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Abstract 

Background:  Rapid consumption of fossil fuels as well as rising environmental deterioration caused by extreme CO2 
emissions has become crucial in searching for a clean and renewable energy source such as biodiesel. The current 
work is an attempt to produce biodiesel from a potential non-edible feedstock of Aphanamixis polystachya, locally 
known as ‘Royna’ seed oil in Bangladesh.

Methods:  Royna oil was extracted from the seed by Soxhlet extraction method. Biodiesel was synthesized by a 
three-step process: saponification of oil, followed by acidification of the soap, and esterification of the free fatty acid 
(FFA).

Results:  The result presented showed that royna seed was found to be rich in oil with a maximum yield of 51% 
(w/w). Several reaction parameters were optimized during biodiesel production in their percentage proportion of oil 
to a catalyst (1:2), soap to HCl (1:1.5), FFA to an alcohol molar ratio (1:7), and catalyst (1 wt%). As a result, the highest 
yield of 97% was obtained from 7.5 wt% FFA content oil at 70 °C for 90-min reaction time. ASTM verified standard 
methods were employed to analyze the physicochemical properties of the as-prepared biodiesel. The structural and 
surface properties of the royna oil and as-prepared biodiesel were determined by 1H NMR and FTIR spectroscopic 
methods indicating a complete conversion of oil to biodiesel.

Conclusions:  The study investigated the promising viability of royna oil to biodiesel using a three-step conversion 
route along with the heterogeneous catalysis system to circumvent the current environmental issues.
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Background
The depressing scenario of fossil fuel depletion and the 
strict environmental legislation accompanied with grow-
ing energy demand has become a significant concern in 
recent years. Presently, non-renewable fossil fuels meet 
up to 80% of the world’s energy demand. Unfortunately, 
the world’s total energy consumption has been predicted 
to decrease by 28% by 2040 with an estimation of 736 
quadrillions Btu, but only 575 quadrillions (BTU) were in 
achieved in 2015 [1]. So, there is an urgent need to find 

alternative, eco-friendly, and renewable resources to ful-
fill the world’s energy demand. In this context, biodiesel 
can contribute to future energy needs, especially, in the 
transportation sector.

Biodiesel has the potential to contribute to global 
sustainable development with regard to the economy, 
society, and environment. Biodiesel development is 
complex as it carries risks of exogenous problems 
that may indeed undermine sustainable development. 
Energy plays a crucial role in the development of every 
country, and biodiesel is one practical option that 
countries may add to their energy portfolios, as part of 
their sustainable development strategy. Production and 
adoption of biodiesel as an alternative fuel may also cre-
ate positive socioeconomic impacts that can eventually 
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lead to sustainable development. Agricultural sectors 
and rural communities, in particular, can gain socioec-
onomic benefits from biodiesel development. Perhaps 
the most recognized potential contribution towards 
sustainable development of biodiesel is its environmen-
tal prospects. In the use phase, biodiesel generally pro-
duces cleaner emissions than regular diesel, and in this 
way it contributes to a more environmentally friendly 
whole lifecycle of biodiesel. Biodiesel should not be 
simply be promoted because it could substitute conven-
tional diesel. Instead, it should be promoted with the 
aim of leading society towards economic advancement, 
poverty reduction, energy security, carbon mitigation, 
biodiversity preservation, and climate change adapta-
tion. With this perspective, one can realize more ways 
in which biodiesel can direct a society to sustainable 
development.

Biodiesel refers to fatty acid alkyl esters, particularly, 
fatty acid methyl esters (FAMEs) consisting of C14–C22 
chain length, which has great potential as an alternative 
renewable fuel [2]. Usually, biodiesel is non-toxic, sulfur-
free, biodegradable, oxygen-rich, and a low greenhouse 
gas emission fuel [3–5]. Biodiesel has a higher cetane 
rating and flashpoint with better lubricating properties 
that significantly enhance its fuel quality compared to 
petroleum diesel [6]. In addition, the calorific value of 
biodiesel (~ 37.27 MJ/kg) is only 9% lower than that of a 
typical diesel [7]. As a result, many countries, e.g., Indo-
nesia, Thailand, and Colombia, compete in biodiesel 
production, among which Malaysia provided about 0.17 
million tons from 2.7 million tons based upon 23 bio-
diesel resources in 2011 [8]. However, biodiesel from the 
vast feedstock category has become a new essential hub 
for the energy sector due to its attractive features [9, 10]. 
The feedstock selection is a vital concern of biodiesel and 
is preferred provided it is based on local conveniences, 
cost-effectiveness, industrial feasibilities, and technical 
viabilities [11].

