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ABSTRACT

The goal of this work was to assist in overcoming the most important bottlenecks in the
biodiesel production chain: to improve the biodiesel production psqodsxtraction and
esterification) using advanced microwave technologies from traditional and alternative
feedstock; and identify the important characteristics of an alternative, high oil yield crop (TT).

Dielectric properties of two feedstocks, soyt@ad rice bran were measured in presence
of several solvents at different ratios, temperature and frequency. Results indicated that dielectric
properties are ratio, temperature, frequency and solvent type dependerdir@aaselationship
using seconarder logarithmic transformation of the data provided a reliable estimator for the
behavior of dielectric properties of the feedstocks used. Results assisted in further selection of
appropriate solvent, mixing ratio, temperature and frequency for thendwsigdevelop of a
continuous microwave assisted extraction (CMAE) system for oil (laboratory and pilot scale).
Yield of oil extracted increased with extraction temperature and time for both feedstocks. Oil
yield high as 15% for soybean and 16% for ricanbwas extracted at laboratory scale. At pilot
scale, 18.6% oil for soybean and 19.5% for rice bran respectively was extracted, with oil quality
meeting the ASTM requirements for vegetable oil. The continuous microwave system was
further used for biodies#lansesterification reaction. High conversion rates (98.4%) were
achieved at the reaction times (1, 5 and 10 min) and temperature (50 and 73°C) studied, with the
required specifications for biodiesel quality.

Quiality analysis on oil extracted fronT kernel, provided evidence that after 12 weeks
of storage in controlled atmosphere no differences in quality was observed compared to low cost
air storage. Moreover, late harvested seeds did not show major degradation in oil quality

necessary for biodiesproduction when compared with early harvesteeds.



CHAPTER 1

INTRODUCTION

Alternative fuels for diesel engines are becoming increasingly important due to
diminishing petroleum reserves and the environmental consequences of exhaust gases from
petroleum-fueled enginesToday, most of the energy we use comes from fossil fuels: petroleum,
coal, and natural gas. While fossil fuels are still being created today by underground heat and
pressure, they are being consumed more rapidly than they are beind.dfeatbat reason,
fossil fuels are considered noenewable; that is, they are not replaced as soon as we use them
(Demirbas, 2007)

Renewable resourcésiomass, wid, hydroelectric, wave, solaaje more evenly
distributed than fossil and nuclear resouresind the worldandtotal energypotentialfrom
renewable resources are more than three orders of magnitude higher than current global energy
use(Demirbas, 2008a) T o dl@bglénergy system is unsustainablee toequity issues as
well as environmental, economic, and geopolitical concerns that have implications far into the
future (UNDP, 2000).

As the world energy demand continues to rise, the most feasiplowaeet this
growing demand, especially for transportation purposes, is by using alternatiysduablas
biodieseland bioethanol (biofuelspccording to the Internati@al Energy Agency (IEA),
scenarios developed for the USA and the EU indicate thatemartargets of up to 6%
displacement of petroleum fuels with biofuels appear feasible using conventional biofuels, given
available croplandThe term biofuel carreferto liquid or gaseous fuels for the transptidn

sector that are predominantly produced from bionj@ssirbas, 2008b)Ihe biofuels



advantages are related to energy secuaityironmental concernsavings fronforeign
exchangeates and socioeconomic issues related to the rural s@e&ynders, 2006)

Biodiesel, a biomass derived diesel substitute comprised of-alkyloesters of long
chain fatty acids derived from vegetable oils, has received worldwide attention asvalykn
transportation fuel and blending agent. Biodiesel has a high potential to displace petroleum
products, lower net global warming gas emissions such a$r@® transportation sector, and
reduce emissions of particulate matter with carcinogenetic eongs(Duffield, 2007) The
advantages of biodiesel as diesel fuel are its portalbktiyg readily available and made from
renewable resourceligher combustion efficiencylower sulfur ad aromatic conterfMia and
Hanna, 1999; Kulkarni et al., 2006; Knothe, 2Q®f8yher cetane number, and higher
biodegradabilitZhang et al., 2003; Van Gerpen, 200B)e main adantages of biodiesel
given in the |literature include its domestic
dependency on imported petroleum, its biodegradability, high flash point, and inherent lubricity
in the neat forn{Knothe et al., 2005)

