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Abstract

The increasing demand for renewable fuels necessitates low-cost, high-yield biodiesel feedstocks. This study
investigates biodiesel production from Spirulina sp. and Nannochloropsis oculata cultivated in 20% tofu wastewater,
integrating waste valorization with sustainable biomass generation. Biodiesel was produced using in-situ
transesterification, a single-step method that combines lipid extraction and conversion directly from wet biomass, with
potassium hydroxide as a catalyst. The research aimed to optimize 2 key parameters: methanol-to-biomass ratio weight
by volume (3:1 until 7:1 w/v) and reaction time (30 - 120 min). Wet biomass was reacted with methanol and 2% KOH
under controlled stirring and temperature conditions (80 °C). The optimal conditions for highest biodiesel yields were
obtained at a methanol-to-biomass ratio of 7:1 and 120-min reaction time: 12.5% for Spirulina and 17.5% for
Nannochloropsis oculata. Kinetic analysis revealed solvent ratio significantly enhanced transesterification efficiency.
Nannochloropsis oculata performed better at low ratios, Spirulina sp. at higher ratios, confirming biodiesel feasibility
from tofu wastewater-based microalgae. Fourier Transform Infrared Spectroscopy (FTIR) spectra confirmed the presence
of ester functional groups, while Gas Chromatography Mass Spectrometry (GCMS) analysis identified key fatty acid
methyl esters such as methyl palmitate and methyl oleate. Nannochloropsis oculata biodiesel exhibited a greater
proportion of saturated Fatty Acid Methyl Esters (FAMEs), indicating better fuel feedstock. Nannochloropsis oculata
biodiesel exhibited higher saturated FAME content. These results establish the technical feasibility of this approach and
underscore its potential contribution to future biofuel development. Nonetheless, comprehensive physicochemical and

performance evaluations are required to fully validate its application as a commercial biodiesel alternative.
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Introduction

An important factor driving the increase in energy
demand is the rising population and improve living
standards, especially in low- and middle-income
countries. This has an impact on petroleum fuels which
are expected to continue to decrease if continuously
used and exploited. Moreover, the combustion of fossil
fuels has detrimental impacts on the environment due to
the release of greenhouse gases and other harmful
emissions [1]. These pollutants not only contribute to
global environmental issues such as air pollution and
climate change, but also pose serious risks to human
health, including respiratory diseases, asthma, and
ocular disorders [1]. Currently, the world's fuel energy
needs, including Indonesia, are still heavily dependent
on fossil fuels [2]. However, the availability of this
resource is expected to continue declining in the future.
Therefore, the development of renewable fuels is crucial
for maintaining the sustainability of energy supply.
Biofuels such biodiesel offer a sustainable alternative to
fossil fuels by providing renewable energy with lower
greenhouse gas emissions and reduced environmental
impact [1,3]. The fundamental necessities of biodiesel
are that it should to be created from renewable crude
material, and have a lower negative natural effect than
that of fossil fuels [4] . Biodiesel energy can be used as
a renewable energy source to balance the increasing oil
consumption.

Biodiesel is an alternative fuel derived from
renewable natural resources, such as waste cooking oils
[5], vegetable seed oils [6], animal fats [7] and
microalgae oils [8]. It is specifically designed for diesel
engines and consists of mono-alkyl esters derived from
long-chain fatty acids [9]. Biodiesel has recently gained
attention in the development of alternative fuels because
of its great potential and properties of being renewable,
biodegradable, non-toxic, sulfur-free, having a higher
flash point and producing cleaner emissions [10]. The
limited supply of raw materials is one of the main
obstacles in biodiesel production.

The high lipid content and rapid growth rates of
microalgae make them a viable feedstock for the
generation of biodiesel [11]. Koech ez al. [1] added that
algae have a potential to produce maximum biodiesel. A
previous study found that, Spirulina sp. has an (Fatty
Acid Methyl Ester) FAME yield of 99% under optimal
conditions at 80°C temperature, and a 30:1 methanol/oil

molar ratio [12]. Research conducted by Davoodbasha
et al. [13] showed that microalgae Chlorella vulgaris
was able to produce a FAME yield of 67% under
optimal conditions at 80 °C temperature, a 9:0.6
methanol/oil molar ratio, with a reaction period of 4 h.
Meanwhile, Pradana et al. [14] found that reacting
Spirulina sp. with methanol and palm oil using KOH as
a catalyst in a single-step process produced 85.27%
biodiesel under optimal conditions. This method
increased the yield by 34.59% compared to the
conventional 2-stage process and reduced unsaturated
fatty acids, thereby enhancing the fuel quality. Other
studies have also shown that microalgae strains have the
potential to be a source of biodiesel, namely
[15-17].  Treatment of
Nannochloropsis gaditana with methanol produced a
FAME yield of 87.25% [18]. Mirzayanti et al. [19]
reported that the highest yield (17.8%) was obtained by

Nannochloropsis sp. under raw material ratio of 1:25,

Nannochloropsis  sp.

using 4 wt% CaO and a reaction time of 20 min.
Meanwhile, Purkan et al. [20] found that in situ
transesterification of Nannochloropsis sp. oil achieved a
biodiesel conversion yield of 89.72%.

In Indonesia, efforts to develop microalgae as a
renewable energy source are ongoing, including the
identification of various microalgae species that thrive
in tropical regions [21]. Microalgae are single-celled
plants that undergo photosynthesis, utilizing nutrients to
produce biomass and secondary products such as
proteins, carbohydrates, and lipid under certain
environmental conditions [22]. Microalgae, which are
known for their lipid content and classification as
aquatic plants, have significant advantages over other
fuel sources. They do not require extensive cultivation
areas, produce biomass very quickly, and can reduce air
pollution by utilizing CO, for growth [23].

