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Abstract

Jatropha curcas Linn has been identified worldwide as one of the sources of biodiesel. Biodiesel
has energy properties close to fossil diesel and can be a potential energy alternative. However,
these properties may vary based on soils, plant genetics and agro-climatic conditions in a given
geographical location. Several studies on biodiesel production under such conditions have been
done elsewhere, but few have been done on J. curcas oil in Uganda. This study analysed the physi-
cochemical properties of J. curcas L. oil for biodiesel production in Nebbi and Mukono districts
using American Standards and Testing Methods (ASTM D6751) and European Standards (EN
14214). J. curcas seed kernel contained 51% w/w and 48% w/w of oil with high levels of Free Fat-
ty Acids (1.52% and 1.93%) and acid values (35 and 36 mg KOH/g) for Nebbi and Mukono, respec-
tively; the difference was significant (p < 0.05). Generally, the quality and quantity of the oil from
Nebbi were better than those of Mukono, based on the biodiesel standard values. Nevertheless,
kinematic viscosity, acidity, potassium and phosphorus content values were found abnormally
high (31.46 - 33.23 mm?/s, 35.23 - 36.66 mg KOH/g, 16.50 - 20.52 mg/100g and 16.13 - 26.02
mg/kg, respectively) for both regions as compared to the standard values (3.5 - 5.0 mm?2/s, 2 mg
KOH/g, <5 mg/100g and <10 mg/kg, respectively) of biodiesel for diesel engine. Such properties
are very important for engine fuels and if not considered well, may affect engine performance ne-
gatively. Therefore adequate treatment of the oil by degumming, etherification and transesterifi-
cation before use in a diesel engine could avert this difficulty.
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1. Introduction

The use of fossil diesel as engine fuel has been criticized worldwide for its negative effects on the environment
as well as its exhaustibility. Use of biodiesel as an alternative has emerged as a prospect for abating this criti-
cism and Jatropha curcas Linn has been identified as one of the potential sources of biodiesel. J. curcas L. is a
tropical tree species believed to have originated from Mexico and Central America [1], though it is widely dis-
tributed in Africa, Latin America, India and South-East Asia [1]. Studies have found that the plant is drought-
resistant, pest-tolerant, well adapted to degraded, arid and semi-arid lands and its flowering starts after 90 to 120
days of seeding [1]-[5]. Its optimal productivity level is believed to be after 4 to 5 years [6]. In America, the
seeds harvested from a 3-year plantation of 640 J. curcas L. seedlings can yield substantial quantity of oil esti-
mated at 1260 gallons (=4770 liters) per year per acre, based on the ideal scenario [7]. Whereas in sub-Saharan
Africa and Asia, experience with J. curcas L. production as a cash crop has found that yields are marginal in a
range of 1 to 1.6 tonnes per ha [8], equivalent to 400 - 650 liters of oil per acre per year. Besides being a fuel
substitute, J. curcas L. oil has been used as medicine, insecticide and raw material for soap making. J. curcas L.
can be intercropped with various crops on marginal sites to improve on land productivity [9] [10]. Furthermore,
the plant has a phytoprotective action and can be used to protect crops against pests, pathogens and grazing ani-
mals [1]. J. curcas L. oil is not edible due to its toxin phorbol ester, but can best be used in a diesel engine after
being converted to biodiesel (transesterification) [11] [12]. This toxicity has made J. curcas L. oil advantageous
over edible oils in biodiesel production and therefore does not compete directly with the food markets [11].

Studies show that J. curcas L. oil has the potential to replace fossil diesel as an engine fuel; [12] provided that
the oil is free from contamination, and its acid value, viscosity, phosphorus, ash and water content are kept at
low levels [8]. Crude J. curcas L. oil is quite viscous but has a high cetane (ignition quality) rating. The typical
low levels of free fatty acids in J. curcas L. oil improve on its storability, though susceptible to oxidation due to
the presents of high unsaturated oleic and linoleic acids [8]. The occurrence of unsaturated fatty acids (high
iodine value) permits it to stay in liquid state during lower temperatures. Crude J. curcas L. oil has low sulphur
content compared to fossil oil. This indicates less harmful exhaust emissions of sulphur dioxide (SO,) gas when
used as a fuel in an engine. These qualities make J. curcas L. oil a potential alternative to fossil diesel fuel, even
in its raw form [12], and can be used in any diesel engine without modification [13].

