
Heliyon 9 (2023) e15721

Available online 23 April 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Production, optimization, and characterization of Ethiopian 
variant Prosopis juliflora based biodiesel 

Hailu Abebe Debella a,*, Venkata Ramayya Ancha b, Samson Mekbib Atnaw a 

a Addis Ababa Science and Technology University, College of Mechanical and Electrical Engineering, Addis Ababa, P. B. No. 16417, Ethiopia 
b Faculty of Mechanical Engineering, Institute of Technology, Jimma University, P.O. Box: 378, Jimma, Ethiopia   

A R T I C L E  I N F O   

Keywords: 
Prosopis juliflora 
Rheology 
Biodiesel 
Characterization 
Optimization 

A B S T R A C T   

Considering the need for biodiesel production from non-edible oil sources and taking into account 
the fact that Prosopis Juliflora (JF) is identified as a highly invasive species in Ethiopia, this 
research focuses on biodiesel production from a possible and promising alternative feedstock. The 
objective of this study is to analyze Ethiopian variant Juliflora based biodiesel (JFB) production 
through transesterification, carry out optimization by exploring the effects of various process 
parameters and characterization of functional groups (with GC-MS,FT-IR and NMR) including 
rheological behavior, not yet been reported earlier. As per ASTM protocol testing, the methyl 
ester of Juliflora has been found to have the following main fuel properties: kinematic viscosity 
(mm2/s) 3.395, cetane number 52.9, acid number (mgkoh/g) 0.28, density (gm/ml) 0.880, 
calorific value (MJ/kg) 44.4, methyl ester content (%) 99.8, and flashpoint (◦C) 128, copper strip 
corrosion value 1a,%FFA (free fatty acid) 0.14. When compared with those of diesel, the viscosity, 
density, and flash point of JFB are seen to be higher than those of diesel, although it has a similar 
calorific value but more importantly higher than most of the other biodiesels. Based on an 
assessment using response surface methodology, methanol concentration together with catalyst 
loading, temperature, and reaction time are determined to be the most important influencing 
process parameters. The best molar ratio for methanolysis was observed to be 6:1 with a catalyst 
concentration of 0.5 wt% at 55 ◦C for 60 min for biodiesel yield at 65%. The JFB maximum yield 
of 130 ml at 70 min and the minimum yield of 40 ml at 10 min demonstrate that as mixing time 
increases, JFB yield tend to increase up to a certain time limit. The maximum raw oil yield rom 
crushed seed with hexane solvent was observed to be 480 ml within 3 days from 2.5 kg of crushed 
seed. The Fourier transform infrared analysis (FT-IR) revealed the presence of all desired func-
tional groups necessary for biodiesel on OH radicals at wave numbers of 3314.40 cm− 1, Aliphatic 
methyl C–H at 2942.48 cm− 1 with a functional group (CH-3-,-CH2-), and methylene C–H at 
2832.59 cm− 1. The gas chromatography-mass spectrometer (GC–MS) study confirmed the higher 
ester content present in the JFB with a higher unsaturation level of 68.81%. The fatty acid, oleic 
acid has a lower saturation level of 4.5%, while palmitic acid has a lower threshold level of 
2.08%. The Rheometer test showed that shear stress and viscosity reduced with increasing 
temperature within the range of biodiesel requirements, and the Newtonian behavior was 
confirmed. The JFB has a fairly high viscosity and shear rate at low temperatures. The 1H NMR 
(nuclear magnetic resonance) study established that JFB has a necessary ingredient; and aliphatic 
resonances occur in the chemical shift region of 1.5–3.0 ppm. Significant regions indicate protons 
bound to heteroaromatics, aldehydes, as shown by 13C NMR spectrum. The findings from the FT- 
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IR, GC-MS, 1H NMR, and 13C NMR are in agreement thus validating the presence of numerous 
functional groups in JFB as such. Since JFB possesses the requisite biodiesel fuel attributes, 
Prosopis Juliflora need to be pursued as a promising biodiesel feedstock in Ethiopia for alleviating 
the burden of imported fuels while also addressing difficulties with emissions released by the 
combustion of fossil fuels.   

1. Introduction 

Long-term development requires an energy supply derived from renewable biofuels. Biodiesel, biomass, biogas, and synthetic fuels 
are examples of alternative fuel sources being explored across the world. Biodiesel is one of them that can be utilized straight away, 
while others require some tweaking before they can be used in place of traditional fuels [1]. It may be made in a variety of ways, 
including thermal and chemical methods. Transesterification, heat cracking, and micro emulsion have all been mentioned as popular 
biodiesel manufacturing processes. Transesterification and thermal cracking are two of the most popular methods for producing 
biodiesel. However, the transesterification-based biodiesel synthesis is more attractive, whereby vegetable oil or fat combines with 
alcohol to create alkyl-esters utilizing a catalyst [2]. The process of transesterification using methanol, ethanol, propanol, and butanol 
is the most appropriate. The yield is determined by the amount of fatty acid available, water, temperature, catalyst, and time during the 
esterification process. The output of biodiesel might vary by up to 96% depending on the aforementioned parameter [3]. Trans-
esterification of ethanol or methanol using sodium hydroxide (NaOH) or potassium hydroxide (KOH) as a catalyst has been utilized by 
the majority of researchers to produce biodiesel Because of its better characteristics and lower cost, methanol is the most often utilized 
alcohol in the esterification process. Because of its high conversion rate, a homogeneous basic catalyst is utilized in traditional bio-
diesel manufacturing. NaOH is chosen among these catalysts because of its efficiency and low cost in this process. The amount of 
catalyst required is determined by the acid number of the oil. Lower viscosity, greater calorific value, and enhanced cetane number are 
some of the characteristics gained by biodiesel [4]. 

Ethiopia, a nation in the sub-Saharan region of Africa with a topography of 1.1 million km2, has the second-highest demographic in 
the continent after Nigeria, with over 46 million people living without electricity in the country’s rural areas [5]. The complete 
reliance on traditional biomass including firewood, crop waste, animal dung, and charcoal further highlights the energy poverty of the 
nation. More than 95% of the country’s energy demand is met by energy produced from indigenous bioenergy, which is also used by 
well over 86.42% of rural families [6]. Regrettably, producing energy from traditional bio resources is neither environmentally 
friendly nor sustainable. Significant deforestation, desertification, and emissions of greenhouse gases have been brought on by a heavy 
reliance on indigenous biomass [7]. Conversely, oil imports are the only source of fuel for the Ethiopian transportation sector, with an 
estimated annual cost of almost US$ 3 billion [8]. The increased demand for foreign currency along with the rise and fluctuation in the 
price of petroleum has harmed the national economy. Additionally, it has been determined that using and producing energy from 
traditional carbon-based fuels like coal, natural gas, and petroleum are the main contributors to emissions of greenhouse gases [9,10]. 
Therefore, many researchers were interested in investigating alternative energy sources for producing heat and electricity, such as 
wind and hydropower. Alternatively, a variety of biofuels might replace petroleum-based fuels like diesel and gasoline, which are 
mostly used in the transportation sector. Biodiesel has been recognized as a biofuel that can be used for a variety of diesel engine 
purposes [11]. To provide sufficient feedstock that does not conflict with the production of food and fodder, it is necessary to make the 
switch to these alternative energies. 

Numerous varieties of non-food flora have just been identified in Ethiopia that can be used to make biodiesel. The most commonly 
recognized feedstocks include Jatropha curcas L (J. curcas), Castor bean, Pongamia, Candlenut, and Croton seeds [6]. Juliflora seed 
has not been used yet as a biodiesel source even though the country has large potential in this regard. 

To maximize the management of the oil yield Since the conventional method of oil extraction and optimization technique time 
appears to be laborious, ineffective, and resource intensive in terms of time and resources, scientific optimization technique is 
preferred for the extraction process by using a suitable solvent and catalyst as well as an exact reaction time in order to reduce un-
necessary cost, resource, and time wastage [12]. According to the conventional method, one variable will be optimized while the other 
variables are kept constant, and a significant number of experimental runs are required to assess the impact of a single element [12]. 
Also, it doesn’t guarantee the best level of each individual variable and the interaction between them [4]. Over the years, the use of 
response surface methodology has been one strategy used to overcome these issues (RSM). RSM has been used successfully in a number 
of research, including the extraction of seed oils from Algae mamelos [12], Argemone Mexicana [13], Litopenaeus vannamei waste 
[14], Carcia papaya [15], Micro algal [16], Australian native stone fruit [17] and waste frying [18]. 

