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Abstract: Biofuels represent a sustainable alternative to fossil fuels, with non-food feedstock offering particular promise. This study
evaluated Pongamia pinnata seeds as a dual feedstock for biodiesel and bioethanol production. Moisture content was
determined at 8.0%, favorably lower than most lignocellulosic biomasses. FTIR analysis confirmed the presence of
cellulose, hemicellulose, and lignin, indicating its suitability for biofuel production. Biodiesel was produced via alkaline
transesterification, with the highest conversion (70%) obtained at a 5:1 alcohol-to-oil ratio. The de-oiled seed cake, rich in
carbohydrates and low in lignin, was optimized for glucose release through Response Surface Methodology. Optimal
conditions (100°C, 2.5 g substrate, 1.75% H2SO4, 60 min) yielded 429mg g−1 glucose. Enzymatic hydrolysis further enhanced
sugar release, with maximum glucose (118.21 mg g−1) achieved at 72 h with a 2.0 mL enzyme load. Subsequent fermentation
with Saccharomyces cerevisiae produced 6.71% ethanol. These findings highlight the potential of P. pinnata as a feedstock
for integrated biorefineries, supporting sustainable biofuel production.
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Abbreviations

The following abbreviations are used in this manuscript:
FTIR Fourier Transform Infrared

Spectroscopy
Pongamia
pinnata

P. pinnata

RSM Response Surface Methodology
Saccharomyces
cerevisiae

S. cerevisiae

1. Introduction

The escalating global energy demand, coupled with the
dwindling reserves of fossil fuels and their detrimental
environmental impact, necessitates the exploration of

sustainable and renewable energy alternatives [1]. Inten-
sified agricultural practices aimed at meeting growing
food needs generate substantial agro-cellulosic biomass,
posing a significant environmental challenge due to ineffi-
cient disposal and mismanagement [2]. Global biomass
waste generation is estimated at 140 gigatons per annum,
with severe environmental consequences. Biofuels,
derived from renewable biological sources, have emerged
as promising contenders to mitigate our reliance on fossil
fuels and contribute to a more sustainable energy future
[3]. Among various feedstocks, non-edible oilseed plants
offer a compelling alternative to food crops, minimizing
the competition for land and resources [4].

Lignocellulosic biomass, the most abundant renewable
resource, presents a significant challenge for bioethanol
production due to its complex structure comprising
30–50% cellulose, 15–30% hemicellulose, and 15–30%
lignin by dry weight [5]. This complex structure comprises
cellulose (30–50% of dry weight), hemicellulose (15–30%),
and lignin (15–30%) [5], Lignin, in particular, hinders the
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enzymatic hydrolysis of cellulose and hemicellulose into
fermentable sugars. Pretreatment is crucial to overcome
this barrier, but it often increases the overall production
cost [6]. Dilute acid pretreatment at elevated temperatures
effectively disrupts the lignocellulosic structure, pro-
moting hemicellulose hydrolysis and enhancing subse-
quent enzymatic hydrolysis of cellulose [7]. To optimize
pretreatment conditions and minimize costs, Response
Surface Methodology (RSM) with Central Composite
Design (CCD) can be employed. RSM utilizes statistical ana-
lysis to identify optimal conditions for specific process
variables (e.g., acid concentration, temperature, reaction
time, substrate amount), thereby minimizing resource
usage and maximizing process efficiency.

Pongamia pinnata (L.) (common name Sukh chain/
Indian beach tree; family Fabaceae), also known as
Derris indica, is a monotypic, fast-growing, drought-tol-
erant tree. It is native to tropical and subtropical regions
of India, Pakistan, and Southeast Asia. It thrives in diverse
environments and has been successfully cultivated world-
wide, including China, Australia, New Zealand, and the
USA. P. pinnata is a rich source of various phytochemicals.
Its seeds contain a diverse array of compounds, including
six composites (two sterols, three sterol derivatives, and
one double sugar) and 8 fatty acids (three saturated and
five unsaturated), including linoleic acid, oleic acid, stearic
acid, behenic acid, α-linolenic acid, lignoceric acid, and
eicosenoic acid [8]. Isolated compounds from P. pinnata
seeds include karangin, pongagalabrone, pongapin, pin-
natin, and kanjone [9]. The cultivation of P. pinnata in
the Indo-Pak region offers numerous ecological and eco-
nomic benefits. Its ability to fix atmospheric nitrogen
enhances soil fertility, making it an ideal choice for
agroforestry systems. Moreover, the tree’s tolerance to
marginal lands ensures its utility in areas unsuitable for
conventional crops. Despite the availability of approxi-
mately 200 million tons of P. pinnata seeds in this region,
only 6% of this potential is currently exploited, high-
lighting the need for optimized utilization strategies [10].

