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Abstract
Biodiesel has widely been produced from common edible oils; however, food versus fuel conflicts has motivated research-
ers to search for other less common feedstock for production of biodiesel. Thus, this study investigates the suitability 
of biodiesel made from less common manketti nut oil in terms of its thermal and long-term storage stability. Also, since 
biodiesel is stored in containers made of different metals; the influence of metal contaminants on the storage stability 
of biodiesel is also examined. Manketti Oil Methyl Ester (MOME) is synthesized by the transesterification process and 
characterized as per biodiesel global standards. MOME is doped with antioxidants (1, 2, 3 tri-hydroxy benzene (Pyrogallol, 
PY) and 3, 4, 5-tri hydroxy benzoic acid (Propyl Gallate, PG)) at different ratio to analyse its influence on the stability of 
MOME. Also, 2 ppm of selected metals (Co, Cu, Fe, Mn, and Ni) is doped to MOME samples with and without antioxidants 
and stored for 6 months in open and closed 500 ml plastic bottles. Oxidation stability is measured once a month to 
monitor stability of MOME. Thermogravimetric analysis is conducted to examine thermal stability of MOME. The results 
show that freshly-synthesized MOME has oxidation stability of 4.24 h below the European EN 14214 (8 h) and South 
African SANS 1935 (6 h) standards. On adding antioxidant PY and PG at 200 ppm concentration, the oxidation stability 
increases to 13 h and 8.5 h respectively. The result of MOME contaminated with metals shows that Cu has the highest 
damaging effects on oxidation stability during storage. Additionally, thermal stability analysis results exhibit that MOME 
has excellent thermal stability of 211.33 °C.
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1  Introduction

Fossil fuels are non-renewable energy resources, which 
account for 78.3% of the world energy consumption, 
while renewables and nuclear power contribute 19.2% 
and 2.5%, respectively [1]. Due to massive worldwide 
energy demand, fossil fuel reserves are getting depleted 
faster than their rate of regeneration since it takes millions 
of years for them to form [2]. Fossil fuels are significantly 

responsible for increasing environmental issues such as 
emission of greenhouse gases, air pollution and global 
warming. Some of the emissions generated include CO, 
CO2, NOx, unburnt or partially burnt HC and particulates. 
Thus, the challenges associated with using fossil fuels have 
motivated a search for potential alternative fuels, which 
are renewable and pose less risk to the environment [3]. 
In that regard, biodiesel has proven to be an ideal alter-
native fuel for petroleum-based diesel. Biodiesel, which 
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constitutes mono-alkyl esters, is synthesised by transes-
terification of animal fats, vegetable oils, algae and used 
cooking oils in presence of alcohol and a catalyst [4]. It is 
a clean-burning fuel, renewable, produces minimal toxic 
pollutants and greenhouse gases as compared to petro-
leum-based diesel when used in diesel engines [2–4].

Despite all the merits of biodiesel, it is more susceptible 
to oxidation in comparison with petroleum-based diesel 
when exposed to air, daylight, high-temperature condi-
tions and metal contaminants [4, 5]. However, biodiesel’s 
level of oxidation depends on the type and location of 
feedstock, storage conditions and natural occurrence of 
antioxidants [4–7]. Various studies have addressed the 
issue of biodiesel oxidation stability based on different 
feedstock. They concluded that high unsaturated fatty acid 
content of esters is the primary reason for the susceptibil-
ity of biodiesel to oxidation [4–8].

