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Abstract: Biodiesel is the most important biofuel from both economical and technical points of view. Rice bran 
oil (RBO) with high free fatty acid (FFA) content offers important potential as an alternative low−cost feedstock 
for biodiesel production. The main purpose of this investigation is to compare and optimize the amount of oil 
extracted from rice bran. Different parameters (Solid particle size, solvent type, extraction time, solvent to solid 
ratio, and pH of extraction solution), were studied to determine the optimum conditions. These conditions were: 
Particle size less than 600 μm, Temperature equal to 60 °C for two hours extraction at pH 12.65, and solvent to 
solid ratio 5:1, using n−hexane as solvent. However, the storage period under humidity 80 % can effect on 
increasing the free fatty acid content which was reached to 79.2 % after one month at the same optimum 
conditions. The acid catalysis esterification process using high FFA oil led to high conversion (99 %) at short 
time (90 min). The mathematical model of esterification reaction was developed and the predicted results 
explained a fair matching with the experimental results. 
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INTRODUCTION 
 
 Fatty acid methyl ester (FAME) is environment friendly because of its complementary, nontoxic, 
biodegradable and renewable properties [Lei et al., 2010; Cayh and Kusefoglu, 2008; Ngo et al., 2008]. It can 
be used as biodiesel [Salehpour and Dube, 2008; Hu et al., 2004]. It is usually produced by esterifying or 
transesterifying the vegetable oils or animal fats with methanol [Lotero et al., 2005; Ranganathan et al., 2008]. 
 Biodiesel is presently used in transportation, manufacturing, fishery, agriculture, and commerce. The high 
cost of biodiesel production is associated with the cost of raw material. Therefore, using a low cost raw material, 
such as crude oils, acid oils, waste oils or rice bran oil to produce biodiesel is important in reducing the cost of 
biodiesel production [Zullaikah et al., 2005]. 
 Production of biodiesel can be either with or without catalyst. Base or acid catalyst can be used in biodiesel 
production. Alkali−catalyzed transesterification is now used in the commercial production of biodiesel. The 
production of biodiesel will be better at high free fatty acid percent in oil but the problem is the free fatty acids 
(FFAs) and water are difficult to be utilized efficiently, so producing saponified production was studied in some 
researches also, using acid catalyst in step before transestrification step can convert all free fatty acids to methyl 
esters [Amarasinghe et al., 2009; Kasim et al., 2009]. Acid transesterification is an efficient way to produce 
biodiesel if the raw material oil has relative high FFA content. Rice bran oil (RBO) with high FFA content is a 
potential cheap feedstock for biodiesel production [Imahara et al., 2008; Ju and Vali, 2005]. 
 Rice bran is the cuticle between the paddy husk and the rice grain and is obtained as a by−product of rice 
processing. Rice bran is a rich source of oil, protein, fiber and nutrients essential to life. Rice bran contains 15–
23 % oil, which is high in polyunsaturates, monounsaturates and extraordinary in heat stability [Marchetti et al., 
2007; Orthoefer, 2005].  
 Rice bran contains several types of lipase that are site specific and cleave the 1, 3−site of triacylglycerol 
(TG). Depending on the nature of bran and the storage conditions, spoilage due to lipase continues after the 
milling [Imahara et al., 2008]. 
 Commercial rice bran oil is extracted using organic solvents [Amarasinghe and Gangodavilage, 2011]. N–
hexane has been used for rice bran extraction by many researchers and industrialists due to the availability, high 
oil extractability (98 %) and ease of operation [Amarasinghe and Gangodavilage, 2004]. The hexane extracted 
crude oil has a high content of free fatty acid, which is most suitable for biodiesel production [Gupta et al., 
2007]. 
 The main objective of this work is producing rice bran oil with high free fatty acid to be used it in biodiesel 
production. Studying of different parameters like rice bran particle size, type of solvents, extraction time, 
different solvent / solid ratios, different pH of extracting solution, and storage period were preformed. Also, the 
mathematical model of methyl esters production according to the percent of free fatty acid in rice bran oil is 
developed. 
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MATERIALS AND METHODS 
 
2.1. Rice Bran: 
 Freshly rice bran was kindly supplied by a rice mill located in Kafer El−Shikh city, Egypt. A screen 
analysis was carried out after milling. It was carried out by using dry sieve analysis according to the American 
standard [ASTM D 422/63 (2007)]. Fig. 1 shows the cumulative screen analysis of milled rice bran. 
 

