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Abstract:



In this research, a new cultivar of Camelina “Soheil” seed oil (CSO) was investigated as a novel feedstock for biodiesel production. Maximum oil content of CSO seed was about 29%. Physical and chemical characteristics of CSO were investigated. The biodiesel production process was optimized by using the response surface methodology (RSM) reaction parameters, including molar ratio (methanol to oil), reaction time, and concentration of catalyst are studied. The result showed that the conversion of biodiesel was 98.91% under the optimized conditions of 10.18:1 molar ratio and 1.15 wt % concentration of catalyst for a reaction time of 7.33 min. By investigating the properties of the fuel, it turned out that biodiesel from new cultivar of CSO oil complied with the limits prescribed in the ASTM D6751 standards, and that this seed oil could be introduced as a new feedstock for biodiesel production. Also, the performance and emission of a diesel engine were investigated with CSO biodiesel. All of the engine experiments were performed under the constant speed of 2100 rpm at loads of 0%, 25%, 50%, 75%, and 100%. Results indicated that by using the biodiesel-diesel blends, the brake power, and the CO2 and NOx emissions increased, while the SFC and CO and UHC emissions decreased.
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1. Introduction


The increase in population and industrialization significantly increased the demand for energy consumption [1,2]. One of the sectors where energy is significantly consumed is the sector of internal combustion engines (diesel engines). Diesel engines often use fossil resources and mineral-based fuels as their fuel. The use of fossil fuels produces significant amounts of contaminants during combustion due to their chemical composition [3,4]. Therefore, no renewable fuels emit pollutants during the combustion. Therefore, the emitted pollutants cause damage to the environment and human health [5]. Vegetable oils are a reliable source for biofuel production [6,7,8,9,10]. The amount of pollutants emitted from biodiesel is significantly lower than fossil fuels [11,12]. Due to the chemical composition of Vegetable oils, the vegetable oils cannot be directly used as fuel in diesel engines. In order to improve the properties of vegetable oils, different methods have been investigated by various researchers. One of the common methods to improve the properties of vegetable oils is transesterification reaction [13,14,15]. Various studies have been conducted on the production of biodiesel from vegetable oils [16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33].



D. Patil et al. [34] evaluated three different types of feedstocks, namely, waste cooking oils, jatropha curcas, and camelina, for biodiesel production under various conditions. The process parameters such as methanol to oil ratio, catalyst concentration, reaction temperature, and reaction time were optimized in the experimental studies. The results obtained from the experimental studies showed that the fuel properties of biodiesel produced from these feedstocks meet the ASTM biodiesel standards and are comparable to those of the regular petroleum diesel fuels. Gunawan et al. [35] assessed the potential of Rice bran for biodiesel production. Due to the fact that the price of Rice bran is a low, it has good potential to be used as biofuel. In this research, the effect of various parameters, such as the molar ratio of methanol to rice bran, catalyst amount and reaction time on the biodiesel produced from rice bran, was investigated. Sulfuric acid was used as the catalyst. The results showed that when the molar ratio of methanol to rice bran ratio is 5 mL/g, the concentration of sulfuric acid in methanol is 1.5% and the reaction time is 60 min, the highest rate of rice bran conversion to biodiesel will be obtained. Zanuttini et al. [36] investigated the kinetics of esterification relating to the process of biodiesel production from Butia Yataycoconut oil. Considering the fact that the acid value of Butia Yataycoconut oil was high (between 109 and 140 mg KOH/g), esterification of free fatty acids was performed at the first step. Results of the kinetic parameters of esterification showed that there is a significant difference between the acid composition of Butia Yataycoconut oil and other oils, including sunflower oil. Hajinezhad et al. [37] studied the properties of biodiesel production from Norouzak (Salvia lerifolia) seeds in 2015. In their research, the biodiesel production process was performed using ultrasound technology. In order to carry out the transesterification reaction, potassium hydroxide was used as a catalyst at a concentration of 1 wt % and the reaction temperature was considered to be 40 °C. The results of the experiment showed that methanol to oil molar ratio has the highest effect on the performance of methyl ester production, such that when the methanol molar ratio is equal to 1:6, the highest rate of conversion of Norouzak (Salvia lerifolia) seeds to methyl ester (97.6%) is achieved. The physical and chemical properties showed that the biodiesel produced from Norouzak (Salvia lerifolia) seeds meets the requirements of EN 14124 standards. Tin Ang et al. [38], using Response surface methodology (RSM) analysis, optimized various variables (reaction temperature, reaction time, molar ratio of methanol to oil) in order to achieve the highest biodiesel content. Results showed that at the optimal condition the biodiesel content is 78%. Kakati and Gogoi [39] studied the physical and chemical characteristics of oil and biodiesel of Kutkura (Meyna spinosa Roxb Ex.) seed oil. The amount of Kutkura (Meyna spinosa Roxb.) oil content was about 34%. The results of the study of physical and chemical properties of biodiesel produced from Kutkura (Meyna spinosa Roxb.) showed that the measured properties meet the limits of ASTM D6751 and EN14214 standards. Ijaz et al. [40] studied the biodiesel from produced Ricinus communis L. Oil in terms of physical and chemical properties. Potassium hydroxide was used as the catalyst for transesterification reaction. Investigation of various variables showed that the optimal conditions for biodiesel production were as follows: methanol/oil molar ratio = 6:1, reaction temperature = 60 °C, reaction time = 45 min and catalyst amount = 0.32 g. Results of qualitative evaluation showed that the physical and chemical properties of biodiesel produced from Ricinus communis L. Oil is consistent with the requirements of ASTM standards. Soukht Saraee et al. [41] studied the physical and chemical characteristics of the biodiesel produced from Pistacia Khinjuk. The oil content obtained from Pistacia Khinjuk seed was reported to be 35–40%. The results showed that the physicochemical properties of the biodiesel of pistacia (Pistacia Khinjuk) oil seed meet the ASTM standard. Recently, many studies have been conducted on different cultivars of camelina sativa for biodiesel production. In Table 1, a number of studies are reviewed.


