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One of the key challenges in scaling up biodiesel production is attaining the maximum
yield while ensuring compliance with established quality standards. In this work,
the potential of black date seed kernel oil as a feedstock for biodiesel synthesis was
investigated using a green-synthesized Cu-Mn/TiO; nanocatalyst through a transesteri-
fication process. The oil was characterized using standard analytical procedures, while
the catalyst was analyzed through FTIR, XRD, BET, and SEM techniques. Process
optimization was carried out using Central Composite Design (CCD), considering
methanol-to-oil molar ratio, catalyst loading, reaction temperature, and reaction time as
the key variables. The optimum biodiesel yield of 95.07% was achieved at a methanol-
to-oil molar ratio of 12:1, catalyst loading of 2 wt%, reaction temperature of 65 °C, and
reaction time of 75 minutes. The quadratic model developed from the experimental
design was statistically significant (p < 0.0001), confirming its predictive reliability. The
high coefficient of determination (R? = 0.9904), along with adjusted R? (0.9815) and
predicted R? (0.9449) values obtained from ANOVA and fit statistics, demonstrated a
strong agreement between the experimental and predicted outcomes. Among the studied
variables, all exhibited significant effects on biodiesel yield except the methanol-to-oil
molar ratio (p > 0.05). Physicochemical analysis of the oil confirmed its suitability as a
feedstock for biodiesel production. These findings highlight black date seed kernel oil as
a promising non-edible and sustainable raw material for biodiesel synthesis, contributing
to the advancement of renewable and eco-friendly fuel alternatives.
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1. INTRODUCTION

The continued reliance on fossil fuels as a primary energy source
has long been recognized as unsustainable due to their finite re-
serves and their significant role in elevating atmospheric carbon
dioxide levels through combustion, thereby intensifying green-
house gas emissions and global warming [1, 2]. Data from


https://nsps.org.ng
https://flayoophl.com
https://https://flayoophl.com/journals/index.php/rans
https://flayoophl.com
https://nsps.org.ng
https://nsps.org.ng
https://creativecommons.org/licenses/by/4.0

2 Mohammed et al. / Recent Advances in Natural Sciences 4 (2026) 227

the Bureau of Statistical Review of World Energy (2021) indi-
cate that global fossil fuel consumption reached approximately
13.541 billion metric tons in 2014, representing a 122% increase
compared to 1973 levels. If this upward trend persists, crude oil
reserves could be depleted by 2052 [3]. Environmentally, it is
estimated that the combustion of fossil fuels in diesel engines re-
leases about 15 billion tons of carbon dioxide (CO,) annually,
a primary driver of global warming [4, 5], with projections sug-
gesting an additional 1.3 billion tons of CO, emissions by 2030
[5].

Given these concerns, researchers have emphasized the urgent
need for alternative, sustainable energy solutions. Biofuels have
emerged as a promising option due to their renewability, high en-
ergy content, biodegradability, and lower environmental impact
compared to petroleum-based fuels [5—7]. Reports from the E.U.
International Energy Agency and the U.S. Department of Energy
suggest that substituting fossil fuels with biofuels could achieve
up to a 50% reduction in CO, emissions by 2050 [8]. Biofuel
is defined as combustible fuel derived from recently produced
biomass such as crops, crop residues, grasses, wood, fibers, and
even industrial or municipal wastes unlike fossil fuels, which
originate from ancient biomass deposits [9-11].

Biodiesel is a renewable biofuel derived from various feed-
stocks, including edible vegetable oils such as soybean, ground-
nut, palm, and sunflower oils, as well as non-edible oils like
jatropha, polanga, algae, and neem oils. It is commonly pro-
duced via the transesterification process, in which oils react with
alcohol in the presence of a catalyst, generating glycerol as a
by-product. Due to its close physicochemical resemblance to
petroleum diesel, biodiesel is widely regarded as one of the most
promising sustainable alternatives capable of replacing conven-
tional diesel fuels [12, 13].

Nonetheless, as reported by Akhabue et al. [13], a major chal-
lenge in biodiesel production lies in the heavy reliance on edible
oil feedstocks, which can trigger competition between food and
fuel, potentially leading to food scarcity. This competition also
elevates production costs, as increasing demand drives up feed-
stock prices [14]. To mitigate this issue, the use of non-edible oils
is strongly recommended. One example is oil from Canarium
schweinfurthii seed kernel, a valuable non-edible resource for
biodiesel synthesis. This tall, evergreen forest tree offers mul-
tiple benefits and is predominantly found in Nigeria’s Northern
and Eastern regions, where it is locally known as "black date" in
English, "ube" in Igbo, and "atile" in Hausa [15]. Its fruit yields
two types of oil, one from the pulp and another from the kernel,
each containing approximately 40-50% oil [15].

The efficiency of the transesterification process depends on
several parameters, including feedstock type, alcohol-to-oil mo-
lar ratio, catalyst type, reaction temperature and time, mixing in-
tensity, moisture content, and free fatty acid levels [3, 8]. Fur-
thermore, literature indicates that the choice of catalyst signif-
icantly affects biodiesel productivity and scalability. Conven-
tional homogeneous catalysts (e.g., NaOH, KOH) and heteroge-
neous catalysts (e.g., CaO, MgO) present drawbacks such as soap
formation, limited reusability, high energy demands, and com-
plex separation steps [15—-17]. Recent advances have identified
nanocatalysts as a promising solution to these limitations, owing
to their high surface-area-to-volume ratio, superior mass transfer

properties, adjustable surface chemistry, and excellent thermal
stability. These features enhance biodiesel yield, shorten reaction
time, and enable catalyst recycling [16, 18]. In the present study,
a green-synthesized Cu-Mn/TiO; nanocatalyst, prepared via the
coprecipitation method using orange peel extract, was employed
for biodiesel production from black date seed kernel oil.

Based on the reviewed literature, it is clear that biodiesel pro-
duction is a complex process influenced by multiple factors that
collectively determine its quality, cost-effectiveness, and envi-
ronmental impact. Addressing these challenges requires the in-
tegration of advanced computational techniques, with Response
Surface Methodology (RSM) being particularly valuable for pro-
cess refinement and optimization. RSM is a powerful statistical
approach used to model, analyze, and optimize processes by ex-
amining the interactions between several input variables and as-
sessing their combined influence on a target response [18].

In this study, the Central Composite Design (CCD), a vari-
ant of RSM, was applied to systematically optimize the key
process variables for biodiesel synthesis from African black
date seed (kernel) oil. The research specifically aimed to en-
hance biodiesel yield through catalytic transesterification using
a green-synthesized Cu-Mn/TiO, nanocatalyst, while employing
CCD to determine the optimal operating conditions for maxi-
mum production efficiency.

2. MATERIALS AND METHODS

2.1. MATERIALS

2.1.1. Chemicals and reagents

Titanium(IV) nitrate (Ti(NO3)4, CAS No. 13826-86-3), man-
ganese(Il) acetate tetrahydrate (Mn(CH3COQ),-4H,0, CAS No.
6156-78-1), and copper(Il) nitrate hydrate (Cu(NOs3),-2.5H,0,
CAS No. 19004-19-4) were purchased from Sigma-Aldrich
(Merck), Sodium thiosulphate (Na;S,03-5H,0, CAS No.
10102-17-7), potassium hydroxide (KOH, CAS No. 1310-58-
3), sodium hydroxide (NaOH, CAS No. 1310-73-2), hydrochlo-
ric acid (37%, CAS No. 7647-01-0), sulphuric acid (CAS No.
7664-93-9), acetic acid (CAS No. 64-19-7), potassium iodide
(CAS No. 7681-11-0), n-hexane (CAS No. 110-54-3) all from
BDH Chemicals. Other chemicals and reagents used were of an-
alytical grade and employed without any treatment.