 
 
Fig. 1: Cumulative screen analysis for ground rice bran. 
 
2.2. Solvents: 
 Commercial n–hexane was used as the main solvent; also isopropanol, methanol, ethanol, and petroleum 
ether were used for comparison in oil production. 
 All solvents and reagents were analytical reagent grade and were obtained from Sigma Aldrich, except n–
hexane which was kindly supplied from Misr petroleum Company, Alexandria, Egypt. Table 1 shows the main 
properties of the used solvents. 
 
Table 1: Type of solvents and its properties. 

Type of Solvent Properties 
Commercial N–Hexane Purity = 69 % 

Molecular weight = 86.18 
Boiling Point = 66 °C 

Density = 0.659 gm / cm3 
Ethanol (Absolute) Purity = 99.9 % 

Molecular weight = 46.07 
Boiling Point = 77 – 79 °C 

Density = 0.789 – 0.79 gm / cm3 
Methanol (Absolute) Purity = 99 % 

Molecular weight = 32.04 
Boiling Point = 64 – 65.5 °C 

Density = 0.79 – 0.793 gm / cm3 
Iso–Propanol Purity = 99.8 % 

Molecular weight = 60.10 
Boiling Point = 82.2 °C 

Density = 0.785 gm / cm3 
Petroleum Ether Boiling Point = 80 – 100 °C 

Density = 0.7 – 0.715 gm / cm3 

 
2.3. Experimental set–up: 
 Fig. 2a illustrates a schematic diagram of a bench scale extraction set–up which consists mainly of a three 
necked flask (250 ml). The large neck in the middle of the flask was connected to a reflux condenser, and a 
thermometer was placed in one of the two side necks. The flask was submerged in a temperature controlled 
water bath, placed on a hot plate with magnetic stirrer, rotating at a speed ranging from 700 to 800 rpm. This 
range was chosen because at low speeds (200–300 rpm), solids settling were observed. A stable emulsion was 
formed at very high agitation speeds and further processing was difficult [Amarasinghe et al., 2009]. 
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 Extraction process was conducted at 60 ºC, the extract was filtrated using a vacuum Buchner flask and a 
sintered glass filter as shown by Fig. 2b. The filtrate was placed in a drier at 80–100 ºC to evaporate solvent 
until constant weight was obtained, from which the oil yield was calculated. 
 

 
 
Fig. 2: Bench scale extraction set–up: (a) extraction system; (b) filtration system 
 
2.4. Application of High FFA Rice Bran Oil on Biodiesel Production: 
 Batch experiment was carried out at molar ratio 10:1 methanol to fatty acids in rice bran oil at 60 ºC at 
atmospheric pressure and under stirring at 400 rpm. The experiments were carried out according to the oil 
analysis which is based on fatty acids and the average molecular weight of them (275.925 g/gmol). 
 The reaction was performed in a 100 ml three–neck round bottom flask equipped with a reflux condenser, 
thermometer and rubber septum and placed on water bath with temperature controller and magnetic stirrer. 
Sulfuric acid (2 wt. %) was used as acid catalyst which was dissolved in methanol and injected into the reaction 
vessel during stirring and heating of rice bran oil.  
 Samples were withdrawn in every 15 min and its composition was analyzed by gas chromatograph (GC). 
The ester conversion was estimated based on change in the percentage composition of fatty acids before and 
after the reaction to fatty acid methyl ester (FAME).  
 The contents of other minor component in RBO were neglected in the calculation of conversion. The 
reaction kinetics of this reaction was studied and the mathematical model was developed and solved by 
MATLAB SIMULINK Software. Finally, scaling up on pilot or industrial levels of extraction followed by 
reaction system was studied according to the model solution. 
 

RESULTS AND DISCUSSION 
 
3.1. Optimum Operating Conditions: 
 The parameters which affect extraction of oil from rice bran like particle size of bran, types of solvents 
which used for extraction, solvent to rice bran ratio, extraction time, pH of the extracting solution, and storage 
period of rice bran, were discussed. Amount of oil extracted were expressed as percentage per grams of total 
amount of oil in used rice bran. The percentage of extracted oil was determined by equation (1). 
 