Of the more than 350 known oil bearing crops, those with the greatest production
potential are sunflower, safflower, soybean, cottonseed, rapeseed, canola, corn, and peanuts.
Modifying these oils to produce the methyl or ethyl esters has been shown to be essential for
successful engine operation over the long term, as their direct utilization, while possible, leads to
poor engine performance and clogging, especially at low tempeatur

Commercialization of biodiesel &ffectedby several factors, including its high cost of
manufacturing, feedstock cost, plant size and value of gly(ebgproduct of the production
process)Additional acreage, improved varieties, use of idlgpdamdfor alternative oil crops,

could all increase total vegetable oil production. Each of these methods for improving production



has specific challenges to overcome. For additional acreage, the price must be competitive with
thedisplaced crop. Availabty of feedstock and processing costs argentty the most limiting
factorfor the growth of biodiesel industry. Improved varieties require time and money for
research, and idle crop land must be made available for crop production.

The goal of thisvork wasto assist in overcomintpe most important bottlenecks in the
biodiesel productiochain to improvethe biodiesel production process (oil extraction and
esterification) using advanced microwave technologies from traditional ancagitern
feedstek; and identifythe important characteristics of dteanative, high oil yield crop
Chinese Tallow Treel(T).

The specific objectives related to these goals are: 1. Determine the dielectric properties of
the different biodiesel feedstocks in the preseof various solvents; 2. Design, develop and test
a continuous microwave system for oil extraction from these feedstocks (and an alternative one)
at laboratory and pilot plant scale; 3. Develop and test a continuous microwave system at
laboratory scaléor production of ethyl esters from vegetable oils; and 4. Determine the storage
behavior of an &krnative biodiesel feedstockT) that does not displace food crops.

In characterizing the materials interaction with the electromagnetic field is eksebga
aware of the dielectric properties of the materials. The results from the dielectric properties
measurements assist in further selection of appropriate solvent, mixing ratio, temperature and
frequency for the design and develop of a microwavetadsextraction system for oil and other
valuable products, which can be further processed into biodiesel.
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CHAPTER 2

AN ANALY SIS OF THE MICROWAVE DIELECTRIC PROPERTIES
OF OIL -SOLVENT MIXTURES
AT 300 TO 3000 MHZ

Introduction

Dielectric properties are essential in characterizing materials interaction with the
electromagnetic fields, inclusive in the microwave region. Whereas other variables such as
microwave power level, frequency and initial tengtere can influence the microwave heating
process, and can be selected for a particular processing application, dielectritegsraper
intrinsic to the materiahat require empirical measurements, especially for complex materials.
The practical signitiance of knowledge of dielectric properties is that they form the basis for
design calculations for high frequency and microwave he@iggnanen, 1995)

Fundamentally, all dielectric properties are determined by measilnre voltage and
current between a pair of electrodes in order to determine the conductance and capacitance
between those electrod@senkatesh and &havan, 2004 Conductance is a measure of the
material's dissipation of energy, while capacitance is a measure of the material's storage of
energy(Icier and Baysal, 2004)n the microwave and radio frequency region of the
electromagnetic spectrum, the materials dissipate the energy of the oscillating electric field in
two major ways: conduction and dipolar rotat{@ows et al., 1999)Both mechanisms create
inter- and inte-molecular friction which generates heat throughout the volume of the material
(Metaxas and Meredith, 1983)

This mechanism of energy transfer can lerdfore used to generate the heat normally
required in solvent extraction of oils (in order to enhance the mass transferaiaential

additional advantage is the enhanced extraction of bioactive compounds with the oil that can be
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separated and puield, especially if the solvent used is relatively inert in relationship to
microwave(Jocelyn and Bélanger, 1994or processing of valsedded products, as well as for
improved efficiency in lipid extraction for biodiesel production, an understanding of the
frequency and/or temperatudependent dielectric propers of mixtures is important both in
fundamental studies of microwave processing applications and in assessing their economic and
environmental implicationRaghavan et al., 2005)

