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Abstract: The search for a cost-effective, environmentally friendly and sustainable feedstock for
biodiesel production has attracted attention among researchers. After frying, palm oil may become
thermally degraded and unsuitable for consumption. In the current effort, neat palm oil (NPO), waste
palm oil earlier utilized for frying fish and chips (WPOFC) and waste palm oil previously utilized
to fry sausage and chips (WPOSC) were transesterified into waste palm oil methyl ester, namely,
WPOMEFC and WPOMESC, respectively. The PO, WPOs and their ester derivatives were subjected to
physicochemical properties, fatty acid (FA) compositions and 1H and 13C nuclear magnetic resonance
(NMR) analyses. The thermal degradation, transesterification process and the foods the palm oil was
used to fry affected the density, kinematic viscosity, acid value, pH, iodine value and FA profile of
the samples. The outcome of the characterization reveals that the 1H and 13C NMR spectra of NPO,
WPOFC and WPOSC show clear similarity, but NPO exhibits different intensities from that of the
WPO samples. The absence of the peaks between δ 4.6 ppm and 5.0 ppm in the 1H NMR spectrum
signifies the complete transformation of triglycerides in the WPO samples into biodiesel. The 13C
NMR spectrum indicates the presence of ester carbonyl carbon (C=O) in WPOMEFC and WPOMESC,
peculiar to ester, at a chemical shift ranging from 174.8 ppm to 174.9 ppm.

Keywords: characterization; palm oil; nuclear magnetic resonance; thermal degradation; waste
palm oil

1. Introduction

Increased population, modernization, industrialization and urbanization have resulted
in higher energy demand over the past few decades. Globally, the carbon dioxide (CO2)
emitted from energy-related activities increased from 30.4 billion metric tons (BMT) in
2010 to 31.5 BMT in 2020 (Figure 1) [1]. The reduction in CO2 emission in the year 2020
was due to the strict lockdown and disruption in industrial activities caused by the impact
of COVID-19. With the global energy demand predicted to increase by 19% between
2020 to 2040 [2], there is a need for more investment in the renewable energy sector to
safeguard our planet from the terrible effects of fossil fuel consumption. Global biodiesel
consumption increased from 294 thousand barrels of oil equivalent per day (mboe/d) in
2010 to 682 mboe/d in 2020 (Figure 1) [3]. In addition, emissions from the consumption of
fossil-based fuels increased from 16.5 gigatons of equivalent carbon dioxide (GtCO2e) in
2010 to 18.6 GtCO2e in 2018 [4]. To meet the increasing demand for biodiesel and reduce
CO2 emissions from fossil fuel consumption, there is a need for more research into making
biodiesel available and at a reduced pump price.
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Figure 1. Global biodiesel consumption (thousand barrels of oil equivalent per day) 
and global energy-related CO2 emission (billion metric tons). Adapted from [1, 3] by 
the authors. 
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Figure 1. Global biodiesel consumption (thousand barrels of oil equivalent per day) and global
energy-related CO2 emission (billion metric tons). Adapted from [1, 3] by the authors.

The application of biodiesel, a form of biofuel, has been seen as a sustainable strategy
for combating the challenges related to the deployment and utilization of petroleum-based
diesel (PBD) fuel as a compression ignition (CI) engine fuel. Biodiesel is a renewable,
sustainable and eco-friendly fuel containing mono-alkyl esters of long-chain fatty acids.
Biodiesel is synthesized from a wide range of renewable and readily available feedstocks
including neat vegetable oils, used vegetable oil, algal oils or animal fats [5]. The standard
specifications, test methods and properties of biodiesel are as defined by ASTM D6751
and EN14214 [6]. Biodiesel is safer to handle, less flammable, eco-friendly, less harmful,
biodegradable and offers visible advantages of higher cetane number, flash point, lubri-
cating properties when compared with PBD fuel. CI engines fueled with biodiesel emit
lower smoke, carbon monoxide, unburnt hydrocarbon, particulate matter emissions and
improved thermal efficiency than CI engines powered with PBD fuel. Many governments
are encouraging biodiesel as a sustainable alternative to PBD fuel to diminish crude oil and
refined fuel imports and enhance energy security [7,8].

