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Abstract

This study presents the synthesis and application of a novel ZnO nanocatalyst doped with
10% Cu, prepared via a co-precipitation method, for the transesterification of waste cooking oil (WCO) into biodiesel.
Comprehensive catalyst characterization was conducted using FT-IR, XRD, FE-SEM, EDS, AFM, BET, and HR-TEM.
Process optimization was achieved through Response Surface Methodology (RSM) employing a Box-Behnken Design,
which identified optimal conditions of 67 °C, 3.14 wt% catalyst, 47.47% methanol-to-oil ratio, and a reaction time of 90
min, yielding 95.5% biodiesel. Kinetic modeling revealed pseudo-first-order behavior with a relatively low activation
energy of 99.3 kJ/mol. GC-MS analysis confirmed the dominance of C16:0, C18:1, and C18:0 methyl esters. Unlike
previous works using undoped ZnO or CuO individually, this study demonstrates a synergistic effect of Cu-doping on
ZnO that enhances catalytic activity and reduces activation energy. These findings highlight the efficacy of Cu-doped

ZnO nanocatalysts for efficient and sustainable biodiesel production from low-grade feedstocks.
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Introduction

Significant challenges confronting the world
include finite fossil oil reserves and global warming,
attributed to the escalating global energy consumption
and the increase of atmospheric CO; from fossil fuel
combustion [1]. The peak production capacity will be
attained within this decade, subsequently leading to a
decline in production. Consequently, there is an
imperative necessity to identify a renewable energy
resource that is clean, biodegradable, nontoxic, exhibits
diminished emissions, possesses superior lubricating
characteristics, is cost-effective, devoid of sulfur, and is
economically viable [2,3]. Renewable energy fuels,
such as biodiesel, are a viable approach to reducing the
issues associated with fossil fuel consumption [4]. Due
to the heightened awareness of environmental
contamination concerns and the environmental impact is
progressively increasing, resulting in numerous issues,
including climate change and a decline in quality of life

[5-7]. Recent life cycle assessment show that biodiesel

made from oilseed crops, soybean/canola showing an
estimated 40% - 69% reduction in CO, equivalents
compared to petroleum diesel and out of waste-derived
feedstock like UCO and animal tallow the reduction
potential is higher of 79% - 86% under similar
conditions [8]. The variety and accessibility of biofuel
sources are critical aspects that promote the global
exploration of biofuel utilization on a wide scale.
Biomass has garnered significant interest as a source of
renewable energy and platform chemicals [1,9]. The
feedstock for biodiesel production is derived from local
agriculture, indicating that biodiesel manufacturing
occurs nationally [10,11]. One technique for creating
biodiesels is the transesterification process, often known
as the green process. The process creates esters by
adding vegetable oils to an alcohol, usually methanol
[12,13]. Notably, the byproduct of this process,
glycerol, makes a significant contribution to cosmetics

and medicinal science [14].
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The utilization of nanotechnology and
nanomaterials in biofuel research has emerged as a
promising tool for providing cost-effective techniques to
enhance fabrication properties [15]. Nanoparticles offer
numerous advantages over traditional methods for
biofuel production due to their size and unique
properties [16-19], including an exceptional surface
area-to-volume ratio and enhanced characteristics such
as significant crystallinity, catalytic activity, adsorption
capacity, and stability [20]. ZnO nanoparticles have
become a successful catalyst for the production of
biodiesel because of their special properties [1]. ZnO
nanoparticles have stronger catalytic activity, greater
stability, and reusability than other metal oxides like
silicon dioxide (SiO;) and titanium dioxide (TiO>),
while having a lower surface area-to-volume ratio, this
problem can overcome by doping another metal [21,22].
Because of their enhanced catalytic activity, ZnO
nanoparticles remain effective throughout a wide range
of use cycles, lowering production costs overall [23].

The role of Cu doped ZnO nanoparticles in
biodiesel production is thoroughly evaluated in this
work, with a focus on technological developments,
financial and environmental benefits, and scaling
challenges [24]. While acknowledging existing
constraints and outlining potential directions for future
study, the goal is to fully evaluate the viability of using
Cu-ZnO nanoparticles for large-scale biodiesel
synthesis [24].