Thus, dielectric properties are important both in the construction theaens and in
choosing the appropriate materials for the extraction process. Information about dielectric
properties of a majority of foods and particulate matesiath as agricultural commoditiase
available in published literatuf@lelson and You, 1989; Nelson, 1994; Boldor et al., 2004;
Ahmed et al., 200Avhereas data on dielectric properties of cereal flours and their mixtures with
different organic solvent®r microwave heating is nonexistent to omokvledge. Complex
equationdo determine the dielectric constant and dielectric has® been developed for
heterogeneous mixtures of particulates (pulverized or sporular materials) with a continuous
phasgvan Beek, 1967)ut were mostly applied for air and might not necessarily reflect the
behavior of organic solvesas a continuous phase. In addition, the true dielectric properties of
the solid particlates required in these formulaeght not be readily available and therefore
experimental measurements present a better alternative. Similar equations have bepadievel
for heterogeneous mixtures of agricultural commodities with air as a function of bulk density
(Nelson et al., 1991; Nelson, 193#)of volume factions of air and solid phadaut these
approaches also suffer from similar drawbacks as they are agpligrimarily for air as

continuous phase. Different factors, such as frequency, moisture content, ionic nature,



temperature and composition of the materials, can influence the dielectric properties of these
complex mixtures.

Dielectric properties of matials are defined in terms of their relative complex
permittivity (e) (Nelson, 1978)

ee ¢je" (1)

where the real paré&, is the dielectric constant, the imaginary pdlft,is the dielectric loss
factor. Dielectrt constanis associated with the potential for electrical energy storage in the
material, whiledielectric losss related to the electrical energy dissipation in the material.
For microwaveassisted oil extraction, one of the parameters that signifycaffiéict the yield is
temperature, which can be determined from the amount of energy absorbed as heat by the

product(Nelson, 1992; Singh, 2003)

Pus=Ss E=2pfee' B )

Where: Rusi absorbed power (W/fis conduct i vi t yifrégSency HBms / m) ,

dielectric constant of the vacuuefQelative dielectric loss, E electric field intensity (V/m).
For a catinuous flow process, the energy absorbed will translate into a temperature
change according to the following equation:
P = mCpDT (3)
Where: P total power (W), ni mass flow rate (Kg/s) for a continuous systemi Gpecific

heat of the mat &temperhturd chandédgromknitial coaditidns. se T

This data, presented here for the first time to our knowledge, focused on determining the

dielectric properties and behavior of solveiitfeedstock mixtureat different temperatures and

solventfeedstock mixture ratios in the frequency range of 300 to 3000 MHz using the open

3f



ended coaxial probe technique. The model feedstocks used in the study were soybean flour and

rice bran.
Materials and Methods

The ricebran used in the study was obtained from Cocodrie rice variety provided by Rice
Research Station (Crowley, LA). Rice was milled using a Satake pilot scale rice mill (Satake
Engineering, Co., Tokyo, Japan) located within the Biological and Agriculturah&smgng
Department at the LSU AgCenter. The mill was equipped with two operational units: a shelling
unit (Model GPS300A, Satake Engineering, Co) and a whitening unit (Model VAF10AM,
Satake Engineering, Co.). After milling, the rice bran was stabilizad mven at 120°C and
thenkeptinafreezeral OUC. Soybeans were col | eRdseadth fr om
Stationin Baton Rouge, LA and milled with a kitchen miller then stored @C. Rice bran and
soybean flour samples were shipped overniglcold storage to the Food Science Department at
North Carolina State University, Raleigh, NC for dielectric measurements.

Samples of rice bran and soybean flour were mixed using four different solvents:
methanol, ethanol, hexane and isopropanol,figrdnt solvent to sample ratios (1:2, 1:1 and 2:1
(w/w)). For ethanol, thexperiments were performed at, 38, 40 and 50°C, while for all other
solvents the experiments were performed at room tempe(2&i€). All alcohols were
commercially obtainedyere analytical grad@anhydrouspand were used without further
treatment.