2.1.2. Instruments

A FTIR spectrometer (Perkin Elmer, 100), X-ray diffractome-
ter (XRD) (Shimadzu XRD-6000, Japan) operated at 30 kV and
30 mA with CuKe radiation (4 = 0.1541 nm) and 26 ranging
from 10 to 80°, BET analysis was carried out using N, ad-
sorption/desorption analyzer (Thermo-Finnigan Sormatic 1990
series) and scanning electron microscopy (SEM) instrument
(JOEL, JSM-6480A Japan) operated at 20 kV.

2.2. SAMPLE COLLECTION AND PREPARATION

Waste black date (Canarium schweinfurthii) fruits were sourced
from a local fruit market in Jos South Local Government Area,
Plateau State, Nigeria. The seeds were manually separated from
the fruit pulp, and the shells were cracked open using a small
hammer to obtain the kernels. The kernels were air-dried in the
laboratory for two weeks, ground into a fine powder, and stored
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in airtight plastic containers for subsequent analysis. Analytical-
grade n-hexane and methanol were used for the oil extraction and
transesterification processes, respectively.

2.3. OIL EXTRACTION
Oil was extracted from the powdered seed sample using the sol-
vent extraction method. A 15 g portion of the sample was placed
in a Soxhlet extractor containing 200 ml of n-hexane as the sol-
vent. The extraction was carried out at 60 °C for 6 hours. After
extraction, the mixture was concentrated using a rotary evapora-
tor to recover the solvent, followed by further drying in a fume
hood for 48 hours to remove residual solvent [19, 20]. This pro-
cess was repeated until an adequate quantity of oil was obtained.
The oil yield was calculated using:

Oil yield (%) = W= Wo % 100, (1)

4}

where W = weight of sample (g), W, = weight of flask + oil (g)
and W = weight of flask (g).

2.4. CHARACTERIZATION OF THE EXTRACTED OIL

The physicochemical properties of the Canarium schweinfurthii
kernel oil, including density, specific gravity, moisture con-
tent, kinematic viscosity, saponification value, acid value, io-
dine value, peroxide value, and free fatty acid (FFA) content,
were determined in accordance with ASTM standard procedures
[3, 17, 19].

2.4.1. Determination of moisture content

The oil sample (2.0 g) was placed in an oven at 105 °C for 2 h,
then cooled and weighed repeatedly until a constant weight was
achieved. The moisture content was calculated using [3]:

W, - W
Moisture (%) = ———=2 x 100, 2)
Wy — Wo

where, Wo= weight of the empty crucible (g), W = weight of the
prepared sample + empty crucible (g) and W, = weight of dried
sample + empty crucible (g).

2.4.2. Determination of specific gravity (SG)

The specific gravity of the sample was measured using a 50 ml
measuring cylinder of known weight. The cylinder was first
cleaned, dried, and recorded as W. Next, 5 ml of the sample was
added, and the total weight was noted as W;. The sample weight
was then obtained by subtracting the empty cylinder weight (W)
from the filled cylinder weight (W). The specific gravity of the
oil was determined using [17]:

W - Wy
W,

where W = weight of the cylinder + oil (g) W = weight of cylin-
der (g) and W, = weight of equal volume of water (g).

SG = 3)

2.4.3. Determination of density
The density of the oil was determined using the same procedure
for specific gravity. The density was calculated using [19]:

Wi - Wy

Density = v

“)

where W = weight of the cylinder + oil (g) W, = weight of cylin-
der (g) and V = volume of the oil (cm?).

2.4.4. Determination of free fatty acid (FFA)/Acid value

The oil sample (2.0 g) was dissolved in 30 ml of highly purified
ethanol and heated in a water bath for 2 min. The resulting so-
lution was then titrated with 0.1 M potassium hydroxide (KOH)
using phenolphthalein as an indicator until a persistent pink color
appeared [19]. The free fatty acid and acid value were calculated
using Egs. (5) and (6), respectively.

282.47
FFA (%) = L X CX 28247 100, (5)
M
\% 56.1
Acid value (mgKOH/g) = ZXE X0 € x (6)

M b
where V = volume of potassium hydroxide solution (cm?), C =
concentration of potassium hydroxide solution (mol/dm?), M =

mass of the oil sample (g), 282.47 = molar mass of oleic acid,
and 56.1 = molar mass of potassium hydroxide (g/mol).

2.5. PEROXIDE VALUE (PV)

The oil sample (2.5 g) was placed into a 100 ml conical flask,
and 10 ml of chloroform was added to dissolve the sample with
gentle stirring. Then, 15 ml of acetic acid and 1 ml of freshly
prepared saturated potassium iodide solution were introduced.
The flask was immediately sealed, shaken for 1 min, and left in
the dark at room temperature for 5 min. Subsequently, 75 ml of
distilled water was added, and the liberated iodine was titrated
with 0.01 M sodium thiosulfate solution. A blank test was also
performed following the same procedure. The peroxide value
was calculated using [19]:

(V1 = V) x T x 1000

i )
where V = volume of the sodium thiosulphate solution used for
blank, V| = volume of the sodium thiosulphate solution used for
determination of the sample, T = the concentration of the sodium
thiosulphate used, and M = mass of oil sample (g).

Peroxide value =

(7

2.5.1. Determination of iodine value (1V)

The oil sample (2.0 g) was dissolved in 20 ml of chloroform,
after which 25 ml of Hanus iodine solution (I, + Bt/ACOH) was
added. The mixture was kept in the dark for 30 min. Then, 10 ml
of 15% potassium iodide solution and 100 ml of freshly distilled
water were added. The liberated iodine was titrated with 0.1 M
sodium thiosulphate until the yellow color nearly disappeared. A
few drops of 1% starch solution were added as an indicator, and
titration continued until the blue color completely disappeared.
A blank test was conducted under the same conditions using 25
ml of Hanus solution and sodium thiosulphate without the sample
[17]. The iodine value was calculated using:

(Vi = V) x C % 12.69

Todine value = s
M

®)

where C = concentration of sodium thiosulphate (mol/dm?), V,
= Volume of sodium thiosulphate solution used for blank test
(cm?), V, = volume of sodium thiosulphate solution used for de-
termination (cm?), and M = mass of the oil sample (g).
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2.5.2. Saponification value (SV)

The oil sample (5.0 g) was refluxed with 50 ml of 0.5% alcoholic
potassium hydroxide for approximately 30 min. The mixture was
then allowed to cool for 10 min before being titrated with 0.5 M
hydrochloric acid solution, using a drop of phenolphthalein as
an indicator, until the pink coloration disappeared. A blank test
was also carried out under the same conditions, using only the
alcoholic potassium hydroxide solution without the oil sample.
The saponification value was determined using [3]:

(Vi = Vo) xT x56.1

Saponification value =
M

mg KOH, (9)

where T = molar concentration of KOH (mol/dm?), V = volume
of acid used for the titration with the oil sample (cm?), V| = vol-
ume of acid used for the titration of the blank solution (cm?), and
M = mass of the oil sample (g).