The application of second-generation feedstock, including used vegetable oil, retrieved
oil from restaurants and recovered animal fats have gained acceptance in recent years.
The attraction to the use of second-generation feedstock is due to its cost-effectiveness,
availability, non-conflict with the food chain and environmental friendliness. The use
of used frying oil as biodiesel feedstock also serves as an appropriate disposal channel.
The inappropriate disposal of used frying oil blocks drains, weakens concrete and pollutes
aquatic and terrestrial habitats. Worldwide, palm oil is reputed as a multipurpose and
extensively used vegetable oil due to its pleasant frying properties, non-toxicity, low cost
and accessibility when compared with cottonseed or sunflower oils [9]. With palm oil
making up 33% of the total consumption of edible oils, waste palm oil (WPO), which is
produced from frying processes, has become a favorable biodiesel feedstock [10]. However,
during frying, palm oil is exposed to high temperature, moisture and contamination from
the items which alter the physical, chemical and composition of the oil. When palm oil
is heated to an elevated temperature, it becomes unstable due to the existence of active
sites β- hydrogen in triacylglycerol structure [11], thereby limiting the application of palm
oil as a lubricant. This drawback can, however, be surmounted by chemical alteration by
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the process of esterification with polyhydric alcohol such as neopentyl glycol, trimethy-
lolpropane and pentaerythritol which substitutes glycerol as a mainstay of the palm oil
structure [12]. Repeated consumption of WCO predisposes humans and animals alike to
detrimental health challenges including diabetes, high blood pressure, vascular inflam-
mation and other pathologies [13]. The conversion of WCO into biodiesel is, therefore,
beneficial and desirable.

2. Previous Works on Characterization of NPO, WPO and WPOME

Non-destructive characterization techniques such as thermogravimetric analysis,
Fourier transform infrared spectroscopy and nuclear magnetic resonance spectroscopy
(NMR) have been applied to characterize WCO by various researchers [14,15]. NMR
techniques are utilized for the determination of a compound’s unique structure through
the identification of all active nuclei, including the carbon-hydrogen, fluorine, nitrogen,
phosphorus, etc., structure of an organic compound. Proton or 1H and 13C are the most
used magnetically active nuclei [16]. The 1HNMR and 13CNMR are non-invasive charac-
terization methods that are fast, generate no chemical residues and offer comprehensive
molecular information as soon as a spectrum is achieved with an adequately elevated
signal-to-noise ratio and reasonable precision for the determination of the sample composi-
tion [17].

Various techniques are used to ascertain the physical, chemical, compositional, ther-
mal and spectroscopic properties of compounds. There have been investigations on the
properties, composition, thermal and spectroscopic characterization of some unused and
used vegetable oils and their alkyl ester derivatives [13,14,18,19]. In addition, 1H and 13C
NMR techniques, among others, have been used for the identification and characterization
of spent vegetable oil [20,21] and biodiesel [22–26]. However, the application of 1H and
13C NMR for the characterization of neat palm oil (NPO), used palm oil and waste palm oil
methyl ester (WPOME) have not been adequately exploited and reported. The motivation
for this study is derived from the need to trace the trajectory of WPOME from NPO through
the physicochemical properties, fatty acid (FA) composition and NMR characterization
routes. This study, therefore, aims to interrogate the influence of thermal degradation and
contamination caused by the food items the oil was employed to fry on the NPO, waste
palm oil (WPO) and the resultant ester from two different samples. This present work is,
however, limited to the determination of physicochemical properties, FA composition and
characterization of NPO, WPO feedstocks and WPOME derived from the feedstocks by
NMR technique.

3. Materials and Methods
3.1. Collection of Materials, NPO and WPO

The NPO and two WPO samples were retrieved from restaurants around the Uni-
versity of Johannesburg, Doornfontein Campus, South Africa. Methanol (analytical
grade, 99.5%) was purchased from Merck, South Africa, while Magnesol (analytical grade,
60–100 mesh) was procured from Sigma-Aldrich, Germany, and used as an adsorbent.
Magnesol is hygroscopic and, therefore, must be kept in an airtight glass jar and contact
with eyes must be avoided. The NPO was collected from the stock used for frying and
needs no pre-treatment, while the WPO was collected just at the point of disposal with
food debris and light yellow. About one liter of NPO was collected while five liters of each
WPO were collected and transported into the laboratory in a sealed glass container. This is
to ensure enough WPO samples are available for testing and conversion to ester.