Dielectric properties of the mixtures were determined using an HP 8753C Network
Analyzer and HP 85070B dielectric probe kit (Hewl&ckard, Palo Alto, CA) using the open
endedcoaxial probe method (Engelder and Buffler, 1991; Nelson and Bartley, 2000) in a 201

point frequency sweep from 300 MHz to 3 GHz. The network analyzer was controlled by



HewlettPackard 85070B dielectric kit software (Hewdetickard, Palo Alto, CA) and ldarated

using the 3point method (shottircuit, air and water at 25°Clpielectric properties were

measured at room temperature (23°C) for all samples and ratios. After comparison it was
determined that ethanol is the most suitable for microwave exineantid therefore further

experiments at higher temperatures were carried out only with ethgheh using ethanol, the

samples were placed in sealed 30 mL stainless steel sample holders and hed@htarb6il

bath. The dielectric properties of théxtares containing ethanol were measured as the samples
reached the various target temperatures. The same procedure was used for all other solvents, with
measurements performed only at room temperature. Each measurement was repeated three times
per samplewith all samples being duplicated.

The measured data collected from the network analyzer were imported into Microsoft
Excel® 2007 (Microsoft Corp., Redmond, WA). Data for each sample was averaged across each
replicate measurement and replicate sampie standard deviations of each sample and
standard error across all samples were calculated. The results were imported into SigifaPlot
(Systat Softwarénc., San Jose, CA) for plotting graphs and conducting linear regression
analysis. The linear regsion analyses were performed using the deqare metho(Holman,

2001) using a logarithmic transform of the data for dielectric constant. A multiple linear
regression was also performed for dielectric loss of the two feedstocks with methanol (normal)
and with isopropanol (logarithmic). The multiple linear regi@s of soybean and rice bran with
ethanol was performed on the logarithmic transform of the data foebartile" as afunction of
frequency and solvent content. Hexane mixtures, due to the extrerp@laomature of the

solvent, were not fitted with any kind of regresswith reasonable coefficients of

determination.



Results and Dscussion

The results were analyzed for all ratios, temperatures and frequencies. A special emphasis
was placed on the results at 433, 915 and 2450 MHz which are the frequencies allotted by the
FCC for industrial applications of microwaves

Dielectric Constant

The dielectric constant of all samples decreased with increasing frequency at individual
temperatures (Figures 2.1 and 2.2).

25

20 1
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Relative dielectric constant

0 T T T T T T
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—e— 1:2
wkow 180,85
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Figure 2.1. Dielectric constant of soy flour:ethanol at 23°C.
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Figure 2.2. Dielectric constant of rice bran:ethanol at 23°C.

This behaviour was typical for all temperatures, all samples and solvents except the ones
with hexane. Samples with hexane increased till a maximum at approximately 1500 MHz and
then decreased with frequency (Figure 2.3 and 2a&)es fore with methanol and hexane were
lower than the ones for ethanol and isopropanol (Table 2.1 and 2.2). halgarsefollows the
same order as the dielectric constants of pure solvents, as ethanol and isopropanol have higher
values (24.3 and 18.3, respectively) than methanol and hexane (0.8 and 1.9, respectively).

Dielectric properties were also determined ¢éosblvent ratio dependent with ethanol, the
lowest value of dielectric constant was at 1:1 ratio, and the higher values at 1:2 ratios, for both
soy flour and rice bran. Lowet values for rice bran with this solvent were probably du&eo
largerparticle sizes in rice bran, as other investigators reported lower dielectric constant, for
larger particle size agricultural commoditi@elson, 1992Griffiths, 1999. Hexane and
isopropanol were observed to have same behavior, the 1:1 ratio having the highest dielectric

11



constant, whilel:0.5 was the lowest one for both soy flour and rice bran (Table 2.3 and 2.4).
Dielectric constant with methanol had a maximum at 1:2 with soy flour (Table 2.3) and 1:0.5
with rice bran (Table 2.4).

In the case of ethanol at higher frequencies (915 450 ®1Hz) the dielectric constant
was influenced by temperature, increasing with temperature for all ethanol ratios. At lower
frequencies (433 MHz) temperature did not show any major influence on dielectric constant, for

neither soy flour or rice bran.
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Figure 2.3. Dielectric constant of soy fldugxane at 23°C.
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Figure 2.4. Dielectric constant of rice bran:hexane at 23°C.

Table 2.1. Values for dielectric constant of soy flour mixed ethanol.