Microalgae  exhibit  high  photosynthetic
conversion efficiency, thrive in diverse ecosystems,
possess a rapid biomass growth rate, and serve as a
promising source of biodiesel feedstock [24]. They can
be cultivated in seawater, saline water, fresh water, and
even wastewater [25]. Mohsenpour et al [26]
demonstrated that microalgae cultivation, utilizing
organic wastewater as a growth medium, offers a safer
and more easily re-neutralized process. Feng et al. [27],

reported that liquid waste from the tofu industry
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contains significant amounts of carbon, nitrogen, and
phosphorus making it a promising medium. Higher
biomass and lipid content were observed in Chlorella
pyrenoidosa grown in tofu wastewater than in BG-11
medium, as reported by [28]. Similarly, Elystia et al.
[29] observed that Scenedesmus sp. cultivated in 20%
tofu wastewater yielded higher biomass (6.63x10°
cells/mL) and lipid content (29.73%) compared to the
control. Dewi et al. [30] also mentioned that optimal
growth of Botryococcus braunii was observed in 10%
tofu liquid waste, yielding a biomass concentration of
6.57 + 0.03 g/L and a lipid content of 41.13% + 0.74%
compared to control. Tofu wastewater was also
successfully utilized by microalgae to produce lipid
namely Chlorella vulgaris (23%) [31], Botryococcus
braunii (0,8716 g/L) [32], Chromochloris zofingiensis
(30.49%) [33], Nostocmuscorum (6.65 £ 0.16 mg/g)
[34], Chlorella pyrenoidosa (254.9 mg/L/day) [28]. In a
study by Putnarubun ef al. [35] the microalgae species
Tetraselmis sp., grown in tofu wastewater, yielded 8.6%
oil composed of palmitic, stearic, and oleic acid, which
was then converted into biodiesel via indirect
transesterification with an acid number of 4.14 mg
KOH/g, a viscosity of 2.6 ¢St, and a density of 2.6 g/cm?.

Spirulina sp. and Nannochloropsis oculata are 2
other microalgae that can be used to produce biodiesel
and may be cultivated in tofu wastewater [36]. These
strains have several advantages, including very high
nutrition, ease of mass cultivation, abundant
availability, and relatively fast growth [25]. Spirulina
sp. is a species of blue green algae with high protein
content and, contain amino acids, lipids, fatty acids,
carbohydrates, vitamins, and minerals [37,38].
According to Pradana et al. [14], Spirulina sp. contains
0.25% lipid, 44.72% protein, and 46.13% carbohydrate.
Similarly, Taiti et al. [39] reported that Spirulina sp. is
composed of 0.27 + 0.01% lipid, 37.90% carbohydrate,
and 54.84% + 0.13% protein (per 100 g dried biomass).
In contrast, Prasetyo ef al. [40] found that Spirulina sp.
contains 2.09% lipid, 54.39% protein, and 3.21% fiber.
On the other hand, Nannochloropsis oculata has a fairly
high fat content with a total amount ranging from 31%
to 68% dw [41,42]. Banarjee et al. [43] reported that
Nannochloropsis oculata contains 13.02% + 0.91%
lipid, 32.82 + 3.11% protein, and 26.13 + 2.70%
carbohydrate.

Transesterification is a key technique in the
biodiesel industry, and has been widely applied.
Traditionally, biodiesel production involves lipid
extraction from  microalgae, followed by
transesterification ~ (ex  situ  transesterification).
However, this method is time consuming and
complicated, making it economically impractical [44].
In addition, this conventional method has disadvantages
such as the need for high temperature, reaction time, use
of large amounts of solvent, and difficulty in production
scale adjustment [45]. The in-situ transesterification
method is a direct approach to processing biomass
containing many lipids without having to go through the
extraction and purification stages separately again [17].
Pradana et al [14] reported that in-situ
transesterification enhances process efficiency while
minimizing chemical usage. Similarly, Ideris et al. [46]
highlighted that this approach has been demonstrated as
both effective and economical for microalgae. In-situ
transesterification produces a biodiesel yield that is
comparable to that of the traditional 2-step procedure of
lipid extraction followed by transesterification.
Moreover, Thanh et al. [47] noted that this method is
economically advantageous, with up to 90% energy
savings since it eliminates the need for drying and oil
extraction steps. In this method, the feedstock directly
interacts with the alcohol and catalyst. Alcohol is used
in the transesterification process as a reactant as well as
a solvent for the oil.

Recent studies have explored biodiesel production
from microalgae via in-situ transesterification. Cercado
et al. [48] compared alkali catalysts, including KOH,
NaOH, and LiOH, and found that transesterification of
microalgae using KOH consistently produced superior
FAME yields. The KOH/ALO:s catalyst (35 wt% KOH)
achieved an impressive 89.5% biodiesel yield from
Chlorella vulgaris in situ, under conditions of 10 wt%
catalyst, a methanol-to-biomass ratio of 8 mL/g, 60 °C,
and 5 h [49]. In the direct in situ transesterification of
Chlorella vulgaris, the optimized KOH and methanol
concentrations yielded 85.6% biodiesel using a single-
step base-catalyzed method at 60 °C [50]. However,
there has been limited research examining the potential
of Spirulina sp. and Nannochloropsis oculata as raw
materials for biodiesel cultivation in tofu liquid waste

using in-situ transesterification with KOH as a catalyst.