The oxidation of biodiesel significantly affects its main 
fuel properties, for instance, kinematic viscosity, acid value 
and cetane number. Oxidized biodiesel possesses stable 
products, for example, aldehydes, insoluble gums, shorter 
carboxylic acids, peroxides, sediments and total acids. The 
presence of these products affects biodiesel quality and 
impairs the performance of engines. Besides, they result in 
injector fouling, plugging of fuel filters, and the formation 
of deposits in the engine combustion chamber and other 
fuel system components, which in turn damages the vehi-
cle fuel systems [4, 5, 7, 9]. Most of the available literature 
has reported the oxidation stability of edible oil-derived 
biodiesel [6]. However, due to food versus fuel conflicts, it 
is imperative to utilize alternative feedstock such as vege-
table oils from less common tree born seeds which do not 
pose a threat to food security. Thus, this work investigates 
the suitability of biodiesel produced using manketti nut 
oil, which is obtained from less common and wildly-grown 
manketti plants [9, 10]. The tree is widely distributed in 
Southern Africa. It prefers hot temperatures and little rain. 
It grows in the wild on sandy soils between the latitudes of 
15 and 21°S in many parts of Botswana, South Africa, Zam-
bia, Angola, Namibia and up to Mozambique [11]. It can 
be found in large stands, several hundred meters wide and 
stretching for several kilometres, across the well-drained 
Kalahari sands. Some countries such as Mauritania, Guinea, 
Liberia, Ethiopia, Sudan, Chad, Mali, Niger and Uganda are 
also suitable for the cultivation of Manketti tree [11]. The 
manketti tree was also introduced to Australia in the late 
1980s [11].

Various studies have reported the potential of manketti 
oil for application in the cosmetic and nutraceutical indus-
try. Cheikhyoussef et al. [9] characterized Schinziophyton 
rautanenii (Manketti) nut oil originating from Namibia. The 
collected manketti seeds yielded oil of about 42.6  ±  0.84% 
and was rich in tocopherols and conjugated fatty acids. 

Besides, unsaturated fatty acids, mainly linoleic acid 
(31–32%) and linolenic acid (24–36%) dominated in the 
oil. These unsaturated fatty acids tend to get oxidized 
though they are suitable for nutraceutical and cosmetics 
applications. Juliani et al. [10] assessed the properties of 
manketti cold-pressed oil and its potential for application 
in the cosmetic industry. Using a manual hand press, 28% 
of oil was extracted from the seeds while up to 38% of oil 
was obtained with a hydraulic press method. The report 
indicated that manketti oil had a high unsaturated fatty 
acid content recording 10 mg/kg peroxide value, 1.6% acid 
value, and − 7 °C solidification point.

There are limited studies regarding biodiesel produc-
tion from manketti nut oil. Kivevele and Huan [12] investi-
gated the potential of biodiesel synthesized from manketti 
oil as a substitute for petroleum-based diesel. Most of the 
fuel-related properties met the minimum requirements 
prescribed in global biodiesel standards (ASTM D6751 
and EN 14214). The study, however, did not evaluate the 
effectiveness of the antioxidants on biodiesel stability dur-
ing long-term storage under different conditions. Biodiesel 
typically contains limited amounts or no natural antioxi-
dants at all, they become less stable over time; therefore, 
antioxidants need to be applied to the biodiesel during 
long-term storage [7, 12]. Rutto and Enweremadu [13] 
employed response surface methodology to optimize the 
production variables of biodiesel synthesized from man-
ketti nut oil. They used an alkali catalysed transesterifica-
tion process, and the optimum conditions reported are 
as follows: 55 °C (reaction temperature), 53 min (reaction 
time), 1.02 wt % (amount of catalyst) and 32 wt % (amount 
of methanol in the oil). At these operating conditions, the 
optimum yield of Fatty Acid Methyl Esters (FAME) reported 
to be 98.3%, and most of the essential fuel-related prop-
erties met the EN 14214, SANS 1935, and ASTM D6751 
standards. Atabani et  al. [11] studied production and 
characterization of Manketti (Ricinodendron rautonemii) 
methyl ester and its blends with diesel. The effect of Man-
ketti biodiesel on engine and emissions performance was 
also investigated. The results showed that biodiesel had 
kinematic viscosity of about 8.34 mm2/s higher than the 
limit described by the ASTM D6751 and EN 14214. They 
explained that high kinematic viscosity of the parent oil 
contribubed to high kinematic viscosity of biodiesel. How-
ever, blending manketti methyl ester with diesel improved 
its kinematic viscosity, calorific value and density. For the 
engine tests, blending diesel with manketti methyl ester 
produced lower break power, increased brake specific fuel 
consumption, produced higher CO and HC emissions but 
significantly reduced NO emission compared to diesel fuel.