Fat or oil from animals and plants is considered the 
most dominant feedstock. There are about 350 oil-
bearing plants, among which rapeseed (Brassica rapa), 
soybean (Glycine max), canola (Brassica napus), coco-
nut (Cocos nucifera), etc., as edible oils [12] and pithraj 
(Aphanamixis polystachya), jatropha (Jatropha curcus), 
mahua (Madhuca indica), sea mango (Cerbera odol-
lam), Karanja (Pongamia pinnata), etc., as non-edible 
oils are remarkable for biodiesel generation [13]. Edible 
oils as first-generation feedstock are not economically 
feasible and may create food versus fuel controversy [14]. 
However, these difficulties of edible oils have forced the 
experts to focus on non-edible oils as second-genera-
tion feedstock. Hence, the synthesis of biodiesel from 
non-edible oils increased significantly due to their easy 

accessibility, low cultivation cost, and unsuitability as a 
source for human consumption [14, 15].

Aphanamixis polystachya, a non-edible oil plant which 
is native to Bangladesh, India, Malaysia, Singapore, Tai-
wan, and the Philippines, is regarded as a potential and 
cheap feedstock for biodiesel production.  In Bangla-
desh, Aphanamixis polystachya, locally known as ‘Royna’ 
or ‘Pithraj’ grows plentifully due to the fertile land of 
Bangladesh and favorable climatic conditions. Moreo-
ver, the plant seed has a relatively high oil content (40–45 
wt%) compared to some other non-edible oil resources, 
which stimulates its probability to contribute to the bio-
energy sector [16, 17]. However, the most critical chal-
lenge to commercializing biodiesel largely depends on 
the preparation method. Therefore, selecting an appro-
priate preparation method is essential to improve the 
final yields at low operating costs [18].

There are various methods associated with biodiesel 
production: one of which is transesterification catalyzed 
with acid or base [19], carried out in a two-step method 
[20, 21], or three-step method [22]. Nevertheless, all 
preparation methods are not feasible for non-edible oils, 
especially those containing high free fatty acids (e.g., 
Aphanamixis polystachya). Several studies dealt with a 
two-step esterification of royna oil followed by a conver-
sion of FFA into FAME [21, 23, 24]. Usually, this process 
is tricky to reduce the FFA effectively for raw oils with a 
high acid value, as a high amount of water is produced 
during the reaction. However, in the case of a three-step 
method, water removal is essential after each step to 
obtain a high-quality biodiesel fuel [22]. As a result, the 
three-step method can be a better choice for royna bio-
diesel, as non-edible oils have high acid values.

In this study, we explore the potentiality of royna seed 
oil as an available, low-cost, and non-edible raw material 
for biodiesel production. Here, we used a three-step pro-
cess consisting of saponification, acidification, and finally, 
esterification, involving a homogeneous catalysis system 
to achieve the effective conversion of FAME from FFA. 
In addition, the reaction conditions were optimized to 
obtain a higher yield. Fuel properties, e.g., cloud point, 
flash point, pour point, kinematic viscosity, density, 
iodine value, and saponification value of the as-prepared 
biodiesel were studied following ASTM standard meth-
ods and their comparison with available databases.