In view of the gap identified above, the goal of this study is to look into the production and optimization of biodiesel generated from 
JFB using single-step transesterification, which will be followed by a study of the fuel’s characteristics. Transesterification of Juliflora 
seed oil with methanol as a solvent and NaOH as a catalyst produces Juliflora methyl ester. To understand the thermal behavior and 
evaluate the chemical composition, the biodiesel’s many physical and chemical characteristics were assessed. Gas chromatography- 
mass spectrometry (GC-MS) was used to determine the chemical components of Juliflora oil methyl ester (JFOME). Fourier trans-
form infrared (FT-IR) was used to study the hydrocarbon functional groups present on JFB (B100). The constituent compounds of JFB 
were analyzed H1NMR and 13CNMR, The rheometer technique was also employed to assess the influence of temperature on B100 
viscosity and shear stress. JFB’s pH value with additives was determined. To maximize oil extraction from Prosopis juliflora seeds using 
RSM to produce biodiesel was used to assess the influence of solvent concentration, catalyst concentration, and temperature on 
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biodiesel optimum yield. The effect of agitation time on the maceration of hexane on crude oil yield was studied during crude oil 
extraction from JF-seed, and the effect of reaction time on biodiesel yield was investigated. The variables under investigation were 
temperature, time, solvent concentration, and catalyst concentration. Also, RSM’s performance assessment for oil extraction was 
contrasted. The relative significance of the process parameters was also established. 

1.1. The novelty of the work 

Juliflora based biodiesel was previously produced, with various solvent concentrations of methanol, NaOH catalyst with various 
reaction times and temperature variations, even though no study has been conducted on Ethiopian variant A few of the works in 
literature addressed some of the key properties for using JFB as a biodiesel in diesel engine applications. Among all, most of the studies 
focused on properties like Cetane number, calorific value, density, viscosity, fire point, and flash point as shown in Refs. [19–25] As a 
result, the current study focuses on new properties in addition to those mentioned in the literature, such as cloud point, pour point, 
density (at two temperatures), specific gravity, saponification value, iodine number, copper strip corrosion test, acid number, free fatty 
acid (FFA), total glycerin, pH value, methyl ester content, fuel composition and characterization for functional groups present, water, 
and sediment content. The rheological analysis on JFB to reveal the impacts of temperature and shear rate on dynamic viscosity and 
shear stress fluctuations, not yet reported, has been carried out as another key and major part in this work. Previous studies char-
acterized the fatty acid compositions for JFB as shown in Ref. [24], but some differences in feedstock variants for the JFB seed, the soil 
effect etc. might reveal deviations related to the types of unsaturated and saturated fatty acid compositions and need to be charac-
terized before usage in the engine. This study has been carried out to address the lacunae highlighted earlier involving JFB production, 
optimization and characterization involving GC-MS, FT-IR, NMR and rheological testing. 

2. Materials and methods 

2.1. Materials 

The materials and chemicals were chosen based on their ease of procurement and appropriateness. JF oil was chosen as a feedstock 
for biodiesel production in this study, and it was gathered in Ethiopia’s Afar region Metahara and Awash woreda, which has a 
scorching environment. The commercially available petroleum-based diesel fuel was obtained from a local petroleum supply oil 
company in Addis Ababa, Ethiopia. The fuel properties of diesel fuel comply with EN 590, as confirmed by Ethiopia’s national pe-
troleum ministry. Methanol (99.9% purity) as short-chain alcohol, NaOH pellets (99% purity) as an alkali catalyst, and hexane (99.5% 
purity) for JF oil extraction. The reference standards for fatty acid methyl esters were obtained by examination of the JFB oil using a 
thermos-scientific instrument produced in the United States. 

2.2. Feedstock for seed extraction 

Prosopis juliflora is a South American, Central American, and Caribbean evergreen tree. It’s known as mesquite in the United 
States. It grows quickly, fixes nitrogen, and can withstand dry conditions and salty soils. Prosopis juliflora may provide a range of 
useful commodities and services, including construction materials, charcoal, soil conservation, and the regeneration of damaged and 
salty soils, under the appropriate conditions. P. juliflora is a thorny plant that may be found in the hot climate regions of Ethiopia. It 
produces 2.5 tons of wood per hectare per year and includes over 70% hemicellulose fraction [26,27], which is known to improve the 
quality of bio-oils from biomass. P. juliflora has by now invaded approximately 1.7 million hectares of land at different cover levels 
(12,3% of the surface) and is expanding at a rate of 3.11 × 104 ha yr− 1 [28, 29]. On average, it produces 5000 l/ha oil as indicated in 
Ref. [24]. In addition as [30] investigated fruit of the Prosopis juliflora looks nearly flat. About 1 foot long, 5–15 mm wide, and 3–9 mm 
thick, the pods have these dimensions. As they mature, the mature pods turn from green to mushy and yellowish-brown in color. There 

Fig. 1. Prosopis juliflora plant (1. Prosopis, Juliflora tree, 2. Prosopis Juliflora pods, 3. Prosopis Juliflora seed).  
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are one to sixteen (pod) fruits in each inflorescence. 6.5 mm wide and weighing between 0.20 and 0.32 g (20,000–32000 seeds/ki-
logram), Seeds are small round objects. Based on the climatic conditions and ecology, kernels weighing 5 kg–10 kg per tree can be 
produced. At a density of around 20 kg/tree, Prosopis juliflora is predicted to produce 2230 kg/ha of pods. Because it is a non-food 
plant, it does not offer the same food security risks as other food crops (such as sugarcane, sorghum, and maize, which were previ-
ously utilized to produce bio-oils) [31]. Furthermore, P. juliflora is suspected of depleting ground aquifers in various regions of 
Ethiopia, to the point where the government of Ethiopia ordered the shrubs’ entire abolition in the Afar and Oromia region in 2013 
[28,29,32], As a result, we’ve chosen P. juliflora for this study because of its advantageous features for bio-oil production, as well as the 
fact that it may be used as an asset rather than a curse. Because the seeds are contained in indehiscent hard endocarp fruits, the 
Prosopis juliflora planting begins with the extraction of seeds from the pods. The seeds are readily extracted by cutting the pods 
lengthwise and crosswise between the seeds. Fig. 1 shows trees, pods, and seeds of Prosopis Juliflora. 

2.3. Instrumentation 

2.3.1. GC-MS 
The JFB-oil sample was analyzed by GC-MS (Agilent 6890 N GC 5977MS) with electron ionization (EI) source, utilizing an inert 

column (NSP5 Inert 30 m × 0.25 mm x 0.25 μm), with a GC oven temperature program of 40–100 ◦C @2 ◦C/min, and 
100–200◦@20 ◦C/min. The EI MS parameters included a solvent delay of 2.10 min, a source temperature of 230 ◦C, and a scan range of 
29–550 amu. GC He, purity 99.99%, is the carrier gas. Constant flow of 1 ml/min, inlet temperature of 250 ◦C, split ratio of 4:1, and 
injection volume of 1 μL. 

2.3.2. FT-IR 
For the FT-IR (Thermo fisher FTIR spectrometer-Nicolet iS50) analysis, at 4 cm− 1 resolution with KBr as a background matrix in the 

range of 4000–400 cm− 1, were used to determine the various functional groups of JFB Identification were carried out using Spectrum 
iS50ABX spectrometer (Thermo-scientific, USA). 

2.3.3. H1-NMR and 13CNMR 
H1-NMR and 13C-NMR spectra of JFB-oil was recorded using a Bruker 400 MHz NMR Advance II with 5 mm PABBO probe. 

Deuterated methanol was used as the solvent in both 13C-NMR and 1H-NMR. Sixteen and 16,385 scans were collected for H1-NMR and 
13C-NMR, respectively. 

2.3.4. pH 7110 
pH value determination of JFB was carried out using pH7110 (inolab®, Germany) with pH accuracy (±0.005 + − 0.01/0.1), with a 

measuring range mV (− 1200.0 to + 1200/-2000 to+2000 mV). 

2.3.5. Rheometer 
The analysis of the effect of temperature and shear rate on viscosity and shear stresses of JFB was carried out using modular 

Fig. 2. Preparation phases of juliflora seed (1. juliflora fruit, 2. juliflora seedpod, 3. Sun drying Process, 4. mechanical crushing, 5. fine crushing 
with electric grinder, 6. crushed seed powder collection). 
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compact Rheometer MCR102 SN82129736 (Anton Paar, Austria, Europe). 

2.3.6. Software used  

F095 Origin software version 9.8 was used to simplify the graphs used on the FT-IR and GC-MS instrument data to show the effect of 
temperature and shear rate on viscosity and the shear stress for JFB.  

F095 Minitab statistical software version 20 was utilized for RSM (response surface methodology) for ANOVA (analysis of variance) 
analysis for the effect of temperature, catalyst, and solvent concentrations on JFB extraction were used. 

2.4. Biodiesel production processes 

2.4.1. Seed collection and preparation 

2.4.1.1. Seed collection. Since all seedpods were utilized on a mechanical screw machine, seedpod collection and preparation are 
required a second time after mechanical extraction was not as successful. The seed was harvested and acquired once more from the hot 
temperature dry districts of Awash and Methahara in the Afar region, which is 227 km from Ethiopia’s capital Addis Ababa. From 1 
quintal by volume seedpod 60 kilos by weight-matured seedpods or (60%) were gathered from several seedpod trees. 