Trends Sci. 2026; 23(3): 11489

40f 19

The present study aimed to evaluate the effect of
incorporating tofu liquid waste into microalgae
cultivation medium for biodiesel production,
specifically considering the optimal methanol-to-

biomass ratio and reaction time.

Materials and methods

In-situ transesterification materials

Biodiesel was produced from Spirulina sp. and
Nannocloropsis oculata via an insitu transesterification
method with a KOH catalyst. Both strains were provided
by the Brackish Water Cultivation Fisheries Center,

L ]
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[ ]
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+ catalyst KOH 80°C X
’ Centrifuge
q ° q
30, 60, 90 and ®
120 min 2000 rpm
® Smin
2 g of wet Reaction mixture
Spirulina sp. or (Cell residuc @
Nannochloropsis FAME, MeOH,
oculata Glycerol, Catalyst) [ ]
[ ]
[ ]
[
In-situ transesterification °

Biodiesel Process

Jepara, Indonesia, and were cultivated in 20% (v/v) tofu
wastewater for 14 d. Meanwhile, tofu liquid waste was
supplied by a small-medium enterprise in Indonesia and
contains 971.9 mg/L. BODS, 2,776.85 mg/L. COD, 96
mg/L total N, 1,68 mg/L total phosphate [36]. Methanol
(96 wt%, Merck Fulltime) obtained from UD SIP was
used as the solvent. Additionally, potassium hydroxide
(Merk SAP), also supplied by UD SIP, was utilized to
accelerate the transesterification process. The
experimental setup used in this study is shown in Figure
1.

Healsd o ‘o . r\ FTIR FAME yield
80°C = . a8 &
_. composition

GC-MS

FAME analysis

Figure 1 Method for in-situ transesterification of biodiesel from microalgae.

Biomass production

Spirulina sp. and Nannochloropsis oculata were
cultivated in a photobioreactor, following the
methodology established by Putri [36]. Cultivation
parameters included a light intensity of 5,000 Ix, a pH
range of 8 - 9, temperatures between 20 and 30 °C, and
a medium salinity of 30 ppt, maintained for 14 days.
Subsequently, microalgae were harvested by adding 1 N
NaOH to bind the biomass above the surface, forming
flocs until sedimentation occurred at the bottom of the
container by utilizing the force of gravity, following the
method described by Dewi [51]. After standing for 24 h
and sedimentation, the biomass was filtered using a
filter cloth so that the biomass would be retained on the
filter. The Dbiomass of Spirulina sp. and
Nannochloropsis oculata contained 90.41% and 86.55%
moisture, 4.61% and 6.11% ash, 1.71% and 1.50%
protein, and 2.44% and 1.50% lipid, respectively [36].

Experimental set-up

Wet biomass from each microalgae was subjected
to in-situ transesterification to produce biodiesel,
following the method described by Mirzayanti et al. [17]
, with some modifications. In this process, methanol was
used as the solvent with methanol-to-biomass ratios of
7:1, 5:1, and 3:1 (w/v). For each variable, 2 g of wet
biomass was used. The transesterification process
employed a 2% potassium hydroxide (KOH) catalyst
and was performed at a stirring speed of 500 rpm. The
reaction times were 30, 60, 90 and 120 min, and the
temperature was maintained at approximately 80 °C.
After the reaction, the mixture was centrifuged at 2,000
rpm for 5 min. The resulting liquid phase was then
heated to approximately 80 °C. Biodiesel was weighed
repeatedly until a constant mass was achieved. The final
stable mass was recorded for each variable and used to
calculate the biodiesel yield. Biodiesel yield (%) was
determined using the following equation [52]:
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weight of biodiesel (g)
weight of biomass (g)

Yield of biodiesel (%) = x100% (1)

Biodiesel analysis using Fourier transform
infrared spectroscopy (FTIR)

The biodiesel microalgae sample was weighed
with 100 mg KBr as much as 1 - 5 mg, then grind to
form a pellet. Scanning was carried out 50 times with a
wave number of 4,000 - 400 cm™' at a resolution of 4

' and was recorded in the form of

cm-
absorbance/transmittance. The FTIR spectra were

analyzed using a Thermo Nicolet IS 10.

Fatty acid analysis using gas chromatography
mass spectrometry (GCMS)

The biodiesel sample contained in the microtube
was dissolved using the designated solvent (MeOH).
The mixture was then vortexed until complete
dissolution was achieved. If turbidity was observed, the
solution was centrifuged at 900 rpm for 3 min.
Subsequently, the supernatant layer was collected and
injected into the GC-MS system with the injector

maintained at 240 °C for 60 min.

Mathematical modelling

Mathematical modelling in this study aims to
observe the distribution of compound concentrations in
the biodiesel production process at each time point and
determine the values of the constants in the
mathematical equation. Assumptions used in this
mathematical modelling:

1) Elementary kinetic equations are used to
determine the reaction rate equation.

2) Stirring is carried out thoroughly so that the
reaction is considered to occur homogeneously
Production of biodiesel consists of 3 consecutive

reactions as shown by Egs. (2) to (4):

kqk

TG + MeOH <= DG + FAME 2)
k3,kq

DG + MeOH «— MG + FAME 3)
ks,ks

MG + MeOH <= G + FAME 4)

Biodiesel production in the in-situ

transesterification process occurs in 3 stages using 2 raw

materials, namely triglycerides (TG)/lipids derived from

microalgae and methanol (MeOH). The 1% stage is the
reaction between TG and MeOH, producing
diglycerides (DG), which are intermediate products, and
biodiesel (FAME). The reaction rate equation is given
in Eq. (5). The 2" stage involves the reaction between
the intermediate product DG and MeOH, producing
monoglycerides (MG) and FAME. The reaction rate
equation for this process is given in Eq. (6). The final
stage involves the reaction between the intermediate
product MG and MeOH, producing glycerol (G) and
FAME. The reaction rate equation is given in Eq. (7).

