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trimetallic Cu–Cr–Ca
nanoparticle-catalyzed transesterification of amla
(Phyllanthus emblica L.) seed oil: analytical
characterization and fuel properties of biodiesel†

Humaira Kanwal,ab Farooq Anwar,*acd Ahsan Tanvir, b Syed Hussain Imam Abidie

and Muhammad Waseem Mumtazf

Renewable energy sources are experiencing a surge in demand, motivating substantial study into biodiesel

synthesis from non-edible oil sources as a strategy to offset the conflict between food and fuel. The present

work focuses on optimizing the trimetallic Cu–Cr–Ca oxide nanoparticle-catalyzed transesterification of

a non-food amla (Phyllanthus emblica L.) seed oil, producing high yields of good quality amla oil methyl

esters (AOMEs)/biodiesel. Response surface methodology was used to optimize the transesterification

process by employing a central composite design with a total of 30 experimental trials, including (24)

factorial, (2(2)) axial, and (6) central points. The transesterification process was catalyzed by a newly

synthesized trimetallic Cu–Cr–Ca nano-catalyst. Statistical analysis demonstrated the model's

significance (p < 0.0001) with a high predicted R2 value (0.9958) closely aligned with an adjusted R2

value (0.9982). The optimal AOME yield of 92% was achieved at a 9 : 1 methanol-to-oil molar ratio, using

3 g of Cu–Cr–Ca catalyst at 85 °C and 5 h. GC-MS analysis of the produced methyl esters revealed the

presence of 85.98% unsaturated and 14.03% saturated fatty acids, indicating the successful

accomplishment of the transesterification reaction. FTIR ester stretching peaks at 1734 and 1739 cm−1

further confirmed the completion of transesterification. The fuel properties of AOMEs show potential as

an alternative green energy fuel compared with ASTM standards, supporting the optimized nano-

catalyzed transesterification for producing Phyllanthus emblica L. seed oil biodiesel with acceptable

physico-chemical properties.
1 Introduction

Fossil fuels currently provide majority of the world's energy
needs, resulting in the emission of pollutants like SO2, NOx,
CO2, and other greenhouse gases that are irreversibly altering
the climate. Moreover, fossil fuels are not renewable due to their
limited availability and expected depletion.1–3 Hence, devel-
oping alternative renewable and green fuels like biofuels is
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crucial for sustainability and environmental protection.4,5

Currently, about 80% of the global liquid biofuel production
consists of bioethanol, while the remaining 20% is produced as
biodiesel.6 Biodiesel is valued as a sustainable, biodegradable,
and eco-friendly biofuel owing to its superior exhaust emission
prole and higher cetane number.2,7

Transesterication is recognized as the preferred method for
biodiesel synthesis due to its operational ease and economic
feasibility.8 In this process, triglycerides and alcohols undergo
a sequence of reversible reactions, which rst converts them
into diglycerides and then into monoglycerides, with glycerine
obtained as a secondary product.9–12 However, the yield, quality
characteristics and fuel properties of biodiesel can be further
improved by optimizing transesterication variables.5,13 Trans-
esterication of oils and fats can be done catalytically or non-
catalytically. Triglycerides are catalytically transesteried
utilizing a range of catalysts like homo/heterogeneous acid–
base catalyst, mixed oxides or oxides from natural resources and
enzymes.14,15 Despite the effectiveness of catalysts, homoge-
neous catalysts cause soap formation and result in low biodiesel
yield, and heterogeneous catalysts have lower reaction rates,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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while enzymatic catalysts are selective, expensive and less
stable.16

The world is experiencing a revolution in research across
various elds due to the remarkable advancements in
nanomaterials.17–22 In recent research, nanocatalysts have
emerged as a promising alternative in catalytic trans-
esterication.23 Nanocatalysts are usually pseudo-
homogeneous catalysts, offering the advantage of both
homo/heterogeneous catalysts in terms of activity, selectivity,
efficiency and reusability.24,25 Nanocatalysts exhibit superior
catalytic properties due to their large surface-to-volume ratio
and high porosity, enabling increased reactant interaction
with active sites which results in an enhanced reaction rate.26

Nanocatalysts characteristics like acidity or basicity, catalyst
active site and porosity are customizable and can be fabricated
as per requirements to achieve the maximum efficiency. Munir
et al. (2021) optimized methyl ester production from non-
edible Celastrus paniculatus Willd. oil using trimetallic (Ce,
Cu, and La) based montmorillonite nanocatalyst and obtained
a maximum biodiesel yield of 89.42%.16 In another study,
CuO–CaO mixed metal oxide nanoparticles were used as
a nanocatalyst for the transesterication of Moringa oleifera
seed oil and a high biodiesel yield of 95.24% was achieved. The
optimized reaction conditions determined via central
composite design included a methanol-to-oil ratio of 0.3 : 1
(vol/vol), 4 wt% catalyst loading, and a reaction duration of
2.5 h.27 Moreover, the use of nanocatalyst helps to achieve
a higher reaction rate, reduced reaction time, improved bio-
diesel yield, and easy separation, recovery, and reusability by
incorporating magnetic nanomaterials.28

Response surface methodology (RSM) involving a set of
statistical and mathematical techniques can be applied to
optimize the process parameters in biodiesel production by
tting a polynomial equation to trial results to accurately
describe the dataset behavior and make statistical predic-
tions.13,29 RSM efficiently reduces the trial counts required to
achieve optimum methyl ester yield, resulting in lower
production costs.30 RSM facilitates the examination of interac-
tions among reaction parameters and their impact on the
response through 3D graphs.30,31 Alade et al. (2022) optimized
bentonite supported trimetallic Fe–Co–Ni nanocatalyzed bio-
diesel production from palm kernel oil using Box–Behnken
design response surface methodology and obtained an optimal
yield of 95.2% yield under the ideal reaction condition of 10 : 1
methanol to oil ratio, 5% (w/w) Fe–Co–Ni, and 55 °C.32

Over 350 oil-yielding crops have been discovered globally as
possible feedstock of biodiesel production. The potential
sources of feedstock fall into four classes: non-edible oils,
edible oils, animal fats and waste oils. Notably, the oil source
alone constitutes 75% of the overall cost involved in biodiesel
production.9 Among the plethora of potential biodiesel
resources, Ullah et al. (2015) identied Phyllanthus emblica L. oil
as a feasible non-edible oil source.33 Amla oil transesterication
is investigated using a range of solid base and magnetic oxide
catalysts. A 90.31% biodiesel yield is obtained with Fe–Ca
magnetic oxide catalyzed transesterication, while a solid base
CaO catalyzed process gave a maximum yield of 76.61%. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
lower yield by CaO is primarily because of the drawbacks of
heterogeneously catalyzed transesterication. The diffusion
limitedmass transport in porousmaterials and pore blocking of
the catalyst surface due to deposition of reaction mixture
molecules leads to reduced catalytic activity.34