 
                   (1) 
 
 
 Total amount of oil present in the bran was experimentally determined by extracting oil six times using 
hexane as the solvent until the bran is free from oil which provided 10 % oil content in rice bran amount. This is 
because the quality of bran, which depends on nature, degree of milling, and age of rice grain [Zullaikah et al., 
2005]. 
 Free fatty acid (FFA) content was determined by titration, where 2 gm of oil were dissolved in 10 ml 
ethanol and the mixture was titrated against 0.1 N of KOH, a Jenway model pH meter was used to determine the 
neutralization point during titration procedure [Chatchawan and Nattiga, 2008].  
 The FFA content was calculated from the following formula [Chatchawan and Nattiga, 2008]: 
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FFA, % = [(m1 – 0.281 × N × V) / m] × 100                 (2) 
 
Where: 
V = volume of KOH (ml), 
N = normality of KOH, 
m1 = mass of the residual (g), 
m = accurate weight of oil (g). 
 
3.1.1. Effect of Particle Size of Rice Bran: 
 Rice bran was screened to different size fractions onto a set of standard sieves ranging from 7 mesh 
(Opening = 2.8 mm) down to 200 mesh (Opening = 0.075 mm). The mean particle size of a fraction passing 
through a certain sieve and retained over the next was taken as the arithmetic mean of the two openings. Thus, 
the following fractions were used in oil production: 2.4 mm, 1.5 mm, 0.925 mm, 0.725 mm, 0.5125 mm, 0.3625 
mm, and 0.225 mm. 
 The extraction experiments were performed at 60 ºC, using n–hexane as solvent, at hexane to rice bran ratio 
5:1, for one hour.   
 Fig. 3a shows the result obtained on plotting the extracted oil against mean particle size of rice bran. It is 
clear that the percent of extracted oil decreases with coarse particles to reach about 0.83 % with average particle 
size 2.4 mm, while it increases with fine particles to reach the maximum yield 61.4 % with average particle size 
0.5125 mm. This is due to increases in extraction surface area with fine particles and decrease in ash content, as 
shown in Fig. 3b.  
 This means that it is preferable not to use the coarse rice bran particles since a low value of oil yield, and 
recommended to use fine particles passing through a 30 mesh sieve to remove broken grains, sand, and other 
foreign materials.  
 

 
 

 
 
Fig. 3: Effect of average particle size on percent of (a) extracted oil; (b) ash content, solvent to solid ratio 5:1, T 

= 60 ºC, extraction time 1 hr 
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3.1.2. Effect of Solvent Type: 
 The selection of solvent to use in RBO extraction was the important step to indicate the best type of solvent 
according to percent extracted oil and percent free fatty acid. In this case, different solvents (n–hexane, ethanol, 
methanol, petroleum ether, and iso–propanol) were used in experiments with solvent to solid ratio (5:1), 60 ºC 
for one hour, and rice bran particles passed through a 600 μm aperture size sieve, however the percent oil 
extracted and free fatty acid were determined as shown in table 2. The table indicated the iso–propanol which 
gave the highest percent of extracted oil (87 %) but the lowest percent FFA (0.89 %). Methanol provided lowest 
percent of extracted oil (54.9 %), where the percent FFA was nearly to ethanol (1.57 %).  
 According to these results the appropriate solvent was commercial n−hexane which provide percent of 
extracted oil (78.1 %) with high percent of free fatty acid (2.1 %). In addition, hexane has been extensively used 
as solvent for the oil extraction because of its low vaporization temperature (boiling point 66 °C) which 
provides an easier recovery, high stability, high solubility of oils and fats in it, low corrosiveness, low greasy 
residual effect, and better aroma and flavor productivity for the milled products [Dari, 2009].     
 
Table 2: Effect of solvent type on both extracted oil and free fatty acid. 