11 = —ki[TG][MeOH] + ko[ DG][FAME] (5)
1= —ks[DG][MeOH] + ks[MG][FAME] (6)
r3= —ks[MG][MeOH] + k¢[G][FAME] (7)

where 11, 12, and r3 represent the rates of reactions (1) to
(3), respectively. In this study, the rate constants are
expressed as functions of ratio and time reaction to
investigate their influence on biodiesel yield. Based on
mass balance in a batch reactor, the governing equation

of concentration distribution is obtained as Eq. [53]:
L

= ®)

T =
Loovoat dt

And by including the reaction rate equation for each

compound, the following equation is obtained:

d[TG]

—— = —k,[TG][MeOH] + k,[DG][FAME] (9)
40G) — _k, [TG][MeOH] ~ ky [DGI[FAME] —
k3[DG[FAME] + k4 [MG][FAME] (10)
WG] iy [DG][MeOH] — ky[MG[FAME] —
ks[MG][FAME] + k¢[G][FAME] (11)
d[F:ZWE] = ky[TG][MeOH] — k,[DG][FAME] + k3[DG][FAME] —
k4[MGI[FAME] + ks[MG][FAME] — k¢[G][FAME] (12)
400 — k5 [MG][MeOH) — kglG[FAME] 13)
d[MeOH] _ _ d[FAME] a9

dt dt
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There are 6 constants in the entire equation.
Simulation using MATLAB was performed to obtain
the values of these constants.

Data analysis

Quantitative and qualitative data were obtained
from biodiesel yield measurements and GC-MS and
FTIR analyses. The collected data were subjected to
descriptive analysis, and the results are presented in the
form of graphs and tables to facilitate interpretation.
Meanwhile, the kinetic modeling was conducted using
MATLAB R2021a and Statistics Toolbox Release
2021b, The MathWorks, Inc., Natick, Massachusetts,
United States.

Results and discussion

The effect of methanol to biomass ratio and
reaction time on biodiesel yield

The effect of the methanol-to-biomass molar ratio
weight by volume (3:1, 5:1, and 7:1 w/v) on the
biodiesel yield was investigated at various reaction
times (30 - 120 min) under constant conditions,
including 2 wt% catalyst and a temperature of 60 °C, as
shown in Figure 2 Effect of molar methanol-biomass
ratio and reaction time on yield of biodiesel. In general,
increasing the methanol ratio and reaction time had a
positive effect on the biodiesel yield of both microalgae
species. However, the performance of each microalgal
species differed under each reaction condition.

Overall, these findings suggest that the 2 critical
factors influencing transesterification efficiency are the
reaction duration and methanol-to-biomass ratio.
Particularly, for Nannochloropsis oculata, the
maximum biodiesel output was obtained at a ratio of 7:1
and a reaction duration of 120 min. This finding is in
line with previous studies by Kamyab et al. [54] and
Boro et al. [55] who mentioned that a higher methanol
ratio can accelerate the transesterification reaction rate
and induce a shift in the reaction equilibrium towards
the product (biodiesel) until it reaches the saturation
point.

This is also in accordance with the result of
Surendhiran et al. [56] research using Chlorella salina
who found that the higher the methanol ratio, the higher
the biodiesel yield. A higher molar ratio is required to
increase the miscibility and enhance the contact between

the alcohol molecule and triglyceride [57,58]. Kamel et

al. [59] also explained that as the reaction time
increases, the results obtained increase because the
methanolysis process becomes more optimal. The
increase in conversion is influenced by the duration of
the reaction, which determines the extent to which
interactions occur between the active sites of the
catalyst, methanol, and Alga Oil (AO).

According to this study, the use of a KOH catalyst
may accelerate the transesterification reaction and yield
more esters in less time. As the reaction time increased,
the heightened interaction between biomass, methanol,
and the catalyst accelerated the conversion of
triglycerides into biodiesel (methyl esters) and glycerol,
leading to more frequent molecular collisions [60]. The
KOH catalyst functions effectively when there is
sufficient reaction time for the transesterification
process to reach its peak, at which point all the
constituents react and a significant amount of biodiesel
is produced.

However, the yield of biodiesel in this is relatively
low. This could be attributed to several factors. One
possible reason is the use of a base catalyst (KOH). As
noted by Thanh et al. acid catalysts have been reported
to perform better in terms of FAME yield compared to
base catalysts. When base catalysts are applied, they
may react with free fatty acids (FFA) to form soap,
which subsequently lowers the biodiesel yield [61]. In
addition, the solvent system employed in this study
consisted solely of methanol without the use of a co-
solvent. Since methanol is polar and oils are nonpolar,
the miscibility between the 2 is limited, leading to poor
interaction between the reactants [62]. This phase
separation slows down the reaction rate, reduces mass
transfer efficiency, and results in incomplete conversion
of triglycerides into biodiesel. The use of a co-solvent,
however, has been shown to improve miscibility,
enhance mass transfer, accelerate the reaction, and
increase biodiesel yield, while remaining simple to
remove and recycle after the process [64,65].