Ratio 433 MHz 915 MHz 2450 MHz

Temp 1:0.5 1:1 1:2 1:0.5 11 1:2 1:0.5 1:1 1:2
23°C 20.7+0.08 16.5+0.05 22.4+0.05 16.6+0.05 13.840.01 17.7+0.42 9.2+0.20 8.7+0.01 9.4+0.10
30°C 22.7+0.00 16.4+0.03 23.2+0.01 18.3+0.02 13.8+0.02 18.4+0.01 8.2+0.02 8.7+0.01 9.7+0.08
40°C 22.5+0.03 16.2+0.04 23.2+0.06 18.8+0.02 14.0+0.00 19.2+0.02 10.4+0.01 9.0+0.02 10.5+0.04
50°C 19.740.11 15.8+0.01 22.7+0.02 17.4+0.06 14.1+0.01 19.8+0.02 10.8:0.01 9.6+0.04 11.8+0.06
Table 2.2. Values for dielectric constant of rice bran and ethanol.
Ratio 433 MHz 915 MHz 2450 MHz

Temp 1:0.5 1:1 1:2 1:0.5 11 1:2 1:0.5 1:1 1:2
23°C 14.8+0.06 8.4+0.08 15.7+t0.03 11.8+0.07 7.4+0.01 148+0.02 7.2+0.02 5.4+t0.01 8.1+0.04
30°C 14.4+0.01 8.6+0.06 16.7+0.05 11.5+0.01 7.7+0.02 14.9+0.03 7.3+0.01 5.3+0.00 9.2+0.02
40°C 14.6+0.03 8.5+0.03 17.1+0.02 12.3+0.03 7.7+0.01 15.4+0.03 7.7#0.01 5.3%0.00 9.8+0.02
50°C 11.6+0.03 8.0+0.05 17.9+0.03 10.3:0.02 7.8+0.04 16.3+0.07 7.20.02 5.4+0.01 10.5+0.03
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Table 2.3. Dielectric constant and loss of soy flour mixed with methanol, isopropanol, and hexane.

Soy flour- Ratio 433 MHz 915 MHz 2450 MHz
Solvent e' e" e' e" e' e"
1:0.5 8.39+0.12 4.77+0.20 5.63+0.04 4.30+0.39 4.00+0.04 2.06+0.03
Methanol 1:1 10.56+0.17  6.35+0.13 6.89+0.03 5.37+0.09 4.66+0.04 2.67+0.03
1:2 12.3840.06 7.53+0.05 8.40+0.09 5.92+0.12 5.47+0.03 2.91+0.03
1:0.5 23.42+0.32 10.57+0.37 17.22+0.07 7.91+0.26 11.11+0.04 4.96%0.10
Isopropanol| 1:1  24.74+0.14 13.54+0.06 17.16+0.03 9.84+0.08 10.60+0.02 5.42+0.03
12 23.63+0.67 12.45+0.33 16.20+0.84 8.97+0.23 10.23+0.47 5.21+0.04
1:05 3.60+0.11 0.20+0.07 4.42+0.10 0.18+0.11 3.61+0.07 0.07+0.02
Hexane 1:1 3.11+0.07 0.07+0.07 3.86+0.05 0.06+0.11 3.35+0.04 0.02+0.02
1:2 2.91+0.04 0.18+0.03 3.20+0.04 0.11%0.01 2.92+0.01 0.03+0.01

Table 2.4. Dielectric constant and loss of rice bran mixed with methanol, isopropanol, and hexane.