P. pinnata is a non-edible oil-yielding tree with high
potential for seed yield (∼20,000 seeds/tree) [11] and has
unprecedented potential as a biofuel feedstock due to its
high oil content (28–39% in seeds), rich in polyunsaturated
fatty acids [12,13]. In India, it is among the best sources for
biodiesel production, yielding 0.055 metric tonnes of vege-
table oil per plant. The oilcake and starch from P. pinnata
seeds can be efficiently utilized for bioethanol production
[14]. As non-edible seeds, they are suitable for biofuel
applications without competing with food crops [15,16].
Its seeds are rich in oil, making them suitable for biodiesel
production, while the residual biomass can be further

utilized for bioethanol production [17]. So, P. pinnata
offers several advantages as a biofuel feedstock: adapt-
ability to diverse environments, high oil content with a
favorable fatty acid profile for biodiesel, and the potential
for bioethanol production from residual lignocellulosic
biomass [15,16].

Building on these advantages, this study develops
and optimizes an integrated biorefinery process for sus-
tainable biofuel production from P. pinnata seeds by stra-
tegically coupling biodiesel and bioethanol production
pathways. A key novelty lies in evaluating direct base-
catalyzed transesterification of high-free fatty acid crude
oil under optimized conditions, demonstrating the feasi-
bility of a simplified process without acid pretreatment.
Biodiesel production is further integrated with physico-
chemical characterization and valorization of the residual
lignocellulosic fraction, enabling holistic biomass utiliza-
tion. Collectively, the achieved conversion efficiencies, fuel
properties, and residue characteristics highlight improved
resource utilization, reduced waste generation, and
enhanced process efficiency, thereby strengthening the
economic and environmental viability of P. pinnata-based
biorefineries for sustainable biofuel production.

2. Materials and methods

2.1 Biomass Collection and determination
of moisture contents

Non-edible seeds of P. pinnata were collected from the
vicinity of the University of Gujrat, Gujrat, Pakistan
(32°38′26″N; 74°10′01″E). The collected biomass was thor-
oughly washed with distilled water to remove surface con-
taminants and then dried under sunlight for 48 h (h).
Subsequently, the dried biomass was ground into a fine
powder with a uniform particle size ranging from 20 to 40
mesh. The ground biomass was then stored in an airtight
plastic jar for further use.

The moisture content of P. pinnata seeds was deter-
mined using the standard oven drying method. Precisely
weighed P. pinnata seeds (1.0 g) were placed in pre-dried
and tared aluminum dishes and dried to constant weight
in a laboratory oven set at 60–65°C. The moisture content,
expressed as a percentage, was calculated from the differ-
ence between the initial and final dry weights, using the
formula given below, as described earlier [18,19].

( ) ( )

( )
MC =

Initial weight mm − Ovendry weight mm

Initial weight mm
× 100
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2.2 Chemical analysis through Fourier-
transform infrared spectroscopy

A Fourier-transform infrared spectrophotometer (FTIR;
IR Affinity-1, Shimadzu, Kyoto, Japan) was employed to
characterize the functional groups present in P. pinnata
seeds. Finely ground P. pinnata seed powder was thor-
oughly mixed with spectroscopic grade potassium bro-
mide (KBr) at a ratio of approximately 1:100 (w/w) and
pressed into translucent pellets of 1 mm thickness using
a hydraulic press under vacuum. FTIR spectra were
recorded in the range of 4,000–650 cm−1 with a spectral
resolution of 4 cm−1, ensuring high accuracy and reprodu-
cibility, as described earlier [20].

2.3 Oil extraction

Oil from P. pinnata seeds was extracted by the solvent
extraction method [21]. The extraction solvent, a mixture
of n-hexane and isopropanol in a 3:2 (v/v) ratio, was
prepared by mixing hexane (300 mL) and isopropanol
(200 mL). This specific solvent system was chosen for
its effectiveness in extracting a broad spectrum of lipids
and ensuring high oil recovery. One gram of ground P.
pinnata seeds was mixed with 50 mL of the solvent mix-
ture in a conical flask. The flask was incubated in a
temperature-controlled shaking water bath (model
WBC-22,Wincom) at 50°C and 150 rpm for 30 min. The
resulting mixture was filtered through filter paper
(Whatman no. 1). To ensure complete oil recovery, the
solid residue on the filter paper was washed with an
additional 10 mL of pre-warmed solvent. The combined
filtrates were then subjected to rotary evaporation
(Heidolph, Hei-VAP value) at 70°C and 0.07 atm vacuum
pressure to remove the solvent. The extracted oil
was collected but not subjected to detailed analytical
characterization (e.g., acid value, viscosity), but relied
on established literature values for P. pinnata oil proper-
ties. The weight and volume of the extracted oil were
measured to calculate the oil yield (%), with the fol-
lowing formula.

( )

( )
Percent yield =

amount of recovered oil g

amount of sample used g
× 100

Notably, the physicochemical properties and fatty acid
composition of P. pinnata oil, including free fatty acid
content, were adopted from well-established literature
reports and used as reference values for process optimiza-
tion [8,9].