Calcium oxide has been studied widely as a heterogeneous
catalyst for biodiesel production due to its strong basicity.
However, the catalytic activity of CaO is signicantly
impacted by the presence of moisture, FFA and glycerol. For
example, the hydroxides formed as a result of reaction of CaO
with moisture deactivate the active sites and promote the
leaching of Ca2+ into the reaction medium.35 Additionally,
hydroxides generated due to moisture and FFA can result in
a saponication reaction forming Ca-soap which deactivates
the catalyst sites and hinders biodiesel separation and puri-
cation.36 The glycerol formed during transesterication can
also react with CaO, resulting in calcium diglyceroxide
formation which further increases leaching and reduces
catalyst reusability.37

To address these challenges, a Cu–Cr–Ca ternary metal
oxide nanocatalyst was chosen due to its novel composition.
This catalyst offers a balanced approach, integrating basic
(CaO)-, moderate amphoteric (CuO)-, and strong amphoteric
(Cr2O3) properties, resulting in enhanced bifunctionality. The
combination of a basic oxide known for accelerating trans-
esterication with transition metal oxides recognized for their
bifunctional nature simultaneously enables trans-
esterication and esterication.38 This allows simultaneous
conversion of triglycerides and free fatty acids in a single step.
This synergy enhances the catalyst's tolerance against high
free fatty acid (FFA) content and moisture, making it highly
effective for biodiesel production from diverse feedstocks.
Moreover, the nanoscale size of the Cu–Cr–Ca catalyst signif-
icantly improves its catalytic efficiency. The high surface area-
to-volume ratio enhances active site availability, promoting
better reactant adsorption and facilitating mass transfer,
which is oen a limiting factor in conventional heterogeneous
catalysts.

The effectiveness of mixed metal oxides in improving cata-
lytic activity has been demonstrated in previous studies. For
instance, the binary CaO–ZnO catalyst yielded 94% biodiesel in
mixed metal oxide-based transesterication of crude jatropha
oil (12 wt% FFA), which was higher than that of individual
alkaline CaO (91%) and ZnO (41%). The synergistic effect of
alkaline CaO and transition metal oxide ZnO, combined with
reactive acidic and basic sites for simultaneous esterication
and transesterication improves moisture and FFA poisoning
resistance and reduces saponication, making it a promising
approach for producing methyl ester from low-quality
feedstocks.38

However, there is a lack of research on RSM based optimiza-
tion of trimetallic nano-catalyzed transesterication of non-food
amla oil for biodiesel synthesis. The current research was plan-
ned to optimize the transesterication of amla oil using nano-
catalyst to understand the impact of different reaction variables
on the percentage yield and quality characteristics of amla oil
biodiesel (AOBD). The current research focuses on the use of
RSC Adv., 2025, 15, 13838–13856 | 13839

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00098j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 8

/8
/2

02
5 

6:
43

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
newly designed trimetallic (Cu–Cr–Ca) nanocatalyst for the
methanolysis of non-edible Phyllanthus emblica L. oil to produce
AOBD. The trimetallic (Cu–Cr–Ca) nanocatalyst is structurally
characterized using SEM, EDX, XRD and FTIR analyses. The
transesterication process is optimized via RSM to determine the
optimal reaction parameters. The qualitative evaluation of the
produced AOBD was conducted using GC-MS and FTIR. The fuel
properties of AOBD were analyzed and compared with literature
values and ASTM standards.
2 Materials and methodology
2.1 Materials

Non-conventional/non-food amla (Phyllanthus emblica L.) oil
seeds collected from a local market in Lahore, Punjab, Paki-
stan were used in this study. Initially, the seeds were dehusked
and subsequently sun-dried for approximately two weeks.
Then, the desiccated seeds were pulverized using an electric
crusher to attain a nely powdered form. The resulting powder
was carefully packaged in an impermeable plastic container to
mitigate the moisture absorption and contamination by other
impurities. All additional chemicals and reagents utilized in
the study such as carbon tetrachloride (CCl4), potassium
hydroxide (KOH), activated charcoal, chloroform (CHCl3),
glacial acetic acid (CH3COOH), ethanol (C2H5OH), methyl
orange, methanol (CH3OH), oxalic acid (C2H2O4), potassium
iodide (KI), phenolphthalein, ethylene glycol (C2H6O2), ethyl-
enediamine (C2H8N2), sodium thiosulphate (Na2S2O3), starch,
isopropanol (C3H7OH), sodium acetate (CH3COONa), sulfuric
acid (H2SO4), copper chloride (CuCl2), chromium chloride
(CrCl2), calcium sulphate (CaSO4), and sodium hydroxide
(NaOH) etc., were of high purity and analytical grade from
Sigma-Aldrich (USA) and Merck Chemical Company (Darm-
stadt, Germany).
2.2 Trimetallic Cu–Cr–Ca nanoparticle catalyst synthesis

Cu–Cr–Ca nanocatalyst was synthesized by the co-precipitation
method (Fig. 1). Synthesis was carried out by separately
Fig. 1 Flowsheet diagram for the synthesis of trimetallic Cu–Cr–Ca nan

13840 | RSC Adv., 2025, 15, 13838–13856
dissolving CaSO4 (2.73 g), CuCl2 (2.68 g), and CrCl2 (3.167 g) in
1000 mL of distilled water. Subsequently, equal volumes
(500 mL each) of each of the CaSO4, CuCl2, and CrCl2 solutions
were mixed in a 5000 mL ask. While stirring the mixture
continuously, a 0.02 M NaOH solution was slowly added for
precipitation until the 1 : 1 volume ratio was reached. The
precipitates were further processed and a ne powder of Cu–Cr–
Ca nanocatalyst was obtained. The newly synthesized nano-
catalyst was further characterized using SEM, EDX, XRD and
FTIR.
2.3 Amla seed oil extraction and physico-chemical analysis

A Soxhlet extractor fed with crushed amla powder along with n-
hexane as the solvent was utilized for the oil extraction in three
successive batches, each run for 6 h. Aer extraction, n-hexane
was distilled at 45 °C using a rotary evaporator. Anhydrous
sodium sulfate (Na2SO4) was added to the recovered oil to
eliminate the moisture residue, followed by ltration of the oil.
The yield of recovered oil was calculated gravimetrically. AOCS
standard methods were employed to analyze the recovered oil
for basic physico-chemical properties, including density, iodine
value, FFA and saponication value.39

2.3.1 Density. Density, dened as mass per unit volume,
was determined using a relative density (RD) bottle following
the mass-to-volume ratio method with water as the reference
standard.