2.4.1.2. Seed preparation. Fig. 2 from numbers 1 to 6. Depicts the collection, preparation, drying, and crushing of seedpods. The dried 
seedpod was first crushed by hand, as per the local and traditional method, to make it easier and simpler to ground using the electric 
machine grinder. After the seedpods were manually crushed and thoroughly prepared, they were ground again with a portable electric 
grinder. The powdered crushed Juliflora seedpod was now ready for maceration by the solvent. As a result, a finer, powder-like 
seedpod is created, suitable for simple reactivity and digestion by the solvent (Hexane). 

2.5. Biodiesel extraction 

2.5.1. Solvent oil existence checking sample extraction process 
To enable mass manufacturing, two extraction steps were used for the oil. The first approach is sample-based extraction to check 

whether oil is there in the seedpod, while the second is batch extraction for mass production. The batch extraction technique generates 
more oil for a single batch procedure on a single container, whereas the sample-based extraction method is faster and saves time, but 
the oil output is low at a time. This can be used as a first step in determining whether a given sample seed contains oil or not before 
proceeding with the batch extraction procedure. As a result, each thimble contains 100 gm crushed powder and 150 ml hexane with 
99.9% purity, as shown by experiments, [33]. As a result, the frequency of operation is too high to produce the required oil output. For 
example, only 25 ml of oil is created from a single operation or method, which is a little quantity when compared to batch extraction, 
but the test verifies that oil exists so that the next batch extraction process may be planned. 

Fig. 3. Batch extraction (1. crushed seed with hexane, 2. crude oil and hexane separation from crushed seed, 3. oil sample with hexane, 4. process to 
remove hexane, 5. hexane collection, 6. pure crude oil sample). 
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2.5.2. Batch oil solvent extraction process 
The batch Oil was extracted from Juliflora seedpods using n-hexane solvent in various bottles or batches. Each batch comprised 2 

kilos of crushed powder seedpod and 2.5 litters of hexane, combined by a rotary mixer, and kept at room temperature for three days as 
the optimal period for improved digestion of the solution illustrated in Fig. 3, top. The seedpod powder is separated from the hexane 
solvent and crude oil in the second stage after it has been thoroughly combined and digested. By hand a thick cotton layer was used to 
separate the combined solution of hexane and crude oil from the hard seedpod cake (next), after which the crude oil with hexane falls 
and is ready to boil. Soxhlet device is used to separate pure crude oil from hexane solvent. There is no need to use a thimble with 
crushed seedpod samples; instead, combine the hexane and crude oil in a round bottom flask and heat at 50 ◦C until the hexane has 
evaporated completely, then condense in the Rota evaporator. Various studies have been conducted utilizing hexane as a solvent in a 
similar manner, such as [34–36]. 

Fig. 4 shows two circular bottom flasks on the bottom position of the rotary evaporator. Because they had distinct paths from the 
soxhlet chamber, the separate round bottom flask gathered both hexane solvent that was condensed on one side and crude oil on the 
other flask bottle. The golden-colored crude oil that has been separated from the hexane was then taken out or collected in a separate 
container. Finally, utilizing the Soxhlet oil extractor at Wondogenet Agriculture Research Center Laboratory, 6 L of crude oil (10%) 
could be recovered from 60 kg of PJF seedpods using solvent extraction method. The formula is shown in eq. (1) 

The following formula was used to compute the crude oil yield: 

Yield (%)=
kilograms of crude oil

kiligrams of seed
x100 (1)  

2.6. Transesterification process for juliflora derived biodiesel 

Trans-esterification, phase separation, washing, and drying, the most common steps in the biodiesel production process were 
performed and shown in Fig. 5. For the transesterification procedure, solvents and instruments such as Juliflora oil, methanol, NaOH, 
measuring cylinders, digital balance, thermometer, heater, and magnetic stirrer were utilized. 

2.6.1. Mixing of alcohol and catalyst 
Methanol and NaOH were utilized in this investigation since they were less expensive. The catalyst was introduced slowly and 

carefully while mixing the methanol in a mixer since NaOH catalyst is in solid form and does not quickly dissolve into methanol. 
According to Refs. [37,38], an ester interacts with an alcohol to produce methyl ester, glycerin, and other contaminants. Three moles of 
methanol react with 1 mol of triglyceride, NaOH acts as a catalyst in this process. To form a mixture of fatty acid and glycerin esters. 
The use of 100% biodiesel in an engine is still an issue, although most research suggests that up to 20% biodiesel may be used without 
any engine modifications [39–44]. 1000 ml juliflora oil was heated to 75 ◦C in a round bottom flask to drive out moisture and agitated 
with a magnetic stirrer. The amount of Methanol utilized was 200 ml of 99.9% pure Methanol which is methanol to oil molar ratio of 
6:1. In a separate vessel, 40 g (0.6 wt%) of catalyst NaOH with a purity of 99.5% was dissolved in Methanol and put into the round 
bottom flask of oil while continually stirring the mixture. For 60 min, the mixture was kept at 55 ◦C and at atmospheric pressure. The 
mixture was allowed to settle for 8 h under gravity once the trans-esterification procedure was completed. Glycerin and juliflora oil 
methyl ester were the end products of the process. The finished mixture was rapidly churned for half an hour in the mixer at ambient 
pressure before being allowed to cool at room temperature. Two liquid phases were generated after a successful trans-esterification 
process. Glycerin, excess alcohol, catalyst, contaminants, and residues of unreacted oil make up the bottom layer. Biodiesel, alcohol, 
and some soap make up the top layer shown in Fig. 5. The biodiesel, alcohol, and some soap in the top layer were separated. 

2.6.2. Removal of alcohol 
Following the separation of the glycerin and biodiesel phases, the surplus alcohol in each phase was removed using a rotary 

Fig. 4. Rota evaporator (1. Cold water in, 2. Hot water out, 3. Condenser/evaporator, 4. Solvent recovery, 5. Extracted oil, 6. Water bath).  
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evaporator and a flash evaporation method, as illustrated in Fig. 4. 

2.6.3. Methyl ester wash 
Water washing, dry washing, and membrane extraction are the three most common methods for purifying biodiesel. Water washing 

was particularly successful in eliminating both glycerol and alcohol since they were both very soluble in water. It also got rid of any 
leftover sodium salts and soaps [45,46]. In this investigation, water washing (three times) was employed to wash the contaminants out 
of the crude biodiesel. The biodiesel was refined after being separated from the glycerin by gently washing it in warm water (heated to 
50 ◦C) to remove any remaining catalyst (NaOH) or soaps, then drying it and storing it. This was often the final stage of the 
manufacturing process, yielding a clear light brownish liquid with a viscosity close to petro-diesel. The final biodiesel was obtained 
after washing resulting in 3.9 litters of biodiesel from 6 litters of crude oil. The collection efficiency was above 65% as per eq. (2) 

The following formula was used to compute the biodiesel yield: 

Yield (%)=
litres of biodiesel yield

litres ofjuliflora oil
x100 (2)  

3. Results and discussion 

3.1. Properties of biodiesel and comparison 

Biodiesel has properties that are comparable to those of petro-diesel fuel, making it a viable alternative to petro-diesel fuel. The 
atomic load of triglycerides is reduced to 33% of that of triglycerides when they are trans-esterified into methyl or ethyl esters, while 
the thickness is reduced and the instability is expanded insignificantly. Biodiesel has a similar thickness as diesel fuel. These esters 
contain 10–11% oxygen by weight, which may enable greater ignition in a motor or engine than hydrocarbon-based diesel fuels. 
Cetane number of biodiesel is approximately 50, and the addition of tertiary fatty amines and amides improves the start nature of the 
finished diesel fuel without compromising its primary characteristics. The ignition problem is exacerbated in cold weather because 
increasing flexibility is difficult. Biodiesel has a reduced volumetric heating quality (approximately 12%), but it has a high cetane 
number, flash point, cloud point, pour point, viscosity, and consistency [47]. Important properties of different biodiesel as reported 
earlier are compared to diesel fuel mentioned in table 1 along with that of petro-diesel. 

3.2. Characterization of biodiesel 

In this paper characterization of Prosopis Juliflora biodiesel was done, concerning density, kinematics viscosity, and calorific value, 
at Ethiopian petroleum supply Enterprise as per ASTM protocols. The remaining tests were done at Addis Ababa University, Addis 
Ababa Science and Technology University, and the Ethiopian geological survey authority (see Table 1). 

Fig. 5. Transesterification process (1. Measuring NaOH, 2. Measuring CH3OH, 3. Preparing to mix the methoxide, 4. Mixing the methoxide, 5. 
Heating and steering the methoxide, 6. Pouring the methoxide on crude oil, 7. Mixing the methoxide with crude oil, 8. The mixture on the 
gravity separator). 
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3.2.1. Physico-chemical properties 
Prosopis Juliflora has a greater kinematic viscosity than diesel, which is linked to fuel atomization, flow, and distribution. The 

kinematic viscosity of 3.93 cst implies that the atomization and injection performance will be comparable to diesel, but it also functions 
as a lubricant for the engine moving components. The biodiesel generated was superior to diesel since it had no Sulphur, whereas diesel 
contains 0.13% Sulphur [53–55]. As a result, no Sulphur oxides will be generated during the burning of biodiesel, which might harm 
engine components and have an environmental impact. Similarly, the PJFB generated had no ash content, which might create abrasion 
on the engine. Table 2, shows comparison of results of JFB from previous studies with current work in this study. The result for the 
current study of JFB obtained from, bomb calorimeter for calorific value, gravometric capillary for viscosity, hydrometer for density 
under ASTM standared and detail is shown in Table 3. Cetane number and flash point estimated from the calorific value result and 
similar estimation also shown in [56]. 