2.4 Transesterification of the oil

As P. pinnata oil contained significantly high free fatty acid
(FFA) content (∼18%) [22], a two-step transesterification
process was followed to ensure efficient biodiesel conver-
sion. Initially, acid pre-esterification was performed to
reduce FFA content to a level suitable for subsequent alka-
line transesterification. The reaction mixture was carried
out in a 250-mL conical flask containing the oil and 100mL
of a 70% (v/v) ethanol, with NaOH (0.5% w/w of oil) used as
the catalyst. Ethanol-to-oil molar ratios of 2:1, 3:1, 4:1, 5:1,
and 6:1 were evaluated by adjusting the volume of the 70%
ethanol solution relative to the oil. The reaction mixture
was maintained at 60–70°C and stirred at 750 rpm for 1–2 h
to facilitate transesterification. Upon completion, the
reaction mixture was cooled to room temperature and
transferred to a separating funnel to isolate the distinct
biodiesel layer, which formed at the top. The biodiesel was
then washed multiple times with warm distilled water
(50°C) until the washing water reached a neutral pH. Resi-
dual water was removed by drying the biodiesel at 100°C
for 30 min in a vacuum oven. The biodiesel yield was then
determined using the gravimetric method, calculating the
percentage conversion based on the initial oil weight.

2.5 Bioprocessing of biodiesel

Following oil extraction, the oil was processed into bio-
diesel through a series of steps, including glycerin separa-
tion and transesterification.

2.6 Separation of glycerin

The extracted oil was washed with distilled water three to
four times to remove impurities and residual reagents.
After each washing, the mixture was centrifuged to facil-
itate phase separation. A distinct white layer, containing
impurities, formed at the top was carefully removed
with a micropipette, as it could interfere with subsequent
transesterification. The denser glycerol layer formed at
the bottom was kept and collected for subsequent
transesterification.

2.7 Optimization of physicochemical
parameters for bioethanol by RSM

RSM with a CCD was employed to optimize the physico-
chemical parameters for the pretreatment of P. pinnata
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seeds to yield maximum reducing sugars. The independent
variables investigated were H2SO4 concentration (0.5–3%
v/v), substrate concentration (0.5–5.5 g), and temperature
(30–100°C).

The effects of these variables and their interactions on
glucose and xylose yields, as well as lignin degradation
[22], were evaluated using 3D response surface plots. A
quadratic regression model [23] was used to describe the
relationship between the independent variables and the
responses. Statistical significance was determined using
ANOVA, F-tests, and t-tests at a significance level of p ≤
0.05. MINITAB 17 software was used for statistical analysis,
including ANOVA and the calculation of regression coeffi-
cients [24].

2.8 Acid hydrolysis and estimation of
reducing sugars

De-oiled P. pinnata seed powder was subjected to acid
hydrolysis under the RSM-optimized conditions of H2SO4

concentration, temperature, and time (Table 1). Twenty-
five independent hydrolysis trials were performed. The
resulting hydrolysates were filtered, and the solid residues
were washed with distilled water. The filtrates were then
used to determine the concentrations of released reducing
sugars and soluble lignin using the anthrone method [25].
For the estimation of reducing sugars in each filtrate, 1 mL
of sample was added to 4 mL of anthrone reagent, which
was prepared by dissolving 2 g of anthrone in 1 L of 72% (v/
v) H2SO4. The mixture was then incubated at 100°C for
8 min. After cooling to room temperature, the absorbance
was measured at 540 nm using a spectrophotometer
(PG80, UK). A calibration curve was generated using
known concentrations of D(+)-glucose. Carbohydrate pro-
ductivity (P), expressed as g L‒1 day‒1, was calculated using
the following equation:

P
c c

t
=

−

Carbohydrate

t 0

Here, t is the cultivation time and ct and c0 are the carbo-
hydrate concentration (g L‒1) at time t and t₀, respectively.

2.9 Enzymatic hydrolysis

The acid-pretreated substrate was washed three to four
times with distilled water to neutralize residual acid. To
hydrolyze the remaining polysaccharides (cellulose, hemi-
cellulose, and starch) in de-oiled P. pinnata biomass,

enzymatic hydrolysis was performed using a 1:1 (v/v) mix-
ture of indigenously produced endoglucanase and exoglu-
canase. The highest yielding enzyme activities were mixed
in different volumes (0.5, 1.0, 1.5, and 2.0 mL), and the
enzyme mixture was added to Erlenmeyer flasks con-
taining 2 g of the washed substrate suspended in 100mL
of 50 mM citrate buffer (pH: 5.0–6.0). To inhibit bacterial
contamination, Augmentin was added to each flask at a
concentration of 75 mg L−1. The flasks were then incubated
at 50°C for different time intervals (1.5, 3, 24, 48, and 72 h).
Samples were withdrawn at each time point, and glucose
concentrations were determined using the DNS method
[26]. To inhibit bacterial contamination, approximately
75 mg of Augmentin was added to each flask. The hydro-
lysate with the highest glucose concentration was selected
for subsequent fermentation.