Methods
Materials and chemicals
Royna seed was procured from the local area of Jashore, 
Bangladesh. The analytical reagent grade chemicals 
such as methanol (99.8%), calcium oxide (95%), ethanol 
(99%), sulfuric acid (95–98%), hydrochloric acid (37%), 
hexane (97–99%), diethyl ether (96–98%), bromine and 
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potassium dichromate were purchased from MERCK 
(Germany), whereas potassium hydroxide (97%) and 
sodium hydroxide (97%) were purchased from MERCK 
(India). Phenolphthalein (Reagent Grade pH 8.2–9.8) was 
supplied by Losa Chemical Limited, India.

Oil extraction
Firstly, royna seed (250 gm for each run) was ground by 
a mechanical grinder, and oil was collected using a Sox-
hlet extraction apparatus as shown in Fig.  1. Hexane 
(99%) was used as a solvent and initially it was vaporized 
by heating by means of a heating mantle. The vapor went 
upward through the distillation arm and cooled down 
by the condenser. The hot condensate was added con-
tinuously to the seed, kept in the thimble filter chamber. 
The condenser was fixed to ensure that the condensed 
solvent directly dropped back to the chamber and came 
in contact with the seed. The chamber was slowly filled 
with hot solvent to dissolve the oil into the solvent from 
the seed. When the Soxhlet chamber was entirely filled 
with the condensed solvent, it was emptied by the siphon 
process. In this process, the solvent was again returned 
to the distillation tank. The thimble filter keeps the seed 
collected and stops entering the siphon process. This 
cycle of vaporization and condensed returning to the 
distillation flask is allowed for several hours to days to 
obtain the desired compound. After around 4  h, the oil 
was concentrated in the solvent tank. After completing 

the extraction process, the solvent was removed from 
the distillation tank and separated from the oil using a 
vacuum rotary evaporator. Then the desired raw oil was 
found as a residue in the evaporation flask. The extracted 
oil was kept under sunlight for a couple of days to settle 
down unwanted foreign particles and remove foul odor 
and microorganisms. After that, it was filtered in the lab-
oratory, and the oil content was found to be about 51% 
(w/w).

Production of biodiesel
A three-step method was used to produce biodiesel: 
saponification, acidification, and finally, esterification. 
In the case of the saponification process, the required 
amount of raw oil was placed in a 500 ml three-necked 
round-bottom flask which was connected to a condenser. 
A thermometer was placed over the hot plate. Addition-
ally, various amounts of the aqueous solution of sodium 
hydroxide were mixed with the oil. The oil and sodium 
hydroxide mixtures were then heated to around 100  °C 
under reflux with continuous stirring for various reaction 
times. Finally, the reaction volume was cooled to stop the 
reaction.

Afterward, the acidification step is followed where the 
different stoichiometric amounts of hydrochloric acid 
were mixed with the soap solution at a temperature range 
from 60 to 70 °C under intense stirring. The solution was 
taken in a separating funnel after the reaction, and the 

Fig. 1  Extraction procedure of oil from royna seeds
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fatty acid content was separated. The mineral acid was 
removed from the fatty acid layer by a hot water wash. 
The separated free fatty acid (FFA) was dried at a temper-
ature of 100  °C in a vacuum drier for about 30 min and 
determined by using a titration.

Finally, the esterification process was conducted by 
using a suitable catalyst that helps converting the FFA to 
biodiesel. The esterification process was carried out in 
the same three-necked flask system employed earlier. The 
FFA was charged in the flask followed by the reaction of 
various stoichiometric ratios with alcohol under intense 
stirring at 70 °C for 1 h. All the results obtained from the 
three-step method are graphically presented with their 
standard deviations.

Purification of biodiesel
The produced biodiesel usually contains excess alcohol, 
catalyst, or soap as residues and glycerol as a byprod-
uct. When the reaction was finished, the obtained prod-
uct was transferred to a separating funnel at least until 
two distinct aqueous layers of biodiesel, and dense glyc-
erol appeared. Next, the glycerol layer was removed, and 
the remained biodiesel was washed by distilled water to 
remove other residues. The water layer was then sepa-
rated and the washing process was repeated several times 
until the water turned clear. The as-prepared biodiesel 
was then dried at 100 °C for 60 min. Finally, various prop-
erties of the obtained product were measured.