3.2.2. Testing for pH 
The pH electrode was calibrated with a distilled solution before being submerged in the Sample for the pH reading and recording. 

Based on the recorded test result when compared to diesel 5.6, JFB has a higher PH 9.6 value, and when compared to other biodiesel 
oils, it has a similar value, showing that the transesterification process was carried out successfully. 

3.2.3. Test for copper strip corrosion 
This test determines if the copper is susceptible to corrosion. According to Ref. [57]., it is used to determine the degree of copper 

corrosion that would occur if biodiesel were employed in any application that contains metals like copper [58]. The presence of acids 
in the biodiesel is monitored by this test. A copper strip blemish test was used to carry out the investigation. In line with ASTM 130 
[58], and [57], the obtained result of copper strip corrosion for JFB oil is 1a. Copper strip corrosion has a minimum ASTM standard of 
1a and a maximum of 4c. As a result, JFB oil (B100) can be considered as suitable for internal combustion engines. 

JFB’s pour point and cloud point were 6 ◦C and 2 ◦C, respectively, indicating that it has good flow characteristics and may be 
utilized in cold conditions. The Cetane number of JFB is 68, which is higher than diesel, while for JFB it becomes 52.9 that enables to 
run the engine more effectively and without difficulty of starting [54]. Because JF has a greater flash point than diesel, it is deemed safe 
for storage, transportation, and handling. According to ASTM based testing, the FFA percentage of raw JFBO was found to be 0.47, and 
its biodiesel at 0.14, which lies within the biodiesel standard limit. In Table 3, the thermo-physical and chemical fuel characteristics of 
JFB oil and diesel were tested and compared for assessment as shown in Table 3. 

3.3. Process optimization for biodiesel yield by response surface methodology 

The experiments were conducted as per the Box-Behnken response surface design,. Using Minitab 20, the statistical analysis was 
performed, and analysis of variance was used for experimental optimization (ANOVA). The transesterification process was optimized 
utilizing a factor of 3 replicates at three levels, necessitating a total of 15 runs and 1 base block. Table 4 includes a list of the researched 
variable factors, as well as their ranges and levels. The variables were reaction temperature, catalyst load, and methanol to oil ratio. 
Methanol boiling point, 60 ◦C, was adopted as the upper temperature level, while the lower limit was 50 ◦C. Catalyst concentration 
levels ranged from 0.4% to 2% by weight of oil. 

The response variable (biodiesel yield) was used in a full quadratic model once the tests were finished to link the response variable 
to the independent variable. The entire Box-Behnken experimental design matrix for factorial design is shown in Table 5. To prevent 
systematic errors, the order in which the runs were made was staggered. The biodiesel production in the transesterification studies 
ranged from 0.4% to 5.56%, with the maximum content coming from the settings of a 6:1 methanol oil molar ratio, a 2 wt% NaOH 
catalyst concentration, and a 57 ◦C reaction temperature. 

To forecast JF biodiesel yield % as a function of methanol, catalyst concentration, and reaction temperature, a quadratic regression 

Table 1 
Important Properties of Different Biodiesels Compared With Diesel Fuel including JFB reported previously, but not for Ethiopian variant juliflora.  

Biodiesel 
feedstocks 

Important biodiesel properties 

Kinematic viscosity @40 ◦C,in 
(mm2/sec) 

Density @40 ◦C, (kg/ 
m3) 

Gross calorific value 
(MJ/kg) 

Flash point 
(◦C) 

Cetane 
number 

References 

Juliflora 3.25–6.8 887–930 37.6–43.04 181–376 45–49 [19,21,24] 
Cotton seed 32.8–36.0 911–921 40.1–40.8 210–243 42–59.5 [48,49] 
Karanja 27.8–56 870–928 36–42.1 198–263 45–67 [19,48,49] 
Hemp seed 4.72 904 39.1 162 42.7 [19,50] 
Mahua 24.6–37.6 891–960 36.8–43.0 212–260 43.5 [19,50,51] 
Jojoba curcas 19.2–25.4 863–866 42.7–47.48 61–75 63.5 [48,49] 
Linseed 16.2–36.6 865–950 37.5–42.2 108–242 28–35 [19,48,50] 
Jatropha 24.5–52.7 901–940 37.2–43 180–280 33.7–52 [38,49,51, 

52] 
Polanga 4–5.34 888.6–910 39.25–41.3 151–170 57.3 [48,52] 
Castor 17.14–25 922 38.09–39.5 178.56 37.55–42.3 [38] 
Diesel 2.0–3.62 810–840 42–43.8 45–62 45 min [19,21,24, 

50]  
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model with specified coefficients for statistical prediction as defined by eq. (3) was created using Minitab 20 based on the coded 
parameters. The calculated F-values, consequent regression coefficients, and accompanying P-values are listed in Table 6. 

3.4. Analysis of variance (ANOVA) 

Analysis of variance (ANOVA) was employed for optimization of the JFB yield and results are shown Table 6. The main effects (A, B 
and C) get linearly represented and statistically significant except B(NaOH) and C (temperature) whereas the quadratic effects of (A2, 
B2) and from the interactive effects AB, BC are significant.  

Biodiesel (% yield) = 5.6 + 0.5137 A - 5.67 B + 0.764C + 0.002242 A × A+ 1.752 B*B- 0.00641C × C + 0.09460 A × B+ 0.000472 B* C - 
0.1206 B × C                                                                                                                                                                           (3) 

Where, = A-Methnol (ml), B–NaOH (wt%), C- reaction temperature (◦C). 
To assess the statistical significance and fitness of the model equation, analysis of variance (ANOVA) was used. The chosen re-

sponse’s impact on significant individual variable and their relationship was also examined by ANOVA. Table 7 displays these out-
comes. Due to the greater F value (39.96) and lower P value (0.0001), the results demonstrate that the model is highly significant at the 
95% confidence level. When evaluating the significance of each regression coefficient, the P value, which expresses the chance of error, 

Table 2 
Different literatures’ results for JFB were compared to current fuel attributes.  

Properties Present study Raja.E et al. [20] Senthil.R et al. [24] Asokan.M et al. [19] 

Density (gm/ml) @15 ◦C 0.880 0.825 0.832 0.875 
Kinematic Viscosity (mm2/s)@40 ◦C 3.935 3.246 5.8 6.808 
Cetane number 52.9  52 49 
Flash point ◦C 128  113 128 
Calorific value MJ/kg 44.4 44.9 43.045 38  

Table 3 
Comparison of JF biodiesel properties with diesel fuel.  

Fuel Properties Testing 
methods 

Present 
study 

ASTM Limit ASTM 
D6751 

Present 
study 

ASTM Limit ASTM D 
975 

% deviation of B100 from 
diesel 

B100 Biodiesel Diesel Diesel  

Density@ 15 ◦C, g/ml ASTM D4052 0.8941 0.880 0.8387 848 6.2 
Density@ 20 ◦C g/ml ASTM D4052 0.8907 – 0.8353 – 6.2 
Kinematic Viscosity @ 40 ◦C 

(cSt) 
ASTM D445 3.9354 1.9–6.0 3.0353 1.3–4.1 22.87 

Gross Calorific value (MJ/kg) ASTM D240 44.4 – 44 42.52 4.23 
Cetane number ASTM D976 52.9 47 min 49 40–55 7.37 
Flash pint ◦C ASTM D93 128 100–170 75 60–80 41.4 
Specific gravity@ (27 ◦C) ASTM D1298 0.8568 – 0.8234 – 3.898 
Saponification value 

(mgKOH/g) 
ASTM D5558 163.6 370 max – – – 

Iodine number (gI2/100 g) EN,14,111 99.8 120 max – – – 
Pour point (◦C) ASTM D97 6 − 15 to 16 − 12 − 35 to − 15 – 
Cloud point (◦C) ASTM D2500 4 − 3 to 12 − 7 − 15 to 5 – 
Copper strip corrosion test ASTM D130 1a 4c max. 1a 4c max. Same 
Acid number (mg KOH/g) ASTM D664 0.28 0.5 max – – – 
Total glycerin (%mass) ASTM D 6548 0.04 <0.24 – – – 
PH value@ (22 ◦C) – 9.6 – 5.6 – 41.6 
Water and sediment (%) PPM ASTM D2709 0.02 0.05 vol % – 161 – 
Fuel composition ASTM D6751 C16-22 

FAME 
C12-22 FAME – C10-21 HC – 

FFA (%) – 0.14 – – – – 
Methyl ester content (%)  99.8 >96.5 – – –  

Table 4 
Coded variables and experimental levels of ANOVA parametric optimization used in RSM.  