2.10 Inoculum preparation, fermentation,
and ethanol quantification

The inoculum was prepared by cultivating Saccharomyces
cerevisiae (Rossmoor Food Products, Karachi, Pakistan) in
Yeast Peptone Dextrose (YPD) medium. The YPD medium,
containing 2% casein peptone, 2% dextrose, and 1% yeast
extract [27], was aliquoted into three independent 250-mL
Erlenmeyer flasks, sealed with cotton plugs and aluminum
foil, and autoclaved at 121°C for 30 min at 15 psi. Each flask
was inoculated with approximately 2 g of yeast and incu-
bated at 37°C for 24 h to promote optimal growth, resulting
in an inoculum of 1 × 107 cells mL−1.

Fermentation was carried out using the enzymatically
hydrolyzed filtrates with the optimal glucose concentra-
tion. To determine the ideal inoculum size, triplicate fer-
mentations were initiated in 250mL Erlenmeyer flasks
containing 100mL of the hydrolysate with inoculum
volumes ranging from 1 to 5 mL. The flasks were incubated
at 36°C with shaking at 120 rpm for 96 h. Samples were
aseptically collected at 6, 24, 48, and 72-h intervals within a
laminar airflow cabinet (Heraguard™ ECO Clean Bench,
Thermo Fisher Scientific, Waltham, MA, USA) for ethanol
analysis [18].

The produced bioethanol was purified by distillation
using a Soxhlet apparatus and quantified using the potas-
sium dichromate method [28,29]. Briefly, 300 μL of the
ethanol sample was added to 3 mL of an acid dichromate
solution (0.1 M of Cr O2 7

−2 in 5 M of H2SO4). The mixture was
sealed with Parafilm and incubated at room temperature
for 30 min. The resulting absorbance was measured at
590 nm using a spectrophotometer.
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2.11 Statistical analysis

RSM Analysis, using MINITAB software, generated contour
and 3D surface plots to visualize the relationships between
the independent variables and to determine optimal
values for maximizing the response (presumably, redu-
cing sugar release or bioethanol production). Analysis of
variance (ANOVA) was performed to assess the statistical
significance of the effects of different treatments on bio-
mass. Correlation analysis was used to determine the

relationship between sugar content in the biomass and
bioethanol production.

3. Results and discussion

3.1 Moisture content estimation

The moisture content of the collected P. pinnata seeds was
determined to be 8.0%, which falls within previously

Table 1. Experimental design for RSM

SR # Temperature (°C) Time (min) Acid conc. (%) Substrate conc. (g) Glucose conc. (mg mL‒1)

1 30 20 3 1 35.201

2 30 20 3 4 59.110

3 30 60 0.5 1 130.112

4 30 60 0.5 4 71.211

5 30 20 0.5 1 77.341

6 30 20 0.5 4 80.322

7 60 40 1.75 2.5 177.109

8 60 40 1.75 2.5 181.214

9 30 60 3 1 44.221

10 60 40 4.25 2.5 11.298

11 60 40 1.75 5.5 123.765

12 60 40 0.25 2.5 149.246

13 60 10 1.75 2.5 69.776

14 60 80 1.75 0.5 101.209

15 30 60 3 4 14.117

16 60 40 1.75 0.5 120.328

17 20 40 1.75 2.5 116.821

18 90 20 0.5 1 260.671

19 60 40 1.75 2.5 178.109

20 90 20 0.5 4 329.432

21 90 60 0.5 1 363.119

22 100 60 1.75 2.5 429.220

23 60 40 1.75 2.5 179.402

24 60 40 1.75 2.5 177.712

25 90 60 3 1 285.996

26 90 20 3 1 248.556

27 90 20 3 4 306.245

28 60 40 1.75 2.5 180.127

29 90 60 0.5 4 350.478

30 90 60 3 4 229.492

Source: Author’s contribution.
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reported ranges of 7.3% [18,30] and 9% [31,32]. In con-
trast, other lignocellulosic biomasses typically exhibit
moisture contents ranging 10–13% [33]. The observed var-
iation in moisture content may be attributed to factors
such as varietal differences, seasonal variations, habitat
differences, or sampling variations. Moisture content
plays a crucial role in various biological processes, facil-
itating nutrient transport and supporting microbial
activity, which is essential for efficient lignocellulosic
biomass degradation [34]. Therefore, the relatively
higher moisture content of P. pinnata seeds may offer
advantages in terms of storage stability, reduce energy
expenditure for drying, while still supporting microbial
activity and subsequent biofuel production compared to
other lignocellulosic substrates.

3.2 Chemical analysis by FTIR

FTIR Spectroscopy was employed to infer the presence of
functional groups, vibration modes, and chemical compo-
sition in the unprocessed P. pinnata seeds. The spectrum
(Figure 1, Table 2) showed absorption bands between 700
and 3,300 cm−1, indicating a complex lignocellulosic
structure.

The spectrum revealed signatures of major biopoly-
mers. A broad absorption band at 3273.11 cm−1 indicated
hydrogen-bonded O–H stretching vibrations, typical of the
hydroxyl groups in cellulose, hemicellulose, and lignin
[18]. The CH2 (C–H) symmetric stretching vibration,

characteristic of cellulose, was observed at 2920.51 and
2850.99 cm−1 in P. pinnata biomass, consistent with pre-
viously reported values of 2,914–2,918 cm−1 for cellulosic
materials [35]. Lignin-specific bands were identified at
1624.30 cm−1 (aromatic C═C skeletal vibrations) and in
the 1,510–1,600 cm−1 range [35]. The presence of carbonyl
groups in esters or ketones was indicated by a C═O
stretching vibration at 1708.89 cm−1 [36].