Rice bra i _ 433 MHz 915 MHz 2450 MHz

Ratio ; o . " \ m

Solvent e e e e e e

1:.05 12.79+0.04 0.04+0.08 11.43+0.07 3.67+0.16 8.47+0.03 3.98+0.02
Methanol 1:1 12.59+0.27 5.09+0.28 9.27+0.19  0.19+0.06 5.67+0.03 3.49+0.06
1:2 3.86+0.18  0.18+0.05 5.05+0.13  0.42+0.12 3.73+0.03 0.43+0.03
1:0.5 16.39+0.05 5.63+0.04 13.08+0.04  3.660.04 9.26+0.01 2.76+0.01
Isopropanol | 1:1 23.69+0.07 12.25+0.04 16.95+0.02  8.51+0.03 11.05+0.01 4.90+0.02
1:2 18.83+0.02  9.05+0.02 12.50+0.01 6.17+0.01 8.66+0.01 4.03+0.01
1:.05 3.16%0.03  0.18+0.07 3.04+0.03  0.08+0.02 2.95+0.01 0.12+0.02
Hexane 1:1 4.04+0.01  0.02+0.01 4.80+0.02  -0.23+001 3.49+Q00 0.00+0.00
1:2 3.45+0.04  0.15+0.04 3.71+0.03  -0.01+0.01 3.32+0.02 0.05+0.01

Dielectric L oss

The dielectric loss of all mixtures except those with hex@vhich were virtually zero)

varied with frequency, temperature, solvent type, and mix ratio. For ethanol, dielectric loss
increased to a maximum around 1088z but then slightly decreased as frequergreased

to 3000 MHz (Figure 2.5 and 2.6). Indimion, the dielectric loss value at 915 and 2450 MHz

were very similar, raising the possibility of a relatively smooth transition with no major changes

in behavior between these two frequencies. This is especially important for the eventual scale up
of amicrowave processing of these mixtures from low penetration 2450 MHz commonly used in
laboratory settings to 915 MHz (higher penetration depth and larger generators used in industrial

settings).
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Figure 2.5. Dielectric loss of soy flour:ethanol at 23°C
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Figure 2.6. Dielectric loss of rice bran:ethanol at 23°C.
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A shift in frequency of maximum values of dietec loss as temperature increased was
also observed for the ethanol mixtures. This phenomenon was observed by other researchers in
pure solventgTang et al., 2002)and it is probably due to an increase in relaxation time of
solvent molecules as vissity decreases with temperatuhe this case, dipolar rotation becomes
more pronounced, with a directrs®equence of shifting the peak dielectric loss toward higher
frequencies, a characteristic of more polar materials. For the other solvents mixed with soy flour,
the maximum value was around 433 MHz, decreasing thereafter with increasing frequency
(Table 23). Dielectric loss of ethanol mixtures were also ratio dependent, with 1:2 ratios having
the highest values, and 1:1 ratio the lowest for both soy flour and rice bran. The dielectric loss
values should be even higher at ratios commosédun solvent eraction (L:4+ 1:10ratio)
leading to a more rapid temperature increase during microwave processing. Similar conclusion
can be withdrawfor methanol, that also had the highestat 1:2 ratio with soy flour, but in the
case of this sobnt and feedstock the lowest value was noted at 1:0.5 ratio. These very low
values might have been due to insufficient moleculadfseeof the rice bran components
during measurement at these low solvent concentrations. For metbharveére also the
highest at 1:2 but the lowest values were at 1:0.5 ratios. Isopropanol had the highest value at 1:1
ratio with soy flour. For rice bran, the highest values were obtained at 1:0.5 ratios with methanol
and at 1:1 when using isopropanol. Tdhesnruniformity in ratio dependency of dielectric loss
for the different solvents might be attributed to their particular physical properties especially the
freedom for molecular rotation or adsorption onto the surface of the feedstock particles.

In geneal, dielectric loss was inversely depention temperature. The absorbed energy

is dependent o' therefore the maximum absorbamdesoy flour with ethanol was at 1:2

ratios at 30°C and 915 MHz (Figure 2.7) whereas for rice bi@titrred at 30°C at 433 MHz
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(Figure 2.8). At 2450 MHz, no major difference were observed for the soy flour sample at 1:1

mix ratio throughout the temperature range (Table 2.5).

Table 2.5. Values o&''for soy flour and ethanol.