2.5.3. Kinematic viscosity

The oil sample was first purified using a sintered glass filter and
then introduced into a viscometer (Ostwald Type A) through suc-
tion in a viscometer bench setup. The viscometer bath was main-
tained at 40 °C, and the sample was equilibrated in the bath for
20 min. Suction was applied to raise the sample slightly above
the upper timing mark, after which the efflux time was recorded
as the sample flowed freely from the upper to the lower timing
mark. The viscosity was determined using [17]:

Kinetic viscosity = T X K, (10)

where T = efflux time and K = viscometer constant

2.6. DETERMINATION OF CALORIFIC VALUE

The calorific value of the biodiesel was determined using a bomb
calorimeter (IKA C5000), following the ASTM D240 standard.
Before the test, the biodiesel sample was filtered to remove im-
purities and oven-dried at 105 °C for 1 h to eliminate residual
moisture, as water can interfere with accuracy by absorbing heat
during combustion. About 1.0 g of the dried sample was pre-
cisely weighed (+0.1 mg) into a clean, pre-weighed stainless-
steel crucible and placed inside the bomb combustion chamber.
An ignition wire was positioned in contact with the fuel, af-
ter which the chamber was sealed and charged with high-purity
oxygen at 30 atm to ensure complete combustion. The bomb
was then immersed in the calorimeter’s water jacket containing
2000 g of distilled water, and the initial water temperature was
recorded. Combustion was initiated electrically, and the resulting
rise in water temperature was measured using a high-precision
thermometer. The calorific value was calculated from the ob-
served temperature rise using [17]:

(M,,C, + W)AT

Calorific value = s
M

1D
where M,, = mass of water in the calorimeter (kg), C, = spe-
cific heat capacity of water (4.187 klJ/kg-°C), AT = change in
temperature ("C), W, = water equivalent (heat capacity) of the
calorimeter (kJ/°C) and M = mass of biodiesel sample (kg)

2.7. CETANE NUMBER (CN)

The method used by Ref. [3] was employed. The calculated
saponification value (SV) and iodine value (IV) were used to
calculate the cetane number (CN) of the biodiesel. The cetane
number was determined using:

458
Cetane Number (CN) = 46.3 + % -0225x1IV. (12)

2.8. FLASH POINT DETERMINATION

The flash point of the biodiesel sample was measured following
the method of Ref. [17]. For each sample, 10 ml was placed
in a clean aluminum container and heated over a Bunsen burner
at approximately 10 °C/min. A thermometer was inserted into
the liquid, and at every 5 °C increment, a small test flame was
passed just above the sample’s surface until a distinct flash was
observed. The temperature at which this flash occurred was
recorded as the flash point.

2.9. POUR POINT DETERMINATION

The pour point was determined as described by Ref. [17]. About
5 ml of the oil/biodiesel was transferred into a test tube, into
which a calibrated thermometer (with graduations below 1 °C)
was inserted. The tube was then immersed in an ice bath and left
until the sample solidified. Afterward, the tube was removed,
tilted slightly, and carefully observed until the first signs of flow
appeared. The temperature at which movement was detected was
recorded as the pour point.

2.10. SULPHUR CONTENT DETERMINATION

Sulphur content was analyzed using a UV fluorescence sulphur
analyzer (LECO S832) in accordance with ASTM D5453 [17].
A 20 uL aliquot of the biodiesel sample was introduced into a
quartz combustion tube maintained at ~1100 °C under a contin-
uous flow of ultra-high-purity oxygen (99.99%). During com-
bustion, sulphur compounds were oxidized to sulphur dioxide
(S0O,), which was carried through a moisture trap into the UV
fluorescence detector. The emitted fluorescence from the excited
SO, molecules was measured and quantified against a calibration
curve prepared with certified sulphur standards in biodiesel. Cal-
ibration was performed over a low-sulphur range (0.05-50 ppm),
and blank runs were included to correct for background interfer-
ence.

2.11. DETERMINATION OF FATTY ACID PROFILE

The fatty acid composition of the Canarium schweinfurthii ker-
nel oil was determined using Gas Chromatography-Mass Spec-
trometer (GC-MS) (SHIMADZU TQ8040, Maryland, USA).
The oil sample was dissolved in a n-hexane-to-acetone solvent
mixture (4:1 v/v). High-purity helium gas (99.999%) was used as
the carrier at a flow rate of 1 mL/min with a splitratio of 4:1 (v/v).
A 100 pL aliquot of the prepared sample was injected into the GC
column at an inlet temperature of 250 °C. The injector and de-
tector temperatures were maintained at 280 °C. The column tem-
perature program began at 60 °C (held for 5 min), then increased
by 5 °C/min to a final temperature of 280 °C with no hold time.
The ion source temperature was set to 200 °C. Fatty acids were
identified by comparing the obtained mass spectra with reference
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library data, considering relative abundance, molecular formula,
molecular weight, and structural information [21].

2.12. PREPARATION OF GREEN NANOCATALYST

The green Cu-Mn/TiO; nanocatalyst was synthesized using or-
ange peel extract as a bio-reducing and stabilizing agent, along
with high-purity titanium, copper, and manganese salts as pre-
cursors.

2.12.1. Extraction of orange peel

Fresh orange peels were sourced from local fruit vendors, thor-
oughly washed to remove impurities, and air-dried under labo-
ratory conditions for approximately seven days. The dried peels
were ground into a fine powder using a mortar and pestle. A 20
g portion of this powder was placed into the porous thimble of a
Soxhlet extractor. An ethanol-water mixture (120 ml ethanol and
30 ml distilled water; v/v 4:1) was placed in the round-bottom
flask, and extraction was conducted at 78 °C for 6 h until a clear
extract was obtained in the extraction column. The collected ex-
tract was transferred into a clean beaker and concentrated on a
hot plate at 100 °C to remove residual solvents. The concentrated
extract was stored for subsequent nanocatalyst synthesis [22].

2.12.2. Synthesis of green Cu-Mn/TiO, nanocatalyst

The synthesis procedure followed the method reported by
Sahu et al. [22] with slight modifications. Stock solutions
of 0.15 M Ti(NO3)4 (anhydrous), Mn(CH3COO),-4H,0 (hy-
drated), and Cu(NOs3),-2.5H,0 (hydrated) were prepared sepa-
rately. A mixture containing 50 ml of Ti(NO3)4 and 25 ml each
of Mn(CH3COO),-4H,0 and Cu(NO3),-2.5H,0 was combined
with 25 ml of the prepared orange peel extract. The solution
was stirred magnetically at an elevated temperature (70 °C) for
30 min. Subsequently, 0.1 M NaOH was added dropwise until
a pale yellow precipitate formed and a pH of 11 was achieved.
The precipitate was separated via centrifugation at 4000 rpm for
20 min, followed by repeated washing with distilled water un-
til a neutral pH was achieved. The product was oven-dried at
80 °C for 3 h and then calcined at 550 °C for an additional 2
h in a tube furnace under nitrogen as an inert atmosphere. The
resulting catalyst was stored in an airtight container for charac-
terization and application. A schematic of the redox sequence
showing the chemistry and mechanism of the catalyst synthesis
and the stoichiometry of the precipitate formation upon dropwise
addition of NaOH to pH 11 are shown in Scheme 1 and equation
(13), respectively.

Ti(NO;3)s + 4NaOH — Ti(OH), | +4NaNOs
Cu(NO;), + 2NaOH — Cu(OH), | +2NaNOs

Mn(CH;COO), + 2NaOH — Mn(OH), | +2CH;COONa
(13)

2.13. CHARACTERIZATION OF GREEN CU-MN/TIO,
NANOCATALYST

The structural, morphological, and surface properties of the syn-

thesized green Cu-Mn/TO, nanocatalyst were characterized us-

ing X-ray diffraction (XRD), Fourier-transform infrared spec-

troscopy (FTIR), scanning electron microscopy (SEM), and

1. REDOX CHEMISTRY DURING SYNTHESIS

N-"resentafolciraniange agter

Partly- reduction

Ti(NO3), i
Mn(CH5CO0),- 4H20
Cu(NO3),-2.5H,0

€c,

i+

Orange peel extract bt
Polyphenols, ﬂavonoidf>» Cuz S e Cu*

Ascorbic acid l
Carboxylic acids
Hydrated
2. REDOX CHEMISTRY metal hydroxiae
DURING CALCINATION l
Tio' «— Cu(OH), or Cu* or Cu-organics

( C, HO,C Mn/O7 «— MnO, = Mn30; or Mn,0;

Scheme 1. A schematic of the redox sequence of the chemistry and mecha-
nism involved in the synthesis of the green Cu-Mn/TO; nanocatalyst.