The band at 1405.47 cm−1 was assigned to deformations
of aliphatic –CH2, –CH₃, and –OH groups [37]. The C–O
stretching vibration observed at 1227.37 cm−1 is likely asso-
ciated with C═O groups present in primary alcohols and
ester linkages of hemicelluloses. Similarly, the stretching
vibration at 1,236 cm−1 has been attributed to C–O groups
within the cellulosic biomass [18]. A prominent peak at
1020.53 cm−1 corresponds to C–O stretching in primary
alcohols and cellulose, a well-documented feature in lig-
nocellulosic biomass [18,38]. Notably, a peak at 1,029 cm–1

has been attributed to C–F stretching vibrations in other
studies [38]. Likewise, an absorbance peak at 756.02 cm–1

was attributed to C–Cl bonds in the halogens. Similar
findings have been demonstrated for the fortification of
poplar biomass [35], Delonix regia pods [18], corn cobs,
and rice husk biomass [38]. Slight deviations in reported
wavenumbers are common and likely result from differ-
ences in biomass composition and analytical conditions.
The presence of aromatic C═C skeletal vibrations at
1,624 cm−1 confirms the lignin content, which typically
requires robust pretreatment to expose cellulosic
fibers [39].

Figure 1. Fourier-transform infrared spectroscopy (FTIR) spectrum of P. pinnata seeds.

Source: Author’s contribution.
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3.3 Biodiesel yield and process
optimization

Biodiesel produced from P. pinnata oil and subjected to the
ethanol-to-oil molar ratio optimization across a range of
2:1 to 6:1 (v/v). The alcohol-to-oil ratio exerted a pro-
nounced effect on biodiesel yield, underscoring its critical
role in transesterification efficiency.

Maximum biodiesel conversion (70%) was achieved at an
ethanol-to-oil ratio of 5:1, whereas a further increase to 6:1
reduced yield to 55% (Figure 2). This decline aligns with the
principle that excess alcohol can drive reverse reactions

(saponification), shifting the equilibrium toward glycerol for-
mation and reducing biodiesel yield [40]. Previous studies
have reported optimal alcohol-to-oil ratios ranging from 3:1
to 10:1 depending on feedstock and reaction conditions. For
example, yields of 95% and 92% have been achieved with
methanol-to-oil ratios of 6:1 and 10:1, respectively [8,42], while
waste cooking oil and soybean oil have yielded maximum
conversions at 9:1 and 10:1 ratios [43]. Thus, careful optimiza-
tion of the alcohol-to-oil ratio is essential for maximizing
transesterification efficiency [44]. Mass balance analysis
further corroborated these findings, corresponding to an
overall conversion efficiency of 70% based on the oil content

Table 2. FTIR Spectrum of Pongamia pinnata seeds

Sr. # Wave number (cm−1) Functional group Bond

1 3273.11 Alcohol O–H

2 2920.51 Alkane C–H

3 2850.99 Alkane C–H

4 1708.89 Carbonyl C–O

5 1624.30 Alkenes C–C

6 1405.47 Phenols –OH bending vibrations, –C–O–H in-plane bending vibrations,–CH3 out-of-plane bending

vibrations, –CH2 – wagging and twisting vibrations

7 1227.37 Amines N–H, C–O (hemicellulose)

8 1020.53 Halogen C–F (guaiacyl unit of lignin) and C–O (primary alcohol and cellulose)

9 756.02 Halogen C–Cl

Source: Author’s contribution.

Figure 2. Alcohol to oil ratio used in the transesterification of P. pinnata oil (a), and Biodiesel after Washing the Oil & Transesterification
Process (b). X-Axis represent the different alcohol to oil ratios used and SD was calculated for n = 3.

Source: Author’s contribution.
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(Figure 2). This result confirms the technical feasibility of
biodiesel production from P. pinnata oil under optimized
conditions and supports its integration within a combined
biodiesel–bioethanol biorefinery framework.

3.4 Optimization of physicochemical
parameters by RSM

RSM Implemented in MINITAB 17 was employed to statis-
tically optimize pretreatment conditions for de-oiled
P. pinnata seed biomass. RSM is a widely applied statistical
tool in biofuel research that reduces experimental trials
while efficiently assessing the effects and interactions of
variables. It has been successfully used to pretreat various

lignocellulosic feedstocks, including bamboo, corn stover,
corn cobs, elephant grass, sugarcane, switchgrass, wheat
straw, and Vachellia nilotica.