Characterization methods
To determine the FFA value of raw oil and biodiesel, 1 gm 
of each sample was weighed and dispersed in a 5 ml die-
thyl-ether solution and then titrated against 0.1 N KOH 
[25]. The percentage of moisture content in the samples 
was also calculated. Under wet conditions, 1  g of each 
sample was weighed after drying at 115 °C to measure the 
final weight and moisture content. The iodine value of the 
extracted oil was determined according to the American 
Oil Chemist’s Society method [26], where titration was 
carried out using a 0.01  N solution of sodium thiosul-
fate with the sample and chemical reagents until the blue 
color disappeared. The following equation is used for 
iodine value (IV) calculation:

where S and B are the amounts of sodium thiosulfate 
blank sample and titrate for the test, respectively. N 
defines the molar concentration of sodium thiosulfate 
(mol/L) and W is the weight (g) of the tested samples.

(1)IV = (B−S)× N ×

0.001269

W
, . . .

The saponification value (SV) of the sample was deter-
mined according to the method described by Leonard 
et al. in [27]. Briefly, around 2 mg of the sample was heated 
at 65 °C with 50 ml of alcoholic KOH for around 30 min 
under vigorous stirring. Then the solution was titrated 
with 0.5  M HCl to achieve the SV value. The physical 
properties of royna oil-derived biodiesel were determined 
by using the standard methods described by the Ameri-
can Society for Testing Materials (ASTM). The moisture 
content, density, and color identification were followed 
by ASTM D 240, ASTM D 1500, ASTM D 1480/81, and 
ASTM D 1744 methods. The viscosity of the samples was 
measured using the Ostwald viscometer following ASTM 
D 445 at 25  °C. The flashpoint, pour point, and cloud 
point were evaluated by means of the methods ASTM 
D 93, ASTM D 2500, and ASTM D 97, respectively. The 
disappearance of the triglyceride backbone from the oil 
to the biodiesel (fatty acid methyl ester) sample indicated 
the complete conversion, which was also confirmed by 1H 
NMR (Proton Nuclear Magnetic Resonance) spectros-
copy. The NMR spectra of the produced biodiesel were 
determined in D2O using an NMR spectrometer (Varian 
UNITY INOVA 400NB) at 400 MHz. Tetramethylsilanen 
was used as an internal reference during the measurement 
of 1H chemical shifts. Additionally, the different func-
tional groups present in the royna seed-derived biodiesel 
were identified using FTIR (Fourier transform infrared) 
Spectroscopy. The FTIR spectra of royna oil and its bio-
diesel were recorded in KBr using an IRPrestige-21 FTIR 
Spectrophotometer (Shimadzu, Japan). The measuring 
frequency region was maintained from 400 to 4000 cm–1 
to obtain suitable results for the sample.

Results
Characterization of royna seed oil
The physical and chemical properties of extracted royna 
oil were measured to justify its potential to produce 
biodiesel. The characteristics of royna oil, for instance, 
FFA content, viscosity, specific gravity, saponification 
value, molecular weight of the oil, etc., are represented 
in Table 1. The color of the obtained oil appeared to be 
dark green, and its specific gravity (0.92) is lighter than 
water. The obtained FFA content was found to be signifi-
cantly lower (7.5%) than that of some other seed oils such 
as palm oil, jatropha oil, etc. [28, 29]. The iodine value 
was 74.5 g I2/g oil pointing to a level of unsaturation in 
the form of a double bond and to the oxidation stability 
of the oil. Similarly, the saponification value and cetane 
number of the royna seed-derived oil are 233.7 and 55.3, 
respectively.
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Three‑step method of biodiesel production
Saponification and acidification: oil to FFA
The saponification process followed by acidification 
played a crucial role in preparing free fatty acid from 
the royna seed oil. Saponification was carried out using 
a different stoichiometric amount of aqueous potassium 
hydroxide (KOH) at different reaction times. Figure  2 
shows the effect of reaction time on the conversion of 
% FFA with standard deviations. The conversion of oil 
to FFA increased with time, and almost half of the FFA 
conversion was completed in the first 20 min. Similarly, 
over 80% of the oil was converted to FFA within 60 min 
of reaction time. About 95% FFA was obtained after 
120 min of reaction time at a 1:2 oil to KOH molar ratio 
at 100  °C temperature. Kakati et  al. investigated the 
effect of NaOH concentration on biodiesel production 
from Amari tree seed oil (ATSO), using almost similar 
reaction conditions; however, it required more time 
(2.5 h) at 60 °C [30]. After saponification, the potassium 
salts of free fatty acids were converted to FFA by the 
acidification reaction. In this step, the 1:1.5 molar ratio 
of soap to HCl was considered to be the optimum, and 
the reaction time amounted to 60 min at 60 °C.