Table 1. A number of studies about biodiesel of different cultivar of camelina sativa.











	Reference
	Raw Material
	Biodiesel Properties
	Effect of Biodiesel on Performance and Emission of Diesel Engine





	[42]
	Camelina sativa (camelina)
	The methyl ester produced from camelina oil has properties similar to rape methyl ester, with the exception of its higher iodine value.
	Fuel consumption and general vehicle operation with camelina ester are similar to what one would expect from rape methyl ester.



	[43]
	Camelina sativa seed oil
	Accelerated thermal ageing tests on the camelina oil suggest that Camelina oil is susceptible to oxidation with significant reduction in degree of unsaturation and corresponding increase in viscosity.
	
	
Camelina oil produced a maximum power at the road wheels of 43.25 kW and returned 12.57 km/L compared to 38.50 kW and 14.03 km/L for the mineral fuel.



	
both smoke opacity and CO with camelina biodiesel was found to be approximately 50% lower than with the mineral fuel



	
NO was higher for the camelina biodiesel by almost 6% than mineral fuel at engine speeds >3500 rpm








	[44]
	Camelina sativa oil
	
	
The composition of camelina sativa oil, especially high content of linolenic acid that makes this oil particularly susceptible to oxidation,



	
Camelina sativa oil has a high density.





	
	
More emission with camelina biodiesel was found to be lower than with the diesel fuel








	[45]
	Camelina sativa oil
	
	
The kinematic viscosity, Acid Value, lubricity, sulfur and phosphorous contents, as well as the surface tensions of camelina biodiesel were satisfactory according to ASTM D6751 and EN 14214





	Not described



	[46]
	Camelina sativa grown in Nova Scotia
	
	
Most fuel properties such as kinematic viscosity, acid number, flash point, sulfur content, total glycerol content. Its cetane number (49.7) was satisfactory according to ASTM D675





	Not described









The literature review of the biodiesel resource revealed that seed oil can be used as biodiesel [21,47,48,49]. In the present study, Camelina “Soheil” seed oil was studied for biodiesel production. Camelina “Soheil” grows in areas with lower fertility, requires less irrigation and fertilization, and produces seeds that can produce large amounts of oil. So Camelina “Soheil” is capable of growing in different regions of Iran. The objective of the present study is to investigate the feasibility of biodiesel production from Camelina “Soheil” seed using ultrasonic system and optimize the process of biodiesel production by the response surface methodology (RSM). Also, the effect of Camelina “Soheil” biodiesel on performance and emissions parameters of diesel engine was investigated.




2. Materials and Methods


2.1. Materials


The Camelina “Soheil cultivar” is a member of the Brassicaceae family. The water requirement of “Soheil” is low, and it has more resistance to frost than other plants. “Soheil cultivar” grows in areas with lower fertility, and requires less fertilization, so Camelina “Soheil” is capable of growing in most regions of Iran [50]. Firstly, ripe seeds of Camelina “Soheil cultivar” were collected from a Farm located in Kordan (between Karaj and Qazvin) and seeds were extracted after drying of the stems.