Analysis of the de-oiled P. pinnata seed waste revealed
a high content of carbohydrates (42% w/w) and a low
amount of lignin, a known inhibitor of enzymatic and
hydrolytic degradation [42]. This favorable composition
makes it a suitable substrate for bioconversion. To opti-
mize glucose release, an RSM design was employed using
Design Expert v 7.0 software [45]. The highest glucose yield
(429 mg g−1) was achieved under optimal conditions of
100°C, 2.5% substrate concentration, 60 min incubation,
and 1.75% H2SO4, with glucose quantified spectrophotome-
trically at 540 nm (Table 3).

3.5 Optimization of incubation time on
glucose release

To visualize the interactive effects of process parameters
on glucose production, contour and 3D plots were
generated. These plots were created by varying substrate
concentration (0.5–5.5 g), acid concentration (0.5–4.75%),
and incubation time (10–80min) while examining glucose
release at both high (above 100°C) and low (30°C) tempera-
tures. Contour and 3D plots (Figure 3a and b) indicated that
maximum glucose release occurred at 55–60min incubation
with 2.5–3.0 g substrate. Shorter incubation or lower sub-
strate concentrations resulted in reduced yields. Overall,

Table 3. Coded and uncoded values of the variables for the
Box–Behnken design

Sr. # Coded values of variables −α −1 0 +1 +α

Variables uncoded values

1 Temperature (°C) 30 60 80 90 100

2 Acid concentrations (%) 0.25 0.5 1.75 53 4.25

3 Time (min) 20 30 40 60 80

4 Substrate

concentrations (g)

0.5 1 2.5 4 5.5

Source: Author’s contribution.

Figure 3. Contour (a) and 3D response surface plot (b) showing the interactive effects of incubation time (min) and substrate concen-
tration (g) on glucose concentration activity during enzymatic hydrolysis of P. pinnata seed biomass. The red dot represents
the experimental design point, while the color gradient indicates enzyme activity levels ranging from low (blue, 11.29 UmL−1)
to high (red, 429.22 UmL−1). Actual factors were fixed at temperature = 60°C and acid concentration = 1.75%.

Source: Author’s contribution.
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higher temperatures and longer times improved sugar
release, with 90°C, 2.5 g substrate, and 60-min incubation
producing the best results. Longer incubation during biomass
pretreatment enhances glucose yield by progressively dis-
rupting the lignocellulosic matrix, thereby increasing cellu-
lose accessibility to acids and hydrolytic enzymes. At the
molecular level, extended treatment increases surface area
and porosity, reduces cellulose crystallinity, and promotes
lignin and hemicellulose solubilization, collectively
improving enzyme–substrate interactions. However, exces-
sively long incubation can lead to sugar degradation, under-
scoring the need for careful process optimization [46].

3.6 Optimization of incubation
temperature on glucose release

Contour and 3D plots (Figure 4a and b) indicated that tempera-
ture strongly influenced glucose release, with optimal yields at
95–100°C and 1.5–1.75% H2SO4. While higher temperatures
increased glucose yield by accelerating cell wall deconstruction,
promoting hemicellulose hydrolysis, lignin softening and redis-
tribution, and partial cellulose decrystallization and increasing
cellulose accessibility. Nonetheless, excessively high tempera-
tures also promote inhibitor formation and sugar degradation,
which could hinder downstream fermentation [47,48]. Thus,
maintaining an optimal temperature range is critical to balance
sugar release and minimize inhibitor production.

3.7 Optimization of substrate
concentration on glucose release

Substrate concentration had a marked effect on glucose
release under optimized conditions. At 100°C for 1 h, 1 g of
substrate yielded the maximum release, while contour
and 3D plots (Figure 5a and b) indicated consistently
high glucose concentrations at 97–100°C with 2.2–2.5 g of
substrate. Further analysis revealed that 3.5–4 g of sub-
strate combined with 1.5–1.75% H2SO4 also supported ele-
vated glucose yields, whereas low concentrations (1–1.5 g)
produced the least glucose regardless of acid level.

Increasing substrate concentration during pretreat-
ment promotes more effective removal of lignin and hemi-
cellulose by inducing structural swelling, increasing porosity,
and reducing cellulose crystallinity, thereby improving cellu-
lose accessibility. However, excessively high substrate load-
ings adversely affect subsequent hydrolysis efficiency and
ethanol productivity by increasing mixture viscosity and
limiting enzyme accessibility, thereby inhibiting glycolytic
enzymes [49]. Conversely, moderate concentrations
enhanced sugar release, with longer incubation times further
improving yields. Similar trends have been reported in other
lignocellulosic systems, where excessive solid loadings
reduced hydrolysis efficiency, while optimal loadings (≈3%)
improved ethanol yield (0.096 g g−1). Thus, fine-tuning sub-
strate concentration is critical for balancing glucose release
and ethanol production efficiency.

Figure 4. Contour (a) and 3D response surface plot (b) showing the interactive effects of temperature (°C) and substrate concentration
(g) on glucose concentration during enzymatic hydrolysis of P. pinnata seed biomass. The red dot represents the experimental
design point, while the color gradient indicates enzyme activity levels ranging from low (blue, 11.29 UmL−1) to high (red, 429.22
UmL−1). Actual factors were fixed at acid concentration = 2.5% and temperature 40°C.