From the studies above, it can be seen that the long-
term storage stability and thermal stability of biodiesel 
made from manketti nut oil at various conditions in the 
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presence or absence of antioxidants are not extensively 
investigated. Moreover, biodiesel is stored in containers 
made of different metals, and it is quite possible that if 
biodiesel gets contaminated with metals its stability might 
be affected, but this has also not been investigated with 
regards to manketti methyl esters. Therefore, this study 
investigates the stability of biodiesel derived from less 
common manketti nut oil of Southern Africa origin in 
terms of thermal stability and long-term storage stability. 
Besides, the influence of metal contaminants such as Co, 
Cu, Fe, Mn, and Ni on storage stability of biodiesel is also 
studied. Understanding the stability of biodiesel is critical 
because autoxidation affects the quality of biofuels and 
damages vehicle fuel systems when oxidized biodiesel is 
used in the diesel engines.

2 � Materials and methods

2.1 � Materials

All chemicals utilized in the present research such as 
potassium hydroxide (85%), which is in pellet form and 
methanol (99.5%) are analytical grade and no further 
purification processes are undertaken. The chemicals and 
Manketti nut oil have all been purchased from the depart-
ment of chemistry, Arcadia Campus, Tshwane University of 
Technology, South Africa. Diesel fuel used for comparison 
purposes with MOME in this study is obtained from local 
filling station in Pretoria, South Africa. The antioxidants 
such as 3, 4, 5-tri hydroxy benzoic acid (Propyl Gallate, PG) 
and 1, 2, 3 tri-hydroxy benzene (Pyrogallol, PY) are pur-
chased from Alfa Aesar Company, German. Transition met-
als in powdered form (2 μm) such as Co, Cu, Fe, Mn, and 
Ni have been supplied by Africo Resources Limited, Cape 
Town, South Africa.

2.2 � Biodiesel production

Manketti nut oil is tested for free fatty acid content (FFAs) 
using conventional AOCS (American Oil Chemists’ Soci-
ety) titrimetric method as described elsewhere [14, 15]. 
The manketti nut oil recorded FFAs of about 1.85%, which 
is below the recommended upper limit of 2%. Therefore, 
only one step transesterification process is required in 
the production of manketti biodiesel [12]. Manketti oil 
is pre-heated at 110 °C for 10 min to drive out moisture 
and later cooled to room temperature. The transesterifica-
tion process (Fig. 1) of Manketti nut oil is then conducted 
using standard conditions based on previous works [12, 
16, 17]. The process is carried out using 1.0 wt % potas-
sium hydroxide, methanol/oil molar ratio of 6:1 at 60 °C 
reaction temperature, 90 min reaction time, and 400 rpm 

agitation speed. The effectiveness of antioxidants (PY and 
PG) on metal contaminated and uncontaminated MOME 
is carried out by dosing different concentrations of anti-
oxidants (200, 500, 700 and 1000 ppm). For the metal 
contaminated MOME; 2 ppm concentration of each metal 
(Co, Cu, Fe, Mn, and Ni) is doped to MOME samples to 
investigate its influence on the oxidation stability over a 
long storage period. A constant dosage of metals (2 ppm) 
is opted in the present study because it is reported else-
where that the dosage beyond 2 ppm had no significant 
effect on oxidation stability as it was found to be constant 
[4, 18]. To investigate the stability of MOME stored over a 
long period, the samples of MOME with and without anti-
oxidants and other samples with metal contaminants are 
stored in 500 ml plastic bottles for six (6) months. Open 
and closed plastic bottles are used to store the samples 
and their induction periods are measured monthly to 
monitor the stability using Rancimat equipment (Model 
873) as shown in Fig. 1. The average relative humidity and 
temperature of the room used to store the samples ranges 
between 30–40% and 20–25 °C, respectively.