2.3.2 Free fatty acid (FFA) value. FFA in the oil or fats
basically exist in distinctive form and are produced as hydrolytic
products in the presence of moisture, temperature and oil
degradation. It is dened as the amount of KOH (mg) needed to
neutralize the free acids present per gram of oil or fat. The FFA
of P. pinnata oil was predicted by following the standard AOCS
technique F 9a-44 (1997).40 In the FFA assessment of oil, the
sample is mixed with HPLC-grade ethyl alcohol and phenol-
phthalein indicator to form a homogenized mixture. It is then
titrated with sodium hydroxide until a stable pink endpoint
appears, and the free fatty acid content is calculated as a func-
tion of oleic acid using the following formula:
ocatalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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FFA% ¼ ðvol of NaOH used�molecular wt of oleic acid�N of NaOH solution� 100Þ
ðgrams of sample analyzed� 1000Þ
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2.3.3 Iodine value. The iodine value refers the level of unsa-
turation of oil or fat. A higher iodine value indicates a high degree
of unsaturation. It is stated as “the amount of halogens in grams
present in 100 grams of oil or fat and is represented as weight of
iodine.” Iodine value (IV) determination was made using the
standard AOCS technique Cd 1-25 (1997).40 In iodine value deter-
mination, the oil sample was mixed with Wij's solution and CCl4
under continuous stirring and then kept in the dark for a certain
time. The potassium iodide (KI) solution and distilled water was
added followed by the addition of starch indicator. The mixture
was titrated against the sodium thiosulphate solution until the
disappearance of a yellowish iodide colour. The procedure was
similarly replicated for the blank solution and the iodine value of
the sample oil was determined using the following formula:
Iodine value ¼ ðblank titration value� sample titration valueÞ �N of Na2S2O3 used� 12:69

sample oil in grams
2.3.4 Saponication value. Saponication value estimation
was carried out using the standard AOCS technique Cd 3-25
(1997).40 It is represented as “the number of milligrams (mg) of
potassium hydroxide (KOH) necessary for the saponication of
1 g oil or fat.” In the saponication value assessment, the oil
sample was reuxed with alcoholic KOH and then cooled and
titrated with HCl using phenolphthalein as an indicator. A blank
solution was processed under identical conditions and the
saponication value was determined using the given formula:
SVðmg KOH per gÞ ¼ ðblank titration value� sample titration valueÞ �N of HCl used� 56:1

grams of oil

Table 1 Variables and their limits for central composite experimental
design

Variable Symbol Unit

Range and level

−1 0 +1

Methanol to amla oil ratio A — 6 : 1 9 : 1 12 : 1
Cu–Cr–Ca concentration B wt% 2 3 4.0
Temperature C °C 80 85 90
Reaction time D min 4 5 6
2.4 Pre-treatment of amla seed oil

For an effective base-catalyzed transesterication, an oil with FFA
value below 1% is considered as ideal. However, the extracted
amla oil had a higher FFA content of 6.1%. Before proceeding
with base catalyzed transesterication, the FFA value of oil needs
to be reduced to <1%. To address this issue, an acid-catalyzed
esterication process was employed using acidied meth-
anol.41,42 Esterication utilizing H2SO4 as a catalyst was employed
to effectively reduce the FFA content by reacting with acidied
methanol forming esters. The reaction was carried out at 65 °C
for 1 h with 0.5% acid catalyst (w/w oil basis) and continued until
the FFA content dropped below 1%. Aer the pretreatment, the
residual CH3OH was removed from the oil before proceeding
with base-catalyzed transesterication.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.5 Design of experiment via response surface methodology

Response surface methodology was utilized to evaluate the
optimal conditions of the selected dependent variable using
Design-Expert® soware version 13 (Stat-Ease, Inc., Minneap-
olis, MN, USA) for experimental design. A ve-level, four-factor
central composite design (CCD) with 30 trials (2k + 2k + 6)
including 16 factorial and 8 axial runs, with 6 replications at the
center point to assess pure error was employed to optimize
reaction factors. Biodiesel yield served as the response variable
and Table 1 details the response parameters and their
ranges.30,43 A complete design matrix was generated using CCD,
and trials were conducted within the specied parameter
ranges to measure the percentage response, the biodiesel yield.
2.6 Amla oil biodiesel production

The transesterication reaction was carried out in a 2000 mL (2
L) reactor, which consisted of a three-necked round-bottom
ask tted with a condenser on the side necks, a central
mechanical stirrer and a thermometer on the other side neck.
Prior to initiating the reaction, 250 g of esteried amla seed oil
was heated to a desired temperature. Trimetallic Cu–Cr–Ca
nano-catalyst was dissolved in an appropriate amount of
CH3OH, introduced to the preheated amla oil and agitated at
a constant rate of 750 rpm for the designated time period.
Aer completion of the reaction, the reaction mixture was
transferred into a separating funnel for phase separation at room
temperature. The top layer containing esters (the desired
product) was isolated from the glycerol and other residual
RSC Adv., 2025, 15, 13838–13856 | 13841
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materials in the lower layer. The puried AOMEs layer underwent
methanol distillation to eliminate any remaining traces of the
solvent. Aerward, the esters underwent successive rinsing with
distilled water to eliminate any glycerol or residual catalyst. The
esters were then dried using anhydrous sodium sulfate (Na2SO4),
which serves as a desiccant absorbing any leover water mole-
cules. Aer drying, the mixture was ltered to remove any traces
of sodium sulfate and residual water from the esters.39,40
2.7 Statistical assessment

The examination of data involved the use of Design Expert 13
soware to conduct regression analysis and graphical repre-
sentation. A second order polynomial equation (eqn (1)) serving
as the empirical regression model was obtained upon regres-
sion analysis of experimental data from the transesterication
process. Regression coefficients for the second-order multiple
regression models were calculated utilizing data from the CCD
for reaction condition optimization.

Y ¼ bk0 þ
Xk

i¼1

bkixi þ
Xk

i¼1

bkiixi
2 þ

Xk

i¼1

Xk

j¼iþ1

bkijxixj þ e (1)

Eqn (1) represents the expected biodiesel yield (Y). Coeffi-
cients b0, bi, bii, and bij signify intercept, linear, quadratic, and
interaction terms. This equation incorporates linear and
quadratic effects, as well as variable interactions to optimize
tting to experimental results, with ‘e’ denoting random error
and ‘k’ indicating the set of parameters investigated and opti-
mized in the trial.44 The data was subjected to analysis of vari-
ance (ANOVA) and the response surfaces were generated to
analyze variable interactions. The t quality of the polynomial
model was assessed using R2 and Radj

2, and statistical signi-
cance was conrmed with the F-test and t-test.43
Table 2 Physicochemical parameters of Phyllanthus emblica L. seed
oil

Sr. no. Parameters Results

1 Colour Dark green
2 Odour Pleasant
3 Yield of oil (%) 44 � 0.70
4 Density (g mL−1, at 40 °C) 0.95 � 0.07
5 Free fatty acid value (mg KOH per g) 6.1 � 0.4
6 Iodine value (g per 100 g) 67 � 8
7 Saponication number (mg KOH per g) 157 � 12
2.8 Characterization of AOMEs