The need to lower production costs, manage lipid
variability, cleanly dispose of used cooking oil, extend
the lifespan of nanoparticles, and carefully evaluate
studies are all examples of significant research gaps. By
filling these gaps, the study aims to improve sustainable
biodiesel production technology and support global
efforts to reduce reliance on fossil fuels and promote the
ideas of the circular economy [25-29]. The aim of the
current study is to synthesis a novel catalyst Cu-doped
ZnO nanoparticles and test how well they work as
catalysts to produce biodiesel from waste cooking oil.
The focus will be on improving the yield and quality of
the fuel through the use of nanocatalysts and process

modification.

Materials and methods

Materials

Zinc Sulfate Heptahydrate (ZnSO4 7H20) was
supplied by Himedia, India with 99% purity, Copper(ll)
Sulfate Pentahydrate (CuSO4-5H,O) was supplied by
Himedia, India with 99.5% purity, Sodium Carbonate
(Na,COs) was supplied by Loba Chemie, India with
99.5% purity were used as precursors. Phenolphthalein
(C22H1404) used as Indicator. Methanol (CH30H) > 99%
India, Potassium hydroxide (KOH) pellets was supplied
by Himedia, India and Waste cooking oil from a
restaurant for local fast food.

Preparation Cu-doped ZnO nanocatalyst

In the precent preparation, the precursors
ZnSO047H,0 and CuSO4-5H,0 were first dissolved in
100 mL of distilled water in a beaker with 0.45 and 0.05
M to achieve 10% Cu-doped ZnO, mixed well on a
magnetic hot plate with the magnetic bar, and the
temperature was raised to 60 °C. In another beaker, a
Na,CO; solution (0.5 M) was progressively added
dropwise under vigorous stirring (500 rpm) until the pH
reached 8. Blue-White precipitates formed during 2 h of
continuous stirring of the reaction mixture. After resting
overnight, the final product was thoroughly washed 3
times using distilled water and ethanol to remove
residual impurities and filtered, then placed in a hot air
oven set to 80 °C for 2 h. A gemstone mortar was used
for crushing the dry precursor into a fine powder.
Finally, all hydroxide molecules are thermally
decomposed by annealing the powdered products in a
muftle furnace at 500 °C for 3 h.

1-xZnS04+7H20 + xCuSos5SH20 + NaxCO3; — CuxZn(i—x)
Cos| + NaSO4++ H20 @)

After calcination at 500 °C for 3 h the product
Zng—xCuxCO; was analyze as shown in following

reaction:

A500°C, 3h
CuxZn(i-x) Co3 ———— CuxZn(— O + CO: ?2)

where x = 0.1 for 10% Cu doping and finally, the target
product (Cu.Zn.-»O) was saved in the desiccator in

order to prevent it from moisture.
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Catalyst characterization

The Cu-ZnO nanoparticles were characterized by
using Fourier transform infrared (FT-IR) for functional
group identification. The crystal structure was examined
by X-ray Diffraction (XRD). The morphological and
compositions characteristics of the Cu-doped ZnO
nanoparticles were analyzed using field emission
scanning electron microscopy (FE-SEM, EDS).

CuSOs ZnSOs Mixing &

FT-IR
XRD
EDS Characterizations
TEM
AFM
BET

PrecipitationJ,

N

Additional characterization of particles by Transmission
Electron Microscopy (TEM). Furthermore, the surface
topography and roughness of the nanoparticles were
examined by Atomic Force Microscopy (AFM) and
Brunauer-Emmett-Teller (BET) technique was used for
specific surface area and porosity analysis. Figure 1
shows the steps of synthesis of NPs catalysts and

catalysts characterization.
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Figure 1 Schematic representation of the co-precipitation method for the synthesis of Cu-doped ZnO nanoparticles.
CuSO04 and ZnSOy4 precursors were mixed with Na,COs at 60 °C for 2 h.

Physicochemical analysis of WCO

A physicochemical analysis of waste cooking oil
was conducted by assessing parameters like acid value,
density, and saponification value. The density of waste
oil was determined using the mass-to-volume formula.
The acid value was determined by mixing 5 g of waste
cooking oil with few drops of phenolphthalein indicator
in a beaker. The beaker’s contents were titrated with
0.01 N KOH until a pale pink hue appeared. The acid
value of the oil was calculated utilizing the subsequent
equation [30,31].