Brunauer-Emmett-Teller (BET) surface area analysis, following
the procedures outlined in previous studies [22-24].

2.13.1. XRD analysis

XRD patterns were recorded using an X-ray diffractometer (Shi-
madzu XRD-6000, Japan) operated at 30 kV and 30 mA with
CuKa radiation (4 = 0.1541 nm). Thus, A 500 mg sample was
evenly pressed onto the XRD plate and subjected to the X-ray
diffractometer for analysis after calibration of the instrument.
Scans were conducted over a 26 range of 10°-80°. Phase iden-
tification was carried out by matching diffraction peaks with
the Joint Committee on Powder Diffraction Standards (JCPDS)
database.

2.13.2. FTIR analysis

FTIR spectra were obtained using FTIR spectrometer
(PerkinElmer Spectrum 100, Waltham, MA, USA) in the
range of 4000-500 cm™!. The catalyst sample (5.0 mg) was
prepared for FTIR analysis using the KBr pellet technique. The
powder was first oven-dried at 100 °C for 2 h and cooled in
a desiccator to remove adsorbed moisture. To make a ~1%
w/w pellet, 5.0 mg of dried catalyst was mixed with 495 mg of
spectroscopic-grade KBr. The mixture was ground thoroughly
in an agate mortar until it was homogeneous and free-flowing,
then transferred to a clean pellet die and compressed at 10 tonnes
of pressure for approximately 2 min to form a transparent pellet.
A background spectrum was recorded with a pure KBr pellet
before sample measurement. The sample pellet was scanned
on an FTIR spectrometer over 4000-500 cm~! with a resolution
of 4 cm™!. Spectra were baseline corrected and normalized as
needed, and characteristic bands were identified and assigned
by comparison with reference spectra.

2.13.3. BET surface area measurement

Brunauer-Emmett-Teller (BET) is a gas adsorption technique
used to measure the specific surface area and porosity of solid
materials through gas adsorption. BET was carried out using an
N, adsorption/desorption analyzer (Thermo-Finnigan Sormatic
1990 series). The nanocatalyst sample (Cu-Mn/TiO;) was de-
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gassed before use at 150 °C for 24 h to remove the moisture and
impurities from the catalyst surface. Then the Adsorption and
desorption process of N; on the catalyst surface were analyzed
in a vacuum chamber at -196 °C. The surface area, total pore
volume, and average pore diameter were calculated from the ad-
sorption data.

2.13.4. SEM analysis

The microstructure morphology of the synthesized green Cu-
Mn/TiO; nanocatalyst was obtained through scanning electron
microscopy (SEM) using SEM instrument (JOEL, JSM-6480A,
Japan) operated at 20 kV. The sample was mounted on SEM stubs
covered with conductive carbon tape, evenly dusted with the cat-
alyst powder (sample), and gold-coated to enhance conductivity
before imaging. The SEM stub was transferred into the sample
holder for imaging.

2.14. PRE-TREATMENT OF OIL THROUGH ACID
ESTERIFICATION

Before transesterification, the extracted oil was pretreated to re-
duce mainly the free fatty acids (0.96%). Thus, 10 ml of the oil
each was dehydrated by heating it above 100 °C on a hot plate
to evaporate the water content. The dehydrated oil was then es-
terified by agitating it with a mixture of methanol (5 ml) and a
catalyst (1% H,S0O,) with the oil in a 100 ml beaker placed on
a magnetic hot plate with constant agitation and equipped with
a thermometer. The oil was heated to 60 °C and allowed to run
for 2 h. The mixture was allowed to settle in a separating funnel
into two layers at the end of the reaction time. The upper layer
contained methanol and water, while the lower layer contained
the oil. The oil was carefully removed from the funnel. The FFA
was determined by a standard acid-base titration method using
a standard solution of 1.0 M NaOH [11]. This was kept for the
transesterification reaction.

2.15. EXPERIMENTAL DESIGN

Biodiesel production from black date seed kernel oil was op-
timized using a Central Composite Design (CCD) within the
framework of Response Surface Methodology (RSM), imple-
mented via Design-Expert 13 software. This approach was em-
ployed to determine the optimal operating conditions and to as-
sess the interactive effects of the process parameters on biodiesel
yield [18, 23]. The design consisted of four independent vari-
ables at five coded levels: —«, 1, 0, +1, and +a, corresponding
to the extreme low, low, central, high, and extreme high levels,
respectively (Table 1). In total, the software generated 30 exper-
imental runs. The independent variables were methanol-to-oil
molar ratio (X, 3-15), catalyst concentration (X,, 1-5 wt%), re-
action temperature (X3, 35-75 °C), and reaction time (X4, 30-90
min), as outlined in Table 1.

2.16. EXPERIMENTAL PROCEDURE VIA
TRANSESTERIFICATION

The biodiesel synthesis from Canarium schweinfurthii oil using

a green-synthesized Cu-Mn/TiO;, nanocatalyst was carried out

through a transesterification process, following the procedure de-

scribed by Aqueel et al. [25] with minor adjustments. A 250 ml

beaker containing methanol, oil, and the catalyst was placed on a
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Figure 2. Chromatogram peaks of the fatty acids profile obtained from the
GC-MS.

magnetic hot plate, which provided both controlled heating and
agitation at 350 rpm to ensure uniform temperature distribution
and effective mixing. Reactions were conducted under various
conditions as defined by the CCD design matrix (Table 1). Upon
completion, the biodiesel was separated and purified according to
the standard analytical method reported by Godswill et al. [26].

2.17. STATISTICAL DATA ANALYSIS

The experimental data obtained in this study were statistically
evaluated using analysis of variance (ANOVA) in Design-Expert
13 software. ANOVA was applied to determine the significance
of individual variables, their mutual interactions, and their com-
bined influence on the response. The statistical evaluation in-
volved three key tests: the lack-of-fit test, regression model anal-
ysis, and assessment of the significance of model terms. These
tests collectively ensured the accuracy, reliability, and predictive
strength of the developed model. Furthermore, a second-order
polynomial equation was established to mathematically repre-
sent the experimental conditions and predict the corresponding
responses, as presented in Eq. (14).

k k k
Y =Bo+ ) B+ Y Bux; + ) B+ C, (14)
i=1 i=1

I<isj

where Y is the response (%); Bo, Bi, Bii, and B;; are the intercept,
linear, quadratic, and interaction coefficients, respectively, while
X; and X are the independent factors.

3. RESULTS AND DISCUSSION
3.1. CHARACTERIZATION OF THE EXTRACTED BLACK DATE
OIL

The physicochemical characteristics of Canarium schweinfurthii
seed kernel oil were evaluated to determine its potential for
biodiesel production. The parameters analyzed included oil
yield, density, viscosity, moisture content, sulfur content, iodine
value (IV), free fatty acid (FFA) content, peroxide value (PV),
acid value (AV), and saponification value (SV), as summarized
in Table 2. From an economic perspective, feedstock availabil-
ity is the most critical factor influencing biodiesel production
cost, accounting for nearly 80% of the total expense [27, 28].
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Table 1. Central Composite Design (CCD) with coded and actual values of experimental parameters of the design matrix used in the production of biodiesel

for all the samples.