Quite a number of studies on the physicochemical properties of J. curcas L. seed oil have been done in dif-
ferent parts of the world [4] [9] [14]-[17]. Ginwal, et al. [14] found that oil quantity ranged from 33% to 39% in
whole seeds and 47% to 58% in kernel from various areas of Central India, which varied across the seed sources.
According to Brittaine and Lutaladio [8], knowledge on J. curcas L. oil quality is essential for biodiesel produc-
tion, owing to the extreme variability in its physicochemical characteristics. Such variations may be due to dif-
ferences in environmental and geographical factors [15] e.g. rainfall distribution, temperature, soil quality and
genetic interaction [8] [14]. Research has found that optimal growing conditions are in regions of 1000 to 1500
mm annual rainfall, 20°C to 28°C temperature with no frost, and free-draining sand and loam soils with no risk
of water logging [8]. The maturity of the fruits, seed size and weight also can affect the fatty acid composition of
the oil. J. curcas L. seed-oil processing and storage further affect oil quality [18]. Therefore, more studies are
necessary to determine the quality and quantity of oil that can realistically be attained across different agro-
ecological conditions.

In Uganda, J. curcas L. got incorporated within the agricultural landscapes as a support plant for Vanilla pla-
niforia especially in Mukono district. Since the last decade, there have been efforts to promote Jatropha growing
as an energy crop. To date, Jatropha growing has spread in Nebbi, Masaka, Karamoja, Lira, Katakwi, Hoima
and Masindi districts. NEMA [19] reports that J. curcas L. can thrive in the Ugandan agro-ecological setting
with about 60% of the arable land area suited to its cultivation. However, most of the potential private sector en-
trepreneurs lack scientific knowledge to justify their investments. Moreover, due to variations in agro-ecological
conditions, differences in quality and quantity of J. curcas L. oil may arise. Knowing these variations is impor-
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tant in the promotion of J. curcas L. for biodiesel production in Uganda. This paper is a step forward towards
filling this knowledge gap. The study therefore aims at evaluating the quality and quantity of J. curcas L. oil

from Nebbi and Mukono districts in Uganda.

2. Methods
2.1. Description of the Study Area

The study was conducted in Nebbi and Mukono districts in the West-Nile and L. Victoria Crescent agro-eco-

logical zones (AEZs) of Uganda, respectively (Figure 1).

Nebbi and Mukono districts were selected because they are the main hotspots for J. curcas L. growing in
Uganda. Besides, the two districts have differences in agro-ecological conditions (Table 1) which could cause

variations in J. curcas L. oil production.

Table 1. Agro-ecological conditions of Mukono and Nebbi districts.

Nebbi

Study area
Agro-ecological conditions
Mukono
Climate Purely tropical [20] [21]
Altitute 1178 m [20]
Mean annual temperature 21°C [20]

Mean annual rainfall

Rainfall periods

1600 mm [20]
March-May and September-December [20]

Dry and sub-humid tropical [22]
1015 m [22]
26°C [22]
800 mm [22]
March-May and July-October [22]
Vertisols [23]

Soils Ferrisols [23]
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Figure 1. Study area (Nebbi and Mukono districts).
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2.2. Seed Collection and Preparation for Oil Analysis

J. curcas L. seeds were collected and bulked from randomly selected plants from farmers’ plantations in Nebbi
and Mukono districts. This was done in three phases (June 2014, November 2014 and March 2015) according to
the region in order to get a composite sample. The collected seeds were cleaned thoroughly, sun dried, kept in
muslin bags and stored at room temperature until analysis for oil quality and quantity. Prior to oil extraction and
analysis, three samples per region, each weighing 5 kg, were then dehulled to remove seed coats by using a
small stick and later the hulls and the seeds were separated by winnowing.