Amla oil and AOMEs were analyzed by Fourier transfer infrared
(FTIR) spectroscopy for identication of the functional group.
The FTIR spectra were recorded of amla oil and biodiesel in the
scanning range of 400–4000 cm−1 using a Bruker-7600 FTIR
spectrometer (Germany). The FTIR spectrum of amla oil was
compared with the spectrum of amla biodiesel to identify the
changes in functional groups during the transesterication
process and to conrm the formation of fatty acid methyl esters
(FAMEs). The GC-MS scan was performed to obtain the
comprehensive fatty acid prole of the synthesized biodiesel
and to identify specic methyl esters formed during the trans-
esterication process.33 GC-MS analysis on an Agilent system
with a DB-5 column (0.25 mm diameter) was performed using
a splitless 0.2 mL injection, with column temperature ramped
from 70 °C to 260 °C at 4 °Cmin−1. Helium was used as a carrier
gas/mobile phase with ow rate of 1.5 mL min−1 and the mass
scanning range was adjusted between 50 and 550 m/z. The GC-
MS machine's NIST MS library was used to identify the FAMEs,
and the composition was expressed as a relative percentage of
the total peak area.
13842 | RSC Adv., 2025, 15, 13838–13856
2.9 Fuel properties of AOMEs/amla oil biodiesel

Biodiesel fuel properties were determined in triplicate following
standard procedures. The cloud point of the P. emblica methyl
esters was determined using the ASTM D2500 method. ASTM
D93 standard was utilized to determine the ash point of bio-
diesel. The pour point of the AOMEs was assessed using the
ASTM D97 standard. Following the ASTM D445 procedure, the
kinematic viscosity of the AOMEs was measured at 15 °C with
a viscometer. The density of the biodiesel was examined using
an analyzer, adhering to the ASTM D1298 protocol. Addition-
ally, the cold lter plugging point (CFPP) of the biodiesel was
determined following the ASTM D6371 method.33,40

3 Results and discussion
3.1 Physico-chemical properties of crude amla oil

In this investigation, the physico-chemical characterization of
amla oil was conducted prior to initiating the base-catalyzed
transesterication reaction. Phyllanthus emblica L. seed oil
had a percentage oil yield of 44% which is less than the 52%
reported by Sunil et al. (2022).45 Amla oil had a free fatty acid
(FFA) value of 6.1 mg KOH per g, necessitating an initial ester-
ication step to reduce the FFA content to below 1%. The
chemical parameters of amla oil were determined as follows:
iodine value of 67 g I2 per 100 g and saponication value of
157 mg KOH per g (Table 2).

3.2 Trimetallic Cu–Cr–Ca nanocatalyst characterization

Trimetallic Cu–Cr–Ca nanoparticle synthesis was conrmed by
X-ray diffractometry (XRD). The diffraction peaks were recorded
between 20° and 80° with scanning rate of 4° min−1 using Cu-
Ka = 1.5 Å. In the Cu–Cr–Ca trimetallic nanoparticles (TMNPs),
each metal forms its own distinct oxide phase, resulting in
separate phases of CuO, Cr2O3, and CaO. The XRD spectra of
synthesized Cu–Cr–Ca nanoparticles show no signicant
impurity (Fig. 2). Each peak in the spectra indicates a specic
metallic oxide nanoparticle produced. The reported 2q at
29.38°, 31.39°, 43.15° and 64.65° are indexed to (011), (111),
(012) and (113) hkl planes respectively, which correspond to
CaO NPs and are consistent with the earlier investigations on
CaO NPs reported by Jadhav et al. (2022).46 The diffraction peaks
at 24.58°, 33.46°, 35.68°, 39.26°, and 64.65° correlates with the
Cr2O3 diffraction pattern and are indexed to the (012), (104),
(110), (006), and (214) crystallographic planes, respectively. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD pattern of the trimetallic Cu–Cr–Ca nanocatalyst.
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peaks obtained for Cr2O3 NPs are well aligned with the previ-
ously reported Cr2O3 NPs by David et al. (2023).47 Meanwhile,
the 2q peaks at 33.46°, 35.68°, 38.75°, 48.46°, and 57.33° belong
to CuO nanoparticles and are attributed to Miller–Bravais
indices of (110), (002), (111), (−202), and (202), respectively and
align well with the earlier work by Mobarak et al. (2022) on CuO
NPs.48 The crystal size of prepared Cu–Cr–Ca NPs are between
12 and 38 nm determined using the Scherrer equation, as pre-
sented in (S1).† The average crystallite size of 25.79 nm conrms
the Cu–Cr–Ca material as a nanocatalyst. In a study by Vaseghi
et al. (2018), the XRD pattern of Cu–Cr–Ni nanoparticles showed
diffraction peaks at 34°, 36°, 38°, and 44°, which are compa-
rable with the Cu–Cr–Ca trimetallic NPs.49

Scanning electron microscopic (SEM) analysis further vali-
dates the crystalline structure of synthesized Cu–Cr–Ca nano-
catalyst observed in XRD analysis with abundant pores (Fig. 3).
The large number of pores are responsible for the abundant
active sites on the catalyst surface, which results in an enhanced
reaction rate because of more contact of reactants to active sites.
The present study elucidates the morphological features of
Fig. 3 SEM of the trimetallic Cu–Cr–Ca nanocatalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
synthesized Cu–Cr–Ca nanocatalyst with uniform composition
and degree of agglomeration. Yasmeen et al. (2023) suggests
that the weak forces are responsible for the adhesion of nano-
particles to each other, resulting in agglomeration between ne
nanoparticles.50

EDX analysis between the energy range of 0 to 10 keV was
employed to study the quantitative and qualitative aspects of
synthesized trimetallic nanocatalyst. The EDX spectra in Fig. 4
reports the oxides of Cu–Cr–Ca nanoparticles. Exposure of the
subject sample to energy between a given range results in the
emission of characteristic X-rays, each of which specically
belong to certain elements. The specic elemental character-
istic X-rays obtained in the present EDX analysis shows the
elemental peaks of Cu–Cr–Ca and oxygen due to the oxide
nature of formed nanoparticles with composition ratios of Ca
(18.08%), Cu (23.39%), Cr (17.63%) and O (40.90%). The ratio of
Cu–Cr–Ca TMNPs calculated based on their percentage is 1.33 :
1 : 1.02.

The FTIR spectrum in the scanning rage of 650–4000 cm−1

shows the functional group analysis of the synthesized Cu–Cr–
RSC Adv., 2025, 15, 13838–13856 | 13843
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Fig. 4 EDX plot of the trimetallic Cu–Cr–Ca nano-catalyst.
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Ca nanocatalyst (Fig. 5). The FTIR spectrum shows strong bands
in the 651–677 cm−1, 711–738 cm−1, and 853–898 cm−1 regions,
which are assigned to the Cr–O, Ca–O, and Cu–O bending
vibrations, respectively. The reported peaks predominantly
belong to the metal–oxygen bond stretching vibrations and
signify the preparation of Cu–Cr–Ca nanocatalyst. In a similar
study of trimetallic CuO–NiO–ZnO metal oxides, the reported
peaks under 1000 cm−1 were attributed to vibrations belonging
to the metal–oxygen bond.51 The peak at 1109 cm−1 is attributed
to C–O stretching.