KOH mL titratexN of KOHX56.1
Weight of oil

Acid value(AV) = 3)

For the saponification value, 2 g of oil was
measured and mixed with 25 mL of alcoholic KOH and
a tiny amount of ethanol (3 mL). A reaction was
performed with mixtures maintained at 100 °C for 1 h.
Following incubation, they were allowed to cool, treated
with phenolphthalein indicator, and then titrated with

(0.5 N HCI). The saponification value of the waste oil

was calculated using the specified equation [32].

Vol of HCL titratex56.1xXN of HCL (
Weight of oil

Saponification value(SV) = 4)

Transesterification of waste cooking oil

Before transesterification process the waste
cooking oil was filtrated through a cloth to remove the
food residuals and then subject to heat at 120 °C, 2 h for
removal of the moisture content, the treated oil was
reacted with methanol in the present of Cu-ZnO as a
catalyst. For each experiment, 20 g of pre-treated WCO
were put into a 250 mL 3-nick round bottom flask
connected with reflex condenser as shown in (Figure 2).
Subsequently, a weight percentage of Cu-ZnO NPs
catalyst ranging from 1% to 5% and methanol in a
weight percentage ratio of 20 to 60 were incorporated
into the oil. The reaction mixture was heated to a
temperature range of 50 to 70 °C while being stirred at
600 r/min. The reaction mixture was subjected to reflux
for a duration of 30 to 120 min. Ultimately the mixture
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was subsequently transferred to a 250-mL separation
funnel and allowed to stand for 12 - 24 h to achieve the
distinct layers of biodiesel, glycerol, and catalyst [31].

Condenser

— Cooling water Out

= Cooling water In

7

BioDiesel

Glycerol+Cu-ZnO NPs

Figure 2 Experimental setup for biodiesel production via transesterification. The reaction was carried out in a 3 nick

round bottom flask equipped with a reflux condenser and thermometer under constant stirring at 600 rpm.

Design of Experiments (DOE)
In the DOE, the factors use including alcohol,
catalyst concentration, reaction time, and temperature.

These factors are crucial to maximizing biodiesel yield

Table 1 Experimental range and level of process variables.

from the transesterification process [33]. Consequently,
the studies were executed utilizing a DOE in Minitab-21
statistical software, as illustrated in Table 1.

Biodiesel input Low (-) High (+)
Temperature °C 50 70
Catalyst % 1 5
Methanol to oil weight percent (M/O) % 20 60
Time (min) 30 120

The Response Surface Method (RSM)
optimization strategy, utilizing Box-Behnken design,
involved 27 experiments conducted randomly by
varying the process variables in accordance with the
Design of experiments. The experimental impacts of the
response variables obtained from the maximum factorial
design matrix were utilized to construct the quadratic
response surface models. Relationships are established
with the least squares method. In RSM, the input value

is consistently represented as a numeric quantity
[34,35].

In the current study, the Methanol to oil percent
(M/O), Catalyst Concentration, Reaction Temperature,
and Reaction Time were considered as input variables
that possibly influence the production yield during
biodiesel production. Experimental results according to
Box-Behnken  design-based  Response  Surface
Methodology as shown in Table 2.

Table 2 Experimental design matrix and response values for biodiesel yield.

No. Temperature Catalyst M/O ratio Time(min) Actual yield Predict yield
1 60 3 40 75 92.31 92.54

2 60 3 20 30 67.00 67.53

3 50 3 60 75 70.33 70.25

4 70 3 40 120 89.71 90.39
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No. Temperature Catalyst M/Oratio  Time(min) Actual yield Predict yield
5 60 3 60 120 80.00 80.19
6 50 3 40 30 72.50 71.73
7 60 1 40 120 88.20 87.65
8 60 5 40 30 77.20 77.12
9 70 3 20 75 76.80 76.25
10 60 3 20 120 78.50 78.47
11 60 3 40 75 93.00 92.54
12 60 5 20 75 79.85 79.97
13 50 3 20 75 79.50 78.45
14 60 3 60 30 72.00 72.75
15 50 5 40 75 73.50 74.76
16 70 3 40 30 73.20 72.51
17 60 5 60 75 83.10 82.02
18 70 3 60 75 90.97 91.40
19 60 5 40 120 81.00 80.11
20 50 1 40 75 83.00 83.05
21 60 1 20 75 78.90 79.89
22 70 1 40 75 86.12 85.58
23 50 3 40 120 71.62 72.22
24 70 5 40 75 90.50 91.17
25 60 1 60 75 85.00 84.79
26 60 1 40 30 72.00 72.27
27 60 3 40 75 92.31 92.54
RSMs were used to optimize the process, and the Xy =Kt (6)
most desirable solution was deemed to be the optimum
one. The proper variables for the engine’s operation are For pseudo first order [37];
the variables that arise from the optimal solution.
ANOVA, or analysis of variance, produces empirical —In(1—-X,) =Kt (7
data about potential advantages. The biodiesel yield was
determined using the Eq. (5) [36]. For second order [38];
Biodiesel yield % = Zeghtof Blodiesel , 44 ) If—j}A =Kt (8)