Another contributing factor is the high moisture
content in the microalgal biomass, with Spirulina sp.
containing 90.41% and Nannochloropsis oculata
containing 86.55% water. Numerous studies have
demonstrated that high water content negatively affects
the transesterification process. Reports on Chlorella sp.
and Chlorella sorokiniana showed that in-situ

transesterification of dry biomass (0 wt% moisture)
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resulted in FAME yields of 94% and 61% [65], whereas
biomass moisture contents above 20% significantly
reduced biodiesel recovery [66]. Cao et al. [67] further
reported that biodiesel yield declined drastically from
91.4% to 10.3% as moisture content increased from 0%
to 90%. The presence of excess water increases the
energy required for the reaction to proceed effectively.

Spirulina sp.
20 Ratio of Molar Methanal : i
Biomass i
18 3 1
~ 16 |
S |
=14 i
2 :
212 105
2 10 o B
g 75 -
s 8 !
=z . :

E T 435 L 435
4 25 !
: e
0 I

30 60 90 120 30

Ratio of Molar Methanol :
Biomass

Similarly, Wahlen et al. [68] found that using 100 mg of
microalgal biomass with 400 mg of distilled water (80%
water content) produced only 54% of the expected
FAME yield under reaction conditions of 5 mL
methanol, 1.8% (v/v) H2SO4, 80 °C, and 20 min of

reaction time.

Narmochlovopsis oculata

Ratio of Molar Methanol :

' Biomass 17.5
i 7:1
i 145
oo 125 B 125
11 ].]..;‘ll : 11 115
9 !
| 4545
90 120 30 60 90 120

Time of Reaction (minutes)

Figure 2 Effect of molar methanol-biomass ratio and reaction time on yield of biodiesel.

Comparison between of model and experiments
with model evaluation

The following are the results of the simulation of
the constant value finding Figure 3. Based on the values
obtained, it can be concluded that the greater the ratio of
solvent used, the faster the reaction rate will be in
general, which implies that the required reaction time
decreases accordingly. As presented in Table 1, the rate
constants (k) consistently increased with higher
methanol-to-biomass ratios, confirming that solvent
ratio plays a critical role in enhancing transesterification
efficiency for both Spirulina sp. and Nannochloropsis
oculata.

The very small values of kz, ka4, and ke indicate that
the reaction tends to be irreversible, predominantly
directed toward product formation rather than reverting
to the reactants. Among all stages, ki and ks exhibited
relatively higher values, suggesting that the dominant
reaction pathways involve the conversion of
triglycerides (TG) into diglycerides (DG) and
monoglycerides (MG), followed by the formation of

fatty acid methyl esters (FAME). Conversely, the
conversion of TG to DG and FAME serves as the rate-
determining step, as this stage presents the lowest
constant values compared to other processes.

In comparing the 2 microalgae, there is no
significant difference in their overall kinetic behaviour.
At a 3:1 ratio, Nannochloropsis oculata showed slightly
higher ki and ks values, while Spirulina sp. exhibited
improved constants at higher ratios (5:1 and 7:1). As
shown in Table 1, the highest rate constant observed
was ks = 0.6213 mL-mol "'min! for Spirulina sp. at a
3:1 solvent-to-oil ratio, indicating a significantly faster
reaction step compared to Nannochloropsis oculata,
where the maximum ks value was 0.1094
mL-mol™'-min~', highlighting the superior reactivity of
Spirulina sp. under these experimental conditions.
These findings demonstrate that both microalgae are
equally promising feedstocks for biodiesel production,
with reaction kinetics strongly governed by solvent ratio
optimization and the TG-to-DG/FAME conversion step.
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Figure 3 Experimental and predicted value of biodiesel concentration of Spirulina sp. and Nannochloropsis oculata with
ratio of methanol: biomass (a) 3:1 Nannochloropsis oculata; (b) 5:1 Nannochloropsis oculata; (¢) 7:1 Nannochloropsis

oculata; (d) 3:1 Spirulina sp.; () 5:1 Spirulina sp.; (f) 7:1 Spirulina sp.

Table 1 Rate constant reaction of Spirulina sp. and Nannochloropsis oculata.

Rate constant reaction Spirulina sp. Nannnochloropsis oculata
(mL.mol™".min"™") 3:1 5:1 7:1 3:1 5:1 7:1
ky 0.0223 0.053 0.0636 0.0299 0.0469 0.0412
k; 0 0 0 0 0 0
k3 0.0266 0.0812 0.0896 0.0842 0.0695 0.0674
ky 0.0009 0 0 0 0.0001 0
ks 0.6213 0.1262 0.1329 0.0758 0.1065 0.1094
ke 0.0003 0 0 0 0 0

Identification of biodiesel function groups using
FTIR

Biodiesel is a renewable fuel oil derived from
plant-derived vegetable oils extracted from plants.
Biodiesel consists mostly of fatty acid esters, which can
be obtained from both vegetable oils and animal fats [9].
The in-situ transesterification method is a the biodiesel
manufacturing process that refers to the direct use of
biomass without conducting a lipid extraction process
first [69]. Methyl esters are compounds produced
through the transesterification process, in which the

reaction occurs between fatty acids and alcohols,

especially methanol. In biodiesel production, methyl
ester is the main component formed from the reaction
between triglycerides in feedstocks, such as microalgae
and methanol [70]. The compounds expected to be
present in the microalgal biodiesel content in this FTIR
analysis indicate that the compounds are esters,
characterized by the presence of C=0 or C-O functional
groups. This analysis was based on previous studies by
Elgharbawy et al. [70], which showed spectral patterns
typical of microalgal biodiesel.