Ratio 433 MHz 915 MHz 2450 MHz
Temp 1:0.5 11 1:2 1:0.5 1:1 1:2 1:0.5 1:1 1:2
23°C 54+0.30 3.7t0.02 6.0t0.27 7.9+0.42 54+0.03 8.9+0.38 7.3x0.29 5.4+0.01 7.9+0.26
30°C 6.1+0.01 3.7+0.02 6.2+0.03 9.1:+0.01 5.5+0.02 9.2+0.03 8.2+0.01 5.5+0.01 8.3x0.(8
40°C 5.4+0.04 3.4+0.01 5.5:0.06 8.5+0.03 5.2+0.02 8.6+0.04 8.4+0.01 5.5+0.00 8.6+0.00
50°C 3.8:0.06 3.0:0.03 4.4+0.04 6.3+0.09 4.5:0.04 7.3+0.06 7.3+0.05 5.4+0.01 8.8+0.00
Table 2.6. Values o&''for rice bran and ethanol.
Ratio 433 MHz 915 MHz 2450 MHz
Temp
1:0.5 1:1 1:2 1:0.5 1:1 1:2 1:0.5 1:1 1:2
23°C 3.9+0.06 1.5%0.19 3.9+0.03 5.3+0.13 2.4+0.42 2.6+0.02 45+0.01 2.4+0.07 3.30.04
30°C 3.8£0.03 1.7+0.01 3.1#0.05 5.3+0.01 2.7+0.02 1.9+0.03 4.5%0.01 2.5+0.00 1.7+002
40°C 3.240.03 1.6+0.01 1.1+0.02 4.8+0.03 2.7+0.01 1.6+0.03 4.8+0.01 2.5+0.00 1.6+0.02
50°C 1.9+0.02 1.3+0.02 0.9+0.03 3.0¢0.02 2.2+0.02 1.3%0.07 3.740.0 2.3+0.01 1.5+0.03

For the rice bran mixed with ethanol (Table 2.6) there is a considerabbasede'' as

temperature increases (Figure 2.8). The lower valug'dbr the rice bran could indicate a

weaker interaction between the electromagnetic radiation and the components of the rice bran

(lower proteincontent than soy flour which means lower conductance) responsible for

dissipation of the electrical energy into heat.

Dielectric loss also showed to be dependent on solvent type. Among the solvents

investigated in this study, ethanol had the highest gsadf€' but also the highest valuesadf

indicating a good medium for high energy conversion into lrégires 2.9 and 2.10 illustrate

the differences between the solvents at the ratios analyzed for soy flouceabhdan at room

temperature.
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Figure 2.8. Dielectric loss of rice bran:ethanol 1:2.
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From these figures it is clear that ethanol would allow for the most rapid increase in
temperatur@uring microwave heatingvhile hexane is virtuallinert with respect to mrowave
energyabsorption Therefore, thethanol presents itself as the most suitable solvent candidate
for extraction of oil in a microwave system at higher temperatures, whereas hexane might be
more suitable for selective extraction of temperatabde bioactive compounds which could be

extracted at lower temperature with this solvent.
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Figure 2.9. Dielectric loss of soy flour with different solvents.
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Figure 2.10. Dielectric lossf rice bran with different solvents.

Numerical Analysis

For pure polar or nepolarsubstances D e b y e éCole eguatiofsaate esually used
to describe the behavior of dielectric properties with frequéNelson, 1973; von Hippel,
1954) As previously describethe complexity of the studied systems do not allow such
simplifications, and a quatinear relationship using a second order logarithmic transformation
of the data provided a reliable estimator for dielectric constant as a function ohitgdoeall
sdvents, feedstockand solvent ratio (with the exception of hexane).

This relationship (Eq. 3) fitted well for all solvents, ratios and temperatures used in this
study. The coefficient values antfor the equation are presented in Table 2.7.

€=y, +aln x+b(n x)? €))

were:x-frequency (MHz)a, b- parameters.
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Table2.7. Coefficient values for dielectric constant fitted curve as frequency (Eq. 3).