Solvent Type % Extracted Oil % FFA 
Ethanol 76.9 1.03 

Methanol 54.9 1.57 
Petroleum Ether 77.5 1.577 

Commertial N–Hexane 78.1 2.1 
Iso–Propanol 87 0.89 

 
3.1.3. Effect of Solvent / Solid Ratio: 
 Different ratios of solvent / solid were studied using (1:1, 2:1, 3:1, 4:1, 5:1, 6:1, and 7:1), to determine the 
ratio which can provide the highest percent of extracted oil. The experiments were made, using n–hexane as 
solvent, at 60 ºC, 1 hr, and rice bran particles passed through a 600 μm aperture size sieve. It was found that 
increasing solvent to solid ratio, improved oil extraction till a ratio of 5:1 where the highest yield was 78.1 %, 
further increase of the ratio showed no more increase in the yield percent. These results were illustrated in Fig. 
4. Therefore n−hexane to rice bran weight ratio of 5:1 was selected as the most suitable ratio for extraction. 
 

 
 
Fig. 4: Effect of solvent to solid ratio on the percent of extracted oil, T = 60 ºC, extraction time 1 hr. 
 
3.1.4. Effect of Extraction Time: 
 Competence of extraction process depending on time of process, so the appropriate extraction time was 
determined by studying different extraction times (15 min, 30 min, 45 min, 60 min, 90 min, 120 min, and 180 
min), using n–hexane as solvent with solvent to solid ratio (5:1), 60 ºC, and rice bran particles passed through a 
600 μm aperture size sieve.  
 Fig. 5 shows the percent of oil extracted as a function of time. The figure shows initial rapid extraction 
followed by a slower rate that becomes constant after 2 hour. Initially the driving force for extraction, the 
concentration gradient of oil between rice bran surface and the bulk of the solution is high, and therefore results 
a high rate of extraction. However, after the initial period, the driving force decreases and the oil has to diffuse 
from the interior of the solid and hence lower the rate of extraction [Amarasinghe et al., 2009]. Therefore 
extraction time of 120 min was selected as the most suitable time for oil extraction. 
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Fig. 5: Effect of extraction time on the percent of extracted oil, solvent to solid ratio 5:1, T = 60 ºC. 
 
3.1.5. Effect of pH of Extraction Solution: 
 Effect of different pH on extraction process was studied to determine the suitable pH which can provide 
high percent of extracted oil with high free fatty acid. The pH which was studied (1.18, 2.65, 4.52, 6.28, 9.12, 
10.36, and 12.65) using n–hexane as solvent, at 60 ºC, 1 hr, rice bran particles passed through a 600 μm aperture 
size sieve, and hexane to rice bran ratio 5:1. The pH value was controlled by addition of 0.1 N KOH and 0.5 N 
H2SO4. 
 Table 3 shows the effect of pH on extraction process. When the pH of the solution is increased the amount 
of oil extracted increased gradually, therefore increasing pH to 12.65 provided the percent of extracted oil to 
93.3 %, and percent free fatty acid reached 4.3 %. 
 Results show that alkaline medium increased separation efficiency of oil bodies from their original location 
(rice bran). pH values higher than 12.65 showed extraction difficulties due to pigment and other compounds 
extracted with oil [Amarasinghe et al., 2009].   
 
Table 3: Effect of pH of solution on both extracted oil and free fatty acid. 

pH % Extracted Oil % FFA 
1.18 64 2.66 
2.65 67.5 1.01 
4.52 71.77 0.81 
6.28 78.1 2.1 
9.12 80.53 2.6 
10.36 84.2 3.1 
12.65 93.3 4.3 

 
3.1.6. Effect of Rice Bran Storage Period: 
 The instability of rice bran has long been associated with lipase activity, where lipase promotes the 
hydrolysis of the oil in the bran into glycerol and free fatty acids (FFA). As long as, the kernel is intact, lipase is 
physically isolated from the lipids. Even dehulling disturbs the surface structure allowing lipase and oil to mix. 
Oil in intact bran contains 2–4 % free fatty acids. Once bran is milled from the kernel, a rapid increase in the 
FFA occurs. In high humidity storage, the rate of hydrolysis is 5–10 % per day and about 70 % per month. 
Lipase activity results in hydrolytic rancidity. There is little or no change in flavor of the bran with an increase 
in FFA [Orthoefer, 2005; Orthoefer and Eastman, 2003]. 
 The experiments were done using the provided optimum conditions (n–hexane as solvent, rice bran 
particles passed through a 600 μm aperture size sieve, at 60 ºC, 1 hr process time, 5:1 hexane / bran ratio, and 
pH 12.65) at humidity of 80 % and at room temperature, this provided high free fatty acid 79.2 % after one 
month storage with the same percent of extracted oil, as shown in Fig. 6. 
 