2.3. 0il Extraction

The oil contained in 3 kg of J. curcas L. seeds was extracted in a Soxtec apparatus for 4 hours, using petroleum
ether (boiling point of 40°C - 60°C) as an extraction solvent. The extracted oil was recovered by solvent evapo-
ration using a Soxhlet apparatus to remove the majority of the solvent; followed by rotatory evaporation at 40°C
under reduced pressure. The extracted seed oil was weighed and stored in amber glass flasks, at 18°C, for sub-
sequent analysis. The amount of oil in seeds was calculated by dividing the mass of extracted oil by the mass of
crushed Jatropha seed kernels. For each accession, the oil content of three samples was determined in triplicate
tests in order to enhance accurate statistical inference.

2.4. 0il Quality Analysis

The extracted oil was analysed for physicochemical properties (kinematic viscosity, cetane number, acid value,
iodine value and free fatty acids (FFA)) using American Standards and Testing Methods (ASTM D6751). The
calorific value and Density were determined by bomb calorimeter and digital density analyser, according to
ASTM D240 and ASTM D5002-13, respectively; whereas fatty acids and ester contents were determined using
high performance liquid chromatography (HPLC; Model: RF-20AXS) basing on EN 14103:2011 standards. The
element content (P, Na and K) of the oil was determined by flame spectrometry using Spectro Arcos ICP-OES
analyser according to procedures described in European standards (EN 14107, EN 14108 and EN 14109, respec-
tively). Each parameter was determined thrice for each sample per geographical location.

2.5. Statistical Analysis

Means and standard deviations for the individual parameters in triplicate samples were determined to compare
the quality and percent (w/w) quantity of J. curcas L. oil from Nebbi and Mukono districts. Data were statisti-
cally analyzed using paired-samples T-Test to study the difference between J. curcas L. oil quality and quantity
from the study areas. All significance tests were set at P < 0.05, and the statistics were analyzed using the statis-
tical software package (SPSS version 16).

3. Results and Discussion
3.1. 0il Content in J. curcas L. Seeds from Nebbi and Mukono Districts

The percent (w/w) quantity of J. curcas L. oil recovered from seeds varied significantly (p < 0.05) between
Nebbi and Mukono districts as shown in Figure 2.

Nebbi depicted high oil recovery (51.33% + 0.58% w/w) from J. curcas seed kernel than Mukono (48.00 +
1.00% wi/w), though both values fall in a range (40% - 60% w/w) reported elsewhere [9] [10] [14] [24]-[28].
The difference in oil content could be attributed to variations in altitude, genetics, climatic and soil conditions
between the two regions [25] [29]-[31]. Nebbi and Mukono districts have different soils, mean annual rainfall,
temperature and altitudes, which could have contributed to the variance in seed oil content. Ovando-Medina, et
al. [30] also found a negative correlation of the oil content with the altitude at which J. curcas L. plant is grown.
In the same way, this conforms to the study by Pant, et al. [29] who determined seed oil content variation in J.
curcas L. plant grown in two different soil conditions and three altitudinal ranges in India. They found higher oil
content (43.19%) of seeds harvested from the plant grown in non-arable soils with low altitude (400 - 600 m)
than arable soils with high altitude (38.66% and 800 - 1000 m). Temperature has also been found to have a sig-
nificant effect towards oil content [16] and this has been supported by several authors [1] [8] [32] who found
that J curcas L. performs very well in regions of high temperatures ranging from 20°C to 40°C mean annual.
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Figure 2. J. curcas oil quantity (%) recovered from seeds
harvested from Nebbi and Mukono districts (n = 3; p-value =
0.01).

Nevertheless, improper processing methods such as prolonged exposure of harvested seeds to direct sunlight can
deteriorate the oil yield significantly [26].