The presence of C=0 and C—O groups thus provide

clear evidence of ester formation, confirming biodiesel
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production. Based on the study conducted by Arif et al.
[71], a more targeted approach was applied by aligning
the FTIR spectra with the specific biochemical
characteristics of microalgal biomass. The spectra
showing peaks at 1,750 - 1,720 cm™ and 1,163 - 1,210
cm! were identified as clear signals of ester groups
derived from triglycerides and fatty acids, which serve

——Nannochloropsis oculata

as key indicators of biodiesel formation. In addition,
absorption bands appearing at 3,100 - 2,800 cm™ and
2,830 - 2,695 cm™ were associated with alkane and
aldehyde groups, respectively. The presence of these
bands illustrates the transformation of organic
compounds in microalgal biomass into biodiesel

molecules.

— Spirulina sp.

\/—

c=C c=0
(1163-1210)
c=C
(1735-1750)
cH
(860-1000) COOH
(1395-1440)
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CH OH
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Figure 4 FTIR spectrum of biodiesel from Spirulina sp. and Nannochloropsis oculata.

The FTIR spectra of the biodiesel derived from
Spirulina sp. and Nannochloropsis oculata

are shown in Figure 4 and
Table 2 Comparing the FTIR wavelengths of

biodiesel derived from  Spirulina sp. and
Nannochloropsis

Table 2. In Dboth Spirulina sp. and
Nannochloropsis oculata, a wide band at wave number
3,415 cm™ of moderate intensity (br,m) at 3,415 cm™'
was observed. This band is attributed to the O-H
stretching band of the hydroxyl groups that could be
associated with the free alcohol, unreacted water, or
residual methanol reagents, which did not undergo a
complete transesterification reaction. These groups also
frequently appear as minor contaminants in microalgal
biodiesel. These findings are supported by research
conducted by Sukarni [72] which occurred in the
absorption region of water content at wave numbers of
3,343 and 3,645 cm™'. This is related to the O-H
stretching of water absorbed by the silica contained in

the ash, as well as strong, medium, and weak features in
the fingerprint region associated with other inorganic
components remaining in the ash.

The presence of long aliphatic chains is indicated
by the strong absorption bands at 2,923 - 2,925 cm™* and
2,853 - 2,854 cm!, representing the asymmetric and
symmetric stretches of the methylene group (CH),
respectively, which are commonly found in fatty acids
as the main precursors of biodiesel [73]. The most
prominent characteristic band is located at 1,743 cm™
with a very strong intensity (vs), which indicates the
carbonyl stretch (C=0) of the ester group. This is a key
indicator of the formation of methyl esters, the main
compound in biodiesel, as confirmed by Andreo-
Martinez et al. [7] and Taiti et al. [39]. Another band at
1168 cm-! which is the C-O stretch of the ester group
reinforces this finding [74], because the C=0 and C-O
band pairs are typical of the ester group structure
resulting from transesterification reactions [75].

Furthermore, the bands at 1,452 - 1,462 cm™ were
identified as bending CH: [76] and the weak band at 723
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cm ! as rocking CH: [77], which collectively indicate
the presence of long hydrocarbon chains as part of the
biodiesel chemical structure [55,79]. Overall, the
existence of several components such alcohols,
phenolics, alkenes, aromatics, and carboxylic acids is
confirmed by the FTIR analysis of biodiesel. The FTIR
spectral patterns of the 2 biodiesel samples showed
significant similarities in chemical structure, indicating

that both Spirulina sp. and Nannochloropsis oculata

have potential as quality-equivalent biodiesel feedstock
sources. Minor differences in peak position and intensity
can be attributed to variations in the fatty acid
composition and purity of the final product of each
microalgal species. Thus, FTIR analysis provides strong
evidence of the successful conversion of microalgal
lipids to methyl esters, and supports the use of
microalgae as a renewable feedstock for biodiesel
production [54,55].

Table 2 Comparing the FTIR wavelengths of biodiesel derived from Spirulina sp. and Nannochloropsis oculate.

Wavenumber (cm™)

Band assignments Associated compound

L Nannochloropsis
[54], [55] Spirulina sp.
oculata
3346 3,415 (br, m) 3,415 (br, m)
2,800 - 3,000 2,923 (s) 2,925 (s)
2,800 - 3,000 2,853 (s) 2,854 (s)
1,159 - 1,764 1,743 (vs) 1,743 (vs)
1,159 - 1,764 1,168 (s) 1,168 (s)
1,375 - 1,464 1,462 (m) 1,456 (m)
723 - 724 723 (w) 723 (w)

O-H Hydroxyl group
(stretching) (alcohols, phenols)
C-H Aliphatic chains
(asymmetric stretching, CHa) (alkanes)
C-H Aliphatic chains
(symmetric stretching, CHz) (alkanes)
Methyl ester
C=0

(Ester carbonyl functional
group in FAME)
Methyl ester

(carbonyl stretch, ester)

C—O stretching (ester) (Ester carbonyl functional

group in FAME)

CH: bending Long-chain hydrocarbons

CHa rocking Long-chain hydrocarbons

* Abbreviations: vw, very weak, w, weak; m, medium; s, strong; vs, very strong; sh, shoulder; br, broad

Identification of FAME and fatty acid using
GC-MS

The biodiesel profiles of Spirulina sp. and
Nannochloropsis oculata were characterized using Gas
Chromatography-Mass Spectrometry (GC-MS), with a
focus on identifying the dominant fatty acid methyl
esters (FAMESs) and free fatty acid compounds relevant
to fuel performance. The percentage distribution of
FAMEs and fatty acid content in microalgae biomass
grown in culture media of tofu wastewater are shown
in