2.3 � Physical and chemical properties determination

Gas Chromatography Mass Spectrometry (GC-MS), model 
Agilent 6890 N is used to determine the composition of 
MOME as reported in previous works [5, 12]. GC–MS is 
equipped with a mass selective detector (MSD), Agilent 
5973 series. The column used is polyethylene glycol col-
umn, PEG (HP Innowax), 60 m long, 0.25 μm film thickness, 
and 250 μm i.d. For each run, 1 μL of biodiesel is injected 
in an autosampler with 200:1 split ratio at 1.7 bars and 
250 °C inlet temperature. During the first 10 min, the oven 
temperature is maintained at 60 °C, and then increased up 
to 220 °C at 4 °C/min ramp rate. Thereafter, the tempera-
ture is held constant for 10 min before being increased to 
250 °C at 1 °C/min ramp rate. The carrier gas is helium and 
is used at a constant flow of 1.2 ml/min. Flame ionization 
detection (FID) is employed to make electronic integra-
tion measurements for determination of the percentage 
composition of individual components. All the relative per-
centages for each sample are the average value of three 
experimental runs.

Thermogravimetric analyzer (TGA 2050) is used to esti-
mate thermal oxidation steadiness of MOME samples.. 
Estimated volumes of the samples (≈ 10 mg) on a partially 
sealed alumina pan are put into a sampler connected to 
the instrument (Fig. 1). Unadulterated oxygen is purged 
at 130 mL/min flow rate and the temperature ramped at 
10 °C/min from room temperature to 500 °C. Upon oxida-
tion, there is a sudden sample weight loss caused by the 
abstraction of secondary oxidation products. The onset 
temperature for oxidation is therefore determined by the 
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intersection of the extrapolated baseline and the tangent 
line of the curve obtained by TGA. To designate the resist-
ance of the biodiesel to thermal degradation, the onset 
temperature can be habituated [19].

The fuel related properties of MOME are determined 
using various equipment/instruments as summarized in 
Table 1. The properties are also compared to diesel and 
ASTM D6751 and EN14214 biodiesel standards.

3 � Results and discussion

3.1 � Properties of MOME

The composition of fatty acids in MOME and its fuel prop-
erties are presented in Tables 2 and 3, respectively. The 
six major fatty acid compounds identified in MOME are 
Methyl linoleate (C18/2), methyl linolenate (C18/3), methyl 
oleate (C18/1), methyl stearate (C18/0), methyl palmitate 
(C16/0), and methyl arachidate (C20/0). MOME contain 

high polyunsaturated FAME content, which are prone to 
autoxidation as depicted in Table 2, recording 45.7% and 
21.1% of methyl linoleate (C18/2) and methy linolenate 
(C18/3), respectively. Thus, MOME is one of the unstable 
biodiesels and can only be stored for an extended period 
while doped with antioxidants. These results are in good 
agreement with previous studies [9, 10, 12]. The domi-
nant saturated FAMEs in MOME are the methyl palmitate 
(C16/0) and stearate (C18/0) which are 10.1% and 6.6%, 
respectively.

The essential fuel properties of MOME are within lim-
its specified by global biodiesel standards such as SANS 
1935, EN 14214, and ASTM D6751, as shown in Table 3. 
Freshly-produced MOME showed initial oxidation stability 
of 4.24 h well above 3 h prescribed in the ASTM D6751. It 
is possibly attributed to the total saturated FAME of 16.9% 
and the presence of natural antioxidants. However, this 
oxidation stability is below the minimum requirement of 
8 h and 6 h, which is laid down in EN 14214 and SANS 1935, 
respectively. This is possibly due to the high composition 

Fig. 1   Experimental set-up (transesterification process, purification of manketti methyl ester and stability measurements)
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of monounsaturated (16.2%) and polyunsaturated (66.8%) 
FAME with a tendency to get oxidized [7]. Thus, for more 
extended storage, MOME must be doped with antioxi-
dants [7, 12, 18]. Besides, MOME recorded convincing cold 
flow properties which are CP (− 4.9 °C), CFPP (− 9 °C), and 
PP (− 7.5 °C). This is due to the presence of high composi-
tion of unsaturated FAME (a total of 83%).