3.2. Physical Characteristics of J. curcas L. Oil

Analysis of J. curcas L. seed samples from Mukono and Nebbi revealed significant differences (p < 0.05) in
Free Fatty Acids (FFASs) and acid value (Table 2). However, the mean values of ester content (triglycerides),
kinematic viscosity, calorific values, density, cetane number (CN) and iodine value of J. curcas L. oil were not
significantly different (p > 0.05). The ester content of the extracted oil was in a range of 92.8% to 95.1% for the
two districts, close to the values (96% to 98%) reported by other authors [13] [33]. Yet the acidity of the oils
was found significantly higher (36.42 + 0.24 mg KOH/g for Mukono and 35.43 + 0.15 mg KOH/g for Nebbi)
and deviated from biodiesel standard value (2 mg KOH/g [34]) for diesel engine. The difference in FFAs and
acid value in both regions could be due to variations in climatic conditions [8], as well as the presences of high
unsaturated oleic and linoleic acids which make J. curcus L. oil prone to oxidation in storage [8].

The high acid values recorded in J. curcas L. oils from Mukono and Nebbi was generally due to the presence
of high FFAs (1.93% + 0.15% and 1.52% + 0.10%, respectively, compared to 0.02% standard value for biodie-
sel engine), primarily resulting from hydrolysis of triglycerides [36]. This degradation reaction is supported by
temperature and it mainly happens in damaged seeds by the action of lipases in the existence of water [36].
FFAs or triglycerides are usually transformed into alkyl-esters (biodiesel) by reaction with short-chain alcohols
(e.g. methanol or ethanol) in the presence of a catalyst (Equation (1) and (2))—a process known as esterification
and transesterification, respectively [13]. However, high amounts of FFA (mostly above 3%) would lead to for-
mation of soap and emulsions, owing to excessive alkaline catalyst consumption, hence significantly reducing
the biodiesel yield [32] [37].

FFA Acid Catalyst  Alkyl Ester

1
RCOOH + ROH <« RCOOR’" + H,O @)
CH,-00C-R, R,-COO-R’ CH,-OH
| |
CH-OOC-R, +3R'OH«Z® ,R -COO-R’" + CH,-OH 2
|

|
CH,-0O0C-R, R,-COO-R’ CH,-OH
Triglyceride  Alcohol Biodiesel (eg. FAME) Glycerol

Despite the suitability of J. curcas L. oil for biodiesel production from Mukono and Nebbi in terms of ester
content (93.30% =+ 0.50% and 94.70% + 0.40%, respectively; biodiesel standards: >96.5% [34]), it has been
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Table 2. Physical characteristics of J. curcas oil (n = 3; mean + SD).

Norm for J. curcas Oil

Physical Properties CanE in Diesel Engines [34] [35]
Mukono Nebbi p-Value Units Standards
Ester Content (%) 93.30 £0.50 94.70 £ 0.40 0.090 >96.5 EN 14103
Kinematic Viscosity at 40°C (mm?/s) 32.27+£0.81 32.90£0.35 0.161 3.5-5.0 EN ISO 3104
Free Fatty Acids (FFAs), % 1.93+0.15" 1.52+0.10" 0.038 <0.02 EN 14105
Calorific Value (MJ/kg) 37.10 £ 2.87 41.47 £0.76 0.148 >36 DIN 51900-1, -2, -3
Density at 15°C (kg/m®) 898.00 £ 2.00 901.33 £4.04 0.377 900 - 930 EN ISO 3675/12185
Cetane Number (CN) 36.00 = 0.00 37.00 £1.00 0.225 >51 EN ISO 5165
Acid Value ( mg KOH/g) 36.42 £0.24 35.43+0.15 0.005 2.0 EN 14104
lodine Value ( mg/g) 108.97 £ 1.17 108.53 + 1.05 0.416 <120 EN 14111

“Significant at p < 0.05; otherwise not significant.

found that kinematic viscosity (32.27 + 0.81 and 32.90 + 0.35 mm?/s, respectively) deviated greatly from bio-
diesel standard value (3.5 - 5 mm?/s) for diesel engine [34]. In line with Ferrari, et al. [38], high viscosity of J.
curcas L. oil may affect its flow and ability to spray in the engine and at low temperatures may cause mechani-
cal failure of injection pump drive systems. This may be reduced significantly through etherification and tran-
sesterification [38] [39] of the oil, by converting its high-molecular ester compounds (Triglycerides) into simpler
Fatty Acid Methyl Esters (FAMEs). Biodiesel, a mixture of various kinds of esters such as FAMEs (esters of
fatty acids), has been documented as having physical characteristics closer to those of petroleum diesel than pure
vegetable oil, depending on the type of vegetable oil [16] [34] [37] [38]. Moreover, Drapcho, et al. [16] found
that biodiesel contains about 13% lower energy density than petroleum diesel, though has greater lubricity and
undergoes further complete combustion.

