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Abstract

This paper presents a study of biodiesel production by a non-catalytical process. The innovation in
this study is the use of novel materials for production: seed soybean (Glycine Max) “in natura” and
ethanol in a supercritical state. To conduct the experiments, a bench reactor with a capacity of 150
mL, resistant to pressure of up to 300 bar and temperature of 350°C was developed. The fractional

factorial experimental design (2‘,‘\}1) was used to evaluate the temperature, seed granulometry,

molar ratio ethanol/oil and water percent of the mixture. The best yield observed was that of
94.07%, 10 minutes after the reactor entered a supercritical condition. Significant effects on seed
granulometry, molar ratio ethanol, oil and temperature were verified. From the proposed process,
biodiesel and toasted soybean seed were obtained. To purify the biodiesel sample it was necessary
to use ultra-centrifugation to separate seed particles, and rotoevaporation to separate the fatty
acid ethyl ester and unreacted ethanol. The chemical analyses were conducted directly by gas
chromatography. The yield was calculated in accordance with concentrations obtained in the
chromatographic analysis and seed mass of the experiment. Also checked was the presence of
palmitate esters, stearate, oleate, linoleate and linolenate. By analyzing the ester composition it
was possible to assess whether a good quality biodiesel was available. The roasted soybean
seeds obtained after the reaction showed a calorific potential of 2203.17 kcal/kg and also were
used as fuel.
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1. Introduction

Several technologies have been studied with a view to optimizing the reaction process of transformation of trig-
lyceride esters in biodiesel. The non-catalytic transesterification with an alcohol in supercritical conditions has
been highlighted as an alternative method for the production of biodiesel [1]. Some advantages of a supercritical
process of transesterification using alcohol and oil are quick reaction time, and the removal of need for standar-
dization of raw material.

Although it is necessary to have a detailed procedure to convert vegetable oil to esters of biodiesel, it is possi-
ble to confirm that the process of transesterification of vegetable oils is mostly viable [2]. Chemically, the tran-
sesterification of oils means to take the complex fatty acid triglycerides and transform them into three molecules
of fatty acid esters (biodiesel) and one glycerol molecule. The mechanism for the transesterification of vegetable
oil in supercritical conditions depends on pressure and temperature. The hydrogen bonding is weaker than other
bondings of triglyceride, allowing the alcohol to become a free radical. The proposition is that due to high pres-
sure the alcohol molecule attacks the carbonyl oxygen, and the triglyceride transesterification reaction is com-
pleted by transferring methoxide or ethoxide, forming ester and diglyceride in a similar reaction to that by which
the diglyceride and monoglyceride were transesterificated [3].

Methanolysis is a more viable technology than ethanolysis [4] [5]; however methanol is toxic and the fatty
acid methyl ester is not a totally renewable fuel. Ethanol surpasses methanol because it is derived from agricul-
tural sources and, being a renewable source, is less environmentally damaging—although more expensive and
less reactive. When used as a transesterified agent, ethanol has better solvency. Studies of supercritical trances-
terification of soybean oil and ethanol in a supercritical state were verified using a continuous reactor with yields
of around 80% [6] [7].

From an experiment with oil and methanol, it was identified that temperature is the variable that most affects
the speed and performance of the transesterification reaction [8]. This experiment was conducted by way of a
non-catalytic transesterification of vegetable oil using supercritical ethanol in a continuous tubular reactor. The
experiments were conducted at 200 bar at a temperature of 350°C. Also evaluated were the molar ratios of oil:
ethanol (R) 1:10, 1:20, 1:40, 1:60 and 1:100, and from this analysis it was evident that increasing the alcohol
content by a particular molar ratio does not affect the balance of the reaction [6].

The solubility of soybean oil in methanol or ethanol is strongly dependent upon temperature and pressure.
Temperature can be correlated with the pressure increase and the increase in the yield of the transesterification
reaction. Through controlled pressure it is possible to correlate the temperature increase with increased reaction
yield. This is due to interaction between oil and alcohol, which is favored in improving the dynamics of trances-
terification [9].