3.2 � Influence of antioxidant PY and PG on oxidation 
stability of MOME

Figure 2 depicts the influence of antioxidant PY and PG 
on MOME oxidation stability. The induction period (oxida-
tion stability) rose with increment in antioxidant dosage. 
PY exhibited better performance than PG; however, both 
antioxidants recorded induction period above 8 h with a 
concentration of 200 ppm; fulfilling the minimum require-
ment of 8 h and 6 h, outlined in EN 14214 and SANS 1935, 
respectively. The induction period recorded by PG and PY 
at 200 ppm is 8.5 h and 13 h, respectively. The PY is more 
superior to PG owing to the possibility that the instantane-
ous oxidation products of PY still possessed antioxidant 
properties [4, 7]. Due to its superiority, antioxidant PY is 
further used to explore its influence on long-term stor-
age and thermal stability of pure and metal contaminated 
MOME.

Table 1   Fuel related properties 
determination

S/n Property Equipment/Instrument Method

1 Kinematic viscosity Viscometer (Model TV 4000) ASTM D445
2 Cetane number Waukesha: CFR F5—Engine ASTM D613
3 Calorific value Bomb calorimeter ASTM D240
4 Density Density meter (Model DA-130 N) ASTM D941
5 Acid value ASTM D974
6 Cloud point (CP) ASTM D2500
7 Pour point (PP) ASTM D97
8 Cold filter plugging point (CFPP) ASTM D6371
9 Free and total glycerol Gas chromatography ASTM D6584
10 Flash point Pensky Marten’s flash point tester 

(Stanhope-SETA: 34000—0 U)
ASTM D93

11 Lubricity High-frequency reciprocating ring ISO 12156
12 Oxidation stability Rancimat equipment (Model 873, 

Metrohm, Switzerland)
EN 15751

Table 2   Fatty acid compositions of MOME

Fatty acid composition (wt.%) MOME

Methyl palmitate (C16/0) 10.1
Methyl stearate (C18/0) 6.6
Methyl linoleate (C18/2) 45.7
Methyl linolenate (C18/3) 21.1
Methyl oleate (C18/1) 15.1
Methyl arachidate (C20/0) 0.2

Table 3   Fuel properties of 
MOME, petroleum-based 
diesel and biodiesel standards

Property (Units) MOME Diesel EN 14214 limits ASTM D6751 limits

Density at 15 °C (Kg/m3) 877 843 860–900 –
Viscosity at 40 °C (mm2/s) 4.0 2.40 3.5–5.0 1.9–6.0
Acid value (mg KOH/g) 0.12 – 0.5 max 0.5 max
Flash point (°C) 152 70 >101 130 min
Heating value (MJ/kg) 38.15 41.98 – –
Lubricity (µm) 325 – – –
Cetane number 48.5 50.53 51 min 47 min
Cold filter plugging point (°C) − 9 – – –
Cloud point (°C) − 4.9 − 18 – Report
Pour point (°C) − 7.5 − 22 – –
Oxidation stability (h) 4.24 – 8 min 3 h min
Free glycerol  % (m/m) 0.017 – 0.02 max 0.02 max
Total glycerol  % (m/m) 0.20 – 0.25 max 0.24 max
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3.3 � Influence of PY on the long‑term storage 
stability of MOME

Figure 3a, b show the results for oxidation stability of 
MOME stored for 6 months in the absence of an antioxi-
dant and at different dosages of antioxidant PY. The result 
shows that the oxidation stability of MOME without antiox-
idant decreases drastically with time. The freshly-produced 

MOME exhibited oxidation stability of 4.24 h, however, 
with no antioxidants, samples stored for 6  months in 
closed and open plastic bottles exhibited reduced oxida-
tion stability of 1.8 h and 0.9 h, respectively. This obser-
vation agrees with earlier research works which reported 
that biodiesel cannot be stored for a long period of time 
without antioxidants [18]. It is important to note that 
treating biodiesel with antioxidants is a promising low-
cost method for increasing its resistance to oxidation, the 
loadings (concentrations) that are kept low between 500 
and 1000 ppm are regarded as economically feasible to 
minimize added costs of biodiesel [20]. Thus, in this study, 
MOME is doped with antioxidant PY at different load-
ings (200, 500, 700 and 1000 ppm) and stored indoors for 
6 months in open and closed bottles. The results indicate 
that the dosage of antioxidant slowed oxidation by reduc-
ing the rate of peroxide formation [7]. The oxidation sta-
bility with 200 ppm dosage of antioxidant PY is 6.3 h in 
6 months of storage for the samples in closed bottles while 
4.8 h is the induction period recorded by the samples in 
bottles left open.