In this research, potassium hydroxide (KOH) and Methanol of analytical grades were obtained from Sigma Aldrich Chemical Suppliers, Tehran, Iran. An ultrasonic device (Hielscher Model UP400S, USA), that equipment has been sourced from FARASOUT SANAT Eng CO, Tehran, Iran, was employed in order to perform biodiesel production (transesterification reaction). The equipment consists of a processor, sonotrode, and PC controller. The ultrasonic set-up is shown in Figure 1. The employed ultrasonic was operated at 400 W and 24 kHz frequency.


Figure 1. Ultrasonic-assisted biodiesel production process: (a) schematic, (b) apparatus.
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2.2. Oil Extraction Process and Determination of Oil Content


After separating the seeds of “Soheil” from the stems, 6 g of “Soheil” seeds were crushed in a grinder. Then the crushed seeds were placed inside a filter paper. Filter papers containing “Soheil” crushed seeds were placed in the Soxhlet extraction system, which was filled with n-Hexane, and the oil extraction started. 200 mL of n-Hexane was used as solvent in the Soxhlet system. After 5 h, filter papers containing “Soheil” seed were placed at ambient temperature for 24 h to dry. The oil content was determined exactly using Equation (1) [51].


[image: ]



(1)




where P1 is the weight of filter paper containing “Soheil” crushed seeds before oil extraction, P2 is the weight of the filter paper containing “Soheil” crushed seeds after drying, and P is the weight of the crushed “Soheil” seeds.




2.3. Determination of Fatty Acid Composition (FAC)


In this research, the Metcalfe method [52] was used to investigate the structure of the fatty acids. Fatty acid composition (FAC) of “Soheil” oil (CSO) was determined at the Institute of Renewable Energy, Tarbiat modares University, Tehran, Iran using gas chromatography (Clarus 580 GC). Determination of fatty acid composition steps are as follows: (step 1) weigh CSO oil (about 50 mg) and NaOH solution (2%) in methanol (5 mL), then add to the test tube. (Step 2) place the solution in a water bath at 100 °C for ten minutes. (Step 3) remove the test tube from the water bath. Cool to room temperature. (Step 4) add 2.175 mL of BF3 20% to the solution and place in a water bath at 100 °C for 3 min. (Step 5) remove the test tube from the water bath. Cool to room temperature. (Step 6) add 1 mL of n-heptane to the solution then shake the solution by centrifuge. (Step 7) add 1 mL of saturated NaCl salt acid to the solution in order to separate the organic phase containing methyl esters of fatty acids then shake the solution by centrifuge. (Step 8) transfer the separated Fatty acid phase into an autosampler vial for GC analysis. Gas chromatography (Clarus 580 GC) was used to determine the fatty acid composition.




2.4. Transesterification Process


Prior to the transesterification reaction, the acid value has to be measured. Therefore, in this study, the content of free fatty acid (FFA) of CSO was determined using titration. Using the Van Gerpen et al. [53] method, the acid value of CSO was calculated. The results showed that acid value of CSO was less than 1%. Therefore, due to the low value of the acid number, the acid-catalyzed esterification step was not necessary and the transesterification reaction was performed directly. To carry out the transesterification reaction, methanol and potassium hydroxide were mixed by magnetic stirrer for 4 min to produce methoxide. The produced methoxide mixture was mixed with CSO in a conical flask. The mixture of potassium methoxide-CSO was then transferred to a reaction chamber to be exposed to ultrasonic waves. Pulse, amplitude and reaction time were adjusted by the controller. In order to carry out the transesterification reaction, the temperature, amplitude and pulse were considered as 50 °C, 70% and 70, respectively. The effect of different variables including reaction time, molar ratio (methanol to oil), and catalyst concentration on the rate of Camelina “Soheil” oil (CSO) conversion to methyl ester was studied. After the reaction, a two-phase product was generated with the upper phase being biodiesel, and the lower being glycerol. After separating the glycerol, biodiesel was purified (In order to purify the biodiesel, the biodiesel was washed by water three times). Using gas chromatography (Clarus 580 GC), the fatty acid composition of biodiesel was determined and the biodiesel yield (rate of CSO conversion to methyl ester) was calculated.