Esterification: FFA to biodiesel
The obtained FFA was used as a feedstock for the esteri-
fication step to produce biodiesel. Esterification was per-
formed with ethanol in the presence of KOH as a base 
catalyst. The effect of reaction time, alcohol molar ratio, 
catalyst concentration, etc., plays a vital role in convert-
ing FFA to biodiesel, which was investigated at a temper-
ature of 70 °C under vigorous stirring.

Effect of ethanol on the FFA molar ratio
The molar ratio of ethanol to FFA has a significant impact 
on the conversion of FFA to biodiesel. It is evident from 
the stoichiometric reaction that one mole of ethanol is 
required for one mole of FFA to convert the biodiesel. 
Moreover, the reaction is reversible, as excess alcohol is 
used to avoid the reverse reaction as well as to speed-
up the process [31, 32]. From Fig. 3, it is evident that the 
conversion of biodiesel increases with the alcohol molar 
ratio. The figure with standard deviation also indicates 
that the molar ratio of ethanol to FFA also affected the 
FFA conversion. The conversion increased steadily until 
it reached the conversion peak of 97% at a 1:7 ethanol 
to FFA ratio. However, as the ratio of ethanol to FFA 
increased further, the rate of biodiesel production started 
to decrease. Therefore, the optimum value of the molar 
ratio of ethanol to FFAis considered to be 1:7.

Effect of the catalysts
The effect the catalyst on FFA to FAME is demonstrated 
in Figs.  4 and 5 with standard deviations. Generally, 1 
wt% of each catalyst was taken for the reaction at 70 °C 
for 90 min. According to Fig. 4, the esterification reac-
tion without any catalyst showed of an FFA conversion 
of around 84%. However, the conversion of FFA to bio-
diesel was increased dramatically under the catalysis sys-
tem. It is clear from Fig. 4 that the KOH catalyst showed 
a 94% fatty acid conversion. In contrast, using CuO as a 
catalyst improves the conversion further to around 97%, 

Table 1  Properties of Royna seed oil

Properties Experimental value

Physical state Liquid

Color Dark green

Specific gravity at 25 °C 0.92

Viscosity, mm2/s at 25 °C 53.7

FFA wt. % 7.5

Average molecular weight of FFA (g/mol) 312.5

The molecular weight of oil (g/mol) 879

Saponification value (mg KOH/g oil) 233.7

Iodine value, g I2/100 g oil 74.5

Cetane Index 55.3
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which is the highest conversion compared to other con-
ditions. Although the higher conversion was achieved 
from the CuO catalyst, KOH can also be considered a 
suitable catalyst because of its easy accessibility and 
low costs. Additionally, Fig.  5 with standard deviation 
describes the effect of the presence and absence of the 
catalysts in the esterification reaction at different alco-
hol molar ratios. The reaction was slow until 84% of FFA 
conversion, and then the reaction remained constant 
in the case of a system without catalyst. However, the 
catalytic esterification reaction increased steadily at an 
around 97% conversion. Therefore, it was found that the 
use of catalysts enhances the conversion rate in esteri-
fication reactions compared to those without using any 
catalyst [30, 31]. However, excess catalysts may cause 
undesirable side reactions and reduce the desired prod-
uct. Moreover, glycerol recovery became difficult due 
to soap formation. Therefore, increased saponification 
with left-over base catalysts is also described in several 
literature sources [33–35].