Weight of WCO

Reaction kinetics

In the transesterification reaction used test to find
which kinetics to obey zero order, pseudo first order or
second order. Orders rate constants were calculated by
using Egs. (6) - (8).

For 0 order [37];

where k denotes the rate constant, X4 represents yield at
time. The Arrhenius equation, presented in the
following equation, was utilized to determine the
activation energy (Ea) for the transesterification

processes [39].

nK = -2 4+ Inp )
RT
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where T signifies temperature, P symbolizes the pre-
exponential factor, and R represents the gas constant,
valued as 8.314x1073 JK™! mol™". The activation energy
can be determined by plotting In k against 1/T, which
should yield a linear graph with a slope of -Ea/R [38].

Results and discussion
Characteristics of catalyst
Fourier Transform Infrared (FT-IR)

spectroscopy
Fourier-transform infrared (FTIR) spectroscopy

was conducted to investigate the functional groups and
bonding characteristics of the synthesized Cu-doped

ZnO nanoparticles. The FTIR spectrum as shown in

(Figure 3) exhibited a broad absorption band around

3,410 ecm™!, which corresponds to the O-H stretching

vibration of adsorbed moisture or surface hydroxyl

1

groups [40]. A minor peak at 2,920 cm™ is associated

with C-H stretching, suggesting the presence of residual

organic moieties from the synthesis process. The
absorption band observed near 1,641 cm™! is attributed
to the bending vibration of O-H, further indicating
adsorbed water molecules on the nanoparticle surface.
Peaks located at 1452 and 1,371 cm™ can be linked to
C-H bending or sulphate groups, potentially originating
from metal salt precursors [41]. Additionally, bands at
1,143 and 987 cm ! suggest C-O stretching and possible
metal-oxygen-metal (M-O-M) interactions [42].
Notably, a strong absorption peak around 418 cm™ is
characteristic of Zn-O or Cu-O stretching vibrations,
confirming the formation of metal oxide bonds and
validating the successful synthesis of Cu-doped ZnO
nanoparticles [41,43]. These spectral features
collectively confirm the presence of key functional
groups and metal-oxygen bonding, essential for
catalytic activity in applications such as biodiesel

production.

120 4
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Figure 3 FT-IR spectrum of Cu-doped ZnO NPs showing key functional group.

X-ray Diffraction (XRD) spectroscopy

The crystalline structure of the Cu-doped ZnO
nanoparticles was investigated using X-ray diffraction
(XRD), and the resulting diffraction pattern is presented
in (Figure 4). The spectrum shows a series of sharp,
intense peaks, indicating a well-defined crystalline
phase. The major diffraction peaks appear at 26 values
approximately corresponding to the (100), (002), (101),
(102), (110), (103), and (112) planes, which are in good

agreement with the standard hexagonal wurtzite
structure of ZnO (JCPDS Card No. 36-1451) [44].

The absence of any secondary peaks associated
with copper oxide (CuO or Cu;O) or metallic Cu
suggests that copper is likely incorporated into the ZnO
lattice either substitutionally or interstitially, rather than
forming separate crystalline phases [45]. This supports
successful doping rather than simple mixing. The
presence of peak broadening in the diffraction pattern
further confirms the nanoscale crystallite size.
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Figure 4 X-ray diffraction (XRD) pattern of 10% Cu-doped ZnO nanoparticles.

Using the Scherrer equation [46];

KA
D =
Bcos6

(10)

where D is the crystallite size, K is the shape factor
(typically 0.90 - 0.94), A is the X-ray wavelength
(commonly 0.15406 nm for Cu Ka) [47], B is the full
width at half maximum (FWHM) in radians, and 0 is the
Bragg angle, the average crystallite size can be
estimated if the FWHM data is available, average
crystallite size is found to be 20 nm Based on the peak

sharpness.