2.5. Characterization of Fuel Properties of Biodiesel from “Soheil” Oil (CSO)


After purifying the produced biodiesel, the physical and chemical properties of CSO were evaluated based on the ASTM biodiesel standard. Physical and chemical characteristics include: Density at 15 °C (ASTM D4052), Kinematic viscosity at 40 °C (ASTM D445), Cloud point (ASTM D6751), Pour point (ASTM D6751), Flash point (ASTM D93), Iodine value (AOAC CD1-25), Acid value (ASTM D664), Oxidation stability, 110 °C (EN 14112), Cetane number (ASTM D613), Total glycerin (ASTM D6584), ash content (ASTM D874), Free glycerin (ASTM D6584) and Sulfur content (ASTM D5459).




2.6. Statistical Analysis (Statistical Optimization by RSM)


In this research, a 3-levels-3-factor Box-Behnken design was used to investigate the effect of independent variables on the reaction yield of fatty acid methyl esters (FAME). Independent variables included the molar ratio of methanol to oil, pulse, amplitude, and reaction time. 12 factorial points were considered for the Box-Behnken factorial design used in this study. 5 central points were also considered for fitting a second-order response surface. In Table 2, the test matrix is shown, along with the used independent variables. It is noteworthy that Design-Expert® Software (version 7) was employed for statistical analysis, and optimization was performed using the response surface methodology (RSM) to achieve the highest reaction yield of FAME.


Table 2. Range of ANVOA.





	
Independent Variables

	
Symbols

	
Levels of Each Factor






	
Catalyst concentration (wt %)

	
A

	
1

	
1.5

	
2




	
Molar ratio (alcohol to oil)

	
B

	
2:1

	
7:1

	
12:1




	
Reaction time (min)

	
C

	
2

	
6

	
10











2.7. Engine Test


In the present study, an air-cooled single-cylinder engine (Lombardini DIESEL 3LD 510) was used. (Figure 2) that equipment has been sourced from Diesel Niro CO, Tehran, Iran. The specifications of the diesel engine are shown in Table 3. In order to control the load, torque, and speed of the engine, an eddy current dynamometer model WE400 was employed. The AVL DITEST GAS 1000 Emission Analyzer was used to determine the emissions (CO, UHC, CO2, and NOx) of the diesel engine. The emission parameters and performance of the engine running on biodiesel (derived from Camelina “Soheil” oil) and blended with diesel fuel, namely B10 and B20, were evaluated and compared with diesel fuel (B0). All the experiments were performed under a constant speed of 2100 rpm at loads of 0%, 25%, 50%, 75%, and 100%.


Figure 2. Engine test set-up and test instruments.
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Table 3. Specifications of diesel engine.









	Technical Spec.
	





	Model
	3LD 510, Battipaglia-Salerno-ITALY



	No. of cylinder
	1



	Bore × Stroke (mm)
	85 × 90



	Cyl. Vol. (cm3)
	510



	Comp. Ratio
	17.5:1



	Max. Power (kW)
	9



	Max. Torque (Nm) @1800 rpm
	33










2.8. Uncertainties Analysis


Uncertainties in the experiments may occur due to the choice of instrument, working conditions, calibration, environment, observation and method of implementation of the tests [54,55]. By using the root-sum-square method, the percentage uncertainties in measuring various parameters were determined [55]. In Table 4, the percentage uncertainties of various instruments used in the experimental investigation are shown.


Table 4. Percentage uncertainties of various instruments.











	Instruments
	Measuring Range
	Accuracy
	Percentage Uncertainties





	AVL DITEST GAS 1000
	CO 0–15% vol.
	<10.0% vol.: ±0.02% vol., ±3% o.M.≥10.0% vol: ±5% o. M.
	±0.3



	
	CO2 0–20% vol.
	<16.0% vol.: ±0, 3% vol., ±3% o.M.≥16.0% vol: ±5% o. M.
	±0.2



	
	HC 0–30,000 ppm vol.
	<2000 ppm vol.: ±4 ppm vol., ±3% o.M.≥5000 ppm vol.: ±5% o. M.≥10,000 ppm vol.: ±10% o. M
	±0.2



	
	O2 0–25% vol.
	±0.02% vol.±1% o.M.
	±0.3



	
	NOx 0–5000 ppm vol.
	±5 ppm vol.±1% o. M.
	±0.2











3. Result and Discussion


3.1. Characterization of the Camelina “Soheil” Oil (CSO)


Using the Soxhlet extraction method, the amount of oil extracted from CSO was reported to be 29%. The amount of the extracted oil indicates that “Soheil” has a higher oil content compared to many oily seeds [56]. After oil extraction, oil properties were identified using gas chromatography (Clarus 580 GC). Table 5 shows the physical and chemical properties of CSO. Kinematic viscosity of CSO is relatively low. Probably because of the high content of linolenic acid (23.01%), the kinematic viscosity of CSO is low. So this feature is an important property of this new feedstock in biodiesel production.