The information obtained about the WPO samples is displayed in Table 1, while
Figure 2 is the picture of the collected samples. However, the cycle of usage and the frying
temperature could not be accurately ascertained. The collected WPO samples were exposed
to thermal treatment by pouring them into a clean stainless-steel container and heating it to
about 50 ◦C using an electric stove amidst continuous stirring. The oil, now in liquid form,
is subjected to physical treatments to get rid of solid food residues and other contaminants
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by filtration using a laboratory filter paper that allows the oils to pass. The filtered samples
were dehydrated by heating the samples to 100 ◦C under a vacuum of 25 mmHg for 20 min
to eliminate the water molecules contained in the samples. The treated WPO samples
were subjected to acid value determination using the titration method to ascertain the
appropriate conversion process to be employed [13].

Table 1. Information on the collected WPO samples.

Food Items
Fried with Oil

Duration of
Usage (Days) Color Quantity

(Liters) Notation

Fish and chips 14 Dark yellow 5 WPOFC
Sausage and

chips 14 Dark yellow 5 WPOSC
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3.2. Production of WPOME

The total acid number of the WPO samples was found to be less than 2 mgKOH/g
which makes one step transesterification reaction suitable for biodiesel production. Chicken
eggshells collected from households and restaurants were cleaned, pulverized, sieved with
a 75 µm mesh and calcinated to convert the calcium carbonate to CaO [27]. The use of
chicken eggshells is to save cost, ensure appropriate disposal of the waste shells and convert
waste to useful products [28]. The CaO derived from calcinated waste chicken eggshells
was used as a heterogeneous catalyst. The clean WPO sample, methanol and CaO powder
were poured into a round bottom flask, firmly corked and heated to a predetermined
temperature of 60 ◦C for 90 min under continuous stirring of 1200 rpm maintained by a
magnetic stirrer. The summary of the production parameters is shown in Table 2. The WPO
was converted to WPOME by a single-stage transesterification process using the methanol
to oil ratio of 6:1 and catalyst: oil ratio of 1% w/w [29]. A digital thermocouple was used
for the verification of the temperature of the reacting solution during the experiments.
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Table 2. Summary of the WPOME production parameters.

Parameter Specification

Sample name Food fried with oil
Samples WPOSC and WPOFC
Process Transesterification
Catalyst CaO

Catalyst to oil ratio 1% w/w
Catalyst particle size 75 µm

Reaction time 90 min
Reaction temperature 60 ◦C

Stirring speed 1200 rpm
Alcohol Methanol (99.5%; Analytical grade)

Methanol to oil ratio 6:1
Adsorbent Magnesol (Analytical grade)

At the end of the reaction, the mixture is filtered using laboratory filter paper in a
vacuum filter set up to recover the catalyst. The solution is thereafter transferred into a
separating funnel clamped on a tripod stand and left overnight. The glycerol and other
impurities are coagulated at the base of the separating funnel where it is tapped and
extracted. The crude biodiesel is subsequently decanted and purified using 1% w/w
Magnesol:crude biodiesel at 60 ◦C for 30 min under agitation at 60 rpm by a magnetic
stirrer. The mixture is filtered to remove the adsorbent and dehydrated by heating the
biodiesel to 110 ◦C and 60 rpm stirring speed to remove the methanol and moisture in
the biodiesel. Further polishing is done by using a 0.45 µm PTFE membrane syringe filter.
The resulting clean WPOME was stored in well-labeled airtight bottles for characterization
as shown in Figure 3.
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3.3. Determination of Physicochemical Properties of Samples

The density, kinematic viscosity, acid value and iodine value of the samples were
determined according to the specified standard methods and equipment listed in Table 3.
The pH of the neat and waste palm oil samples was measured using a pH meter [30]. Each
test was conducted two times and the average results are recorded.
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Table 3. Standard methods and equipment for properties determination.

Property Unit Equipment Equipment Accuracy Standard Method Ref.

Density @ 15 ◦C Kg/m3 Density meter ±0.001 g/qcm ASTM D 1298 [31]

Kinematic viscosity
@ 40 ◦C mm2/s Viscometer ±1% ASTM D445 [31]

Acid value mgKOH/g Titration - AOCS Ca 4a-40 [32]

Iodine value gI2/100g Titration - AOCS Cd 1B-87 [32]

To determine the acid value, the titer value was first determined by titrating a solution
of the sample in diethyl ether with a solution of potassium hydroxide. The titer value is
determined when a faint pink color appears and persists for about 30 s. The acid value is
calculated by Equation (1).

Acid value =
(Titre value × N o f KOH × 56.1)

(Wt o f sample (g))
(1)

The iodine value is determined by titrating using 0.1 mol/L Na2S2O3 solutions as
titrant to determine the iodine factor (IF). During this process, 0.2 g of liquid oil is added
into a titration vessel to dissolve the oil. 10 mL cyclohexane, 0.5 mL mercuric acetate
solution and 20 mL glacial acetic are added to determine the titer value. The IF and iodine
value are calculated according to Equations (2) and (3).