Effect of reaction time
The reaction rate and % conversion of FFA to biodiesel 
significantly depend on reaction time. The impact of 
reaction time on biodiesel production by converting FFA 
is shown in Fig. 6. The reaction was conducted by using 1 
wt% of catalyst at 70 °C. Initially, the esterification reac-
tion was increased sharply with an increase in reaction 
time. Figure  6 demonstrates that ~ 80% (with standard 
deviations) of FFA was converted to biodiesel within 
half an hour and continued until the highest point (97%) 
after 90 min. After this time, the reaction rate started to 
decrease slightly. Therefore, 90 min was considered as the 
optimum reaction time for this study. Here, the effect of 
reaction time on biodiesel preparation was comparable to 
other studies [30, 31].

Optimization of reaction parameters
The saponification, acidification and esterification exten-
sively depend on several reaction parameters such as 
the ratio of oil to KOH, of soap to HCl, of FFA to alco-
hol of catalyst wt% reaction time as shown in Table 2. As 
described above, the oil to the KOH ratio was found to 
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Table 2  Optimized reaction parameters for biodiesel production 
from royna seed oil

Name of the step Parameter Condition

Saponification Oil: KOH 1:2

Time 120 min

Acidification Soap: HCl 1:1.5

Time 60 min

Esterification FFA: alcohol 1:7

Temperature 70 °C

Time 90 min

Catalyst wt% 1%

Oil conversion 97%



Page 7 of 11Rahman et al. Energy, Sustainability and Society           (2022) 12:33 	

be 1:2 and 120 min was proved to be the optimum time 
for the saponification reaction. Furthermore, the ratio of 
soap to HCl and the optimum reaction time for acidifica-
tion were 1:1.5 and 60  min, respectively. The esterifica-
tion was carried out by using 1 wt% of catalyst for 90 min 
while the conversion of FFA to biodiesel reached around 
97%. The reactions were carried out at a temperature of 
70  °C. Some reaction parameters of FAME preparation 
from some non-edible oils were also compared to these 
results [36–38].

Fuel properties of biodiesel
The physicochemical characteristics of royna oil-derived 
methyl ester (biodiesel) were investigated using the 
American Standard Methods (ASTM) displayed in 
Table  3. The color of the biodiesel was reddish-brown. 
The respective specific gravity and viscosity of the bio-
diesel corresponded to 0.88 and 2.1 mm2/s which are 
close to those of the commercially available biodiesel [24, 
30]. The percentage of FFA significantly decreased from 
7.5 to 0.82, pointing to a proper conversion of FFA to bio-
diesel. The cetane index (48–60) indicates the fuel quality, 
which is slightly higher than that of commercial diesel. 
Additionally, the obtained calorific value amounted to 
42.1  MJ/kg. The cloud formation was checked at 3  °C, 
and the pour point at 0  °C. Therefore, the flash point of 
the biodiesel was higher (150  °C) than that of standard 
diesel (145 °C). A high flash point is always advantageous 
as it minimizes the dangers during storage and handling.

Characterization of the oil converted to biodiesel
The NMR analysis of the royna seed oil and of prepared 
biodiesel was carried out from 0.0–8.0  ppm. The pres-
ence of glyceride of the triglyceride was confirmed by 
comparing the 1H NMR spectrum of royna oil and bio-
diesel. Figures  7 and 8 display the 1H NMR spectra of 
the raw oil and the produced biodiesel, respectively. The 
peak at approximately 3.7 ppm reveals the protons from 
methyl ester moiety, and the signals at around 2.3  ppm 
result from α-carbonyl methylene groups [39]. The peak 

Table 3  Properties of as-prepared biodiesel

Properties Experimental 
value of 
biodiesel

Diesel standard

Color Reddish-brown –

Specific gravity at 25 °C 0.88 0.835

Viscosity at 25 °C (mm2/s) 2.1 3.8 at 40 °C

FFA (wt%) 0.82 –

Saponification value (mg KOH/g 
oil)