3.2. Analysis of Extracted Rice Bran Oil: 
 Various chemical and physical properties of the oil are given in Table 4. Fatty acids compositions of the oil 
were determined using GC analysis. The analysis indicated that the presence of many fatty acids as shown in 
table (4) and the biggest amount is attributed to linoleic acid (40. 84%). Which means the most produced esters 
must be palmitic acid methyl ester, oleic acid methyl ester and linoleic acid methyl ester and low amount of 
stearic acid methyl ester and myristic acid methyl ester.  
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Fig. 6: Effect of rice bran storage period under 80 % humidity on the percent of free fatty acid. 
 
 The density and other properties were determined in the laboratory according to the corresponding 
American standards. The density was measured using hydrometer [ASTM D 1298/99 (2005)], while the 
dynamic or absolute viscosity was determined using Brookfield Viscometer with spindle 18 [ASTM D 
2983/2009]. The flash and fire points were determined by Cleveland open cup apparatus [ASTM D 92/2005 
(2010)]. The cloud point was determined according to ASTM D 2500/2009, while the pour point was 
determined according to ASTM D 97/2009. 
 
Table 4: Chemical and physical properties of extracted Egyptian rice bran oil. 

The Property Value 
Fatty Acid Type:  

Myristic Acid (C 14.0), (%) 0.29 
Palmitic Acid (C 16.0), (%) 21.52 
Stearic Acid (C 18.0), (%) 2.00 
Oleic Acid (C 18.1), (%) 35.35 

Linoleic Acid (C 18.2), (%) 40.84 
Density, (Kg/m3) 918.2 

Dynamic viscosity at 40 ºC, (cP) 101.7 
Kinematic viscosity at 40 ºC, (cSt) 110.76 
Kinematic viscosity at 100 ºC, (cSt) 23.44 

Flash point / Fire point, (ºC) 316 / 337 
Cloud point, (ºC) 13 
Pour point, (ºC) 01 

 
3.3. Application of Rice Bran Oil on Biodiesel Production: 
 The using RBO with high FFA (> 60 %) as feedstock in biodiesel production was adopted for obtaining 
high conversion in reasonably short time with high purity. The experiment was performed at 60 ºC using 2 wt.% 
sulfuric acid and an FFA / methanol molar ratio of 1:10. At a reaction time of 3 hr, when more than 99 % FFA 
were converted into their corresponding methyl ester.  
 Fig. 7 indicates the conversion of the esterification reaction with time using two types of rice bran oil, high 
free fatty acid RBO (79 %) and low fatty acid RBO (6 %), which indicated increasing in conversion during a 
short time to 99 % due to rapid methanolysis of FFA, at  high free fatty acid RBO, then the curve showed 
asymptotic behavior after 90 min which means that most of the free fatty acids were converted to methyl esters, 
however the low free fatty acid RBO has low conversion and needs more time to complete the reaction, where 
the percentage of TG in oil is higher than FFA, however acid–catalyzed alcoholysis of triglycerides (TG) is a 
slow reaction, so this reaction can be completed using second step which include a base catalyzed reaction, 
where the transesterification for the residual oil occurs and gains a complete conversion to biodiesel [Zullaikah 
et al., 2005]. 
 
3.3.1. Reaction Kinetic Studies: 
 Esterification is a reversible reaction in which free fatty acids (FFA) in rice bran oil react with an alcohol 
(B) in the presence of an acid catalyst (sulfuric acid) to form the methyl ester (ME) and water (W). This reaction 
is described by equation (3). 
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Fig. 7: Comparison between two RBO with different FFA % on methyl ester production conversion. 
 