Table 3. The results revealed distinct

compositional patterns between the 2 microalgae
species, with implications for biodiesel quality,
combustion behaviour, and storage stability. For

Spirulina sp., 3 major FAMEs were detected: methyl

oleate (Ci9H3602), methyl palmitate (Ci7H340,), and
methyl docosapentaenoate (C3H3602), with relative
abundances of 0.46%, 0.40% and 0.29%, respectively.
Methyl oleate, a monounsaturated FAME, was the most
abundant component. This monounsaturated compound
is widely recognized for its balanced fuel characteristics,
favorable cold flow properties and improved oxidative
stability relative to polyunsaturated FAMEs.
Nannochloropsis oculata biodiesel exhibited a
markedly different profile, dominated by methyl
hydroxystearate (Ci9oH3303, 1.82%) and methyl
palmitate  (0.48%). The presence of methyl
hydroxystearate, a saturated hydroxylated ester, is
notable because of its potential to enhance fuel lubricity,
although it may pose challenges in terms of cold flow
behavior and long-term oxidative stability. The
comparatively higher abundance of saturated FAMEs in
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Nannochloropsis oculata suggests a biodiesel product
with improved ignition quality but potentially higher
cloud and pour points.

The total lipid content of Spirulina sp. and
Nannochloropsis oculata in 20% tofu wastewater were
2.44% and 1.21%, respectively [36]. Because the culture
conditions were the same for both species, the variations
in lipid composition can be ascribed to species-specific
characteristics and the algal cultivation medium.
However, another Spirulina sp. and Nannochloropsis

oculata strain grown in 15% Palm Oil Mill Effluent

(POME) wastewater for 14 days had a total lipid content
of 0.87% and 1.11%, respectively [42]. GC-MS analysis
showed that the predominant fatty acid type and its
composition varied depending on the type of microalgae
biomassa: arachidic acid, gondoic acid, behenic acid and
erucic acid. Monounsaturated Fatty Acids (MUFAs)
such as arucic and gondoic acids were found in 19.81%
- 29.02% and 0.77% - 0.87% of Spirulina sp. and
Nannochloropsis oculata, respectively. MUFAs are the
best components of biodiesel because of their oxidative
stability and low thermal fluidity [79].

Table 3 (a) Composition of FAME in biodiesel from Spirulina sp. and Nannochloropsis oculata microalgae; b)

Compound of fatty acid in biodiesel from Spirulina sp. and Nannochloropsis oculata microalgae

(a)
Molecular Formula Identified Compounds Molecular Weight % Abundance Lipid Type
Spirulina sp.
C17H3402 Methyl palmitate 270 0.40 SFA
C23H3602 Methyl docosapentaenoate 344 0.29 PUFA
Ci9H3602 Methyl oleate 296 0.46 MUFA
Nannochloropsis oculata
C17H340:2 Methyl palmitate 270 0.48 SFA
Ci9H3303 Methyl hydroxystearate 314 1.82 SFA

(b)
Molecular Formula Identified Compounds Molecular Weight % Abundance Lipid Type
Spirulina sp.
C20H3302 Arachidic acid 310 0.32 SFA
C20H4002 Gondoic acid 312 0.77 MUFA
C22H4202 Erucic acid 338 29.02 MUFA
Nannochloropsis oculata
C20H3302 Arachidic acid 310 0.55 SFA
C20H4002 Gondoic acid 312 0.87 MUFA
C22H402 Behenic acid 340 1.81 SFA
C22H4402 Erucic acid 338 19.81 MUFA

Previous study

Table 4 presents a comparative analysis of the
biodiesel yield from various microalgae species through
in situ transesterification. A key observation is the wide
variation in biodiesel yield, ranging from 9% [80] to
98% [81]. This disparity underscores the critical role of
species selection, biomass conditions, catalyst type, and
Notably, Chlorella

reaction parameters. vulgaris

exhibited high yields in several studies, with 77.64%
[82] under dry conditions using KOH and 83.4% [1]
using H>SOs. Similarly, Rhodotorula glutinis achieved
80% yield under an extended reaction time (600 min)
with H.SOs [83] indicating the effectiveness of acid
catalysts and longer reaction times for certain species.
These results highlight that not only the algal species but
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also pre-treatment and transesterification conditions
significantly affect biodiesel productivity.

Compared with these studies, the present research
demonstrates promising but moderate biodiesel yields
from Spirulina sp. and Nannochloropsis oculata using
wet biomass and KOH as a catalyst under relatively
short reaction times (120 min) and a moderate
temperature of 80 °C. The highest yield obtained was
17.5% for Nannochloropsis oculata, which was lower
than the yields reported for dried biomass over extended
durations (e.g., 98% by Chlorella vulgaris in
Malekghasemi [83] or 80% by Rhodotorula glutinis.
Furthermore, the yield achieved surpasses several other
wet biomass studies, such as Musa [80], who reported
only 9-11% yields for Nannochloropsis oculata. This
suggests that this process has great promise for
producing useful biodiesel from wet algal biomass with
additional tuning, especially with regard to catalyst

choices and the methanol-to-biomass ratio.