The samples that are stored in open plastic bottles 
displayed lower oxidation stability as depicted in Fig. 3a, 
b because MOME is in contact with air that accelerated 
oxidation of the samples [5, 7, 8]. MOME samples in open 
plastic bottles displayed oxidation stability of 4.8 h, 6.1 h, 
11.4 h and 16.1 h in 6 months of storage when dosed with 
200, 500, 700 and 1000 ppm, respectively. Thus, 500 ppm 
of antioxidant is required for the samples in open plas-
tic bottles to keep their oxidation stability above 6 h as 
per SANS 1935. Samples in closed bottles needed about 
200 ppm to record oxidation stability above the minimum 
limit of 6 h. In the sixth month of storage, the recorded 
oxidation stability is 6.3 h, 13.5 h, 15.1 h, and 20.3 h at the 
respective dosages of 200, 500, 700 and 1000 ppm.

3.4 � Storage stability of MOME containing metal 
contaminants

Figures 4 and 5 depict the effects of various metals on 
MOME oxidation stability in closed and open bottles, 
respectively, for 6 months. The presence of metals accel-
erated oxidation of MOME and deteriorated its stability. 
This results from the formation of free radicals as the met-
als mediate an initiation reaction between them and the 
MOME [4, 18, 21, 22]. Among the tested metals, Cu has 
highly damaging effects on MOME oxidation stability for 
all samples stored in closed and open bottles followed 
by Co, Mn, and Ni while Fe recorded the least damaging 
effects. For samples in closed plastic bottles, the oxida-
tion stability of Cu contaminated MOME is almost zero in 
the first 3 months of storage in the absence of antioxidant 
PY, as shown in Fig. 4. In the first month of storage, Cu 

Fig. 2   Influence of PG and PY on oxidation stability of freshly-syn-
thesized MOME

Fig. 3   Influence of antioxidant PY on storage oxidation stability of 
MOME a closed plastic bottles and b open plastic bottles
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contaminated MOME samples stored in open bottles dis-
played zero oxidation stability. This is plausible because 
the samples are left exposed to the air, hence accelerating 
MOME oxidation [7, 21, 22]. These results agree with previ-
ous studies that reported the influence of metals on oxida-
tion stability of biodiesel derived from other feedstocks 
[4, 8, 18, 21, 22]. Thus, it can be concluded that biodiesel 
stability depends on the kind of metals existing on storage 
containers.

3.5 � Storage stability of metal contaminated MOME 
dosed with antioxidants

Figure 6a, b, c, d and e displays the effect of metals on 
the long-term storage oxidation stability of MOME dosed 
with PY antioxidant. Experiments to assess the effects 
of antioxidant additive on MOME storage stability are 
conducted for samples stored in closed plastic bottles 
because they displayed convincing oxidation stability. The 
metal-contaminated samples in open plastic bottles dis-
played almost zero oxidation stability in the first months 

of storage hence are not considered in this analysis. Thus, 
500 ml of MOME samples are separately mixed with a 
constant concentration (2 ppm) of metals (Co, Cu, Fe, Mn, 
and Ni) and each sample doped with 200, 500, 7000, and 
1000 ppm of antioxidant PY. The result shows that a dos-
age of 500 ppm is enough for Fe contaminated MOME to 
record oxidation stability of 6.2 h in the sixth month of 
storage as depicted in Fig. 6a which is above a minimum 
limit stated in ASTM D6751 (3 h) and SANS 1935 (6 h). In 
general, Fe exhibited the least damaging effects on MOME 
oxidation stability compared to other studied metals.