Factors Unit Coded symbol Range and levels 

Low (− 1) Medium (0) High (1) 

Methanol to oil ratio ml A 60 80 120 
NaOH catalyst wt% B 0.4 1.5 2 
Temperature ◦C C 50 55 60  
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is utilized. The P value also reveals how each cross product interacts with the others. A big F value resulting from noise has a 0.01% 
chance of occurring, according to the P value of.0001. In this instance, the generation of biodiesel is significantly influenced by A 
(methanol ratio), C (reaction temperature), A2 (quadratic effect of methanol amount), B2 (quadratic effect of catalyst concentration), 
and AB (methanol quantity with catalyst). Due to its larger F value (131.15) and lower P value (0.0001), methanol (A) is the most 
significant variable in the production of biodiesel from JFB. The yield of JFB biodiesel is negatively impacted by catalyst concentration 
(C), as shown by regression model eq. (3). The speed of the transesterification reaction will therefore be slowed by increasing both the 
catalyst concentration and temperature. The model’s “Lack of Fit” shows that the link between the independent variables (M, C, and T) 

Table 5 
Result and experimental matrix for Box-Behinken design.  

StdOrder RunOrder PtType Blocks A (ml) B (wt%) C (◦C) Biodiesel Yield (%) 

Experimental Prediction Residual 

6 1 2 1 113 1.2 50 2.43 2.341696 0.088304 
5 2 2 1 60 1.2 50 1.59 1.741491 − 0.15149 
1 3 2 1 60 0.85 55 2.62 2.678439 − 0.05844 
14 4 0 1 86.5 1.2 55 0.41 0.402124 0.007876 
12 5 2 1 86.5 2 60 0.52 0.7194 − 0.1994 
15 6 0 1 86.5 1.2 55 0.41 0.402124 0.007876 
7 7 2 1 60 1.2 60 1.09 1.166491 − 0.07649 
13 8 0 1 86.5 1.2 55 0.41 0.402124 0.007876 
4 9 2 1 113 2 55 5.56 5.52981 0.03019 
9 10 2 1 86.5 0.4 50 1.23 1.042413 0.187587 
2 11 2 1 113 0.4 55 1.11 1.391798 − 0.2818 
10 12 2 1 86.5 2 50 2.01 2.1344 − 0.1244 
11 13 2 1 86.5 0.4 60 1.67 1.557413 0.112587 
8 14 2 1 113 1.2 60 2.18 2.016696 0.163304 
3 15 2 1 60 2 55 1.08 0.79358 0.28642  

Table 6 
Analysis of variance for the experimental results of the Box-Behinken design matrix for JFB yield.  

Source DF Adj SS Adj MS F-Value P-Value remarks 

Model 9 23.9034 2.6559 39.96 0.000 Highly significant 
Linear 3 1.3910 0.4637 6.98 0.031 Significant 
Methanol 1 0.9853 0.9853 14.82 0.012 Highly significant 
NaOH 1 0.0263 0.0263 0.40 0.557 Not significant 
Temperature (◦C) 1 0.4050 0.4050 6.09 0.057 Not significant 
Square 3 10.6944 3.5648 53.63 0.000 Highlysignificant 
Methanol × Methanol 1 8.7170 8.7170 131.15 0.000 Highly significant 
NaOH × NaOH 1 3.8555 3.8555 58.01 0.001 Highly significant 
Temperature (◦C) × Temperature (◦C) 1 0.0937 0.0937 1.41 0.288 Not significant 
2-Way Interaction 3 12.0229 4.0076 60.30 0.000 Highly significant 
Methanol × NaOH 1 11.0760 11.0760 166.64 0.000 Highly significant 
Methanol × Temperature (◦C) 1 0.0156 0.0156 0.24 0.648 Not significant 
NaOH × Temperature (◦C) 1 0.9312 0.9312 14.01 0.013 Highly significant 
Error 5 0.3323 0.0665    
Lack-of-Fit 3 0.3323 0.1108 * *  
Pure Error 2 0.0000 0.0000    
Total 14 24.2358     

Regression analysis was undertaken for fitting the response function and predicting the biodiesel yield was obtained in eq. (3). 

Table 7 
Coded regression Coefficients of predicted quadratic polynomial model.  

Term Coef SE Coef T-Value P-Value VIF 

Constant 0.402 0.147 2.74 0.041  
A 0.3626 0.0942 3.85 0.012 1.07 
B 0.063 0.101 0.63 0.557 1.10 
C − 0.2250 0.0911 − 2.47 0.057 1.00 
A × A 1.575 0.137 11.45 0.000 1.06 
B × B 1.121 0.147 7.62 0.001 1.17 
C × C − 0.160 0.135 − 1.19 0.288 1.02 
A × B 2.006 0.155 12.91 0.000 1.15 
A × C 0.062 0.129 0.48 0.648 1.00 
B × C − 0.483 0.129 − 3.74 0.013 1.00  
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and the dependent variable is not well described (JFB Biodiesel yield). In this investigation, the related lack of fit becomes minor, 
showing that the quadratic model and the experimental data fit well together. The coefficient of determination served as proof of the 
model’s fitness quality (R2). The adjusted coefficient of determination (Adj. R2) was 96.16% whereas the coefficient of determination 
(R2) was 98.63%. The calculated coefficient value shows that the model is fairly accurate. For experimental relationships between the 
variables and the response, the model is, in conclusion, extremely suitable. The comparison of experimental and anticipated biodiesel 
yields in Fig. 9a illustrates how accurate the prediction model is. All points are in close proximity to the straight line, indicating that the 
experimental and anticipated values coincide well. 

3.5. Response surface plots for JF biodiesel production 

Plotting three-dimensional surface curves against any two independent variables, while maintaining other variables at their central 
level, allowed one to examine the influence of the process factors on the transesterification efficiency. Figs. 6–8 display the surface 
plots and contour plots of the yield determined by eq. (3). To comprehend how the variables interact and to establish the ideal value of 
each variable for the greatest response, the response surface curves were plotted on Fig. 9a–c. 

3.5.1. Effect of methanol and catalyst concentration on JFB yield 
Fig. 6 displays the 3D response surface and 2D contour plot between methanol and NaOH catalyst concentration for various fixed 

parameters (reaction temperature 55 ◦C and time 60 min). The greatest amount of catalyst concentration results in a biodiesel yield 
(%) of 113 ml with an increase in Methanol weight percentage. At NaOH of 2 wt%, the highest JFO methyl ester was discovered to be 
5.56%. When the catalyst concentration is lower (1.2 wt%) and the methanol concentration stays constant at 113 ml, as shown by the 
Box-Behnken experimental matrix in Table 5, the JFO methyl ester drops to 2.43% at 50 ◦C. Once more, at 113 ml of methanol, catalyst 
concentrations of 0.4 and 1.2 wt%, and a mean temperature of 55 and 60 ◦C, the yiel drops to 1.11 and 2.18%. Hence, although high 
catalyst concentrations might result in phase separation and emulsion, catalyst concentration is one of the key elements in increasing 
biodiesel yield [60]. According to Table 6 ‘s ANOVA results, the interaction between the concentration of the NaOH catalyst and the 
methanol was found to be less significant. 

3.5.2. Effect of catalyst concentration and temperature on JFB yield 
The 3D surface plots and 2D contour plots in Fig. 7 illustrate how the concentration of the catalyst and the reaction temperature 

affect the biodiesel yield. A rise in reaction temperature (50 ◦C) and a mid-level concentration of NaOH catalyst (1.2 wt%) can boost 

Fig. 6. 2D Response contour plot and 3D response surface plot for combined effects of methanol (A) and catalyst (B).  
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Fig. 7. 2D Response contour plot and 3D response surface plot for combined effects of catalyst (B) and temperature (C).  

Fig. 8. 2D Response contour plot and 3D response surface plot for methanol (A) and temperature (C) on the biodiesel yield.  
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the biodiesel production by up to 1.59% while maintaining the variables of Methanol concentration and reaction time of 60 min. The 
yield of biodiesel decreased to 1.08% when the reaction temperature was raised to 55 ◦C and the catalyst concentration was increased 
to 2 wt%. Similar results were obtained by increasing temperature from (50, 55, and 60 ◦C) and lowering catalyst concentration to the 
lower level (0.4 wt%), which decreased biodiesel output to 1.23, 1.11, and 1.67% while maintaining methanol at 86.5 ml as a constant. 
The generation of soap may be strongly impacted by the high temperature and catalyst concentration, which may favor the saponi-
fication of triglycerides and lead to decreased biodiesel yield [61]. There is no statistically significant interaction between the con-
centration of NaOH catalyst and reaction temperature, as can be seen from Table 6 ANOVA results. 