Table 5. Chemical and physical properties of the used CSO.





	Properties
	Units
	Measured Property





	Density
	g/cm3
	0.92



	Kinematic viscosity
	mPa·s
	33



	Acid value
	Mg KOH/g oil
	0.89



	Water content
	mg/g
	0.10



	Palmitic acid (C16:0)
	wt %
	4.53



	Stearic acid (C18:0)
	wt %
	1.94



	Oleic acid (C18:1) *
	wt %
	11.12



	Linoleic acid (C18:2) *
	wt %
	15.15



	Linolenic acid (C18:3) *
	wt %
	23.01



	Other fatty acids
	wt %
	44.25







* Carbon atoms number: double bond number.









3.2. Statistical Analysis


The first proposed model by the Design-Expert® Software was the polynomial quadratic model, and the analysis was performed based on this model. The proposed model based on Analysis of Variance (ANOVA) is shown in Equation (2).


Conversion (%) = 68.04246 + 3.38036 × A + 7.67297 * B − 3.75617 * C − 1.49131 * A * B + 2.25024 * A * C + 0.19561 * B * C − 5.48508 * A2 − 0.31950 * B2 − 4.36231 × 10−4 × C2



(1)




where A is Catalyst concentration (wt %), B is molar ratio (methanol to oil) and C is reaction time (min). Table 6 shows the proposed model by RSM. Also, in Table 7, the results of variance analysis of the RSM model are shown based on ANOVA analysis. The probability value (p-value) for the model is less than 0.01. Therefore, ANOVA shows that the model is statistically significant. The catalyst concentration (wt %), molar ratio (methanol to oil) and reaction time (min) have a significant effect on biodiesel yield. Also, the interaction of the catalyst concentration (wt %)—reaction time (min) and interaction of the molar ratio (methanol to oil)—reaction time (min) are significant.


Table 6. Quadratic model statistics.















	Statistical Model
	Std. Dev.
	CV%
	R2
	Adjusted R2
	Predicted R2
	PRESS
	





	Linear
	6.52
	7.78
	0.6662
	0.5828
	0.3431
	1002.89
	



	2FI
	5.36
	6.4
	0.8308
	0.7180
	0.1991
	1222.48
	



	Quadratic
	2.26
	2.69
	0.98
	0.95
	N/A
	N/A
	Suggested



	Cubic
	2.24
	2.67
	0.9869
	0.9508
	N/A
	N/A
	Aliased








Table 7. Analysis of variance (ANOVA) for response surface methodology (RSM) model.













	Source
	Sum of Squares
	df
	Mean-Square
	F-Value
	p-Value





	Model
	1496.219
	9
	166.2466
	32.66114
	0.0002



	A—Catalyst concentration (wt %)
	133.6698
	1
	133.6698
	26.26103
	0.0022



	B—molar ratio (methanol to oil)
	608.7634
	1
	608.7634
	119.5989
	<0.0001



	C—reaction time (min)
	123.7505
	1
	123.7505
	24.31228
	0.0026



	AB
	27.80006
	1
	27.80006
	5.461656
	0.0581



	AC
	81.01741
	1
	81.01741
	15.91684
	0.0072



	BC
	61.22434
	1
	61.22434
	12.02826
	0.0133



	A2
	6.267942
	1
	6.267942
	1.231413
	0.3096



	B2
	212.6612
	1
	212.6612
	41.77985
	0.0007



	C2
	0.000162
	1
	0.000162
	3.19 × 10−5
	0.9957



	Residual
	30.54025
	6
	5.090042
	
	



	Lack of Fit
	10.51385
	2
	5.256923
	1.049998
	0.4300



	Pure Error
	20.02641
	4
	5.006602
	
	



	Std. Dev.
	2.26
	
	
	
	



	C.V%
	2.69
	
	
	
	