Source: Author’s contribution.
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3.8 Optimization of acid concentration
and temperature on glucose release

Sulfuric acid concentration significantly influenced pretreat-
ment, so this study used different H2SO4 concentrations of 0.5,
1.75, 3, and 4.25%. Strongest glucose release occurred with
1.75–2.0% H2SO4 combined with moderate substrate loads
(1–4 g) and 60–65min incubation. Comparisons with other

biomasses (such as rice husk, corn stover) and organic and
inorganic acids (such as phosphoric- and hydrochloric acid),
H2SO4 as an effective pretreatment agent for lignocellulosic
biomass. While various can be used, sulfuric acid is widely
considered effective for pretreating lignocellulosic biomass
that could yield a 90.8% reducing sugars from rice husk
[50], 21.02% reducing sugar from Eulaliopsis binate [51], and
78% reducing sugar from corn stover [52].

Figure 5. Contour (a) and 3D response surface plot (b) showing the interactive effects of acid concentration (%) and temperature (°C) on
glucose concentration during enzymatic hydrolysis of P. pinnata seed biomass. The red dot represents the experimental design
point, while the color gradient indicates enzyme activity levels ranging from low (blue, 11.29 UmL−1) to high (red, 429.22
UmL−1). Actual factors were fixed at D: acid concentration = 2.5% and B: temperature 40°C.

Source: Author’s contribution.

Figure 6. Optimization of substrate concentration on glucose release and ethanol yield during fermentation. (a) Effect of varying
substrate concentrations (0.5, 1.0, 1.5, and 2.0%) on glucose release (mgmL−1) over 72 h. (b) Corresponding ethanol yield (%)
measured at different time intervals (12–72 h). Ethanol production increased steadily, reaching a maximum of 6.77% after 72
h, indicating efficient conversion of glucose into ethanol at optimal conditions.

Source: Author’s contribution.
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3.9 Response surface regression: Glucose
conc. vs time, temperature, acid

The RSM model for glucose concentration was highly sig-
nificant and demonstrated excellent predictive power. The
model’s ANOVA results (Table 4) showed a p-value of less
than 0.0001, confirming high statistical significance.

The high R2 value of 0.9741 indicates the model
explains 97.41% of the variability in the data, confirming
an excellent fit to the experimental results. This is further
supported by an adjusted R2 of 0.9379 and a predicted R2 of
0.9004, which demonstrates robust predictive ability for
new data (Table 5).

Analysis of the model coefficients (Table 6) revealed
significant interactive effects between the process para-
meters, particularly between temperature and time

Table 4. Seeds for sustainable biodiesel and bioethanol production

Source Sum of squares df Mean square F-value p-value

Model 3.545 × 10+5 14 25319.56 78.65 <0.0001 Significant

A-temperature 2.655 × 10+5 1 2.655 × 10+5 824.65 <0.0001

B-time 1226.37 1 1226.37 3.81 0.0699

C-acid conc. 14299.02 1 14299.02 44.41 <0.0001

D-subs. conc. 45.74 1 45.74 0.1421 0.7115

AB 280.38 1 280.38 0.8709 0.3655

AC 45.81 1 45.81 0.1423 0.7113

AD 891.32 1 891.32 2.77 0.1169

BC 3673.57 1 3673.57 11.41 0.0041

BD 6855.05 1 6855.05 21.29 0.0003

CD 1.70 1 1.70 0.0053 0.9431

A² 42696.64 1 42696.64 132.62 <0.0001

B² 11642.50 1 11642.50 36.16 <0.0001

C² 9683.89 1 9683.89 30.08 <0.0001

D² 2324.56 1 2324.56 7.22 0.0169

Residual 4829.19 15 321.95

Lack of fit 4816.85 10 481.68 195.10 <0.0001 Significant

Pure error 12.34 5 2.47

Cor total 3.593 × 10+5 29

Source: Author’s contribution.

Table 5. Model Summary

S R-sq R-sq (adjusted) R-sq (predicted)

17.94 R2 = 98.66% 97.40% 93.70%

Source: Author’s contribution.

Table 6. Regression Equation in Uncoded Units

Enzyme activity =

+170.02

+117.61 A

+7.61 B

−27.07 C

+1.49 D

+4.05 AB

−1.69 AC

+7.46 AD

−15.15 BC

−19.70 BD

−0.3256 CD

+71.42 A²

−28.84 B²

−24.23 C²

−11.59 D²

Source: Author’s contribution.
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(p = 0.039). The model’s high fitness (97.41%) aligns with
previously validated studies, confirming the reliability of
the regression model for optimization [18].

3.10 Enzymatic hydrolysis

To overcome the inherent recalcitrant nature of the
pretreated P. pinnata biomass, due to the complex struc-
ture of cellulose and hemicelluloses in lignocellulosic bio-
mass [53], enzymatic hydrolysis was employed to convert
cellulose and hemicelluloses into fermentable sugars
[54,55]. Enzymatic hydrolysis remains essential for con-
verting recalcitrant hemicellulose and cellulose into fer-
mentable monomers [56]. A 1:1 mixture of endoglucanase
and exoglucanase at different doses (0.5, 1, 1.5, and 2 mL)
was used, and its concentration and incubation time were
optimized.