Independent variables Symbols Coded levels
-a -1 0 1 +a
Methanol to oil molar ratio (mol) X, 3:1 6:1 9:1 12:1  15:1
Catalyst concentration (wt.%) X5 1.0 2.0 3.0 4.0 5.0
Temperature (°C) X3 350 45.0 550 650 750
Time of reaction (min) Xy 30.0 45.0 600 75.0 90.0
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Table 2. Physicochemical properties of extracted oil from black date (Ca-

Wavenumber (cm-1)

Figure 3. FTIR spectra of green synthesized Cu-Mn/TiO; nano catalyst.

narium schweinfurtii) seed kernel sample.

Cu-Mn/TiO; nanocatalyst.

Table 4. Summary of the crystallite size estimates of the synthesized green

Parameters Black date seed oil
Yield (wt%) 49.12 £ 2.14
Density (kg/m?) 935.60 + 4.02
Viscosity @40 °C (mm?/s) 1.97 £0.11
Moisture (%) 0.81 £0.20
Sulphur (ppm) ND

Iodine value (mg g') 107.40 + 3.13
Free fatty acid (%) 1.32 £ 0.01
Peroxide value (meq/kg) 11.80 £ 0.68
acid value (mgKOH/g) 3.56 +0.14
Saponification value (mgKOH/g) 216.56 + 1.89

20 (") FWHM g (rad) Crystallite Size (nm)
25.12 0.00454 31.30
34.82 0.00384 32.02
40.54 0.00419 32.57
43.10 0.00838 32.84
62.40 0.00676 35.71

Table 5. Textural properties of the synthesized green Cu-Mn/TiO; nanocat-

ND; not detected

alyst compared to similar literature catalysts.

Catalyst BET area Pore volume Average pore
(m? g (cm® g1 diameter
. ‘ o (nm)
::;r)le 3. Fatty acid profiles of black date (Canarium schweinfurtii) seed kernel Cu-Mn/TiO, 24502 0.01048 508
Fatty acid (%) MW (g/mol) Formula  Composition (%) (This work)
Lauric acid (C12:0) 200 C12H240, ND CaO-TiO, 40.34 0.14 6.10
Semicaid C180) 284 i S [37]
earic act N X .
Arachidic acid (C20:0) 312 C;szoz 6.81 Mn/TiO, 50.90 0.22 5.03
Palmitoleic (C16:1) 254 C16H3002 8.21 [38]
Oleic acid (C18:1) 282 C3H340, 40.42
Gadoleic (C20:1) 310 CyoH330, 1.03
Tricosenoic acid (C23:1) 322 Cy3Hy40, 4.70 . X . .
Linoleic acid (C18:2) 280 CsH3,0, 8.62 closely aligns with the 50.1% yield reported for African black
a-Linolenic acid (C18:3) 278 C13H3005 3.05 olive seed (Canarium schweinfurthii) by Cordelia et al. [16] and

MW: molecular weight, ND: not detected

In this study, the Canarium schweinfurthii seeds yielded 49.12 +
2.14% oil, indicating a promising biodiesel feedstock. This result

the 49.80% obtained by Muhammad ez al. [21]. Such variations
in yield for similar seed types may be attributed to differences in
environmental conditions or experimental procedures.

Biodiesel generally exhibits higher density and lower com-
pressibility compared to petroleum diesel, which can limit its di-
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Figure 4. X-ray diffraction spectra of green synthesized Cu-Mn/TiO, nano
catalyst.
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Figure 5. BET surface area analysis of green-synthesized Cu-Mn/TiO, nano
catalyst.

rect use in engines [14, 28]. According to ASTM specifications,
ideal biodiesel densities range between 860-900 kg/m?. The den-
sity of African black olive seed oil in this study was 935.60 + 4.02
kg/m?, which falls slightly above the recommended range but is
still considered acceptable for biodiesel production. Compara-
ble density values have been reported, ranging from 830 kg/m?
in mango seed oil to 936 kg/m3 in African black [16, 25, 26]. Vis-
cosity, a critical property influencing fuel atomization and com-
bustion, was found to be 1.97 + 0.11 mm?/s within the ASTM
D6751 standard range of 1.9-6.0 mm?/s, indicating good suit-
ability for biodiesel production. Moisture content, recorded at
0.81 = 0.20%, was well below the ASTM D5744 limit of 8 +
1.3%, minimizing the risk of soap formation and gelation dur-
ing transesterification [28]. Sulfur, which contributes to harmful
SOx emissions, was not detected in the sample, indicating low
environmental impact potential from sulfur-related emissions.
The iodine value, which reflects the degree of unsaturation in

Figure 6. SEM micrograph of green-synthesized Cu-Mn/TiO; nano catalyst.

Table 6. Experimental design (CCD) matrix, the actual and predicted values
of the biodiesel yield produced from black date seed kernel oil using Cu-
Mn/TiO; nanocatalyst.

No. X] Xz X3 X4

Experimental Predicted

of yield (%) yield (%)
runs

1 9:1 30 550 600 84.42 84.62
2 9:1 50 550 600 86.96 86.96
3 6:1 20 650 450 8579 85.34
4 31 30 550 600 86.06 86.48
5 1211 40 650 450 86.96 86.96
6 6:1 20 450 750 83.18 82.65
7 9:1 3.0 550 60.0 90.16 89.67
8 6:1 40 450 750 8833 87.64
9 9:1 1.0 550 60.0 81.81 81.86
10 9:1 30 550 300 85.58 85.19
11 12:1 40 450 750 85.54 85.44
12 6:1 20 650 750 86.96 86.96
13 6:1 40 650 300 8873 88.95
14 9:1 30 550 600 88.77 88.69
15 9:1 3.0 550 90.0 84.20 83.88
16 12:1 40 650 750 84.02 84.43
17 9:1 3.0 550 600 77.44 77.62
18 1221 20 650 450 82.49 83.15
19 12:1 2.0 450 450 84.68 84.74
20 151 3.0 550 60.0 86.96 86.96
21 9:1 3.0 750 60.0 83.36 84.12
22 1221 20 450 750 86.71 86.85
23 6:1 4.0 450 450 85.34 85.58
24 12:1 40 450 450 86.96 86.96
25 6:1 2.0 450 450 86.96 86.96
26 1221 20 650 750 95.07 95.22
27 9:1 30 550 600 89.67 89.65
28 9:1 30 550 600 81.67 81.62
29 6:1 40 650 750 82.34 82.49
30 9:1 3.0 350 600 78.50 77.98

Note: X;: methanol to oil ratio, X;: catalyst concentration (wt%),
X3: temperature (°C), and X4: reaction time (min).

oils, was 107.4 + 3.13 mg/g within the ASTM limit of < 120
mg/g. This value, consistent with Cordelia et al. [16] (108
mg/g), suggests good cold-flow performance but a higher sus-
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Table 7. ANOVA and fit statistics results obtained from the quadratic model for biodiesel production from the black date seed kernel oil.