3.3. Effects of Reaction Parameters on the Transesterification Process (Biodiesel Yield)


3.3.1. Molar Ratio (Methanol to Oil)—Reaction Time


One of the important factors in biodiesel production is investigating the molar ratio of methanol to oil. Methanol plays a fundamental role in biodiesel conversion. The amount of methanol added to a crude oil causes the large branched molecules of vegetable oils break down into smaller linear methyl ester oils. In the other words, the methanol requires transesterification of triglycerols into fatty acid methyl esters [57,58]. In this study, the effect of molar ratios of methanol to CSO, ranging from 2:1 to 12:1, on the rate of biodiesel conversion was studied. As observed in Figure 3, three different mass ratios of methanol to oil molar ratio were tested; 2:1, 7:1, and 12:1. The methyl ester content was increased as the molar ratio of methanol to oil was raised from 2:1 to ~10:1. However, further increase to 12:1 had negative effects on methyl ester conversion. Too much methanol could dilute the oil and as a result slow the reaction rate [59]. Another parameter that has an important effect on biodiesel production process is reaction time. The dependency of reaction time was studied at three different time intervals ranging from 2–10 min. The optimum conversion of 98.21% was observed at 10 min when the concentration of catalyst is 1.5 (wt %). The reaction time has a significant effect (p-value < 0.05) on biodiesel conversion. The interaction of the molar ratio (methanol to oil)—reaction time has a significant (p-value < 0.05) effect on biodiesel conversion.


Figure 3. Effect of molar ratio (methanol to oil)—reaction time on biodiesel yield (%) when catalyst concentration (wt %) is equal to 1.5.
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3.3.2. Reaction Time (min)—Catalyst Concentration (wt %)


In general, by reviewing previous research, it was observed that depending on the type of oil used, catalyst concentration of less than or equal to 1% is required for a successful conversion of oils to fatty acid methyl ester [60]. In this research, the effect of catalyst concentration on biodiesel conversion in the range 1 wt % to 2 wt % was studied. As shown in Figure 4, the 1.0% concentration of catalyst is an optimal point to achieve higher conversion. With the addition of an excess amount of catalyst (greater than 1 wt %) the methyl ester conversion decreases. At higher catalyst concentrations, biodiesel-glycerol emulsion results in the separation of glycerol from the biodiesel becoming difficult. The results of ANOVA in Table 7 show that catalyst concentration (wt %) has a significant effect (at the level of 0.05) on biodiesel conversion. The interaction of the catalyst concentration with reaction time has a significant effect (p-value < 0.01) on methyl ester conversion.


Figure 4. Catalyst concentration (wt %)—reaction time (min) on biodiesel conversion (%) when methanol to oil molar ratio equal to 8.11.
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3.4. Optimization Process Using Response Surface Methodology (RSM)


The optimal value for each of the studied variables was predicted by Equation (2) in order to obtain the highest rate of biodiesel conversion. Equation (2) is based on the polynomial regression equation, which is derived from the response surface methodology (RSM) model. The optimal value for each of the variables is as follows: molar ratio (methanol to oil) equal to 10.18:1; reaction time of 7.33 min; and catalyst concentration of 1.15 wt %. The polynomial regression equation predicted that if the variables acquire these values, the highest rate of biodiesel conversion (99.51%) will be obtained. In order to verify the predicted value, the optimized variables were experimentally studied. The experimental test showed biodiesel conversion equal 98.91%. The biodiesel conversion predicted by response surface methodology (RSM) is in excellent agreement with the experimental measurements.




3.5. Characterization and Properties of “Soheil” Biodiesel


The properties of the produced biodiesel are among the most important topics to consider in the study of new fuels. The newly produced fuel must be able to meet existing standards in terms of physical and chemical properties. In this study, many properties of the biodiesel produced from CSO were determined. Table 8 shows the properties of biodiesel produced from CSO.


Table 8. The produced biodiesel properties in comparison with the ASTM D6751 standard.