The production of biodiesel from soybean seed is an innovative process which requires less raw material
preparation. The process was developed using the raw materials of soybean seed “in natura”, and ethanol; a cat-
alyst was not necessary. The objective of this study is to evaluate the process of non-catalytic biodiesel produc-
tion from soybean seed (Glycine max).

2. Material and Methods

The bench scale reactor was developed to support a pressure of 300 bar at a temperature of 350°C. The equip-
ment was modeled primarily using solid modeling software, and was designed piece by piece. The reactor has an
inert structure in which introduced reagents only come into contact with the stainless steel walls.

To produce biodiesel, soybean seeds “in natura” were used along with pure ethanol. To prepare for the expe-
riment the seed was soaked in ethanol, the objective being to expel the oxygen from the pores of the seed and to
optimize the contact area between the ethanol and the surface of the soybean seed. In the next step the seed was
placed inside the cartridge. The desired molar ratio was achieved by addition of ethanol into the reactor. It was
considered that 20% of a soybean’s weight is constituted of oil.

For evaluation of levels and factors with greater significance and the best yield, a fractional factorial experi-
mental design model with a triplicate central point was employed. Table 1 shows the factors and levels eva-
luated.

The chemical analyses were made directly by capillary gas chromatography, using a GC Shimadzu, equipped
with FID and a capillary column SGE BPX70 (25 m x 0.5 mm x 0.25 pm). Also utilized were the guidelines of
ASTM D6584/ISSO EN14105. The samples for chemical analysis were prepared with hexane solvent, stearic
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Table 1. Factors and experimental levels evaluated.

Factors/Levels -1 0 +1
. Broken seed Irregular broken seed
Seed granulometry Entire seed (2 parts) (passed through mesh No. 5)
Molar ratio (ethanol:oil) 10:1 20:1 30:1
Temperature 245.0°C 255.0°C 265.0°C
Water percent of mixture 17% 11% 5%

acid standard solution and biodiesel. The concentrations of the esters are represented in mg/L and processed in
percent yield w/w. Was considered the mass of oil in the seed obtained by Soxhlet extraction, 20% of oil inside
seed.

The concentration of biodiesel is calculated based on the volume of the sample dilution. Thus, according to
the peak area of the standard solution, the correlation with the different peak area ester is made, and it is possible
to identify the ester concentration. The concentrations were calculated according to Equation (1).

C.
st %Xix Dam (1)

pi aest

where Cq is the ester concentration; A,y is the peak area ester indicated by the chromatogram; Ay is the peak
area of standard solution; C,; is the standard solution concentration; o is the correlation factor to ester and in-
ternal standard; and Dy, is the sample dilution.

The analysis of soybean seed residue involved an evaluation to identify the potential heat of the seed residue.
A thermogravimetric analysis (TGA-DTA) was made under the conditions of a nitrogen atmosphere, a seed
mass of 10.0 mg and heating up by 10°C per minute to 900°C.

3. Results and Discussion
3.1. Experimental Results

To control the production process on a bench scale, critical points for water and ethanol mixtures were calcu-
lated. It was considered that the reactor contained fractional amounts of water and ethanol and that the oil was
immobilized inside the seed. Also calculated for each fraction were the critical temperatures and critical pres-
sures, as molar concentrations to be used experimentally. To calculate the points of the mixture, Peng Robin-
son’s equation of state was used. The curves of temperature and critical pressure for a mixture of ethanol and
water are shown in Figure 1.

After pressure and temperature values were defined, it was possible to proceed with biodiesel production and
then to process the data as proposed in the experimental design.