Source Sum of Squares  Degree of freedom  Mean Square  F-value p-value (0.05/95% CL)
Model 348.11 14 24.87 111.03 < 0.0001 Significant
A-Methanol to oil 0.73 1 0.73 3.27 0.0908
B-Catalyst concentration 30.26 1 30.26 135.13 < 0.0001
C-Temperature 69.94 1 69.94 312.29 < 0.0001
D-Reaction time 1.23 1 1.23 5.49 0.0334

AB 2.36 1 2.36 10.56 0.0054

AC 33.79 1 33.79 150.86 < 0.0001

AD 89.07 1 89.07 397.69 <0.0001

BC 69.60 1 69.60 310.76 < 0.0001

BD 32.46 1 32.46 144.95 < 0.0001

CD 2.85 1 2.85 12.72 0.0028

A? 5.98 1 5.98 26.71 0.0001

B? 421 1 421 18.82 0.0006

c? 4.88 1 4.88 21.81 0.0003

D? 7.37 1 7.37 32.89 < 0.0001
Residual 3.36 15 0.22

Lack of Fit 2.74 10 0.34 2.71 0.1230 Not significant
Pure Error 0.62 5 0.12

Cor Total 351.47 29

Std. Dev. = 0.47, Mean = 85.52, C.V. % = 0.55, R? = 0.99, Adjusted R? = 0.98, Predicted R? = 0.94, Adeq Precision = 52.62
Note: A = X;: methanol to oil ratio, B = X;: catalyst concentration (wt%), C = Xj: temperature (°C) and D = X4: reaction time (min).
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Figure 7. Experimental yield against predicted yield for the biodiesel pro-
duced from black date seed oil.

ceptibility to oxidative degradation [27, 28]. The FFA content
was 1.32 + 0.01%, slightly exceeding the 1% threshold beyond
which pretreatment is recommended [18, 29, 30], implying that
pre-esterification may be necessary before biodiesel synthesis.
Peroxide value, an indicator of oxidative stability, was 11.80 =
0.68 meq O,/kg slightly higher than the recommended < 10 meq
O,/kg suggesting a higher risk of rancidity during storage [29].
The acid value was 3.56 + 0.14 mg KOH/g, notably lower than
the 12.6 mg KOH/g reported for similar oils by Cordelia et al.
[16], possibly due to differences in handling or processing con-

Perturbation
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Figure 8. Effect of process parameters on biodiesel production from black
date seed oil (A = X;: methanol to oil ratio, B = X,: catalyst concentration
(wt%), C = X3: temperature (°C), and D = X4: reaction time (min)).

ditions. Finally, the saponification value was 216.56 + 1.89 mg
KOH/g, indicating a predominance of short-chain fatty acids,
which can enhance biodiesel volatility and combustion efficiency
[30].

3.2. ANALYSIS OF FATTY ACID PROFILE OF THE BLACK DATE
OIL

The fatty acid composition of an oil is a critical factor in deter-

mining its performance as a biodiesel feedstock, as it directly in-
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Figure 9. 3D plots showing the effects of (a) methanol/oil molar ratio against catalyst concentration (wt%), (b) temperature (°C) against methanol/oil molar
ratio, (c) reaction time (min) against methanol/oil molar ratio, (d) temperature (°C) against catalyst concentration (wt%), (e) reaction time (min) against
catalyst concentration (wt%), and (f) reaction time (min) against temperature (°C) on the biodiesel yield produced from black date seed oil.

fluences oxidative stability, cold-flow characteristics, and cetane
number. The fatty acid distribution of Canarium schweinfurthii
seed kernel oil is presented in Table 3 and depicted in Fig-
ure 2. The analysis revealed the presence of saturated fatty
acids (SFAs), including palmitic, stearic, and arachidic acids, as
well as monounsaturated fatty acids (MUFAs) such as oleic and
palmitoleic acids, and polyunsaturated fatty acids (PUFAs), in-
cluding linoleic and a-linolenic acids. In total, nine distinct fatty
acids were identified, with SFAs accounting for 33.59%, MUFAs
for 54.36%, and PUFAs for 11.67%. Overall, the proportion of

unsaturated fatty acids reached 66.03%, indicating a highly un-
saturated oil profile typical of feedstocks favorable for biodiesel
production [20, 21]. Among the SFAs, stearic acid (24.42%) and
arachidic acid (6.81%) were predominant, while palmitic acid
was present at a relatively low level (2.36%), and lauric acid
was absent. The MUFA fraction was dominated by oleic acid
(40.42%), whereas the PUFA fraction was largely composed of
linoleic acid (8.62%). Literature confirmed that high SFA con-
tent enhances oxidative stability and cetane number but tends to
compromise cold-flow performance, whereas high PUFA con-
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Table 8. Physicochemical properties of biodiesel produced from Africana
black date seed kernel oil using green-synthesized Cu-Mn/TiO; nano cat-
alyst and ASTM standards.

Parameters Black date seed ASTM D6751 Standard
Density (kg/m®) 885.00 + 2.31 860-900
Specific gravity 0.88 £ 0.14 0.8-0.9
viscosity @ 40 °C (mm?/s) 525+ 1.04 1.9-6.0
Moisture (%) 0.77 £ 0.11 <0.05
Pour point (°C) 3.20 £ 0.17 -5-10
Flash point (°C) 144.10 + 1.43 >130
Sulphur (ppm) ND 0.002
Todine value (mg g™!) 44.53 £2.32 <120
Oxidative stability (h) 6.10 = 1.05 34
Acid value (mgKOH/g) 0.21 £0.72 0.1-0.5
Saponification value (mgKOH/g)  167.30 + 4.31 <370
Calorific value (MJ/kg) 56.60 = 1.04 37-41
Cetene number (min) 53.25 +2.79 48-65

ND: not detected

tent improves cold-flow properties but reduces oxidative stability
[21, 31].

Based on this composition, the studied oil is expected to ex-
hibit strong oxidative stability due to its high stearic and oleic
acid content, although this stability could be marginally dimin-
ished by the level of linoleic acid in the study. The cetane number
is likely to be excellent, with cold-flow performance expected to
be moderate. These findings are consistent with those reported
by Chomini et al. [31] and Marcos ef al. [32] for black date and
avocado seed kernel oils. However, they contrast with earlier re-
ports for orange seed oil, avocado oil, and even prior studies on
African black olive seed oil [16, 33]. Such discrepancies may be
attributed to differences in seed variety, environmental growing
conditions, or variations in extraction and analytical procedures.

3.3. CHARACTERIZATION OF THE SYNTHESIZED GREEN
NANO CATALYST

3.3.1. FTIR analysis

The FTIR spectrum of the green-synthesized Cu-Mn/TiO,
nanocatalyst, produced using orange peel extract, displayed dis-
tinct absorption bands that signified the presence of both or-
ganic biomolecules and metal-oxygen linkages (Figure 3). These
spectral patterns reflect surface functional groups and confirm
that bioactive plant-derived molecules were successfully incor-
porated during synthesis. A broad peak around 3430 cm™' was
assigned to O-H stretching vibrations originating from hydroxyl
groups in alcohols, phenols, and possibly adsorbed moisture.
The width and intensity of this peak indicate strong hydrogen
bonding, consistent with polyphenolic compounds from the or-
ange peel extract. A weaker absorption at approximately 2920
cm’! corresponds to aliphatic C-H stretching in -CH, and -CH3
groups, implying the presence of flavonoids or terpenoids, which
act as natural reducing and stabilizing agents during nanoparti-
cle formation. The band at 1620 cm™' was attributed to C=0
stretching or aromatic C=C vibrations, suggesting the presence
of carbonyl groups and lignin-like aromatic structures involved
in surface modification and metal chelation. The absorption
near 1380 cm! likely corresponds to C-N stretching or O-H
bending, pointing to residual amines or carboxylic groups from
plant metabolites. A prominent feature at 1100 cm™' was linked
to C-O stretching in alcohols, ethers, or esters, supporting the

role of organic compounds as capping agents. Additionally,
strong absorptions below 700 cm™!, particularly within 530-570
cm™, were characteristic of Ti-O, Cu-O, and Mn-O stretching
vibrations, confirming the formation of mixed metal oxides an-
chored on the TiO, support. The coexistence of organic and in-
organic signals indicates strong surface functionalization, which
enhances catalyst stability, dispersion, and reactivity in environ-

mental and energy conversion processes [22].