Some previous studies on metal oxides align well with our
ndings. For instance, in the investigation of Cr2O3 NPs, the
peak below 1000 cm−1, particularly at 839 cm−1, is associated
with Cr–O vibrations, which falls within our observed peak
range.52 In another work, the peaks at 711 cm−1 and 872 cm−1 in
CaO NPs53 correlate well with the respective peak bands at 711–
Fig. 5 FTIR spectrum of the trimetallic Cu–Cr–Ca nano-catalyst.

13844 | RSC Adv., 2025, 15, 13838–13856
738 cm−1 and 853–898 cm−1 observed in our present study. The
presence of Cr–O and Cu–O functional groups provides both
acidic and basic active sites responsible for bifunctional roles
enabling simultaneous esterication and transesterication.
Ca–O facilitates methanol deprotonation resulting in nucleo-
philic methoxide formation because of its basic site availability,
which is essential for transesterication, while the acidic site
makes the triglyceride more susceptible to nucleophilic attack.

3.3 Optimization of process parameters by RSM

A four factor CCD model was employed to optimize the nano
catalytic transesterication of Phyllanthus emblica L. oil. The
response variable is biodiesel yield, which is obtained by
proceeding experimental runs at the parameters given by the
CCD model. A quadratic equation (eqn (2)) results in the
regression analysis of the CCD model with the response
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Actual versus predicted value plot of the amla oil transesterification optimization. (b) Normal probability plot of residuals of the amla oil
transesterification optimization.
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variable, which is further used to predict the FAMEs yield. The
close alignment between the experimental and predicted value
of P. emblica biodiesel yield in the actual vs. predicted plot
Table 3 CCD-based experimental and predicted yields for amla oil tran

Run Methanol : amla oil
Cu–Cr–Ca
concentration (g)

Reaction
temperatu

1 9 3 85
2 9 1 85
3 12 4 80
4 6 2 90
5 9 3 85
6 6 4 90
7 6 4 80
8 9 3 85
9 9 3 85
10 9 3 75
11 15 3 85
12 9 3 85
13 9 3 95
14 12 4 90
15 6 2 90
16 6 2 80
17 12 2 90
18 9 3 85
19 9 3 85
20 9 5 85
21 6 4 90
22 3 3 85
23 12 2 80
24 12 2 80
25 12 2 90
26 9 3 85
27 12 4 80
28 6 4 80
29 6 2 80
30 12 4 90

© 2025 The Author(s). Published by the Royal Society of Chemistry
shows linear relation between these two data set points (Fig. 6a).
Also, the normal distribution of data in normality plot validates
the ANOVA results (Fig. 6b).
sesterification

re (°C)
Time
(hours)

Response

Actual
value (%)

Predicted
value (%) Residual

5 92 91.83 0.1667
5 82 81.83 0.1667
4 82 81.63 0.375
6 83 83.13 −0.125
5 92 91.83 0.1667
4 80 79.79 0.2083
6 73 72.96 0.0417
7 75 75 0
5 91.5 91.83 −0.3333
5 79 79.17 −0.1667
5 73 73.17 −0.1667
5 92 91.83 0.1667
5 86 85.83 0.1667
6 78 77.96 0.0417
4 80 80.38 −0.375
6 74 74.04 −0.0417
4 80 79.79 0.2083
5 91.5 91.83 −0.3333
5 92 91.83 0.1667
5 80 80.17 −0.1667
6 78 78.04 −0.0417
5 73 72.83 0.1667
6 75 74.96 0.0417
4 78 78.21 −0.2083
6 83 83.04 −0.0417
3 80 80 0
6 74 73.88 0.125
4 81 81.21 −0.2083
4 78 77.79 0.2083
4 79 79.21 −0.2083

RSC Adv., 2025, 15, 13838–13856 | 13845
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Predicted yield of AOMEs Y = 91.8333 + 0.0833333A

− 0.416667B + 1.66667C− 1.25D

+ 5.2726e − 15AB − 0.25AC

+ 0.125AD − 1BC − 1.125BD

+ 1.625CD − 4.70833A2

− 2.70833B2 − 2.33333C2

− 3.58333D2 (2)

where A, B, C and D are the methanol-to amla oil molar ratio,
Cu–Cr–Ca concentration (wt%), reaction temperature (°C), and
reaction time (min), respectively. Table 3 reports the actual and
predicted value of the response to CCD model.

ANOVA is employed to examine the signicance of parame-
ters in an experimental model, helping determine which vari-
ables signicantly impact the response. Table 4 reports the
ANOVA results of the present CCD model with the large F-value
(Fmodel = 1135.96) and small probability value (p < 0.0001)
indicating the strong signicance of the model. The biodiesel
yield is explained by the independent variables, as demon-
strated by the R2 value of 0.9991, demonstrating a strong model
t. Eleven out of fourteen model terms are signicant due to the
p-value < 0.0500. Furthermore, the predicted R2 of 0.9958, which
estimates how well the model can predict new data, closely
aligns with the adjusted R2 of 0.9982, which accounts for the
quantity of factors in the model. This close agreement indicates
that the model is neither overtted nor undertted, ensuring its
reliability.

3.4 Inuence of reaction conditions on AOMEs yield

One of the main purposes of the current study is to optimize the
biodiesel production from amla oil to obtain the ideal param-
eter for the maximum yield. Optimizing the factors inuencing
biodiesel yield is essential to achieving optimal yields while
minimizing by-products such as glycerol, soaps, or unreacted
oils.
Table 4 ANOVA for the quadratic modela

Source Sum of squares df M

Model 1148.58 14 8
A-methanol : amla oil 0.1667 1
B-Cu–Cr–Ca concentration 4.17 1
C-temperature 66.67 1 6
D-time 37.50 1 3
AB 0.0000 1
AC 1.0000 1
AD 0.2500 1
BC 16.00 1 1
BD 20.25 1 2
CD 42.25 1 4
A2 608.05 1 60
B2 201.19 1 20
C2 149.33 1 14
D2 352.19 1 35
Residual 1.08 15
Lack of t 0.7500 10
Pure error 0.3333 5
Cor. total 1149.67 29

a CV% = 0.3311, R2 = 0.9991, Radj
2 = 0.9982, predicted R2 = 0.9958, Adeq

13846 | RSC Adv., 2025, 15, 13838–13856
The inuence of methanol to amla oil molar ratio on %
response yield was demonstrated in Fig. 7a, with the greatest
yield of 92% at a methanol to amla oil ratio of 9 : 1. Further, any
deviation in ratio results in a drop in the AOMEs yield. At a 3 : 1
methanol to amla oil ratio, the yield declines to 73% while it is
85% at 15 : 1. Usually, three moles of alcohol are necessary for
the transesterication of 1 mole of triglyceride but an excess of
alcohol can help increase the conversion rate by shiing the
equilibrium towards the product side.16 As depicted in Fig. 7a,
ratios higher than the 9 : 1 methanol to oil ratio result in
a decline in AOME percentage yield, which can be associated to
the ooding of the active site of the catalyst by an excess of
alcohol, resulting inmitigation of conversion due to interrupted
protonation of triglycerides on the active site of the catalyst.54

Another reason could be the occurrence of counter-reactions
due to excessive dilution, in accordance with Le Chatellier's
principle. The ANOVA results also identify the methanol-to-oil
ratio as a signicant factor, emphasizing that achieving the
optimal concentration is crucial for optimal yield (Table 4).