212.3 –

Iodine value 73.5 –

Cetane index 48–60 48–50

Calorific value (MJ/kg) 42.1 42.25

Flash point (°C) 150 145

Cloud point (°C) 3 –1

Pour point (°C) 0 –16

Fig. 7  1H NMR of raw Aphanamixis polystachya (royna) oil
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at 2.72  ppm represents the presence of polyunsatu-
rated fatty acids. These bonds generally come from the 
methylene group of higher unsaturated fatty acid or lin-
oleic acid chains [40]. Moreover, Fig.  7 shows that the 
peaks of royna oil between 4.1 and 4.5  ppm are gener-
ally obtained from the glyceride protons of triglycerides; 
however, these peaks were unavailable in the spectrum 
of produced biodiesel. The absence of these short peaks 
(Fig.  8) represents the fundamental difference between 
biodiesel and commercially available diesel, as glyceride 
protons are only available in commercial diesel. In con-
trast, aliphatic hydrogen is present in standard diesel and 
biodiesel [41]. Therefore, the absence of glyceride of tri-
glyceride in the spectrum of biodiesel samples ensures a 
proper conversion of royna oil to biodiesel.

FTIR spectroscopy was employed to determine the 
functional group compositions of raw oil and the pro-
duced biodiesel. Figure  9 shows the FTIR spectrum of 
the royna seed oil and its biodiesel, respectively. Simi-
larly, Table  4 describes the possible functional groups 
according to the peak position of the Figure. Resulting 
from this Figure, in the lower wave number region (250 
to 1000 cm–1), small peaks are present pointing to limited 
functional groups. In the region 1100–1500  cm–1, there 
are several peaks in both royna oil and produced bio-
diesel, indicating the functional groups of ether, amine, 
nitro compound, and alcohol. However, royna seed-
derived biodiesel shows peaks representing the ester and 
carboxylic acid (C–O) in the 1100–1300  cm–1 region as 
biodiesel is mainly monoalkyl ester. The characteristic 

peaks at 2850–2960  cm−1 are due to C–H stretching 
vibration, and the peaks at 800–840  cm–1 represent the 
trisubstituted alkanes by C–H weak rocking. The intense 
C=O stretching band at around 1746 cm–1 is due to the 
carbonyl groups of the triglycerides (C=O) [42]. Simi-
larly, a weaker peak at 1711 cm–1 was obtained for royna 
oil, representing the presence of fatty acids [43, 44]. The 
peaks at 2975–3080  cm–1 indicate the characteristic 
peaks for (–C=C–) alkenes. The earlier results confirmed 
the conversion of triglycerides (TG) to fatty acid methyl 
ester (FAME).

Fig. 8  1H NMR of Aphanamixis polystachya (royna)-derived biodiesel

Fig. 9  FTIR of Aphanamixis polystachya (royna) raw oil (red line) and 
as-prepared biodiesel (black line)
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Discussion
Biodiesel has been accepted globally as a potential 
renewable energy source to substitute petro-diesel. How-
ever, the fuel shows some demerits with immense merits 
towards practical application. Particular fuel properties 
of the as-prepared biodiesel are discussed earlier and 
compared to the corresponding ASTM and EN stand-
ards. Here some other fuel properties which need to be 
considered to overcome the challenges are described as 
follows:

1.	 Carbon residue of the as-prepared FAME is a crucial 
factor that measures the tendency of a fuel sample to 
produce carbon deposits on the injector tips, valve 
seats, and walls of the combustion chamber. The 
maximum allowable value of the carbon residue is 0.3 
wt% as per the EN 14,214:2003 standard. A high car-
bon residue value implies high concentrations of free 
fatty acids, glycerides, polyunsaturated FAME, and 
polymeric materials [45]. Therefore, a value higher 
than the acceptable limit possibly causes severe 
engine fouling.

2.	 The vapor pressure is an additional factor indicating 
the volatility of liquid fuel, and it depends on fatty 
acid composition of the biodiesel. Vapor pressure is 
a function of atomization, ignition and fuel evapo-
ration [46]. Biodiesel usually has low vapor pressure 
than petro-diesel (0.05 kg/cm2).