	Property
	Test Method
	Limits
	Units
	Measured Property





	Water and Sediment
	ASTM D2709
	0.05 max
	%volume
	<0.004



	Density at 15 °C
	ASTM D4052
	0.86–0.90
	g/cm3
	0.883



	Kinematic Viscosity @ 40 °C
	ASTM D445
	1.9–6.0
	mm2/s
	4.01



	Methanol Content
	EN 14110
	0.20 max
	%volume
	0 < 0.01



	Flash Point, Closed Cup
	D93
	130 min
	°C
	154



	Cloud point
	ASTM D6751
	−3 to 12
	°C
	−2



	Pour point
	ASTM D6751
	−15 to 10
	°C
	−6



	Cetane Number
	ASTM D613
	-
	
	46



	Carbon Residue
	ASTM D4530
	0.05 max
	%mass
	0.02



	Acid Number
	ASTM D664
	0.50 max
	mg KOH/g
	0.27



	Total Glycerin
	ASTM D6584
	0.24
	%mass
	0.175









Density has a direct impact on the injection performance of the fuel and influences fluid movement inside the pipelines, injector nozzles and orifices [61,62,63]. The density of “Soheil” methyl ester (AAMEs) is 883 kg/m3. The density of AAMEs is within the range of the ASTM D4052 standard. The density of AAMEs is higher than the density of some conventional biodiesels, including soybean (0.883 g/cm3) [64], canola (0.882 g/cm3) [65], sunflower (0.880 g/cm3) [65]. One of the important features of biodiesel is its kinematic viscosity. Viscosity determines the level of the fuel fluidity and plays a vital role in combustion and in the formation of deposits and soot. If the viscosity is high, complete combustion will not take place, and atomization capability of the fuel will be weakened [66]. The results of the study showed that the viscosity of the AAMEs is 4.01 mm2/s. The viscosity of AAMEs is consistent with the requirements of the ASTMD445 standard. The viscosity of AAMEs is lower compared to conventional biodiesels such as palm (5.7 mm2/s) [65] and castor (15.25 mm2/s) [65]. A low viscosity is an advantage for AAMEs since it facilitates the fuel flow inside the engine.



Another important characteristic of the fuel is cloud point. Cloud point is the temperature at which a cloud or a halo of crystals of paraffinic compounds appears inside the fuel (at this temperature, the sample does not lose its fluidity and is usable). The cloud point is an important fuel characteristic for low-temperature applications, and lower values of cloud point are more desirable. According to Table 8, it is evident that the cloud point of AAMEs is −2 °C, which meets the requirements of ASTM D6751. Pour point is another important characteristic of biodiesel fuel. Pour point is the lowest temperature at which an oil specimen can flow. The pour point temperature is lower than the cloud point temperature. According to the results, the pour point of AAMEs is −6 °C, which is consistent with ASTM D6751 standard. Another parameter with significant impact on combustion is the flash point. Flash point is the lowest temperature at which the vapor of the fuel starts to burn. Fuels with a high flash point reduce the risk of fire [67]. The flash point of AAMEs is 154 °C, which meets the ASTM D93 standard. One of the advantages of biodiesel in comparison to diesel is the high value of the flash point in biodiesel fuel [56]. Cetane number is an important parameter in fuel, which plays a significant role in combustion inside diesel engines. The cetane number of each fuel indicates whether combustion is carried out simply or vice versa. The cetane number has a significant effect on the parameters of diesel engine relating to combustion, performance and pollution [68,69]. According to Table 8, it is found that the AAMEs’ cetane number is 46, which meets the requirements of the ASTM D613 standard. In general, the cetane number of biodiesel fuel is greater than diesel; therefore, the efficiency of biodiesel combustion is higher than diesel. The results of measurement of other characteristics of biodiesel produced from “Soheil” oil are shown in Table 8. All of the characteristics of the produced biodiesel are consistent with the requirements of the ASTM D6751 standard.




3.6. Engine Performance


3.6.1. Engine Brake Power


Power is defined as the rate of work done by the engine. Specifications of biodiesel, especially in heating value, lubricity, and viscosity have an important effect on engine power. By using the high concentration rate of biodiesel, the engine brake power (BP) increases. The improvement in engine power can be attributed to the increase in the indicated mean effective pressure for higher biodiesel concentration [70]. The heat evaporation of biodiesel fuel is higher than diesel fuel; this characteristic provides fuel–air charge cooling and increases the density of the charge. Thus, higher power output is obtained [71]. The variation of BP with diesel-biodiesel fuels is shown in Figure 5. Improvement in BP is observed with the increase of biodiesel concentration. The highest BP is observed for B20 at the full load.


Figure 5. Results of brake power for different fuel blends at a constant speed of 2100 rpm.
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3.6.2. Specific Fuel Consumption (SFC)


The specific fuel consumption (SFC) for all fuel blends in full load operating condition shown in Figure 6. The specific fuel consumption of the diesel-biodiesel blends is lower than pure diesel fuel. This phenomenon is due to the result of biodiesel addition, which promotes combustion [72]. The lowest SFC observed as 355.34 g/kW·h for the B20 blend, whereas it is 415 g/kW·h for neat diesel (Figure 6).


Figure 6. Results of specific fuel consumption (SFC) for different fuel blends at the constant speed of 2100 rpm.
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3.7. Engine Emissions


3.7.1. Carbon Monoxide (CO)


The variations of carbon monoxide (CO) for various fuel blends are shown in Figure 7. The CO emission of biodiesel blends include of B10 and B20 was lower than diesel. The low CO emission of biodiesel relative to diesel is due to the high cetane number of biodiesel [55], because biodiesel-diesel blends contain some extra oxygen in their molecules. Therefore, the oxygen contained in the fuel enhances complete combustion in the cylinder and reduces CO emission.