Field Emission Scanning Electron Microscopy
(FE-SEM) and Energy Dispersive X-ray (EDX)
spectroscopy

The morphological features of the produced Cu-
doped ZnO nanoparticles were analyzed using Field
Emission Scanning Electron Microscopy (FE-SEM) as
shown in Figure 5. The micrographs demonstrate that
the nanoparticles possess a significantly agglomerated
and porous structure, consisting of irregular to quasi-
spherical particles. The individual nanoparticles
exhibited sizes ranging from around 40 to 45 nm, so
validating their nanoscale dimensions [48]. (Figure 6)
shows the elemental composition of the synthesized Cu-
doped ZnO nanoparticles was investigated using Energy

Dispersive X-ray Spectroscopy (EDX).

Figure 5 FE-SEM of Cu-doped ZnO NPs at Different Magnification (100 p, 20 p, 5 p and 500 nm).
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Element Weight %

(0] 16.7
Cu 6.1
n 77.2

Figure 6 EDX spectrum along with quantified element composition table.

Atomic Force Microscopy (AFM)

The surface morphology of the synthesized
catalyst was studied in a 2.5%2.5 um? area. The 3D and
deflection photos showed that the surface was not

smooth and had a lot of rises and drops (Figures 8(a)

and 8(b)). These results show that a nanostructured
surface with a rather large surface area has formed,
which is beneficial for improving catalytic effectiveness

in related uses as a catalyst in biodiesel production [49].

©)

Figure 7 Atomic force microscopy (AFM) analysis of Cu-doped ZnO NPs: (a) 3D surface topography, (b) deflection

image in scan forward mode, (c) voltage distribution mapping.

High-Resolution Transmission Electron
Microscopy (HR-TEM)

The TEM image (Figure 8(a)) shows that the Cu-
doped ZnO nanoparticles are roughly spherical and
agglomerated, with individual particle sizes generally in
the range of 10 - 30 nm. The observed aggregation may
be attributed to the high surface energy of the
nanoparticles, which is common in metal oxide
nanostructures.

The Selected Area Electron Diffraction (SAED)
pattern (Figure 8(b)) displays a series of well-defined

concentric rings, indicating the polycrystalline nature of

the sample. These diffraction rings correspond to the
characteristic lattice planes of the wurtzite hexagonal
structure of ZnO, with minor shifts or intensity changes
likely due to the substitution of Zn** ions with Cu?" ions
in the crystal lattice. The presence of sharp and discrete
spots superimposed on the rings further suggests the
presence of nanocrystalline domains within the
agglomerates.

The HR-TEM image (Figure 8(c)) reveals clear
lattice fringes with interplanar spacings consistent with
those of the ZnO wurtzite phase. The observed lattice
fringe spacing (~0.26 nm) corresponds to the (002)
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plane of ZnO. Localized distortion of lattice planes may
be indicative of Cu doping, which introduces strain and
defects due to the difference in ionic radii between Zn?"
and Cu?" ions. No distinct secondary phase or

segregation of CuO or metallic Cu was observed,
suggesting successful incorporation of Cu into the ZnO

lattice at the atomic level.

Electron Microscopy (HR-TEM).

Brunauer-Emmett-Teller (BET)

The BET method is a widely used technique for
determining the average pore diameter, isotherm
sorption of nitrogen, total pore volume, and specific
surface area of the synthesized Cu-doped ZnO
nanocatalyst [50,51], as shown in Figures 9(a) and 9(b).
The N sorption isotherm displayed a type IV curve with
a hysteresis loop, conforming the mesoporous structure
of Cu doped ZnO NPs. The nanocatalysts significant
surface area of 59.534 m?g”! with average pore volume

0.2392 cm®g ! and average pore diameter 24.141 nm is

 — % ¢ &=

Figure 8 (a) Transmission Electron Microscopy (TEM), (b) The SAED pat

~ Pt ]

tern and (c) High-Resolution Transmission

a crucials aspect for catalysis. Enhanced surface area
provides more Lewis acidic sites (Zn?*) and basic sites
(O*, Cu?" substitution), which are required for
methanol activation and triglyceride cleavage. This
explains why Cu-ZnO catalysts often outperform pure
ZnO in biodiesel yield. Scientific literature emphasises
the significance of elevated surface area in catalysis. The
literature indicates that an increased surface area offers
a higher quantity of active sites for catalytic processes
[50].
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Figure 9 (a) The N, adsorption-desorption isotherm of Cu doped ZnO. (b) Distribution of pore size.