The Cu–Cr–Ca nanocatalyst dosage is an inuential param-
eter with notable impact on AOMEs yield. The optimal AOMEs
yield of 92% was obtained using 3 g of Cu–Cr–Ca. The AOMEs
yield of 82% resulted from a catalyst loading of 1 g and a further
increase in catalyst loading to 3 g resulted in increased biodiesel
yield (92%). The increasing catalyst concentration leads to
a higher number of active sites available for the reaction
(Fig. 7b).55 An increase in catalyst loading above 3 g causes
a decrease in biodiesel yield (80% at 5 g loading), mainly due to
slurry and soap formation as a byproducts of the catalyst and
agglomeration of catalyst particles from excessive catalyst.23

Previously, Munir et al. (2021) reported 89.42% methyl ester
yield from Celastrus paniculatusWilld. oil using a trimetallic Ce–
Cu–La catalyst.16 Cu–Cr–Ca catalyzed amla oil trans-
esterication produced a slightly higher yield of 92% at 85 °C,
ean square F-Value p-Value

2.04 1135.96 <0.0001 Signicant
0.1667 2.31 0.1495
4.17 57.69 <0.0001
6.67 923.08 <0.0001
7.50 519.23 <0.0001
0.0000 0.0000 1.0000
1.0000 13.85 0.0020
0.2500 3.46 0.0825
6.00 221.54 <0.0001
0.25 280.38 <0.0001
2.25 585.00 <0.0001
8.05 8419.12 <0.0001
1.19 2785.71 <0.0001
9.33 2067.69 <0.0001
2.19 4876.48 <0.0001
0.0722
0.0750 1.13 0.4767 Not signicant
0.0667

. precision = 99.985.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Effect of alcohol : oil molar ratio, (b) catalyst concentration, (c) reaction temperature, and (d) reaction time.
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a lower methanol-to-oil molar ratio of 9 : 1, and 3 g of catalyst, as
opposed to 12 : 1, 3.5%, and 120 °C for the Ce–Cu–La catalyst.

The reaction temperature inuenced the AOMEs yield in
accordance with the Arrhenius equation with an optimum yield
of 92% at 85 °C (Fig. 7c). The increase in AOMEs yield from 79%
at 75 °C to a maximum of 92% at 85 °C can be linked to
a decrease in the viscosity of oil andmass transfer limits but any
further increase in temperature resulted in a decrease in yield
(86% at 95 °C), mainly attributed to the methanol vaporization
at higher temperature. These results align well with the ndings
of Munir et al. (2021) and Zhang et al. (2020), both of which
indicate that increasing temperature initially leads to an
increase in % biodiesel yield within a certain range, then
falls.16,55

The impact of reaction time on the conversion of amla oil to
AOMEs is shown in Fig. 7d. The 3 h prolonged trans-
esterication of amla oil gives a yield of 80%, which further
increases to 92% at 5 h of reaction but further increments in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
reaction time results in a decrease of the AOMEs yield (75% at 7
h), mainly due to an unwanted saponication side reaction.

3D contours plots in Fig. 8a–f are used to study the interac-
tion among the reaction variables and their combined impact
on AOMEs yield. The best yield of 92% was obtained as a result
of transesterication of Phyllanthus emblica L. oil at the optimal
conditions of 9 : 1 methanol to oil ratio, 3 g of Cu–Cr–Ca, 85 °C
and 5 h reaction time. Anbia et al. (2021) reported 90% FAMEs
yield from waste cooking oil using trimetallic Ca–Mg–Al mixed
metal oxide catalyst.56 This is slightly less than the Cu–Cr–Ca
catalyzed amla oil transesterication yield (92%) under
comparable reaction conditions in this study.

The Cu–Cr–Ca nanocatalyst is innovative due to its trime-
tallic composition with greater surface area, active sites and
stability against leaching resulting in better reaction kinetics
and making it a reliable and sustainable option for biodiesel
production from non-edible oil sources like amla.
RSC Adv., 2025, 15, 13838–13856 | 13847
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Fig. 8 3D response surface plots depicting the influence of multiple variables on the biodiesel yield.
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3.5 Mechanism and synergistic role of Cu–Cr–Ca
nanocatalyst in transesterication

The transesterication mechanism catalyzed by CaO, CuO, and
Cr2O3 follows distinct, yet interrelated pathways based on their
acid–base properties (Fig. 9). CaO, a strongly basic oxide, facil-
itates proton abstraction from methanol through its highly
Fig. 9 Schematic of the bifunctional heterogeneous acid–base catalyze

© 2025 The Author(s). Published by the Royal Society of Chemistry
reactive basic site (O2−) sites, generating nucleophilic meth-
oxide ions (CH3O

−). These methoxide ions attack the carbonyl
carbon of triglycerides, forming a tetrahedral alkoxy carbonyl
intermediate, which subsequently decomposes to yield bio-
diesel and a diglyceride, continuing the reaction cycle until full
conversion to monoglycerides and glycerol.34 In contrast, CuO,
d transesterification mechanism.34

RSC Adv., 2025, 15, 13838–13856 | 13849
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a weakly amphoteric oxide, and Cr2O3, a fully amphoteric oxide,
exhibit bifunctional catalytic behaviour due to the presence of
Lewis acidic (Cu2+/Cr3+) and basic (O2−) sites. Their basic sites
deprotonate methanol, generating methoxide ions, which
attack the carbonyl carbon of triglycerides, forming a tetrahe-
dral alkoxy carbonyl intermediate, which subsequently undergo
C–O bond cleavage to yield biodiesel. Meanwhile, their Lewis
acid sites facilitate esterication by adsorbing FFAs, forming
a carbocation intermediate that undergoes nucleophilic attack
by methanol. The resulting tetrahedral species then breaks the
O–H bond and produces a FAME molecule.34

The reaction takes place on the active sites of nanoparticles,
which means that the larger the number of sites, the greater the
reaction rate. The catalytic active sites are basically surface
atoms of ternary metal oxides which rise with decreasing
particle size. The reduced size also increases surface atoms in
corners and edges which are more active than atoms in planes,
resulting in more enhanced catalytic activity. A large number of
surface atoms remain weakly connected to the lattice due to the
extremely high curvature of very small particles, enhancing
their reactivity.57 Therefore, the surface atoms of these particles
are considered to be in a state of physical instability, extremely
active, and prone to various chemical reactions. As a result, they
have very high surface energies. When particles are small,
diffusion forces can push the product away from the surface,
speeding up chemical reactions. The synthesized Cu–Cr–Ca
nanocatalyst has an average particle size of 25.67 nm as
conrmed by XRD analysis, which is signicantly smaller than
conventional catalysts like bulk CaO. This reduction in size
enhances the catalytic activity by increasing the number of
active sites available for reactant adsorption and reducing the
reaction activation energy, resulting in accelerated trans-
esterication rate.