Figure 7. Results of carbon monoxide (CO) for different fuel blends at the constant speed of 2100 rpm.
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3.7.2. Carbon Dioxide (CO2)


The effect of different blend fuels on carbon dioxide (CO2) emission is shown in Figure 8. By increasing the biodiesel ratio, carbon dioxide (CO2) increased. CO2 emission depends on the relative air–fuel ratio and CO emission concentration. As a result of the lean burning associated with increasing biodiesel, the CO2 emission increased because of the improved combustion [72,73,74,75].


Figure 8. Results of carbon dioxide (CO2) for different fuel blends at the constant speed of 2100 rpm.
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3.7.3. Unburned Hydrocarbons (UHC)


Incomplete combustion is the main cause of the formation of unburned hydrocarbons (UHC). The unburned hydrocarbons (UHC) emissions for various fuel blends are shown in Figure 9. By increasing the Camelina “Soheil” ratio, UHC are significantly reduced. The use of oxygenated additives promotes complete combustion. Therefore, the hydrocarbon emissions are reduced [72]. The highest decrease for UHC is observed as 39% for the B20 blend compared to the neat diesel fuel.


Figure 9. Results of unburned hydrocarbons (UHC) for different fuel blends at the constant speed of 2100 rpm.
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3.7.4. Nitrogen Oxides (NOx)


The variation of nitrogen oxides (NOx) emission with different fuel blends is shown in Figure 10. The amount of nitrogen oxides (NOx) emission of pure diesel fuel is somewhat lower than B10 and B20. The nitrogen oxides (NOx) for B10 and B20 are 13.11% and 22.54% higher than net-diesel (B0), respectively, due to the fact that the biodiesel has a higher oxygen content than diesel. Therefore, by using the biodiesel, nitrogen oxides (NOx) emission increased relative to diesel. The excess oxygen in the biodiesel increases the local temperature due to excess hydrocarbon oxidation, and when the oxygen levels increase, the maximum temperature during combustion increases. Then the formation of nitrogen oxides (NOx) increases [76].


Figure 10. Results of nitrogen oxides (NOx) for different fuel blends at the constant speed of 2100 rpm.
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4. Comparison of Performance and Emission with Biodiesel Obtained from Camelina “Soheil” Seed Oil


The present study found that Camelina “Soheil” has a significant impact on the performance parameters and emission characteristics of a diesel engine. Figure 11 illustrates the impact of the Camelina “Soheil” biodiesel on various engine parameters. According to Figure 11, biodiesel from Camelina “Soheil” has a very positive effect on all performance and emission parameters.


Figure 11. Impact of the Camelina “Soheil” biodiesel on various engine parameters.
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5. Conclusions


In this study, biodiesel production from the new cultivar of Camelina “Soheil” was studied. After oil extraction, it was found that “Soheil” seed has 29% oil. The average yield of “Soheil” seed was 445–1112 kg per hectare. Therefore, the average yield of oil was 129–322 kg per hectare. As a result, the average biodiesel produced from “Soheil” is 129–322 kg per hectare. The process input variables, including molar ratio (methanol to oil), reaction time (min) and catalyst concentration were optimized by response surface methodology (RSM) in order to reach the highest amount of methyl ester. After optimization of the input variables (molar ratio (methanol to oil) = 10.18:1, reaction time = 7.33 min, and catalyst concentration = 1.15 wt %), the rate of biodiesel production of 98.91% was experimentally achieved. An investigation of the physical and chemical characteristics of the biodiesel produced from “Soheil” oil determined that the physical and chemical characteristics of the biodiesel from “Soheil” oil meet the requirements of the ASTM D6751 standard. The engine test showed that by using the “Soheil” biodiesel, brake power was increased by 17%. The improvement in engine power can be attributed to the increase of the indicated mean effective pressure for higher biodiesel concentration. Also, concentrations of the CO2, and NOx emissions were increased by 7.5%, and 15.22%, respectively, because of the enhanced combustion, causing NOx and CO2 to increase. However, the specific fuel consumption (SFC) was decreased by 15%. Also, the concentrations of the CO and UHC emissions were decreased by 15% and 39%, respectively, because of the enhanced combustion, causing CO and UHC to decrease.
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