Characteristics of waste cooking oil
The characteristics of feedstock indicate the

quality of biodiesel. The physical parameters of pre-

Table 3 Physical parameters of waste cooking oil.

treated waste cooking oil are quantified, and the results

are presented in the (Table 3).

No. Properties Measured Values
1 Density 931.3 kg/m?
2 Kinematic Viscosity 39 mm?/s
3 Acid Value 1.6 mg KOH/g
4 Flash Point 283 °C
5 Saponification Value 193 mg KOH/g
6 Pour Point —13.5°C
7 Iodine Value 112 g 1,/100g
Modeling results and data analysis utilizing Biodiesel Yield %(Y) = —86.7+ 4.948A—2.71B+0.006C +
(RSM) 0.4121 D —0.05739 A? — 0.790 BZ — 0.01928 C* —
0.004983 D?

Experimental data derived from Box-Behnken
design (BBD) were utilized to ascertain the optimal
combination of several operating parameters (including
temperature, methanol/oil percent ratio, time, and
catalyst concentration) to maximize biodiesel
production.

Advanced multiple regression analysis was
applied to the experimental data to derive a second-order
polynomial equation with regression coefficients, which
were subsequently evaluated for statistical significance
[52,53]. The biodiesel yield from waste cooking oil
varied between 67% and 93% based on laboratory
experiments. The model’s projected second-order
polynomial equation for maximal biodiesel is presented

in Eq. (11).

+0.1735 AB + 0.02918 AC + 0.00966 AD — 0.0178 BC —
0.03444 BD — 0.000972 CD

an
where A is the temperature (°C), B is the catalyst
loading (wt.%), C is the methanol to oil ratio (wt.%), and
D is the reaction time (min).

In Table 4 shows the results of an analysis of
variance (ANOVA) that looked at the statistical
significance of the process variables that affect biodiesel
yield. The significance of individual process variables
and their interactions on biodiesel yield was evaluated
using analysis of variance (ANOVA). The model
exhibited a highly significant F-value of 127.72 (p <
0.0001), indicating strong predictive capability and a
good fit to the experimental data [54]. Among the linear
terms, reaction temperature, methanol-to-oil (M/O)
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ratio, and reaction time had highly significant effects (p
< 0.0001), whereas the catalyst amount was moderately
significant (p = 0.028). Quadratic effects were also
prominent, with all squared terms (Temp?, Catalyst?,
M/O ratio?, and Time?) showing p-values less than
0.0001, highlighting notable curvature in the response
surface.

Furthermore, several 2-way interactions were
statistically significant, including Temp*Catalyst,
Temp*M/O ratio, Temp*Time, and Catalyst*Time, all
with p-values below 0.0001. This implies synergistic

effects between these variables significantly influence

Table 4 Analysis of variance (ANOVA).

biodiesel conversion. In contrast, the interactions
Catalyst*M/O ratio and M/O ratio*Time were not
significant (p = 0.152 and 0.082, respectively),
suggesting minimal interactive influence.

The model’s lack-of-fit was not significant (p =
0.143), confirming that the model adequately describes
the experimental data without substantial unexplained
variation. Additionally, the low pure error indicates
good repeatability of the experimental runs. Overall, the
ANOVA results confirm that the selected quadratic

model is robust and appropriate for optimizing biodiesel

production using Cu-doped ZnO nanocatalysts.

Source DF Adj SS Adj MS F-Value p-Value
Model 14 1,550.96 110.783 127.72 0.0001
Linear 4 564.26 141.064 162.63 0.0001
A-Temp 1 269.33 269.327 310.5 0.0001
B-Catalyst 1 543 5.428 6.26 0.0280
C-M/O ratio 1 36.22 36.223 41.76 0.0001
D-time 1 253.28 253.276 292 0.0001
Square 4 683.22 170.805 196.92 0.0001
A? 1 175.64 175.641 202.49 0.0001

B? 1 533 53.301 61.45 0.0001

C? 1 317.35 317.351 365.87 0.0001

D? 1 543.11 543.107 626.14 0.0001
2-Way Interaction 6 303.49 50.582 58.31 0.0001
AB 1 48.16 48.164 55.53 0.0001