3.5.3. Effect of temperature and methanol on JFB yield 
Fig. 8 illustrates how a rise in reaction temperature reduces the production of biodiesel. Increased temperatures (over 55 ◦C) slowed 

down the transesterification process, which led to a lower yield of biodiesel. The molar ratio of methanol to oil was also crucial in 
raising the biodiesel output. It was discovered that 113 ml of methanol was the ideal amount, and that lowering the methanol (below 
113) reduced the production of biodiesel. The maximum biodiesel yield was achieved at a reaction temperature of 55 ◦C (5.56%) with 
an increased concentration of (113 ml). When the process temperature was raised from 50 ◦C to 60 ◦C, the overall biodiesel yield 
drastically reduced (2.43–2.18%). The evaporation of methanol at 65 ◦C is the primary cause of the reduced biodiesel production [12]. 
So, it can be infered that an important aspect of the generation of biodiesel is the reaction temperature. It was determined that a 
temperature of 55 ◦C was ideal for reactions. The relationship between the reaction temperature and the amount of methanol was 
determined to be significant based on the ANOVA results in Table 6. The greatest F-values in the ANOVA findings showed that 

Fig. 9. Diagnostic plots for (a) plot for compare the actual and experimental yield, (b) plot for residual vs run, (c) plot for externally stude-
nized residuals. 
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methanol was the process variable that had the biggest impact on JFO biodiesel yield (Table 6). The ideal conditions are 55 ◦C for the 
reaction, 2 wt% NaOH Catalyst, and 113 ml of methanol, or a 6:1 M ratio. The ideal biodiesel production was estimated to be 96.48%. 
Experiments were conducted under these ideal conditions to validate the projected optimal values, and the observed values (5.56%) 
nearly matches with the expected value (5.52%) from the regression model. 

3.5.4. Diagnostic plots 
Additional plots were utilized to assess the model’s suitability and determine whether the model equation would produce accurate 

approximations of the real value. Moreover, Fig. 9a demonstrates the close correspondence between the anticipated values and the 
experimental results. These also show how the model may be used to forecast the ideal circumstances for the transesterification 
process’s highest possible biodiesel yield. The externally studentized residuals plot (Fig. 9b) was created to represent the model’s 
fitness and demonstrate that all the data points lie within the limits of (±2). The normal% probability plot of residuals for biodiesel 
production is continuously distributed, as shown in Fig. 9c, and the data are close to a straight line indicating that the variance is not 
out of the ordinary. 

3.6. Effect of agitation time on crude oil extraction yield 

The maceration or breaking up of the oil from the hard powder seedpod was done using each separate container by increasing 
agitation time Maceration is a remedy prepared by soaking plant material in vegetable oil, chemical, or water to separate oils in it from 
the plant material [62]. The process of maceration makes the material soft. During the experiment, the effects of mixing time duration 
on oil yield with the help of hexane solvent were investigated. Two kilograms of crushed seedpod equally prepared for each 6 block 
separate containers with a solvent mixture of 2.5 litters hexane. To see the effects of maceration time on mixed solutions to extract oil 
from it, six separate containers of the different batches were prepared as shown in Fig. 3, number 1. Each container has 2.5 litters of 
hexane solvent with 2 kg of crushed seedpod for maceration based on the standard laboratory procedure indicated in Ref. [63]. 

For each batch, different maceration periods were given to observe the effect of mixing and agitation time on crude oil yield, which 
is from one-half a day up to five days duration. Agitation time was varied on the magnetic stirrer with constant speed of 300-rpm based 
on the standard mixing and agitation time. Therefore, three days duration is the optimal period in which the highest yield would be 
possible to obtain as pointed out, [63]. As shown in Fig. 10, with the maceration time increasing, the crude oil yield increases at an 
increasing rate but after three days the oil yield is nearly the same or steady. This means most of the oil is macerated up within three 
days’ time interval i.e. three days is the optimal period for the oil extraction process. The macerated solution obtained is hexane and 
crude oil. Further separation of the solvent from crude oil is done on a soxhlet extractor in combination with the Rota evaporator. 
Finally, from the optimum solution of hexane with crude oil, 1.5 litters of hexane were recovered and 0.5 litters of crude oil were 
obtained from the 2-kg crushed seedpod. Therefore, 90% of oil is prepared from the batch extraction process; even though batch oil 
extraction provides much oil yield it needs more agitation time and mixing period. Further increase of mixing time may not increase 
the recovery of the oil due to the stability of equilibrium and saturation of solvent with the solute. From these batches, oil obtained in 
one single batch was 480 ml and with total oil obtained from all batches amounting to 5 L. 

3.7. Effect of reaction time on biodiesel oil extraction 

The influence of mixing time was investigated and shown in Fig. 11. To enhance the conversion of triglycerides, reaction time is 
highly crucial. Because oil and solvent are not entirely miscible when the transesterification reaction begins, the reaction occurs on the 
catalyst’s surface. However, as the reaction time rises, the solubility of oil and methanol increases, increasing the total yield of bio-
diesel synthesis by heating the mixture to 50 ◦C while keeping all other variables constant. All of the blocks were made of 8 g of sodium 
hydroxide, 400 mL of methanol, and 200 mL of crude JFB (molar ratio of 6:1 for methanol to oil ratio common to all the blocks). Within 

Fig. 10. Effect of agitation time on crude oil yield.  
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this mixed ratio, a 10-min time gap was maintained from 0 to 70 min mixing time. There are ten blocks filled with solvents combined 
with JFB. The volume of crude oil and solvents were the same, but the mixing duration was varied. Then a 40 ml oil extracted from the 
first block was maintained for 10 min of mixing time. However, when the mixing time was prolonged, the rate of oil yield increment 
rose as well, reaching a high of 130 ml at 70 min, which is 65% of the crude oil at the same 50 ◦C temperature for all the blocks. The % 
difference between extracted oil with a 10 min and a 70 min mixing time was 45%, indicating that as the mixing time rises, the oil 
output increases as well, resulting in an increase in biodiesel yield. The concentration of fatty acid methyl esters did not go up as the 
reaction time was increased further. This might be due to the formation of equilibrium between reactants and products [59]. At this 
point, all available energy was being used to create the transesterification equilibrium that gave the best results. After 80 min, there 
was a drop in biodiesel output, and then the equilibrium level was attained. This may be explained by the fact that increasing the 
reaction time causes the reactants and products to hydrolyze, boosting soap production. Similar effects are also shown under different 
biodiesel studies [64,65]. 

3.8. FT-IR analysis of prosopis juliflora biodiesel 

To discover and investigate the mechanisms of the functional groups required for the biodiesel, the functional groups discovered in 
JFB pure biodiesel (B100) and pure diesel (D100) samples were compared and appraised to see if they are within the range of biodiesel 
requirements or not. Biodiesel and diesel include a variety of functional groups. The main factors are important functional group 
materials. Pure biodiesel and pure petro diesel were prepared in the form of droplets with spectroscopic grade KBr to validate the 

Fig. 11. Effects of mixing time on JFME oil recovery.  

Fig. 12. The spectra of FT-IR analysis for B100.  
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functional groups involved in biodiesel and its mixes in the present wave numbers with transmittance. Droplets of the sample were 
generated and scanned in the spectral range of 4000–500 cm1. 

3.8.1. FT-IR analysis for JFB (B100) 
Fig. 12, displays the FT-IR spectra for pure biodiesel, which reveals a variety of distinct functional group peaks, showing the 

complex nature of functional groups accessible on biodiesel samples. The vibration bands of the biodiesel are owing to the presence of 
hydrogen-bonded OH stretch (alcohol) at 3314.40 cm− 1, methyl C–H stretching at 2942.48 cm− 1, and methylene C–H stretching at 
2832.59 cm− 1, as shown in the FT–IR spectra. Furthermore, among the biodiesel functional group alkenes, ester was discovered at a 
peak of 1653.29, 1112.54, and 1019.65 cm− 1, respectively, and is attributable to C=C and C–O functionalities. The major biodiesel 
peaks of the functional groups, including the fingerprint region, have changed for their functional group’s band intensities and fre-
quencies after biodiesel uptake, as shown in Table 8 and Fig. 19. This confirms the methyl ester participation of these functional groups 
in the biodiesel (B100). But, previous investigations [11], exhibit different FTIR spectra peaks and stretching points than the current 
investigations of the identical JFB presented and the result confirmed the existence of phenols, alcohols, and water at peaks of 
3200–3400 cm− 1and 900–1300 cm− 1, alkenes and aromatics at peaks of 1575–1675 cm− 1, and monocyclic and aromatic groups at 
peaks of 1420–1610 cm− 1. However, in the current investigations these functional groups were present at a different wave length 
positions and this might be on account of the site and soil specific JF feedstock variations and extraction techniques for JFB. 

The FT-IR analysis for B100 shows the different functional groups that existed on biodiesel concerning wavelength (cm− 1) and 
transmittance as a percentage peak value interpreted in Table 8, that the methyl ester group necessary for biodiesel were available. 