In comparison to traditional catalysts, nanocatalysts also
make it possible to produce biodiesel at relative normal
Table 5 Summary of various catalysts used for biodiesel production fro

Catalyst Oil source
Methanol/
oil ratio

C
am

Cr–Al mixed oxide Scenedesmus obliquus
(microalgae)

20 : 1 15

CuO nanoparticles Calotropis gigantea
seed oil

9 : 1 0.

SrO–CaO–Al2O3 Palm oil 18 : 1 7.
CaO (from calcium nitrate
and snail shell)

Soybean oil 12 : 1 8

GO@ZrO2–SrO
nanocomposite

Waste cooking oil 4 : 1 —

HNTs–La/Ca Palm oil 18 : 1 7
Fe–Co–Ni on bentonite Palm kernel oil 10 : 1 5%
CaO–ZnO Jatropha oil 25 : 1 3
CaO (from watermelon
peel extract)

Soybean oil 20 : 1 8

DMC/activated charcoal Amla oil 6 : 1 1.
CaO/Fe–Ca Amla oil 6 : 1 1%

2.
Cu–Cr–Ca oxides NPs Amla oil 9 : 1 3

13850 | RSC Adv., 2025, 15, 13838–13856
conditions like lower reaction temperatures andmethanol to oil
molar ratio. Zhang et al. (2020) reported a palm oil biodiesel
yield of 98% using ternary oxide SrO–CaOAl2O3 at 65 °C for 3 h
with a methanol to oil ratio of 18 : 1 and catalyst concentration
of 7.5 wt%.55 Lee et al. (2016) studied the heterogeneous alkaline
based mixed metal oxides CaO–MgO, CaO–ZnO, CaO–La2O3,
and MgO–ZnO as catalysts for biodiesel production from crude
jatropha oil. CaO–ZnO gives the highest yield of 94% under the
optimal conditions of 120 °C, 25 : 1 methanol to oil ratio, 3 wt%
catalyst concentration and 3 h reaction duration.38 Ullah et al.
(2015) reported 76.61% amla oil biodiesel yield at 1% CaO
under a 2 h reaction time, 1 : 6 oil to methanol ratio and
600 rpm stirring rate.33 The comparative analysis of the present
study with previous biodiesel production studies is summarized
in Table 5. The present work achieved a 92% amla biodiesel
yield at a 9 : 1 methanol-to-oil ratio, 3 g of Cu–Cr–Ca catalyst,
85 °C, and 5 h reaction time, outperforming the 76.61% yield
reported by Ullah et al. (2015) using simple CaO, demonstrating
improved efficiency under moderate reaction conditions.33 This
improvement can be linked to the synergistic effect of CuO,
Cr2O3 and CaO nanocatalysts. The strongly basic CaO, facili-
tates an efficient heterogeneous base-catalyzed trans-
esterication. Meanwhile, amphoteric transition metal oxide
nanoparticles (NPs) of CuO and Cr2O3 carry out trans-
esterication and esterication reactions simultaneously.

The presence of Lewis acid and Lewis base sites in CuO and
Cr2O3 enhance catalytic efficiency along with effective conver-
sion of high FFA oils. Cr2O3 exhibits redox properties that help
maintain an active surface, allowing the catalyst to regenerate
over multiple reaction cycles. Meanwhile, CuO facilitates
excellent electron transfer, reducing the activation energy for
transesterication and enhancing reaction efficiency. Transi-
tion metal oxide NPs exhibit superior water tolerance compared
with group 1 and group 2 metal oxides, preventing no soap
formation during the reaction.38 This also improves biodiesel
m different oil sources under optimized reaction conditions

atalyst
ount

Temperature
(°C)

Time
(h)

Yield
(%) Reference

% 80 — 98.28 58

74 wt% 80 1.75 90 59

5 wt% 65 3 98.16 55
wt% 65 6 96 60

120 1.5 91 61

wt% 150 2 97.5 62
55 2 95.2 32

wt% 120 3 94 38
wt% 65 2.5 96.2 63

5 wt% 80 — 89 45
CaO/

5% Fe–Ca
— 2 76.61/90.31 33

g 85 5 92 Present study

© 2025 The Author(s). Published by the Royal Society of Chemistry
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yield by minimizing side reactions and by-product formation,
ultimately ensuring easier product separation at the end of the
reaction. Consequently, the Cu–Cr–Ca oxide trimetallic nano-
catalyst in the present study achieved the highest given yield of
amla biodiesel compared with previous studies.
3.6 GC-MS characterization of amla biodiesel

The biodiesel chemical composition plays an important role in
assessing its quality and appropriateness for different applica-
tions. GC-MS was employed in this study to prole and char-
acterize the nature and quantity of chemical constituents of
biodiesel derived from Phyllanthus emblica L. oil. Ten distinct
peaks were detected in the GC-MS chromatogram (Fig. 10), each
indicative of a specic fatty acid methyl ester present in the
amla oil-derived biodiesel. Ten identied fatty acid methyl
esters are categorized into saturated fatty acids (SFAs),
comprising of ethyl palmitate (C18:0), dioctyl phthalate (C23:0),
and unsaturated fatty acids (UFAs) including methyl linoleate
(C19:2), trans-vaccenic acid methyl ester (C19:1), linoleic acid
ethyl ester (C20:2), ethyl oleate (C20:1), methyl ricinoleate (C19:1),
Fig. 10 GC-MS chromatogram showing fatty acid composition of the
AOMEs (Phyllanthus emblica L. biodiesel).