Iodine Factor (IF)
0.01269 × M Na2S2O3

0.1
(2)

Iodine value =
((Blank − titration)× IF × 100)

Sample mass (g)
(3)

3.4. Determination of Fatty Acid Profile of Samples

The fatty acid (FA) composition of NPO, WPOFC and WPOSC were determined by
the pyrolysis gas chromatograph mass spectrometer (PyGCMS) (Shimadzu Corporation,
Kyoto, Japan) using a Shimadzu Gas Chromatograph Mass Spectrometer (Shimadzu
Corporation, Kyoto, Japan) using an ultra-alloy-5 capillary column and GCMS-QP2010
Plus software (Version 2.5, Shimadzu Corporation, Kyoto, Japan). On the other hand, gas
chromatography-mass spectrometer (GCMS) with an ultra-alloy-5 capillary column and
GCMS-QP2010 Plus software was used to determine the FA composition of WPOMEFC
and WPOMESC. For both the PyGCMS and GCMS, the inlet temperature, carrier gas
and the sample size used were 250 ◦C, helium and 2 µL, respectively. An Ultra alloy
-5(MS/HT) column with 30 m, 0.25 mm internal diameter, 0.25 µm was used and a flow
rate of 3 mL/min.

3.5. Characterization of Samples

The five samples, viz. NPO, WPOFC, WPOSC, WPOMEFC and WPOMESC were char-
acterized by 1H and 13C NMR techniques using Bruker Avance III 600 MHz spectrometers
(Karlsruhe, Germany). The chemical shifts are presented in parts per million (ppm), using
the solvent proton signal as standard. The NMR tubes and caps were cleaned while all the
solid particles in the samples were completely removed. This is to prevent distortion of the
homogeneity of the magnetic field and ensure an accurate result. The NMR tube and the
spinner are cleaned with Kimwipe to eliminate the fingerprints and the air in the magnet
ejected before the injection of the samples and the start of the experiment. Denatured
chloroform was used as solvent and tetramethylsilane as the internal standard. The sample
1H NMR (300 MHz) spectrum was noted with a cycle delay of 1.0 s and eight times scans
with a pulse duration of 30◦, (Table 3). A carbon 13C NMR (75 MHz) spectrum was recorded
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with a pulse duration of 30◦ and a cycle delay of 1.89 s, followed by scanning for 160 times.
The data are analyzed and processed on the Topspin3.5 software on the computer.

4. Results and Discussions

The pretreated WPO samples were analyzed and the results were compared with
ASTM and EN standards. At the end of the transesterification reaction, the WPO samples
were converted into crude biodiesel. The biodiesel samples were separated in a separating
funnel where the impurities were drained off. The crude biodiesel samples were purified to
remove the excess moisture, catalyst and methanol trapped in the crude biodiesel. The clean
FAME samples are kept in an airtight glass vial for analysis.

4.1. Physicochemical Properties of Samples

The results of the physicochemical analysis of the samples are shown in Table 4.
The acidity and density of the WPO samples were lower than that of the NPO. However,
the kinematic viscosity of the WPO samples was higher than that of the NPO. These
outcomes are due to the impact of the thermal decomposition and contamination by the
food items that occurred during frying [33]. The iodine value and kinematic viscosity
of WPOFC were higher than that of WPOSC. On the other hand, the pH, congealing
temperature, density and acid value of WPOSC were higher than that of WPOFC. This is
attributed to the effect of the saturated and monounsaturated fats contained in the beef
sausage that impacts the chemical properties. The effects of transesterification on the WPO
samples were noticed by the lower values of density, kinematic viscosity and an acid value
of the WPOME samples compared to the WPO samples [34,35]. The outcome of these tests
showed the impact of frying on unused palm oil and that of transesterification on WPO
samples. One of the advantages of converting WCO to biodiesel is the reduction of the
iodine value [36].

Table 4. Physicochemical properties of samples.