3.3.2. X-ray diffraction (XRD) analysis

The X-ray diffraction pattern of the green Cu-Mn/TiO; nanocat-
alyst prepared via a green synthesis route (Figure 4) displayed
sharp and well-resolved diffraction peaks, indicating a highly
crystalline material. Anatase TiO, was identified as the pre-
dominant phase, with the strongest diffraction peak appearing at
26 ~ 25.1°, corresponding to the (101) crystallographic plane of
tetragonal anatase TiO, (JCPDS No. 21-1272). The retention of
this phase confirms that the catalytically favorable anatase struc-
ture remained stable after the introduction of Cu and Mn species.
A noticeable shift of the (101) reflection toward lower diffrac-
tion angles compared with pristine anatase TiO, (20 ~ 25.3%)
was observed, which can be ascribed to lattice distortion and mi-
crostrain arising from the substitution of Ti** by Cu?*/Cu* and
Mn?*/Mn3* ions, as well as enhanced metal—-support interactions
promoted by the green synthesis process. Such diffraction peak
shifts are frequently reported for doped TiO, systems and pro-
vide evidence of successful metal incorporation without altering
the anatase phase [40]. Additional reflections located at 26 =~
34.82°, 40.54°, 43.10° and 62.40° were assigned to the (103),
(200), (004), and (204) planes of anatase TiO,, respectively, fur-
ther confirming the preservation of the tetragonal crystal struc-
ture. No distinct diffraction peaks attributable to crystalline CuO,
Cu,0, metallic Cu, or manganese oxide phases were detected,
suggesting that the incorporated Cu and Mn species are either
uniformly dispersed on the TiO, surface or exist in an amorphous
or ultra-fine nanocrystalline state below the detection limit of
XRD. Such high dispersion is desirable for catalytic applications,
as it enhances the accessibility of active sites while maintaining
the structural stability of the TiO, support [34].

Furthermore, the crystallite size estimates of the green Cu-
Mn/TiO; nanocatalyst were determined (Table 4) using the
Scherrer equation based on the anatase (101), (103), (200), (004),
and (204) reflections, yielding an average value of approximately
32.9 nm, indicative of a nanocrystalline material. The presence
of sharp and well-resolved diffraction peaks reflects the high
crystallinity of the anatase TiO, phase following metal incorpo-
ration and is consistent with the growth-controlling and stabi-
lizing effects of phytochemicals involved in the green synthesis
process [35]. The lattice parameters calculated from the anatase
reflections were a =b =3.78 A and ¢ = 9.49 A, closely matching
the standard values for anatase TiO,. This indicates that Cu—Mn
incorporation caused only minor lattice expansion without dis-
rupting the overall tetragonal framework [36].

3.3.3. Brunauer-Emmett-Teller (BET) surface area analysis

The BET analysis of the Cu-Mn/TiO, nanocatalyst revealed a
Type IV nitrogen adsorption-desorption isotherm with an H3
hysteresis loop (Figure 5), characteristic of mesoporous materi-
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als according to IUPAC classification. The pore size distribution
ranged from 2-50 nm, with slit-shaped pores resulting from ag-
glomerated plate-like structures or loosely packed particles. In
addition, the nanocatalyst exhibits a BET surface area of 24.5
m?/g, a pore volume of 0.0105 cm?/g, and an average pore diam-
eter of 5.28 nm derived from BJH desorption analysis (Table 5).
Although its surface area is lower than the mixed-oxide catalysts
reported in Table 5 obtained from the literature [37, 38], the pore
diameter lies within the mesoporous range, which is critical for
transesterification involving bulky triglyceride molecules [38].
Furthermore, in heterogeneous catalysis, pore accessibility and
diffusion efficiency are often more influential than exception-
ally high surface area [36, 37]. The mesoporous structure of Cu-
Mn/TiO, facilitates effective diffusion of reactants while main-
taining adequate exposure of active sites. Furthermore, strong
metal-support interactions enhance structural stability, making
the catalyst suitable for efficient heterogeneous transesterifica-
tion [36].

3.3.4. Scanning electron microscopy (SEM) analysis

SEM imaging revealed a granular and heterogeneous surface
morphology (Figure 6). The particles appeared nanosized (20-
50 nm), mostly spherical to oval in shape, and were distributed
unevenly across the TiO, support. Agglomeration was visible,
likely due to drying and synthesis conditions, but individual par-
ticle boundaries remained identifiable. The irregular surface tex-
ture and nanoscale structure increase the available surface area,
aligning with BET results. This morphology is advantageous for
catalysis, as it provides abundant active sites and facilitates effi-
cient reactant-catalyst contact, making the material promising for
thermochemical applications such as gasification and biodiesel
production [22].

3.4. DATA ANALYSIS OF THE PRODUCED BIODIESEL
Biodiesel production from black date seed oil was optimized
using a Central Composite Design (CCD) experimental frame-
work, with a green-synthesized nanocatalyst as the active ma-
terial. The optimization results (Tables 6 and 7) demonstrated
that the selected process variables had a pronounced effect on
biodiesel yield, with predicted and experimental values ranging
from 77.62-95.22% and 77.44-95.07%, respectively. The max-
imum yield was achieved in Run 26 under the following condi-
tions: methanol-to-oil molar ratio of 12:1, catalyst loading of 2
wt%, reaction temperature of 65 °C, and reaction time of 75 min-
utes. These results confirm that the nanocatalyst enabled highly
efficient transesterification when operated under optimal param-
eters.

When compared to literature reports, the highest yield ob-
tained in this study exceeded the 87.25% reported by Sunjurjo
et al. [39] for biodiesel production from Nannochloropsis ga-
ditana under optimized conditions (methanol-to-oil ratio 12:1,
temperature 50 °C, reaction time 67.5 minutes). However, it was
slightly lower than the 98.04% yield reported by Natélia et al.
[40] for palm oil biodiesel synthesized with a natural coconut-oil-
based surfactant (reaction time 30 minutes, potassium hydroxide
1 wt%, methanol-to-oil ratio 8.28:1, surfactant 1.05 wt%). The
differences in yield across studies are likely due to variations in
feedstock composition, reaction conditions, and catalyst charac-

teristics.

Statistical evaluation using ANOVA (Table 7) confirmed the
robustness of the developed quadratic regression model, which
yielded an F-value of 111.03 and a p-value < 0.0001, indicat-
ing high model significance. The model also exhibited excellent
predictive accuracy, as evidenced by a high coefficient of deter-
mination (R? = 0.9904), adjusted R%2=0.9815, and predicted RZ=
0.9449. The lack-of-fit test returned a p-value of 0.123 (> 0.05),
confirming that the model reliably represented the experimental
data. A parity plot (Figure 7) further demonstrated the strong
agreement between predicted and actual yields.

The empirical relationship between the coded variables and
biodiesel yield (%) is as:

Y =86.96 + 0.174583A + 1.12292B + 1.70708C - 0.22625D
+0.384375AB + 1.45313AC + 2.35938AD + 2.08563BC

+ 1.42438BD — 0.421875CD — 0.466979A>
—0.3919798% — 0.421979C? — 0.518229D>. (15)

Here, negative coefficients (e.g., for reaction time D, the
temperature-time interaction CD, and all quadratic terms) indi-
cate that increasing these variables beyond optimal values re-
duces yield. Positive coefficients suggest a beneficial effect on
yield up to a certain limit.