AC 1 136.19 136.189 157.01 0.0001

AD 1 75.6 75.603 87.16 0.0001

BC 1 2.03 2.032 2.34 0.1520

BD 1 38.44 38.44 4432 0.0001

CD 1 3.06 3.062 3.53 0.0850

Error 12 10.41 0.867
Lack-of-Fit 10 10.09 1.009 6.36 0.1430
Pure Error 2 0.32 0.159
Total 26 1,561.37

Model summary R?=99.33% R2(adj) = 98.56% R2(pred) = 96.23% S=0.931

Effects of process input variables on biodiesel
production

The influence of independent factors (M/O percent
ratio, catalyst loading, temperature, and reaction time)

on the experimental biodiesel yield was examined by 3D
surface plots as shown in (Figure 10). The interaction

between 2 variables in the model graphs can be observed
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while maintaining other parameters at their central

values.
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Figure 10 Response surface plots the interaction effects of (a) catalyst and temperature, (b) methanol amount and

temperature, (¢) time and temperature, (d) methanol amount and catalyst, (¢) catalyst and time (f) time and methanol

amount.

Response optimization: Yield

The used response surface methodology (RSM) to
find the best transesterification process parameters for
making biodiesel with Cu-doped ZnO nanoparticles as a
catalyst. According to the model as shown in (Figure
11) the best conditions were a temperature of 67.57 °C,
a catalyst loading of 3.14 wt%, an M/O weight percent
of 47.47%, and a reaction duration of 90.9 min. The
expected maximum biodiesel yield was 95.5% under

these conditions, and the desirability value was 1.000,
which means that the optimization goal was met quite
well. The curved lines on the response plots show that
process variables interact with each other in a nonlinear
way, which proves that RSM is good at finding the most
important components. These results show that Cu-
doped ZnO nanoparticles are very good at catalyzing
reactions and might be used to improve biodiesel

production by changing the right parameters.
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Figure 11 Optimization profile plots of process variables affecting biodiesel yield using RSM.

Kinetic study

Zero order, Pseudo 1* order and 2" order models
were applied to correlate the kinetics data. Parameters
for each model were established by fitting the linearized
forms of these models to a set of experimental data, as
shown in (Figure 12). Which demonstrates a fair
agreement and their constant are presented in (Table 5).
Based on correlation coefficients, pseudo-first-order

kinetic model provides better representation for the

biodiesel production, these findings are in agreement
with those reported by Gurunathan and Ravi [55];
Hazrat et al. [55]; Hazrat et al. [57]. The kinetic studies
of the transesterification of WCO catalyzed by Cu-
doped ZnO nanocatalyst were conducted for a duration
of 30 to 90 min. Kinetic investigations of the reaction
were conducted at 50, 55, 60 and 65 °C, as the rate

constant is dependent on the reaction temperature [58].

1.2 7 125
—&— Time vs Yield (X)
—&— Time vs In (1/(1-X)) -6
—a— Time vs 1/1-X 120
1.0 - L5 3
- T g
£ c e E
5 2 3
=) =
E 0.8 3 : =
5 08 = {10 S
N = S
7] wn
L2 n‘:’
15
0.6 -1
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20 30 40 50 60 80 90 100

Time

Figure 12 Reaction order fitting for transesterification: Yield vs. time for various kinetic models.

Table 5 Comparison of kinetic parameters for 0, pseudo-first, and second order models.

Order of reaction K(min™) R?
Zero order 0.0031 0.92
Pseudo first order 0.0278 0.99
Second order 0.3028 0.97

Activation energy of Cu-doped ZnO nano
catalysts was calculated using Arrhenius equation

[59,60], which is presented in Table 6. Figure 13 shows
the plot of In k and 1/T. Therefore, the activation energy
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of Cu-doped ZnO catalyzed transesterification was
99.3356 kJ/mol.