3.	 Distillation characteristics are important because 
they measure a liquid fuel’s tendency to produce 
potentially explosive vapor and proper air–fuel mix-
ture for combustion. Commercial biodiesel should 
have a boiling range of 68–388  °C, which is a func-
tion of the types of hydrocarbons (short/long-chain) 
in FAME [47]. However, blending biodiesel with die-
sel could be a solution to this problem, and in that 

case, the distillation characteristics would be compa-
rable to that of petro-diesel.

4.	 The sulfur content is one of the significant advan-
tages, where biodiesel has a low value compared to 
conventional diesel fuel (340  ppm). Hence, diesel 
engines fueled with biodiesel and its blends produce 
less emission of harmful sulfur oxides and sulfate 
particulates and low operational cost. Therefore, bio-
diesel and its blending could be a good choice in this 
regard.

5.	 The copper strip corrosion characterizes the ten-
dency of a fuel to corrode the components of an 
engine fuel system made up of copper, zinc, and 
bronze. Its corrosion value for FAME should not 
exceed the limit of maximum 3 (ASTM D 6751 
standard).

6.	 Biodiesel is usually hygroscopic and has the affinity 
to absorb water due to its polar characteristic. This 
could be the reason for the higher water content in 
FAME. The limit of water content in biodiesel is 0.05 
vol% (ASTM D 6751-07b standard). However, the 
problem of higher water content with biodiesel could 
be overcome through blending with conventional 
diesel.

7.	 The composition of ester in FAME affects the prop-
erty of biodiesel, and the average value of the ester 
content should be a minimum of 96.5% (EN14103 
standard). Several components, e.g., monoglyceride, 
diglyceride, and triglyceride, are present in the bio-
diesel required to be controlled as minute as [48].

8.	 Ash content is an added property that shows the 
presence of inorganic contaminants in a fuel sample 
that form ash during combustion. These ash par-
ticles contribute to engine wear and accumulate on 
emission control components (e.g., diesel particulate 
filters). The maximum permissible limit of ash con-
tent of the FAME could be 0.02 wt% (ASTM D6751 
standard).

Conclusions
The ability of Aphanamixis polystachya, a viable non-
edible feedstock with maximum oil content of 51% (w/w) 
for clean biodiesel production has proven. Three crucial 
steps were practiced for biodiesel synthesis, e.g., saponifi-
cation, acidification, and esterification; and various reac-
tion parameters such as the molar ratio of oil to ethanol 
(1:7), the amount of catalysts (1 wt%), and the reaction 
time (1½ h) were successfully optimized. The FFA con-
tent of royna oil was found to be about 7.5 wt%; however, 
it was reduced to only 0.82 wt% for as-prepared biodiesel, 
indicating the suitable conversion. The maximum yield of 

Table 4  FTIR results of royna oil and its biodiesel presenting the 
possible functional groups according to the peak position based 
on Fig. 9

Compound type Frequency

Alkanes 2850–2960

Alkenes 2975–3080

Aldehydes, ketones 1720–1775

Nitro compounds 1260–1390

Carboxylic acids 1250–1300

Ester 1100–1300

Ether 1220–1260

Alcohol 1150–1200

Aliphatic amines 1020–1220

Trisubstituted alkenes 800–840
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FFA to biodiesel was found to be 97% for the CuO cat-
alyst and 80% for the non-catalysis system. In addition, 
the standard methods of the American Society for Test-
ing Materials (ASTM) were followed effectively to ana-
lyze numerous physical and chemical properties of the 
clean fuel. Particularly, the calorific value and viscosity of 
the obtained biodiesel which corresponded to 42.1  MJ/
kg and 2.1 mm2/s at 25 °C are very close to commercial 
diesel. Finally, the biodiesel formation was confirmed by 
means of 1H NMR and FTIR spectroscopic analyses of 
raw oil and as-prepared biodiesel. Therefore, royna oil-
derived biodiesel can play an integral role as a suitable 
substitute for petro-diesel to run diesel engines.
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