus-
ability of the cobalt zinc iron oxide (CoZnFe4O8) nanocatalyst was assessed by recovering 
the catalyst and reusing it. This analysis showed a 10.51% reduction in biodiesel yield after 
the first reuse, and a further 1.51% decrease in yield in the second reuse, which could be 
attributed to a decrease in the BET surface area or leaching of the cobalt and zinc metals 
from the catalyst. 

The study also provided a thorough characterization of the nanocatalyst, feedstock, 
and produced biodiesel. The catalyst characterization using XRD revealed a highly crys-
talline structure, and the BET analysis confirmed a mesoporous structure with a surface 
area of 39.145 m2/g, indicating high availability of catalytic sites for the transesterification 
reaction. The biodiesel heating value and density were within the normal range for bio-
diesel fuel, and the FTIR spectroscopy confirmed the successful transesterification of the 
feedstock oils into biodiesel, as evidenced by the difference in peaks and intensities. Ulti-
mate analysis of the biodiesel showed good carbon and hydrogen contents and low sulfur 
and nitrogen levels, which is beneficial for reducing fuel emissions. 

Therefore, the combination of the blend of waste and inedible oils and the novel nano-
catalyst in biodiesel production showed promising potential for environmentally friendly 
biofuel production with an optimum yield greater than 94%. The novel nanocatalyst demon-
strated great catalytic activity and offered the potential for reusability, a crucial aspect of 
sustainable biodiesel production. Moreover, the results of this study contribute to the ongo-
ing efforts to achieve economically feasible and environmentally friendly biofuels. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/en18184944/s1. Figure S1: Experimental setup for the trans-
esterification process of waste cooking oil and neem oil. Figure S2: Recovered CoZnFe₄O₈ catalyst 
after the transesterification reaction. 
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Abbreviations 
The following abbreviations are used in this manuscript: 
BBD Box–Behnken Design 
BET Brunauer–Emmett–Teller  
CCD Central Composite Design  
FTIR Fourier Transform Infrared 
ICP-OES Inductively Coupled Plasma-Optical Emission Spectrometry  
RSM Response Surface Methodology 
WCO Waste Cooking Oil 
XRD X-Ray Diffraction 
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