The maximum glucose yield of 118.21 mg g−1 was
achieved using a 2.0-mL enzyme load and a 72-h incuba-
tion period (Figure 6a, Table 7). This result is consistent
with the response surface model, where a contour plot
indicated optimal glucose release within an enzyme con-
centration range of 1.5–2.0 U mL‒1 and an incubation time
of 50–70 h. These findings align with previous reports on the
enzymatic conversion of lignocellulosic biomass into fermen-
table sugars. For instance, similar enzymatic treatments have
yielded 50% glucose recovery from rice hulls [41] and 80%
total glucose yield from wheat bran after, followed by a 5%
enzymatic load for 72 h [41]. The effectiveness of enzyme
cocktails (cellulase, xylanase, hemicellulase, and glucosidase)
for enhancing sugar yields is well-established, further vali-
dating the approach used here [57]. Similarly, our results for
P. pinnata (429mg g−1 glucose) compare favorably with the
yields obtained from rice polish, which we previously
achieved, where enzymatic hydrolysis was also found to be
a necessary secondary step to achieve industrial-scale sugar
concentrations [58,59]. The RSM model demonstrated high

reliability (R2 = 0.9741), reflecting the exploitation of RSM in
optimizing bioethanol production from other non-edible
feedstocks like Bombax ceiba [60].

3.11 Fermentation of P. pinnata

Following optimization of all physiochemical parameters,
acidic pretreatment, and enzymatic saccharification of P.
pinnata, fermentation was conducted using S. cerevisiae.
This yeast was selected for its industrial prominence,
owing to its efficient sugar metabolism, high ethanol yield,
and environmental robustness [61].

Fermentation was conducted with 40 g of pretreated
P. pinnata biomass under optimal conditions using a 3 mL
inoculum containing 1 × 107 cells mL‒1 of S. cerevisiae at
37°C. Ethanol production was monitored at different time-
intervals: 6, 24, 48, and 72 h. The maximum ethanol pro-
duction of 6.71% was observed at 72 h and then declined
(Figure 6b). The subsequent decline in ethanol concentra-
tion is likely due to the depletion of sugars and the yeast
shifting to maintenance metabolism. Our findings align
with previous studies that have demonstrated optimal fer-
mentation conditions for various microorganisms.
Nimbkar et al. [62] reported maximum ethanol production
(12.45%) from unsterilized sweet sorghum juice at
30°C. Similarly, Chongkhong [63] and Iqbal et al. [18]
observed a positive correlation between ethanol yield
and increasing pH (4.4–5.9) and temperature (27–36°C),
although a decline in yield was noted at higher values.
Furthermore, Pichia stipitis BCC15191 yielded high ethanol
concentrations from bagasse hydrolysate at 30°C and pH 5.5
after 72 h of incubation [64]. However, our results differed
from those obtained by Markou et al. (56% yield with Antro-
sphira platensis) and Ho et al. (90% yield with Chlorella vul-
garis [65]. These discrepancies can be attributed to variations
in the microorganisms used and their specific growth
requirements.

4. Conclusions

This study confirmed the potential of P. pinnata seeds as a
versatile and sustainable feedstock for integrated biofuel
production. The seeds exhibited favorable physicochem-
ical properties, and FTIR analysis confirmed a lignocellu-
losic composition conducive to efficient biomass decon-
struction. Biodiesel production via transesterification of
the seed oil yielded up to 70% biodiesel at an optimal
alcohol-to-oil ratio of 5:1. Statistical optimization using

Table 7. Glucose yield (mgmL‒1) during enzymatic hydrolysis

Time 6 h 24 h 48 h 72 h

Enzyme conc. mg mL‒1 mg mL‒1 mg mL‒1 mg mL‒1

Control 80.01 80.02 80.04 80.04

0.5 mL 70.91 72.11 108.31 110.12

1.0 mL 74.01 84.32 110.21 112.24

1.5 mL 81.41 96.89 112.22 115.12

2.0 mL 85.11 104.01 116.19 118.21

Source: Author’s contribution.
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RSM effectively identified pretreatment conditions that
maximized glucose release (429 mg g−1), highlighting the
critical roles of temperature, acid concentration, substrate
loading, and incubation time in overcoming biomass recal-
citrance. Subsequent enzymatic hydrolysis further
improved fermentable sugar availability, while fermenta-
tion with S. cerevisiae yielded a maximum ethanol of 6.71%
at 72 h. Collectively, these findings highlighted the dual
potential of P. pinnata for biodiesel and bioethanol pro-
duction, offering a promising strategy for renewable
energy generation and reduced dependence on fossil fuels.
Future work should focus on techno-economic analysis,
pilot-scale production, inhibitor mitigation, and exploring
co-product valorization to yield sustainable and economic
viability of the P. pinnata integrated biorefinery.
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