The product obtained from the reactions of soybean “in natura” and ethanol is shown in Figure 2. As product
of each reaction was identified: soybean toasted particles, fatty acid ethyl ester, biodiesel, ethanol and glycerol.
After collection the product was found to exist in two phases: liquid oil and black-colored solids. Inside of reac-
tor was verified toasted seed retained, it was in grain format. After each experiment was necessary to remove the
toasted seed for put new sample of soybean “in natura” to do a new reaction.

To obtain biodiesel the components of the wort were separated: ultra-centrifugation was carried out to sepa-
rate the fine solids, and rotoevaporation was carried out to separate the unreacted ester of ethanol. After obtain-
ing biodiesel esters and conducting preliminary evaluations, the viscosity was measured and a reading of 5.4
mm?/s was obtained. Figure 3 presents the biodiesel obtained from the reaction.

Statistical analysis was based on the outcome yield w/w of the experiments, and the maximum conversion
obtained was in Experiment 11, with 94.87%. Yields calculated and experimental conditions are shown in Table
2.

The coefficients and the estimated effects with respective statistical indices for the linear model with no inte-
ractions are presented in Table 3.

Regarding the granulometry of seed, molar ratio (ethanol:oil) and temperature, a change in the level of —1 to

+1 causes an increase in the yield of biodiesel.
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Figure 1. Curves of temperature and critical pressure for a mixture of
ethanol and water.
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Figure 2. Oil and solid phases occurring before centrifugation.

Figure 3. Photography of the ester obtained after evaporation of the

ethanol.
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Table 2. Percent yield of the experimental procedures.

Exp Seed granulometry (';Atﬁﬁrorl?;ii?) Temperature Wate;r“;:( i[jcrim o Yield %

1 -1 -1 -1 -1 11.14

2 +1 -1 -1 +1 15.06

3 -1 +1 -1 +1 247

4 +1 +1 -1 -1 45.13

5 -1 -1 +1 +1 37.20

6 +1 -1 +1 -1 9.32

7 -1 +1 +1 -1 15.96

8 +1 +1 +1 +1 26.07

9 0 0 0 0 87.86

10 0 0 0 0 65.51

11 0 0 0 0 94.87

Table 3. Estimated effects and coefficients with their statistical indices.

Factors e Doiaion © ; cnt. CotL
Seed granulometry (1) 7.203 29.32 0.246 0.814 —64.50 78.95
Molar ratio (ethanol:oil) (2) 4.228 29.32 0.144 0.890 —67.50 75.98
Temperature (3) 3.687 29.32 0.126 0.904 -68.10 75.44
Water perc‘zz)t of mixture ~0.188 20.32 ~0.006 0.995 ~71.90 7156
Mean 37.326 12.500 2.985 0.024 6.7 67.92

The reduction of the water concentration has a negative effect on the yield of fatty acid ethyl esters. It could
be verified that there was an effect from varying the concentration of water in the reaction from 5% to 10% w/w,
representing a slight increase in the yield. The study was conducted under the following experimental conditions:
molar ratio ethanol: 40:1 oil pressure of 200 bar and temperatures of 325°C, 300°C, and 275°C with a flow rate
of 0.8 to 2.5 mL/min [7]. The production of esters with supercritical process is slightly improved in the presence
of water with concentrations of 4% to 20% w/w [10].

For the transesterification process using soybean seed, the seed granulometry was the factor with the highest
significance with an effect estimated at 7.203. The experiment considered some variation of temperatures:
245°C, 255°C and 265°C. We sought to keep the fluid in supercritical conditions in order not to degrade the seed
structure. From the proposed conditions it could be verified that the seed granulometry was associated with the
mass transfer and availability of oil from the seed to the reaction medium. This factor had a higher significance
for the yield of ester biodiesel than other factors studied. This condition can be supported by the basic rules of
mass transfer, namely that due to the greater surface area of contact between solid and fluid mediums it is easier
to transfer the oil from inside the seed to supercritical ethanol medium, where the transesterification reaction
occurs.