3.8.2. Chemical composition of biodiesel 
Oils from diverse sources have varied unsaturated fatty compositions from a synthetic standpoint. The length of the unsaturated 

fatty acid carbon chain and the number of unsaturated links it contains vary. Fats and oils are made up of 1 mol of glycerol and 3 mol of 
unsaturated fats and are generally water-insoluble, hydrophobic compounds found in plants. These are commonly referred to as tri-
glycerides. Because completely saturated triglycerides are strong at room temperature and so can’t be used as fuel, they contribute to 
excessive carbon storage in motors and engines. The unsaturated fatty acids differ in chain length, unsaturation level, and proximity to 
other substance capabilities. Palmitic, oleic, and linoleic unsaturated fats are more prevalent in the alkyl chain of triglycerides in edible 
and non-edible oils and are classified and identified by their unsaturated fatty acid content. Palmitic, arachidic, behenic, lignoceric, 
oleic, erucic, linoleic, and other fatty acids are found in varying amounts in these oils. Table 8. Shows the empirical formula and 
structure of several common fatty acids of saturated and unsaturated fats found in edible and inedible oils. Triglyceride particles have 
molecular weights between 800 and 900, making them nearly multiple times larger than standard diesel (C16H34) fuel. Edible and non- 
edible oils have lower volatility due to their larger molecular weight, while edible and non-edible oils are fundamentally more sensitive 
than diesel due to their unsaturation. As a result, they are much more vulnerable to oxidation and heat polymerization reactions. 

The fatty acid compositions obtained from the present study, as shown in Table 9, were the most important and frequently existing 
fatty acids in different biodiesels and it’s within the list of common fatty acid compositions from different biodiesel structures. The 
detailed fatty acid compositions obtained from the present study were shown in Table 10. 

3.9. The GC-MS analysis result for prosopis juliflora biodiesel (B100) 

Several chemicals were identified as a consequence of the GC–MS analysis of the JFB (B100) extract. Mass spectrometry coupled 
with gas chromatography was used to identify these chemicals. Table 10 lists the different chemicals identified by GC–MS in the 
extract. Fig. 13, shows a fatty acid chromatogram that depicts the various components found in JFB FAME (Juliflora biodiesel Fatty 
acid methyl ester)[67]. The saturated fatty acids in Julyflora biodiesel were 98–99%, which is lower, while the unsaturated fatty acids 
were relatively higher. As a result, greater JFB methyl ester was detected in unsaturated fatty acids. As is known, the content of fatty 
acids reflects the quality of the fuel. Greater saturated fatty acid content improves oxidation stability but lowers cloud point and pour 
point of biodiesel, whereas higher unsaturated fatty acid content improves cloud point but has poor oxidative stability [68,80]. Fig. 13 
shows the mass spectra of all the chemicals found in JF biodiesel. The most prevalent chemicals were found on first peak Docosenoic 
acid methyl ester, (Z-), second peak Hexadecanoic acid methyl ester, third peak Octadecenoic acid methyl ester,(Z)-, fourth peak 

Table 8 
FT-IR spectrum analysis for B100.  

Wave number (cm− 1) Positions of infra-red bands Functional group Relative positions 

3314.40 Unsaturated hydrocarbon Amine (N–H) group and alcohol (O–H) C–N Amine Far   
C–O–H  

2942.48 Aliphatic methyl C–H stretching and methylene C–H stretch Group CH-3-,-CH2- Far 
2832.59    
1653.29 Unsaturated Alkenes C=C, C–O Amide, Vinyl, Vinylidene, Cis fx1 Middle 
1564.10 No effect No effect Middle 
1405.98 No effect No effect Near/Finger print 
1112.54 Oxygen (C–O) group, Ester C–O–C Near/Fingerprint 
1019.65 Unsaturated Alkenes and Ether C=C and C–C Near/Fingerprint 
584.71 No effect No effect Near/Fingerprint  
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Octadecadienoic acid methyl ester, (ZZ)-, and fifth peak Octadecatrienoic acid methyl ester, (ZZZ)-. Docosenoic acid methyl ester (Z-), 
with a peak retention time of 7.7597 and a molecular weight of 352.6 g/mol, was published with a CAS number of 1120–34-9 and a 
molecular weight of 352.6 g/mol. Other compounds were discovered and reported in the same way. 

Methyl palmitoleate, methyl linoleate, methyl palmitate, methyl behenate, and methyl oleate are most likely the five components 
isolated by GC. It indicates that palmitic acid, palmitoleic acid, oleic acid, linoleic acid, and Eurcic acid are the main fatty acids found 
in the methyl ester of Julifora oil. The various esters are calculated using the standard database and the retention period mentioned 
above each compound’s peak. The fatty acid content of Julifora biodiesel was determined using GC-MS techniques. Gas chromatog-
raphy analysis is used to evaluate the fatty acid content of Julia methyl ester. Table 10 shows the chromatogram of a Julifora methyl 

Table 9 
Common fatty acid compositions of biodiesel.  

Fatty acid names Formula Structure References Present studies 

Palmitic C16H32O2 16:0 [55,59] Palmitic 
Stearic C18H36O2 18:0 [22,60]  
Myrestic C14H28O2 14:0 [62,69,70]  
Lauric C12H24O2 12:0 [66,71]  
Arachidic C20H40O2 20:0 [72,73]  
Linolenic C18H30O2 18:3 [66,69] Linolenic 
Linoleic C18H32O2 18:2 [66,74] Linoleic 
Oleic C18H34O2 18:1 [66,75] Oleic 
Behenic C22H44O2 22:0 [66,76]  
Lignoceric C24H48O2 24.0 [66,77]  
Erucic C22H42O2 22:1 [64–66] Erucic  

Table 10 
GCMS identification of compounds compositions for JFB (B100).  

PK# RT Area Pct Compound name (library ID) Molecular 
formula 

Molecular 
Weight 

Compound 
nature 

Ref # CAS no. Qual. 

1 7.7597 68.8148 13-Docosenoic acid, methyl ester, 
(Z)- 

C22H44O2 340.58 Eurcic Acid 207,458 001120- 
34-9 

99 

2 11.4261 2.0836 Hexadecanoic acid, methyl ester C16H32O2 256.43 Palmitic acid 130,813 000112- 
39-0 

98 

3 13.2925 4.1595 6-Octadecenoic acid, methyl ester, 
(Z)- 

C18H36O2 282.45 Oleic acid 155,752 002777- 
58-4 

99 

4 13.3568 5.7749 9,12-Octadecadienoic acid (Z,Z)-, 
methyl ester 

C18H32O2 280.44 Linoleic acid 153,890 000112- 
63-0 

99 

5 13.5568 19.1672 9,12,15-Octadecatrienoic acid, 
methyl ester, (Z,Z,Z)- 

C18H30O2 278.42 Linolenic acid 152,040 000301- 
00-8 

99  

Fig. 13. GCMS fatty acid composition result for JFB (B100).  
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ester sample. Erucic acid (68.81%) has the greatest unsaturated fatty acid concentration, followed by linoleic acid (19.16% and 
linolenic acid at 5.77%. The saturated fatty acid compositions of single bond oleic acid at 4.15 and Palmitic acid (2.08) were exhibited 
as a saturated fatty acid. The amount of total saturated and unsaturated fatty acids in Julifora methyl ester is 93.03% and 6.97%, 
respectively. Comparable to studies reported earlier [24]. 

3.9.1. Analysis of fatty acid composition 
Table 10 depicts the main fatty acids found in Julifora biodiesel. The fatty acid composition of vegetable oils varies depending on 

the nature and kind of feedstock. The most often reported compositions are stearic, palmitic, oleic, linoleic, and linolenic acids. The 
biodiesel made from Juliflora has a larger proportion of unsaturated fatty esters than saturated fatty esters. Two significant compo-
nents of JFME are methyl esters of linoleic acid and palmitic acid, as can be inferred from the data. The first compound’s absorption 
spectra are unsaturated, whereas the second is saturated. The fatty acid, linoleic acid is found in greater amounts as one of the primary 
fatty esters in the JFME composition in this research. In the present study a new fatty acid was observed in his study exceptionally as 
eurcic acid with a value of 68.81 compared to the previous studies on JFB. The methyl esters were purified and included FAME, with 
carbon chain lengths primarily ranging from C14 to C18, indicating that they are an appropriate biodiesel fuel. According to a previous 
study [34]. The JFB in present study has carbon chain lengths primarily ranging from C14 to C22, indicating that they are an ideal 
biodiesel fuel. The current studies of JFB carbon chain lengths were from C16 to C22 which is within the range of ideal biodiesel. The 
presence of various organic compounds as estimated from FT-IR already presented the preceding section, were in agreement with 
GC-MS findings. 