Figure 6b, c show that 700 ppm of PY is adequate for Ni 
and Mn contaminated MOME to exhibit oxidation stability 

Fig. 4   Oxidation stability for MOME stored in closed plastic bottles 
with metal contaminants (2 ppm each)

Fig. 5   Oxidation stability for MOME stored in open plastic bottles 
with metal contaminants (2 ppm each)

Fig. 6   Influence of PY on storage oxidation stability of MOME con-
taminated with 2 ppm of a Fe b Ni c Mn d Co and e Cu in closed 
plastic bottles
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above 6 h for 6 months of storage. Ni contaminated MOME 
(MOME + PY700 + Ni) recoded oxidation stability of 7.3 h 
in the sixth month of storage while fresh produced 
MOME with 700 ppm of antioxidant PY and 2 ppm of Ni 
displayed oxidation stability of 14.5 h. Mn contaminated 
MOME (MOME + PY700 + Mn) exhibited oxidation stability 
of 6.2 h in the sixth month of storage while fresh Mn con-
taminated MOME with 700 ppm PY antioxidant recorded 
oxidation stability of 13 h. Figure 6d,  e respectively, depict 
how the storage oxidation stability of MOME is influenced 
by Co and Cu. The results indicate that Co and Cu con-
taminated MOME needed PY dosage of 1000  ppm to 
exhibit oxidation stability above 6 h to fulfil limit outlined 
in ASTM D6751 (3 h) and SANS 1935 (6 h) but are below 
EN 14214 (8 h) for 6 months of storage. Co contaminated 
MOME (MOME + PY1000 + Co) recorded induction period 
of 6.9 h in the sixth month of storage while fresh Co con-
taminated MOME with PY dosage of 1000 ppm displayed 
oxidation stability of 14.1  h. Cu contaminated MOME 
(MOME + PY1000 + Cu) exhibited induction period of 6.1 h 
in the sixth month of storage, and the fresh Cu contami-
nated MOME with 1000 ppm of PY recoded an induction 
period of 12.5 h. It can be seen from the results that metal 
contaminated MOME exhibited decreasing oxidation sta-
bility with time; however, the addition of antioxidant PY 
slowed the oxidation process. These findings concur with 
previous studies that reported the effect of selected metal 
contaminants on the stability of biodiesel and concluded 

that Co and Cu had higher catalytic effects on oxidation 
stability of biodiesels [18, 21–23].

4 � Thermal stability of MOME

In this study, Thermogravimetric Analysis (TGA) is used to 
assess thermal stability of MOME. TGA method is used to 
evaluate the relative weight loss of a sample as the tem-
perature rises. Thermal instability concerns a more rapid 
rate of oxidation at elevated temperatures. This increases 
the weight of the molecules owing to the formation of 
insoluble [24–26]. TGA determines the temperature at 
which oxidation reactions occur and it is referred to as 
oxidation onset temperature. There is no specific standard 
prescribing minimum limit of thermal stability of biodiesel; 
however, it is reported elsewhere in the literature that bio-
diesel recording thermal stability above 150 °C is regarded 
as thermally stable [5]. The TG curve as depicted in Fig. 7 
shows percentage mass loss against temperature rise (in 
which the readings of remaining mass of the sample are 
recorded and plotted against temperature rise). DTG curve 
indicates the rate at which the mass of the sample is lost, 
it is defined as the derivative curve from TG, in which the 
area under the peak is proportional to the sample mass 
loss [24]. Thermal steadiness and volatility characteristics 
of MOME or any biofuel are critical parameters for deter-
mining lubricity properties and ignition quality [25].

MOME recorded oxidation onset temperature of 211.33 °C 
as depicted in Fig. 7, an indication that MOME is thermally 
stable [5]. The first derivative (DTG) curve in Fig. 7 shows at 
least two thermal events occurred, i.e. oxidation followed by 
thermal degradation. The highest degradation rate of MOME 
is observed at the temperature of 300 °C, whereby weight 
loss of MOME increased to the maximum while at higher 
temperatures the weight loss decreased. The curve flattered 
at a temperature above 400 °C, an indication that no further 
conversion is happening. The changes in weight happened 
because of evaporation and/or combustion of MOME, espe-
cially oleate, linoleate and linolenate, which are plentiful in 
MOME (Table 1). Addition of antioxidants and metal con-
taminants (Fe) influenced the onset temperature of MOME. 
Fe contaminated MOME is further investigated for thermal 
stability because it displayed the most minimal effects on 
the stability of MOME as compared to the other studied 
metals. The onset temperature of MOME improved with a 
dosage of antioxidant PY, but decreased on the addition of 
2 ppm of Fe as depicted in Table 4. The onset temperature 
of pure MOME increased from 211 °C to 215, 218, 220 and 
225 °C when dosed with 200, 500, 700 and 1000 ppm of anti-
oxidant PY, respectively. Contaminating MOME with 2 ppm 
of Fe decreased the onset temperature from 211 °C to 201 °C. 
However, doping Fe contaminated MOME with antioxidant 