In this study, results presented in Table 2 show that calorific value of J. curcas L. oil from Mukono and Neb-
bi (37.10 £ 2.87 and 41.47 + 0.76 MJ/kg, respectively) fall within what is recommended for biodiesel (>36
MJ/kg [34]) and compares with petroleum diesel (43.35 MJ/kg [40]). Notably [41], the high calorific value
could be attributed to the presence of high quantity of polyphenol and hydrocarbon in the oil. Yet according to
Xiu, et al. [39], addition of polar solvents such as methanol, ethanol, and furfural to the oil could further in-
crease its calorific value, although it may have a substantial effect on cetane number (CN) [38]. As said by Fer-
rari, et al. [38], cetane number is the tendency of a fuel to combust under certain conditions of pressure and
temperature. Literature [38] suggest that high CN is associated with fast engine starting and smooth combustion,
whereas low cetane deteriorates engine performance and leads to high exhaust emissions of hydrocarbon gases
and particulate. In this work, results show that CN of J. curcas L. oil from Mukono and Nebbi was found to be
36.00 = 0.00 and 37.00 £ 1.00, respectively—Ilower than fossil diesel (47, [40]) and the norm (>51, according to
EN 1SO 5165 standard) for biodiesel in diesel engines (Table 2). However, it is important to note that CN value
of biodiesel can be increased by increasing the length of hydrocarbons of fatty acid and ester groups, but can al-
so be reduced significantly by increased number of double bonds [38]. It is therefore necessary to mention that
the lower CN in the present work could be attributed to higher fractions of unsaturated fatty acids and esters
(C18:1 and C18:2) in J. curcas L. oil than saturated acids and esters (C16:0 and C18:0), as depicted in Table 2.

There was no significant difference between lodine values of J. curcas L. oil from Mukono (108.97 + 1.17
mg/g) and Nebbi (108.53 £ 1.05 mg/g) (Table 2). The lodine value of J. curcas L. oil in both study sites was
found within biodiesel standard value (<120) for diesel engine in reference to EN 14111 standards. This value,
usually expressed in grams of iodine reacted with 100 grams of biodiesel, is a measure of the total unsaturation
within a mixture of fatty acids [38]. A study by Prankl and Worgetter [42] on an engine has found that fuels with
higher iodine number have a tendency to polymerize and form deposits on piston rings and piston ring grooves
when heated. Such high-molecular compounds, which to a large extent appear only in fatty acid esters with three
or more double bonds, have a negative effect on the lubricating quality, thus resulting into engine damage [42]
[43]. To avoid this difficulty, it has been recommended by some biodiesel experts [38] to limit the content of li-
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nolenic acid methyl esters and polyunsaturated biodiesel instead of the total degree of unsaturation as it is ex-
pressed by the iodine value.

3.3. Chemical Characteristics of the J. curcas L. Oil

Results on chemical characteristics (fatty acid, ester and element compositions) of J. curcas L. oil are presented
in Table 3. The oil extract from Mukono and Nebbi consists of fractions of saturated (palmitic acid: 14.19% +
0.14% and 14.60% =+ 0.27%, respectively; and stearic acid: 3.91% + 0.19% and 3.83% =+ 0.12%, respectively)
and unsaturated (oleic acid: 33.90% + 0.40% and 34.90% + 0.50 %, respectively) fatty acids, comparable with
those reported by Augustus, et al. [41]. The difference in the mean values of oleic acid component between the
two regions was significant; while for Palmitic and Stearic acids, the difference was insignificant. Linder [44]
revealed that saturated fatty acids store additional energy per carbon than unsaturated fatty acids; though, unsa-
turated fatty acids have melting points much lower than saturated fatty acids. Furthermore, saturated fatty acids
including Palmitic and Stearic acids influence a higher pour point temperature compared to unsaturated fatty
acids in biodiesel [27]. According to Tremolieres, et al. [45], there is also a strong correlation between oleic acid
formation in the seed and temperature; whereby oleic acid increases under high temperature and decreases under
lower temperature conditions during seed maturation. This probably explains the significant differences in oleic
acid content between Mukono and Nebbi—where mean annual temperature is higher.