3.10. 1H NMR and 13C NMR analysis of compounds’ structural properties in the JFB-oil 

In Fig. 14 the 1H NMR analysis of JFB is displayed. The spectra can be divided into three primary groups based on chemical shifts 
caused by different proton types: aliphatic, olefin, and aromatic. More than 55% (mass) of the molecules in this spectrum are aliphatic. 
In the chemical shift range of 0.0–2.5 ppm, aliphatic resonances take place. The protons connected to the carbon atoms of alcohols, 
esters, and ethers (H–C–OH, HCOR, RCOO-C-H) are represented by the next region of 2.5–5.0 ppm [21,26]. Protons bound to het-
eroaromatics are indicated in the range from 6.0 to 8.6 ppm, and aldehydes are present in the region from 8.6 to 9.0 ppm. 

Fig. 15 displays the 13C NMR spectra of the JFB. Short, methylated aliphatic compounds are thought to be present in the range of 
0–30 ppm, while long, branched aliphatics are thought to be present in the range of 28–55 ppm. As a continuation of the former zone 
(the intermediate region), the range 45–85 ppm is thought to contain ethers, alcohols, phenols, and carbohydrates. This area contains 
nitrogen atoms (like pyridine) and carbon atoms next to oxygen atoms, similar to carbohydrates. 

Aromatics and olefins are present in JFB in the range of 105–140 ppm. In addition to benzene-based chemicals, this area will also 
resonate with hetero aromatics that contain nitrogen and oxygen. There are carbonyl radicals present in the range of 165–182 ppm. 
The outcomes from the 1H NMR and GC-MS are in harmony with the 13C NMR estimate of the presence of different chemical com-
ponents in JFB. 

Fig. 14. 1H-NMR of JFB biodiesel.  
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3.11. Rheological analysis 

3.11.1. Effects of temperature on viscosity and shear stress of JFB (B100) 
There is currently a paucity of research on the flow behavior of JFB in relation to shear stress and viscosity against temperature. The 

shear stress and viscosity relationships versus temperature are the main flow characteristics for any fuels and lubricants, so the present 
study carried out in this regard was based on different operating temperatures ranging from 20 to 65 ◦C. The relative shear stress is 
higher (0.55τ in Pa.s. at 20 ◦C) at low temperature while it is lower (0.1τ in Pa.s.at 65 ◦C) higher temperatures. The relative viscosity 
decreases with increasing temperature at a constant volume fraction of JFBO. This JFB has a fairly high viscosity at low temperatures 
(ranging from 10.589 Pa s at 20 ◦C to 1.737 Pa s at 65 ◦C) and decreased at high temperatures. Manufacturers of diesel engines, on the 
other hand, will not accept blends with viscosities below the range limit for diesel fuel. According to the standards, the minimum 
viscosity required for a biofuel to be utilized in a diesel engine is ranges from 1.9 to 4.9 cSt at 40 ◦C with the range recognized by ASTM 
D 6751as indicated in Ref. [81], based on this study the results obtained for the current JFB met the stated standard requirements. 
However, when the temperature rose, the viscosity and shear stress changed. In heat and mass transfer applications, where pumping 
power and viscosity-related problems this is a critical parameter. The sensitivity of viscosity to temperature and volume fraction of JFB 
fuel is demonstrated by variations in thermal conductivity that rise considerably with increasing temperature. Molecules having higher 
energy at higher temperatures resist intermolecular adhesive forces in liquid movement, particularly oils. As a consequence, as 
illustrated in Figs. 16 and 17, viscosity and shear stress decreased as temperature increased for JFB. The results show that when the 
temperature rises, the viscosity of the JFB decreases significantly. The inter-molecular distance between the JFBO grows as the 
temperature rises. As a result, the barrier to fluid layer flow decreases. Similar studies have also been shown by Refs. [82–85]. 

3.11.2. Effect of shear rate on viscosity 
The viscosity profiles for JBF fuel is displayed in Fig. 18 using a rheological analysis at a constant operating temperature of 30 ◦C. 

The viscosity of juliflora biodiesel (B100) shows shear rate dependent behavior throughout a range of shear-thinning behavior over the 
shear rate of 10–150 s− 1 with viscosity variation from 203.4 to 47.5 mPa s. After this stated shear rate range, the measured viscosity is 
almost unaffected with the shear rate effect till the completion of the applied shear rate.20 to 150 s− 1, although beyond this narrow 
shear rate range, the viscosity flow behavior is nearly shear rate-independent until the last 500 s− 1 similar to the Newtonian behavior. 

Fig. 15. 13C-NMR of JFB biodiesel.  

Fig. 16. Effects of temperature on shear stress for JFB.  
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3.11.3. Effect of shear rate on shear stress for B100 
Fig. 19 depicts the rheological behavior of the B100 JFB at a low constant operating temperature of 30 ◦C. The result reveals that as 

shear rate increases, the shear stress also tend to increase, the shear stress against shear rate exhibits almost linear correlations 
throughout the entire range of shear rate vs shear stress scales. The outcome may be used to characterize the flow behavior of the JFB 
that was tested. The tailored values of the flow behavior indicating that biodiesel with a higher shear rate increases shear stress at an 
increasing rate, as biodiesel with lower temperatures of 30 ◦C has higher viscosities. Because of the impact of the shear rate caused, and 
the lower temperature effect of 30 ◦C, the resultant flow behavior of the JFB (B100) may be linked to the intermolecular activities. 
Furthermore, the JFB (B100) fuel exhibits greater yield stress of 2.5 Pa at 10 s− 1. 

4. Conclusion  

1. The current study employs Prosopis Juliflora as a feedstock to produce, optimize, and characterize the resultant biodiesel. Complete 
characterization of Ethiopian variant JFB, not reported earlier has been done to identify functional groups, fatty acid compositions 
and the extent of aliphatic, olefin and aromatic compounds, This study will provide input to stakeholders and researchers interested 

Fig. 17. Effects of temperature on Viscosities for JFB.  

Fig. 18. Effect of shear rate on Viscosity.  

Fig. 19. Effect of shear rate on shear stress for JFB.  
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in alternative energy sources, provide alternative feedback for biodiesel, and turn the invasive JF species back into a useful 
approach to assist the national economy by substituting imported petroleum.  

1. RSM was used to analyze the impact of time, catalyst concentration, methanol/oil ratio, and their interactions on biodiesel yield. As 
a result, the maximum biodiesel production of 87.5% was achieved under optimal conditions (methanol to ratio of 6:1, catalyst 
concentration of 0.5 wt at 55 ◦C, and period of 60 min). The agitation time for the Hexane solvent-crushed seed is 3 days with 480 
ml of raw oil production at a maximum.  

2. The FT-IR analysis reveals that JFB contains aliphatic groups of methyl esters, oxygen groups of ether and alcohol, unsaturated 
groups of alkenes, carbonyl groups of ester, nitrogen groups of amide and amine, and aromatic groups with various wavenumbers 
and transmittance intensity levels, all of which confirm that JFB meets the biodiesel requirements.  

3. The GC-MS analysis of JFB reveals a carbon chain from C16 to C22 that contains different acids such as eurcic (68.81%), palmitic 
(2.08%), Oleic (4.15%), linoleic (5.77%), and linolenic (19.16%), all of which are biodiesel-compatible. Furthermore, even when 
not trans esterified into biodiesel, the produced oil has excellent and comparable properties to commercial biodiesel, including a 
high heating value (44.4 MJ/kg), density at 15 ◦C (0.894 g/ml), and kinematic viscosity at 40 ◦C (3.93), all of which meet the 
minimum requirements outlined in the American Standards for Testing Materials (ASTM 6751–3), indicating that biodiesel pro-
duction with an eventual market entry is possible. The oil was Transesterified into biodiesel at a rate of 65%, paving the door for 
Juliflora biodiesel to be used in the biofuel sector. Producing biodiesel from JFB is technically feasible not just because this liquid 
biofuel is a “clean-burning fuel” that addresses pressing environmental concerns such as greenhouse gas reduction.  

4. The NMR analysis reveled that the test result is in agreement with both the FT-IR and GC-MS findings. The different proton types: 
aliphatic, olefin, and aromatic compounds were exist in JFB at different ranges.  

5. The Rheometer analysis depicts that as the temperature increases the viscosity and shear stress of JFB decreases linearly which 
means the oil confirmed Newtonian nature. The viscosity of juliflora biodiesel (B100) shows shear rate dependent behavior 
throughout a range of shear-thinning trait over the shear rate of 10–150 s− 1 with viscosity variation from 203.4 to 47.5 mPa s, 
although beyond this narrow shear rate range, the viscosity flow behavior is nearly shear rate-independent until the last 500 s− 1.  

6. This study scope is restricted to the production of biodiesel from PJF, optimization, its characterization and comparison with diesel 
fuel to ascertain parameter implications. The characterization of JFB is restricted to B100 and shows that certain of the properties of 
petro-diesel, such as density, kinematic viscosity, Cetane number, calorific value, and flash point, are comparable with JFB.  

7. Previous studies related to JFB have not reported rheological analysis, cloud point, pour point, iodine value, free fatty acid (FFA), or 
copper strip degradation. Further studies on characterization and engine performance testing on JFB based B20 diesel, and DEE 
(diethyl ether) additive blended fuels can be pursued in the future. 
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