Properties NPO WPOFC WPOSC WPOMEFC WPOMESC ASTM D6751 EN 14214

pH 6.34 5.73 6.19 - - - -
Density @ 15 ◦C (kg/m3) 919.5 904.3 913.4 865 875 880 860-900

Kinematic Viscosity @
40 ◦C (mm2/s) 27.96 44.25 38.41 4.5 3.8 1.9-6 3.5-5

Iodine value (cg/g) - 81.7 54.2 72.5 52.3 - 120 max
Acid value (mg KOH/g) - 0.66 1.13 0.28 0.42 0.8 max 0.5 max

4.2. Fatty Acid Composition of Samples

The FA composition of the samples is presented in Table 5. Due to the impact of the
food and thermal contamination during frying, the FA composition of NPO is remarkably
different from that of the WPO samples. Similarly, the palmitic and oleic acids that were not
present in the NPO became evident in the WPOFC and WPOSC samples. While the brassidic
and capric acids that were noticed in NPO completely disappeared in the two WPO samples.
The percentage of the saturated fatty acid (SFA) in the NPO was increased from 19.64% to
37.67% for WPOFC and 54.75% for WPOSC. This result agrees with the outcome of a similar
investigation by Kadapure et al. [37]. The effect of the food items the oil was used to fry
led to the WPOSC having predominantly more SFA of 54.75% and polyunsaturated fatty
acid (PUFA) of 37.35%, while WPOFC shows more SFA of 37.67% and monounsaturated
fatty acid (MUFA). These variations are a result of the contamination of the NPO arising
from the addition of salt, sauce and moisture, repeated thermal contamination and cooling
which causes the oil to deteriorate and consequently affected its degree of saturation [38].
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Table 5. FA composition of samples.

Fatty Acid Formular
Samples

NPO WPOFC WPOSC WPOMEFC WPOMESC

Pelargonic C9:0 - - - 1.1 -
Capric C10:0 5.92 - - - -

Caproleic C10:1 - - - 5.62 25.37
Lauric C12:0 - - - 3.47 -

Palmitic C16:0 - 36.13 54.75 23.72 16.52
Stearic C18:0 13.72 1.54 - - -
Oleic C18:1 - 58.57 7.9 63.96 20.35

Linoleic C18:2 52.55 3.76 37.35 - 37.75
Behenic C22:0 - - - 2.13 -

Brassidic C22:1 27.81 - - - -

Saturated FA (%) 19.64 37.67 54.75 30.42 16.52
Monounsaturated FA (%) 27.81 58.57 7.9 69.58 45.72
Polyunsaturated FA (%) 52.55 3.76 37.35 - 37.75

Total FA (%) 99.97 100 100 100 99.99

The effect of transesterification reaction became evident in the variations in the FA
composition of WPO samples from WPOME samples. The concentration of SFA in WPOFC
was reduced from 37.67% to 30.42% in WPOMEFC, while SFA in WPOSC reduced from
54.75% to 16.52% in WPOMESC. On the other hand, MUFA increased from 7.9% in WPOSC
to 45.72% in WPOMESC. These variations can be attributed to the effect of the various
chemical reaction that occurs during transesterification [38–40].

4.3. H and 13C NMR Characterization of Samples

The 1H and 13C NMR spectra of NPO, WPOFC, WPOSC, WPOMEFC and WPOMESC
were investigated to analyze the effects of high temperature and food items contamination
on the neat palm oil and waste palm oils feedstock and the biodiesel derived from each
feedstock. The NMR spectrum of any oil sample must have at least nine signals of substan-
tial intensity [19]. These signals are a result of the protons of the triglycerides, which is the
main component in the oil samples. Neat palm oil contains a high content of beta-carotene
which accounts for its red color. While NPO is usually consumed by human beings, the con-
sumption of WPO has grave health implications. Toxic compounds are generated in the
WPO during frying when fatty acids are oxidized, particularly to polyunsaturated fatty
acids. This made the European Union, in 2002, ban the utilization of spent vegetable oil as
an ingredient for animal feeds and raw materials for soap production was discouraged [41].
The line intensities (integrals) of the signals are believed to be proportional to the number
of protons available in each functional group [42].

The 1H and 13C NMR spectra of NPO, WPOFC and WPOSC are displayed in Figures 4a–c
and 5a–c, respectively. The 1H and 13C NMR spectra for NPO, WPOFC and WPOSC have
shown similar peaks, however, the integrations (intensity) of some of the NPO peaks are
different from that of the WPO samples. The presence of the olefinic protons (-CH=CH-)
at δ 5.25–5.38 ppm, the glyceryl protons at peaks δ 4.07–4.31 ppm and acyl proton peaks
at δ 2.28–2.35 ppm suggested the presence of the triglyceride’s moiety. The presence of the
bis-allylic proton peak (=HC-CH2-CH=) appeared at δ 2.75–2.77 ppm and the allylic proton
peak (–CH2-CH=CH-) at δ 1.99–2.06 ppm suggested that triglyceride’s structure has some
degree of unsaturation. The appearance of the acyl proton peaks (-OCO-CH2-CH2-) at δ
1.60–1.61 ppm, the aliphatic-methylene proton peaks –(CH2)n at δ 1.30–1.37 ppm and δ