Fig. 6   (continued)
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PY it improved the onset temperature from 201 °C to 205, 
2017, 211 and 2015 °C when dosed with 200, 500, 700 and 
1000 ppm of antioxidant PY, respectively. These results are in 
good agreement with reports by Jain and Sharma [26] and 
Wan Nik et al. [27] who studied the effect of antioxidants 
on the thermal stability of biodiesels made from Jatropha 
curcas and palm oils, respectively. The dosage of antioxidant 
PY to MOME samples without and with metal contaminants 
reduced formation of hydrogen-free radicals and hence 
improved thermal stability. From the results above, it can 
be concluded that PY acted as an oxidation inhibitor [7, 23].

5 � Conclusion

This research work investigates the influence of antioxi-
dant additives and metal contaminants on the long-term 
storage stability of MOME. Thermal stability of MOME in 
presence or absence of antioxidant PY are also carried 

out. The characterization results show that most of the 
essential fuel properties are within limits laid down in 
EN 14214, SANS 1935, and ASTM D 6751 biodiesel stand-
ards; hence biodiesel derived from manketti seeds oil 
of Southern African origin can be utilized as a partial 
substitute for petrodiesel without major engine modifi-
cations. The most superior properties of MOME are the 
cold flow properties which are CP (− 4.9 °C), PP (− 7.5 °C) 
and CFPP (− 9 °C) and oxidation stability of 4.24 h ful-
filling the minimum 3 h value outlined in ASTM D6751. 
However, the oxidation stability result fails the EN 14214 
(8 h) and SANS 1935 (6 h) standards. Among antioxidants 
tested on oxidation stability of MOME, PY is superior to 
PG. However, a dosage of 200 ppm is enough for both 
PG and PY to record oxidation stability of 8.5 h and 13 h, 
respectively, fulfilling EN 14214, SANS 1935, and ASTM 
D 6751 standards. The result of analysis of long-term 
storage stability of MOME containing antioxidant PY 
indicates that, a dosage of 200 ppm of antioxidant PY is 
enough for MOME to record oxidation stability of 6.3 h 
above ASTM D 6751(3 h) in the sixth month of storage 
for the samples stored in the closed plastic bottles, while 
4.8 h is the induction period exhibited by the samples 
stored in the open plastic bottles. Investigations on 
metal contaminants with MOME show that metals influ-
enced the oxidation stability of MOME. The induction 
period decreased drastically when MOME is contami-
nated with metals. Among the tested metals, Cu has the 
highest catalytic effects. Besides, MOME recorded excel-
lent thermal stability of 211.33 °C. Although long-term 
storage stability of MOME is enhanced by adding PY or 
PG antioxidants, further research are still needed on eco-
nomic assessment to justify the cost of overall products.

Acknowledgement  The authors acknowledge funds from The World 
Academy of Sciences (TWAS) with ref. no. 17-495 RG/CHE/AF/AC_G 

Fig. 7   Thermogravimetric (TG) 
and differential thermogravi-
metric (DTG) curves of MOME

Table 4   TGA analysis of MOME with antioxidant additive and metal 
contaminants

Sample name Onset 
temperature 
(°C)

MOME 211
MOME + PY (200 ppm) 215
MOME + PY (500 ppm) 218
MOME + PY (700 ppm) 220
MOME + PY (1000 ppm) 225
MOME + 2 ppm of Fe 201
MOME + PY (200 ppm) + 2 ppm of Fe 205
MOME + PY (500 ppm) + 2 ppm of Fe 207
MOME + PY (700 ppm) + 2 ppm of Fe 211
MOME + PY (1000 ppm) + 2 ppm of Fe 215
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