There were no significant differences in the content of the elements of Na, K and P in J. curcas L. oil between
Nebbi and Mukono districts (Table 3). However, K and P values exceeded the standard value for biodiesel in
the diesel engine (Table 3). According to literature [32] [34], high levels of Na, K and P in biodiesel fuel may
lead to end-use problems; Na and K forms ash within the engine and may lead to clogging of filters and fuel in-
jection pumps, while P (in form of phospholipids) may lead to the impairment of the catalyst and hindrance of
phase separation, during production process. Na and K (alkaline metals) may be introduced into biodiesel during
production process, as a result of catalytic degradation, since they form a major constituent of the catalyst. Nev-
ertheless, P in biodiesel may come from phospholipids and inorganic salts contained in the feedstock oil. As re-
ported by Ferrari, et al. [38] P has a strong negative impact on the long term activity of exhaust emission cata-
lytic systems and basing on this, its existence in biodiesel is limited by specification. On this note, oils with
higher P content should first go through degumming before being processed into biodiesel [32].

Table 3. Chemical characteristics of J. curcas oil (n = 3; mean = SD) from Nebbi and Mukono districts.

Formula Content (%)
Composition  Systemic name
Mukono Nebbi p-Value
Fatty acids
Palmitic acid C16:0 CH3(CH2),,CO0H 1419+0.14 14.60+0.27 0.437
Stearic acid C18:0 CH3(CH2),,COOH 3.91+0.19 3.83+0.12 0.339
Oleic acid c18:1 CH3(CH2),4(CH),COOH 33.90 +0.40 34.90 £ 0.50" 0.003
Ester
Methyl linoleate C18:2 CH3(CH,CH=CH);3(CH2),COOCHj; 44,07 £0.25 46.27 £0.87 0.062
Methyl oleate c1s8:1 CHa(CH,);CH=CH(CH,);CO,CHs 33.10 +0.61" 31.67 £0.57" 0.037
Methyl palmitate C16:0 CH3(CH,)14CO,CH; 12.60+£0.17 13.57 £ 0.29 0.054
Methyl stearate C18:0 CH3(CH2),4CO,CH; 3.53+0.07 3.20+£0.10 0.063
Elements Standard [34] Content

Total Sodium (Na), mg/100g <5 EN 14214 3.80+0.62 3.63+0.15 0.623
Total Potassium (K), mg/100g <5 EN 14214 19.43+2.93 19.60 £ 0.92 0.901
Total Phosphorus (P), mg/kg <10 EN 14107 20.83£5.19 16.77 £ 0.64 0.286

“Significant at p < 0.05; otherwise not significant.
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4. Conclusion

Investigations on physicochemical properties of J. curcas L. oil for biodiesel production in Nebbi and Mukono
districts have shown that the oil is suitable for biodiesel production and application in a diesel engine after going
through pretreatment. The most favorable oil quality and quantity were from Nebbi; indicating high suitability
for biodiesel production in the region compared to Mukono. However, both regions depict extremely high values
of viscosity, acidity, potassium and phosphorus content. The control of such parameters is a major concern in
engine fuels and if not considered well, may be detrimental to engine performance. Therefore adequate pre-
treatment such as degumming, etherification and transesterification could prevent this problem. Plant genetic
variation, climatic conditions and soil quality appear to influence oil quality and quantity in the study districts.
Therefore, further research on the influence of such factors on J. curcas L. oil would be of much interest to
guide biodiesel production in Uganda.
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