1.25–1.29 ppm and the terminal methyl proton peaks (-CH3) at δ 0.77–0.98 ppm confirmed
the presence of the saturated groups, which are categorized under the saturated, oleic and
linoleic acyl group. Similarly, due to the effects of the high frying temperature, the NPO
became oxidized. The NMR analysis of WPO samples revealed some oxidation products,
including hydroxyperoxides, polymers, esters and aldehydes at peaks δ 1.5–2.04.
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WPOMEFC and WPOMESC, being a product of transesterification of WPOFC and
WPOSC, respectively, using methanol as the alcohol, show typical proton peaks (1H NMR)
corresponding to methoxyl hydrogen, OCH2 and olefinic hydrogen are clearly shown at
δ 3.18–3.97 ppm. These are proton signals peculiar to biodiesel production and play a
crucial role in influencing the outcome of the transesterification reaction [43]. As shown
in Figure 4d,e, no signal was witnessed in the range between δ 4.6–5.0 ppm, indicating a
complete conversion of triglycerides in the WPO samples into FAME. This fact is further
demonstrated in the appearance of two major peaks in Figure 5d,e. In addition, a sharp
signal was observed at δ 3.39 ppm in Figure 5e, revealing the formation of pure and
quality FAME [44,45]. The same peak is observed in Figure 5d at 3.28 ppm The carbon
spectra for WPOMEFC and WPOMESC showed distinct peaks downfield at chemical shift
174.8–174.9 ppm corresponding to the ester carbonyl carbons (C=O). These values confirm
and agree with the chemical shift for carbon ester carbonyl (C=O) of 155–185 ppm as
reported in the literature [12,46,47]. The presence of C-O for the WPOME samples at
51.37 ppm confirms the success of the transesterification reaction [48,49].

These results have demonstrated that transesterification has more impact on the oils
than frying. This might be attributed to the effect of the methanol and several chemical
processes involved in transesterification. Furthermore, the food items the oil was used to
fry have insignificant effects on the ester formed from the WPO. The implication of this
is that used vegetable oil from various sources can be collected and mixed for biodiesel
production without taking cognizance of the fingerprint of the individual oils.
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5. Conclusions

Waste palm oil is among the prominent feedstocks for biodiesel synthesis, owing
to its availability, environmental friendliness and non-confrontation with the food chain.
The application of NPO as feedstock will trigger a food vs fuel debate and increase the
cost of feedstock and, consequently, the total cost of production. When NPO is used to fry
different foods, the oil experiences thermal decomposition and contamination arising from
the food substance the oil was deployed to fry. In the current effort, we have investigated
the impacts of thermal degradation and food contamination on some physicochemical
properties, 1HNMR and 13CNMR characterizations of unused palm oil, palm oil used to fry
some foods (WPO) and the esters synthesized from the used palm oil. The physicochemical
properties and spectroscopic behavior of palm oil are distorted by high-temperature frying
and the transesterification process. The outcome of this research can be summarized
as follows:

• The density, congealing temperature, acid value, pH, iodine value and kinematic
viscosity are altered by the frying and contamination during usage. While frying
reduces the density and the pH of the palm oil, the congealing temperature and
kinematic temperature of WPO are higher than that of the NPO. The density, kinematic
viscosity and acid value of FAME are lower than that of their feedstocks.

• The 1H and 13C NMR spectrum of investigated samples were observed to occur in
nine signals of significant intensity, as mentioned in the literature.

• The proton spectra of 1H and 13C NMR for NPO, WPOFC and WPOSC are similar, the
intensity of the NPO is, however, different from the proton spectra of the WPO samples.

• The 13C NMR spectrum exhibits the presence of ester carbonyl carbon (C=O) in
WPOMEFC and WPOMESC, peculiar to ester, at chemical shift 174.8–174.9 ppm con-
firms the transesterification process carried out on the WPO samples.

• 1H and 13C NMR reinforce the suitability of WPO as feedstock for FAME synthesis.
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Going forward, more research is required to determine the impacts of the salts and
other condiments added to food items, the cycle of usage and frying temperatures of
vegetable oil from various sources on the combustion, performance and emission charac-
teristics of CI engines fueled with the FAME synthesized from such WCOs.
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