The perturbation plot (Figure 8) revealed that each parame-
ter followed a pattern of initial yield improvement followed by
a decline at higher levels. Temperature had the most significant
individual influence, as confirmed by ANOVA (F = 312.29, p
< 0.05). Catalyst concentration and reaction time also showed
strong effects, while the methanol-to-oil ratio alone was not sta-
tistically significant (p = 0.0908) but had important synergistic
interactions, especially with temperature and time.

For the combined effects, Figure 9 presents six 3D surface
plots illustrating the interactive effects of two transesterification
parameters on biodiesel yield from black date seed kernel oil,
while keeping the remaining parameters constant. The biodiesel
yield in the plots ranged from approximately 65% to 94%, de-
pending on the parameter combinations. The effect of the in-
teraction between methanol-to-oil molar ratio (A) and catalyst
concentration (B) indicated that the yield increased with both
methanol-to-oil ratio and catalyst concentration up to an opti-
mal point. Maximum yield (x92-94%) was observed at around
a 6:1 molar ratio and 1.0-1.2 wt% catalyst. Beyond this range,
a further increase in the catalyst slightly reduced the yield (Fig-
ure 9a). The temperature (C) versus methanol-to-oil molar ratio
(A) indicated that the yield improved with increasing tempera-
ture and methanol ratio up to the optimum levels. A biodiesel
yield of about 93% was achieved at a temperature of 55-60°C
and a 6:1 molar ratio (Figure 9b). The reaction time (D) versus
the methanol-to-oil molar ratio (A) indicated that the yield in-
creased with both reaction time and molar ratio, peaking around
60-70 min and a 6:1 molar ratio, where the yield approached
94%. Prolonged reaction times beyond this point showed no sub-
stantial gain in yield (Figure 9c). The temperature (C) versus
catalyst concentration (B) indicated that the yield improved with
increases in both temperature and catalyst concentration. Opti-
mal yield (#93%) occurred at 55-60°C and 1.0-1.2 wt% catalyst
(Figure 9d). Excessive catalyst or temperature had diminishing
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returns. The combined effect of reaction time (D) versus cata-
lyst concentration (B) was shown. An increase in reaction time
and catalyst concentration led to increased biodiesel yield, peak-
ing around 70 min and 1.2 wt% catalyst, reaching approximately
92-93% (Figure 9e). Further increases slightly reduced the yield,
likely due to saponification. The effect of interaction between re-
action time (D) versus temperature (C), which is the last effect in
the plots, shows that the yield increased with both parameters up
to a certain limit. Maximum yield (x93-94%) occurred at around
60°C and 70 min (Figure 9f). Beyond these values, the yield
plateaued, suggesting optimal conversion had been reached.

Furthermore, among all interactions, the methanol-to-oil ra-
tio x reaction time (AD) had the strongest effect (F = 397.69),
indicating significant synergy between these parameters. Other
highly significant interactions included AC, BC, and BD (p <
0.0001), consistent with the response surface trends. Addition-
ally, all the quadratic terms (A2, B2, C2, D?) were found to be
statistically significant, confirming the nonlinear nature of the
biodiesel production process.

The low coefficient of variation (C.V = 0.5534%), small stan-
dard deviation (0.4732), and high adequate precision (52.6150)
confirm the reproducibility and robustness of the results. These
findings align with Ketema [20], who also reported that all inter-
action and quadratic terms were statistically significant, under-
scoring the nonlinear nature of biodiesel production optimiza-
tion.

3.5. OPTIMIZATION OF PROCESS PARAMETERS AND MODEL
VALIDATION

The process parameters were optimized and the model validated
using a numerical desirability function within the Central Com-
posite Design (CCD) framework. Optimization was performed
by setting the independent variables within their defined ranges,
while the response variable (biodiesel yield) was targeted for
maximization to achieve the highest possible output. The nu-
merical optimization suggested the following optimal conditions
for biodiesel production: catalyst dosage of 2.5 wt%, methanol-
to-oil molar ratio of 12.5:1, reaction temperature of 64 °C, and
reaction time of 60 min. Transesterification was then carried
out under these conditions in triplicate, and the obtained results
were 95.10%, 95.12% and 95.11% with a mean &= SD of 95.11+
0.01%.

The predicted yield under these optimized conditions was
94.83%, while the average experimentally obtained yield was
95.11+£ 0.01% resulting in a percentage error of only 0.26%.
This error, being well below 1%, confirms both the accuracy of
the experimental data and the reliability of the CCD model in
optimizing the transesterification process to achieve maximum
biodiesel yield.

3.6. CHARACTERIZATION OF THE PRODUCED BIODIESEL

The physicochemical analysis of biodiesel synthesized with the
green Cu-Mn/TiO; nanocatalyst shows that most properties
comply with ASTM D6751 standards (as seen in Table 8), con-
firming its potential as a diesel alternative. The density (885
kg/m?) and specific gravity (0.88) fall within the acceptable
range, ensuring proper fuel atomization and injection, while the
kinematic viscosity (5.25 mm?/s) supports smooth flow and ef-

fective engine lubrication [28]. The moisture content (0.77%)
exceeds the ASTM limit (<0.05%), likely due to residual water
in the biodiesel resulting from incomplete drying after separation
from the other components (glycerol and catalyst) in the separat-
ing funnel, which suggests further drying to remove or reduce the
moisture content to the recommended standard, as high moisture
content compromise storage stability and engine performance.
Thus, high moisture content promotes microbial growth and hy-
drolysis, leading to the formation of free fatty acids, which can
cause corrosion in storage tanks. While in the engine, it can re-
duce lubricity, cause incomplete combustion, form deposits, and
promote injector and fuel system corrosion. It may also reduce
fuel efficiency and increase emissions [20, 41]. The pour point
(3.2°C) and flash point (144.1°C) are within favorable ranges,
indicating good low-temperature operability and safe handling.
Other parameters, including sulfur (ND), iodine value (44.53
mg/g), oxidative stability (6.1 h), acid value (0.21 mg KOH/g),
and saponification value (167.3 mg KOH/g), meet or surpass
ASTM requirements, reflecting low corrosivity, moderate unsat-
uration, and good storage stability.

Furthermore, the produced biodiesel showed a high calorific
value of 56.5 MJ/kg, exceeding the ASTM D6751 standard range
of 37-41 MJ/kg. However, it is consistent with the 59 MJ/kg re-
ported by Ref. [16] for black dates. This high energy content can
be attributed to the chemical composition of the oil, particularly
the abundance of long-chain saturated fatty acids in the oil, as
well as the effective conversion to fatty acid methyl esters facil-
itated by the Cu—Mn/TiO, nanocatalyst. The elevated calorific
value increases the fuel’s energy density, potentially enhancing
engine performance and efficiency, while remaining suitable for
use in diesel engines. The cetane number (53.25 min) indicates
efficient ignition performance comparable to conventional diesel
[41,42].

4. CONCLUSION

In conclusion, the CCD-based optimization successfully deter-
mined the critical operating parameters for achieving maximum
biodiesel yield from black date seed kernel oil using the synthe-
sized green nanocatalysts. The results revealed that both the in-
dividual variables and their interactive effects, particularly tem-
perature, catalyst type, and catalyst dosage, played significant
roles in the process performance. The validated model offers a
dependable basis for scaling up biodiesel production from this
non-edible oil source. Overall, the study confirms the potential
of black date seed kernel oil as a sustainable, non-edible feed-
stock for biodiesel production when optimized through statistical
modeling and enhanced with appropriate nanocatalysts, thereby
contributing to the advancement of renewable fuel alternatives.
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