In addition, biomass condition (wet vs. dried)

emerged as a critical factor influencing
transesterification efficiency. Dried biomass generally
produces higher yields owing due to reduced moisture
interference, which otherwise impedes catalyst activity.
For instance, Chlorella sp. and Dunaliella salina
yielded 72.8% [84] under dry conditions, whereas
Nannochloropsis oculata processed wet under H>SO3
only yielded 11% [80]. The choice of solvent also plays
a vital role; methanol remains the most commonly used
solvent because of its polarity and cost-effectiveness.
However, the combination of methanol with palm oil
[85] or ionic liquids [81] significantly enhanced the
biodiesel yield. The latter achieved the highest yield
(98%), emphasizing the potential of hybrid solvent
systems to improve the lipid extraction and conversion

efficiency [81].

Table 4 Comparison study of biodiesel yield from microalgae via in situ transesterification.

Reaction condition

Mi \ Cultivation Biomass Catalvst Solvent Solvent Biodiesel  Previous
icroalgae atalys olven . i
& medium condition y molar: Temp Time yield (%) findings
Biomass () (min)
ratio (m/v)
Tofu liquid .
Spirulina sp. Wet KOH Methanol 7:1 80 120 12.5 This study
waste
Nannochloropsis Tofu liquid .
Wet KOH Methanol 7:1 80 120 17.5 This study
oculata waste
Organic .
Chlorella sp. . Dried H2S04 Methanol 7:1 65 480 48 [86]
fertilizer
n-hexane
Chlorella .
o BG-11 Dried NaOH and NA 65 240 72.8 [84]
minutissima
Methanol
Chaetoceros . n-hexane
Seawater Dried H2SO4 1:40 60 60 21.59 [87]
calcitrans and ethanol
n-Hexane
Nannochloropsis sp. NA Wet KOH and NA 65 960 35 [88]
Methanol
Rhodotorula
o BCRC 22360 Wet H2S04 Methanol 100:1 90 600 80 [83]
glutinis
Tetradesmus
BGl11 Wet NaOH n-Hexane NA 90 60 26.5
obliquus
[89]
Tetradesmus
] BG11 Wet H2SO4 n-Hexane NA 90 60 25.7
obliquus
Chlorella vulgaris NA Dried KOH Methanol 1:12 NA 40 77.64 [82]




in the range of 60 - 90 °C, with extended times (e.g., 480
- 600 min) enhancing the yield, particularly with acid
catalysts. Chlorella sp. produced a 48% yield after 480
min using H.SOs [86], while Rhodotorula glutinis
achieved an 80% yield after 600 min [83]. Catalysts
significantly influence reaction kinetics; acid catalysts
such as H.SO:; are effective in both esterification and
transesterification, especially for microalgae with a high
free fatty acid (FFA) content. Base catalysts (KOH and
NaOH) tend to be faster but are sensitive to FFAs and
moisture, which can reduce their efficiency [92].
Interestingly, the immobilized lipase wused in
Scenedesmus sp. [92] offers a greener alternative, albeit
with a lower yield (19.3%), suggesting the potential for
further optimization of enzymatic processes. Overall,
Error! Reference source not found. shows that optimal
biodiesel production from microalgae depends on
multiple interconnected factors: species selection,

biomass drying, solvent system, and catalyst choice.
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Reaction condition
Mi I Cultivation Biomass Catalvst Solvent Solvent Biodiesel  Previous
icroalgae atalys olven . i
8 medium condition y molar:  Temp  Time 4 (%)  findings
Biomass (°0) (min)
ratio (m/v)
Nannochloropsis 9
oculata F/2-Si Wet H2SO4 Methanol 1:600 60 60 " [80]
Dunaliella salina
. Methanol
Spirulina sp. NA Dried KOH . 5:1 60 120 16.69 [85]
and palm oil
Tris-acetate-
Methanol
) phosphate . o
Chlorella vulgaris (TAP) Dried KOH and ionic 8:1 102.4 276 98 [81]
. liquid
medium
Artificial
Chlorella sp. . CaO/AlO
. wastewater Dried Methanol 12:1 45 240 304 [90]
Tetraselmis sp. 3
(phenols)
Arthrospira .
o ) NA Dried H2S04 Methanol 9:1 NA 30 83.4 [1]
Spirulina platensis
Methanol,
n-butanol,
Chlorella vulgaris NA Wet H2S04 NA 60 120 33 [91]
tetrahydro-
furan
Organic . Immobiliz
Scenedesmus sp. T Dried ) Methanol 8:1 35 360 19.3 [92]
fertilizer ed lipase
Similarly, reaction conditions such as temperature,
time, and catalyst type are critical for optimizing the Conclusions
biodiesel yield. Most studies report favorable outcomes This study verified that wusing in-situ

transesterification to produce biodiesel from Spirulina
sp. and Nannochloropsis oculata grown in tofu
wastewater is feasible. Using methanol and a KOH
catalyst, process optimization showed that the highest
biodiesel yields 12.5% for Spirulina sp. and 17.5% for
Nannochloropsis oculata were obtained at a methanol-
to-biomass ratio of 7:1 with a reaction time of 120 min.
These results demonstrate the significant effect of
reaction parameters on transesterification efficiency and
highlight the potential of tofu wastewater as a
sustainable medium for microalgal biodiesel production.
FTIR analysis confirmed the formation of methyl esters
by detecting key functional groups, such as C=0 and C—
O. GC-MS further validated the biodiesel composition
and identified important FAMEs, such as methyl
palmitate and methyl oleate. The utilization of tofu
wastewater further underscores the dual benefit of
supporting microalgal

growth while promoting

industrial waste valorization. Although these findings
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highlight the promise of this approach, they remain
preliminary. Further studies are required to evaluate
physicochemical fuel properties and performance
parameters, as well as to explore strategies for lipid
enhancement, catalyst optimization, and large-scale
process assessment through techno-economic and life
cycle analyses.
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