Statistical analysis indicated that for higher temperatures, higher molar ratios, smaller granulometry and high-
er water concentrations up to 17% there is an increased yield of esters in a supercritical transesterification reac-
tion, as shown in Figure 4, Figure 5 and Figure 6. This result has been confirmed by other authors [1]
[7]-[10].

3.2. Analytical Results

In a second step, a preliminary evaluation was made of the chemical quality of the biodiesel. It was possible to
verify the presence of ester palmitate, stearate, oleate, linoleate and linolenate. The composition of the biodiesel
produced was between C16 - C18:3 with higher concentrations of oleate (C18:1). This composition is

()
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considered of good quality. The presence of higher levels of the esters linoleate (C18:2) and linolenate (C18:3)
compared to other esters gives favorable oxidation characteristics because the greater the presence of instaura-
tions (double bonds), easier the oxidation of fatty acid ethyl ester [11] [12].

An evaluation of the fatty acid ethyl ester composition produced verified means of 57% oleate 26% linoleate
and 1% linolenate. It was verified that the composition of esters varies with the time inside the reactor, possibly
because of the tendency for degradation of the most unstable esters [13]. Table 4 presents the results of experi-
ments which verified the better composition. To evaluate a quality of biodiesel was considered the percent of
each ester was considered that the high percentage of C18:1 represents high resistance of oxidation being this a
indicative of good quality of biodiesel. Experiments 9, 10 and 11 showed a better quality of biodiesel. It was
observed that identical experimental conditions had different ester concentrations in the final composition.

From the process of production of biodiesel using soybean seed “in natura” the possibility of reuse of toasted
soybean seed was identified. Was identified that it is possible to use the seeds as coal. To confirm the heat po-
tential of the coal an experimental analysis was carried out (TGA-DTA).

In the thermogravimetric analysis, the biomass soybean seed was subjected to burning and proved to be stable
during degradation. Sparks were not ejected, and it was verified that the seeds burned uniformly. The value of
2203.17 kcal/kg to calorific power was obtained.
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Figure 4. Yield (%) for molar ratio (ethanol:oil) vs. seed granulometry.
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Figure 5. Yield (%) for temperature vs. seed granulometry.
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Figure 6. Yield (%) for temperature vs. molar ratio (ethanol:oil).

Table 4. Composition of ester biodiesel for experiments with better composition.

No. of Carbon Fatty:;ietjr ) Exp 1 Exp 7 Exp 8 Exp 9 Exp 10 Exp 11
C16:0 Palmitate 11.68 7.85 7.94 7.54 7.86 7.38
C18:0 Stearate 6.14 8.31 5.06 2.97 15 8.5
C18:1 Oleate 58.40 46.6 47.1 82.67 85.19 77.2
C18:2 Linoleate 23.78 335 39.9 6.82 5.45 6.92
C18:3 Linolenate 0 3.74 0 0 0 0

Yield (%) 11.14 15.96 26.07 87.86 65.51 94.87

The results indicate that coal soybean seed can be considered an energetic coal with good properties. In com-
parison with the coals used in Brazil it can be verified that the soybean seed toast has a calorific value of
2203.17 kcal/kg, higher than the sugarcane bagasse 50% (1800 kcal/kg) and similar to palm fiber 48% (2000.00
kcal/kg) and 40% wood (2400.00 kcal/kg).

4. Conclusion

From the reaction process for the soybean seed and supercritical ethanol it was possible to obtain fatty acid ethyl
ester with good composition in regard to stability of oxidation. The experiments showed that when used a tem-
perature of 255°C, molar ratio 20:1, granulometry condition (0) broken seed and water concentration of 11%, an
increased of the yield of esters was obtained. The numerical results of statistical analysis, effects and coeffi-
cients, suggested that by employing a combination of smaller seed granulomety, molar ratio 30:1, temperature of
265°C, and water concentrations of 17%, we can improve the yield of esters. These considerations are in accor-
dance with the results of other authors [1] [7]-[10].
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