Table 6 Quantification of FAs in the amla oil biodiesel using GC-MS ch

Sr. no. Retention time (min) Compound found

1 15.265 Hexadecanoic acid, ethyl ester
2 15.928 9,12-Octadecadienoic acid (Z,Z), methyl

ester
3 15.964 11-Octadecenoic acid, methyl ester

4 16.339 Linoleic acid ethyl ester
5 16.373 Ethyl oleate
6 17.174 9-Octadecenoic acid, 12-hydroxy, methy

ester, [R-(Z)]
7 17.548 9-Octadecenoic acid, 12-hydroxy, ethyl

ester, [R-(Z)]
8 18.304 13-Docosenoic acid, methyl ester, (Z)
9 18.459 Bis(2-ethylhexyl) phthalate
10 18.641 Ethyl 13-docosenoate (ethyl erucate)

© 2025 The Author(s). Published by the Royal Society of Chemistry
ethyl ricinoleate (C20:1), methyl erucate (C23:1) and ethyl erucate
(C24:1). Table 6 presents the retention times and relative percent
composition of the detected ten identied methyl esters. The
trans-vaccenic acid, methyl ester was the most abundant
constituent comprising 20.01% of the total identied esters.
Furthermore, unsaturated fatty acids (UFA) dominate the
composition at 85.98%, while saturated fatty acids (SFA)
collectively represent 14.03%.
3.7 FTIR analysis of amla oil and amla biodiesel

The FTIR spectroscopic analysis of amla seed oil and nano-
catalyzed amla biodiesel provided a comprehensive insight of
the present functional groups and the chemical trans-
formations that occurred during the transesterication process.
FTIR spectra are ranged from 650 to 4000 cm−1, as depicted in
Fig. 11a and b. In amla oil spectra (Fig. 11a), the double band at
2853 cm−1 and 2923 cm−1 is due to –CH2 symmetric and
asymmetric stretching vibrations, respectively and a strong
intensity peak at 1743 cm−1 identies –C]O stretching. The
transmittance between 1097 cm−1 and 1159 cm−1 resonate with
–C–O stretching while the peak at 1375 cm−1 is attributed to the
O–CH2 glyceride group and both regions are not present in the
biodiesel spectrum. The spectrum of AOBD shows an intense
absorption peak at 1734 cm−1 and 1739 cm−1 due to –C]O
stretching in esters (Fig. 11b). The peaks at 1037 cm−1 and
1096 cm−1 are not present in oil and represent the –C–O
stretching mode of the C–OH group of esters. The bending
peaks at 797, 1457, 2855, 2920 cm−1 are associated with CH3

and CH2 stretching, which indicate existence of methyl and
methylene units in the biodiesel. The removal of glycerides,
formation of ester groups and the introduction of methyl
groups are the primary transformations showing signicant
chemical change and conversion of P. emblica seed oil to
biodiesel.
3.8 Fuel properties of AOMEs

To evaluate the quality and potential of synthesized amla oil
biodiesel as a fuel, physico-chemical characteristics of
romatography

Common name Molecular formula Fatty acid Area (%)

Ethyl palmitate C18H36O2 C18:0 4.09
Methyl linoleate C19H34O2 C19:2 8.65

Trans-vaccenic acid,
methyl ester

C19H36O2 C19:1 20.01

Ethyl linoleate C20H36O2 C20:2 8.34
Ethyl oleate C20H38O2 C20:1 17.6

l Methyl ricinoleate C19H36O3 C19:1 11.05

Ethyl ricinoleate C20H38O3 C20:1 7.85

Methyl erucate C23H44O2 C23:1 7.14
Dioctyl phthalate C24H38O4 C23:0 4.7
Ethyl erucate C24H46O2 C24:1 5.34

RSC Adv., 2025, 15, 13838–13856 | 13851
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Fig. 11 FTIR spectrum of (a) amla oil and (b) amla oil biodiesel (AOMEs).

Table 7 Fuel characteristics of AOMEs relative to the biodiesel
standards

Parameters AOMEs ASTM D6751

Density (g cm−3) 0.88 � 0.03 0.87–0.90
Cold lter plugging point (°C) −3 � 0.02 —
Pour point (°C) −1.0 � 1.5 Unspecied
Flash point (°C) 158 � 4 Minimum 130
Cloud point (°C) 2.0 � 0.7 Unspecied
Kinematic viscosity (mm2 s−1) 4.21 � 0.27 1.9–6.0
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synthesized AOMEs were determined and further evaluated
against the ASTM A6751 standards. The density of AOMEs was
determined to be 0.88 ± 0.03 g cm−3, which falls within the
ASTM D6751 limits of 0.87–0.90 g cm−3. The kinematic
viscosity, an essential parameter which impacts the fuel ow,
atomization and injection for the amla biodiesel is determined
to be 4.21± 0.27 mm2 s−1, which is within the specied range of
1.9–6.0 mm2 s−1. Ullah et al. (2015) observed a slightly higher
kinematic viscosity of 4.64 mm2 s−1 for amla biodiesel indi-
cating that different catalysts for transesterication inuence
fuel properties.33 The kinematic viscosity and density of FAMEs/
biodiesel are highly sensitive to temperature and composition.
Biodiesel is generally denser and has higher kinematic viscosity
compared with conventional fuel due to long chain fatty acid
esters, cyclic compounds and multiple bonds.64 One of the
primary aims of employing transesterication for biodiesel
synthesis is to lower the density and viscosity of oil to make
a suitable fuel.

The ash point determined for the present AOMEs is 158 ±

4 °C, which satises the minimum requirement of 130 °C
necessary for the safety purpose.39 The ash point is a vital
indicator of the volatility of biodiesel, which is crucial for
ensuring safe transportation and storage. A higher ash point
indicates a higher temperature requirement for ignition,
reducing the risk of accidental ignition during handling or
transit. The cold lter plugging point (CFPP) is a cold ow
13852 | RSC Adv., 2025, 15, 13838–13856
property that reects the lowest temperature at which fuel can
pass through a lter without clogging. For the AOMEs, the CFPP
value is −3 ± 0.02 °C (Table 7), which shows moderate cold
weather operability. The pour point is the temperature at which
fuel starts to ow under gravity and the cloud point is the
temperature at which wax crystal begin to form. Their measured
values for the AOMEs are −1.0 ± 1.5 °C and 2.0 ± 0.7 °C,
respectively. The easy crystallization of fuel can lead to bad
engine performance due to blocking of fuel lters. Agglomer-
ates formed in fuel due to crystallization cease fuel ow and the
high saturated fatty acid proportion is usually responsible for
the elevated cloud and pour point.23 The transesterication
process signicantly reduces the pour and cloud point, result-
ing in improved fuel quality. All of the physico-chemical char-
acteristics evaluated for the AOMEs are in close accord with the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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ASTM standards, suggesting excellent quality of the produced
biodiesel and supporting prospective biodiesel applications.

4 Conclusion

The current research outlines the nanocatalytic trans-
esterication of Phyllanthus emblica L. oil and its optimization
using central composite response design. The trimetallic Cu–
Cr–Ca nanocatalyst is synthesized using a coprecipitation
method, structurally characterized and then employed for the
transesterication of amla oil. A 5 h reaction time at 85 °C, with
3 g of Cu–Cr–Ca loading and 9 : 1 methanol-to-oil molar ratio is
determined as the optimum parameters for the best amla oil
biodiesel (AOBD) yield of 92%. Trans-vaccenic acid, methyl ester
with 20.01% of the total composition, is the most predominant
constituent as evidenced by GC-MS analysis of AOBD. The fuel
characteristics are in close agreement with ASTM standards,
giving an acceptable 158± 4 °C ash point and 4.21± 0.27 mm2

s−1 kinematic viscosity. These ndings encourage further
research in nanocatalytic transesterication and optimization
using different feedstock sources and nanocatalysts for more
cost-effective biodiesel production.
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