Table 6 Kinetic data for Arrhenius plot of Cu-doped ZnO catalyzed transesterification.
Temperature (°C) Temp (K) Constant rate (K) Ln (K) 1/T (k)
50 323.15 0.005 —5.29831737 0.00309
55 328.15 0.0105 —4.55638002 0.00305
60 333.15 0.0179 —4.02295457 0.003
65 338.15 0.0258 —3.65738079 0.00296

—s— Ea=99.3356
R’=0.9806

Ln (K)
&

-5.0 4

-5.2 4

-54 T T T T T T T T
2.94e-3 2.96e-3 2.98e-3 3.00e-3 3.02e-3 3.04e-3 3.06e-3 3.08e-3 3.10e-3 3.12e-3

1/T(K)

Figure 13 Arrhenius plot of Ln(k) versus 1/T (K) for the transesterification reaction using Cu-doped ZnO nanocatalyst.

Gas  chromatography-mass  spectrometry (C18:1) and Methyl stearate (C18:0), which exhibited
analysis significant peaks. These compounds collectively
GC-MS analyses facilitate the identification of the accounted for over 99% of the total peak area. In
chemical composition of the biodiesel [61], as illustrated contrast minor peaks in GC-MS analysis, such as methyl
in (Figure 14). Table 7 confirmed the presence of butanoate, are likely artifacts or trace intermediates
several fatty acid methyl ester composition in WCO generated during the transesterification process, not
biodiesel as determined by the GC-MS method. The significant contributors to biodiesel composition or
GC-MS analytical report identified the principal quality, and do not affect the overall fuel assessment,
FAMEs as Methyl palmitate (C16:0), Methyl oleate which is primarily based on long-chain FAMEs [62].
intensity
119.690,948 Bl
15000000 |-
] 7 \
10000000 1
5000000 )
1 o g 8 | o TIC*1.00
2 $ 3 A 3 /
4 I 7 f o I P
2.0 10.0 20.0 29.0
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Figure 14 The GC-MS of Waste cooking oil biodiesel.
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Table 7 Principal compounds detected in GC-MS analysis.

Retention

X Compound Identified Molecular Molecular
Peak Time . Area (%)
. Name Compound Formula Weight (g/mol)
(min)
Butyric acid
1 6.34 Methyl butanoate CsH1002 102 0.01
methyl ester
Butyric acid
2 12.27 Methyl butanoate CsH 1002 102.13 0.001
methyl ester
Methyl .
3 14.79 Methyl myristate Ci5H300: 242 0.02
tetradecanoate
Hexadecanoic Methyl palmitate
4 17.26 . C17H340, 270 45.8
acid methyl ester (Ci60)
Octadecenoic Methyl oleate
5 19.1 . Ci19H3602 296 51.39
acid methyl ester (Cis:1)
Octadecenoic Methyl stearate
6 19.21 . Ci9H3302 298 2.63
acid methyl ester (Cis:0)
Glyceryl
Monoglyceride ey
7 24.33 . . . monooleate Co1H4004 356 0.15
of linoleic acid )
(monoglyceride)
Scalability considerations synthesized biodiesel. The optimal operational

Despite a high biodiesel yield (95.5%) together
with good kinetic results obtained at the laboratory-
scale, possible limitations in terms of scale-up are
needed to be evaluated. Recovery and re-use of the
catalyst is significant to reduce the cost and the waste of
the material. Nanoparticle off-loading may be
technically challenging which has process feasibility (in
continuous processes) implications. In addition to
performance, the cost of catalyst preparation and its
impact on the $/L biodiesel price should also be
compared to determine the commercial competitiveness.
It will be necessary to address this in future studies to

verify the industrial applicability of Cu-ZnO catalysts.

Conclusions

The current work has effectively documented the
application of a 10% copper-doped zinc oxide catalyst
for the transesterification of waste cooking oil. An
affordable, biodegradable, and environmentally friendly
nanocatalyst produced by the co-precipitation approach
was employed in the synthesis of biodiesel from
inexpensive and readily available oil. The synthesized
catalyst was extensively characterized utilizing FT-IR,
XRD, FE-SEM, EDX, AFM, TEM and BET techniques.
Furthermore, GC-MS was employed to characterize the

parameters were determined to be a temperature of 67
°C, a reaction time period 90 min, a methanol to waste
cooking oil weight ratio of 47.47%, a catalyst loading of
3.14 wt.%, and a stirring speed of 600 rpm, resulting in
a biodiesel yield of 95.5%.Consequently, the production
of biodiesel from waste cooking oil under optimum
conditions might be considered a viable feedstock to
potentially substitute Petro-diesel fuel in existing

engines and meet the growing need for fuel oil.
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