 

WMEBFFA                                                                      (3) 

 
 The model is based on the assumption that considers the reaction is reversible second order reaction. The 
Molar ratio of methanol to oil must be high enough for the methanol concentration to remain constant 
throughout the process, where using excess amount of methanol can breaks thermodynamic equilibrium of the 
reversible reaction according to LeChâtelier principle [El–Zanati et al, 2011].  
 The esterification rate constant (k) as function of temperature could be expressed by the Arrhenius equation. 
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 Equilibrium constant (K) is also function of temperature and could be expressed by Van’t Hoff equation 
[Wyczesany, 2009]. 
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Where, ∆H, ∆G derived from literature [Perry and Green, 1999], and: 
 








 


0

0
0 exp

RT

G
K                           (6) 

 
The rate of methyl ester (FAME) production according to equation (7) is: 
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By combining K and rearranging the above equations, we get: 
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Where: 
Ea : Activation energy (kJ/gmol) 
R : Universal gas constant (kJ/gmol.K) 
T : Absolute temperature (K) 
ΔH : Enthalpy change (kJ/gmol) 
ΔG : Free energy or Gibb’s energy change (kJ/gmol)  
kf  : Rate forward reaction constant (gmol/cm3)-1(min)-1 

kb : Rate backward reaction constant (gmol/cm3)-1(min)-1  
K : Equilibrium reaction constant  
CFFA  : Free fatty acid concentration (gmol/cm3) 
CME  : Methyl ester concentration (gmol/cm3) 
CB  : Alcohol concentration (gmol/cm3) 
CW  : Water concentration (gmol/cm3) 
 
 The experimental results were used to verify the model and to obtain the forward and backward reaction 
constants. 
 The mathematical model used to describe the esterification reaction was developed and solved using 
MATLAB SIMULINK software.  
 Fig. 8 shows that there is fair matching between the experimental data and the values predicted by the 
model at kf = 1.531 (gmol/cm3)-1(min)-1 and kb = 0.1823 (gmol/cm3)-1(min)-1, the activation energy was 
determined according to model to be 74.6 kJ/gmol considering the second order reaction for both forward and 
backward reactions. 

 
 
Fig. 8: Comparison between experimental result of methyl ester production and predicted values from the 

model. 
 
3.4. Extraction – Reaction Scaling Up: 
 Scaling up of extraction unit and reaction unit are consequently increasing in the extracted oil amount then 
increasing in the biodiesel production, which directly reflected on the increase of reaction conversion. Fig. 9 
illustrates the schematic flow diagram of the suggested integrated system of extraction reaction units. The pilot 
scale system consists of extraction unit which includes: 
1. Curing chamber, however increasing in FFA in oil leads to high esterification reaction conversion by acidic 

catalysis process. So, using curing chamber is necessary to increase lipase activity which leads to hydrolytic 
rancidity then increasing in FFA content. The curing conditions were humidity 80 % at temperature 30 ºC. 

2. Pilot Soxhelet apparatus is used to extract oil from rice bran using hexane as a solvent. However, it appends 
with a distillation column to separate hexane from produced oil, and then the hexane is recycled back to 
hexane tank. 

3. The produced oil is washed by spraying water then dried under 110 ºC in dryer to remove any residual 
water.   
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 The produced rice bran oil is drawn to the biodiesel production unit which includes the following: 
1. Continuous stirrer reactor (CSTR) has jacket for heating, the reactants are continuously mixed inside the 

reactor under nitrogen pressure to prevent any contamination can affect on the reaction. The temperature of 
reaction can be controlled using circulation water to apply the hot water for jacketed reactor. The produced 
ME (methyl ester or biodiesel) and un–reactants are drawn to the pervaporation unit. 

2. Pervaporation unit contains two setups one of them using selective membrane to separate biodiesel from 
methanol, water and catalyst. The second setup is used another selective membrane to separate water with 
catalyst from methanol, then the methanol is recycled back to the methanol tank. 

3. The produced biodiesel is drawn to separator to separate biodiesel from  residual un–reactants oil . 
 

 
 
Fig. 9: Schematic flow diagram of the suggested integrated system of extraction – reaction units. 
 
4. Conclusions: 
 Freshly Egyptian rice bran contains approximately 10 wt. % oil. Increasing in FFA was observed on using 
hexane as solvent and high pH (alkaline medium) which can provide high oil yield 93.3 % and high free fatty 
acid 4.3 %. 
 The storage of rice bran under humidity 80 % increased the free fatty acid (FFA) content for the same oil 
yield. The percent of free fatty acid reached to 79.2 % after one month, which is more suitable to use in 
biodiesel production than using acid catalysis esterifcation. 
 Acid catalysis esterification reaction using high FFA rice bran oil led to high conversion 99 % at 90 min. 
The mathematical model was applied and indicated fair matching with experimental results. 
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