Soy flour Rice bran
1:0.5 1.1 2:1 1.0.5 1:1 2:1
Yo -291.421 -316.193 -138.626 -1052.60 -309.162 -155.252
Methanol a 30.618 32.358 16.472 102.920 29.328 15.071
b -0.786 -0.817 -0.459 -2.500 -0.686 -0.364
r? 0.990 0.988 0.981 0.979 0.970 0.956
Yo 519.751 458.543 442.315 351.086 644.039 633.355
Isopropanol a -45.138 -40.239 -37.115 -59.278 -60.060 -56.086
b 0.986 0.890 0.781 1.357 1.405 1.249
r? 0.968 0.955 0.974 0.915 0.855 0.968
Yo -1133.44 -554.823 -961.223 -592.036 -314.965  -265.598
Ethanol a 108.995 52.968 92.301 57.240 30.084 29.365
23°C b -2.599 -1.251 -2.196 -1.371 -0.712 -1.036
r? 0.973 0.968 0.974 0.960 0.958 0.965
Yo -1223.83 -621.959 -1167.87 -638.746  -441.702 -398.459
Ethanol a 117.613 59.446 112.222 61.646 42.298 37.896
30°C b -2.803 -1.407 -2.674 -1.475 -1.005 -1.698
r 0.964 0.979 0.969 0.965 0.861 0.925
Yo -1093.65 -557.159 -1056.38 -567.189 -472.962 -402.398
Ethanol a 104.518 52.984 100.863 54,203 45.231 40.862
40°C b -2.476 -1.246 -2.386 -1.283 -1.074 -0.985
r 0.958 0.958 0.965 0.9523 0.847 0.939
Yo -663.127 -379.900 -741.922 -265.174 -331.072 -465.298
Ethanol a 62.489 35.592 69.697 24,792 31.481 35.437
50°C b -1.455 -0.821 -1.617 -0.571 -0.742 -0.983
r? 0.963 0.968 0.970 0.956 0.866 0.982

Regression analysis was performed to relate the dielectric loss respdrs®y flour and
rice bran and different solvents to moisture content and frequency. Dielectric loss factor for

methanol (Eq. 4) and isopropanol (Eq. 5), respectively, were found to be in the form of:
€'=b+mx +mx, +mxx, (4)

e'= bmlxi ("h-&xz ("h!;&xz (5)
were,x;- frequencyx,- moisture content, ara, m, m,, ms- parameters.
For ethanol, both the dielectric constant (Eq. 6) and loss (Eq. 7) were found to follow the

logarithmic transformed linear regression:
€=b0n* Gn,* On,** (6)

€'=bln* n &n* (7)

21



were,X;- frequency x,- moisture content, anll, my, m, ms- parameters.

The coefficients for correlations determined using Eq. (4) through (7) are presented in
Tables 2.8 and 2.9. The high values of coefficients of determinafjoshew that these
equations can be reliably usted predicting the dielectric properties of these sohfeatistock

mixtures over a range of temperatures and solvent ratios.

Table 2.8. Coefficients values arfdfor the multiple linear regressions (frequency and solvent
content) for methanol and isaganol with the two feedstocks (Eg. 4 and 5).

Methanol Soy flour Rice bran
b 8.121 13.321
— m, 0.003 -0.002
€'=brmx +mpo +mo m, -4.605 -19.751
ms 1.13528E06 3.47297E05
r? 0.944 0.830
Isopropanol Soy flour Rice bran
b 16.325 14.447
e e e m, -0.011 -1.012
€'=bn" Gn,* O, M, 3.17E06 4.23E06
ms -2.2814E10 -4.4922E10
2 0.921 0.833
Conclusiors

Dielectric properties of oil feedstock mixed with different solvents were measured and
analyzed. Results indicated that dielectric cantst were relativelynchangedhroughout the
frequency range, but were strongly dependent on temperature, solvent ratio and type. The
dielectric constant of mixtures of both rice bran and soy bean flour with all solvents except
hexane decreased with teenpture, while the ones with hexane increased to a maximum and
then decreasedielectric lossof the mixtures with isopropanol and methanol decreased with
frequency, while hexane had virtually zero dielectric loss. Multiple linear regression analysis was
successfully used to develop relationstbptween the dielectric properties and frequency and
solventfeedstock ratio.
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Table 2.9. Coefficients values arfdar the multiple linear regressiorfsgquency and solvermbntent) for ethanol with the two
feedstocks (Eq. 6 and 7).

Sovy flour Rice bran
23°C neC 40°C 30°C n°C 40°C 30°C
g:b.ﬁgl” .m; 'mz” b 2403 15.62 14 80 12.80 17.45 18.32 13.71
My -0.01 -0.0006 0.0006 0.002 -0.003 -0.003 -0.001
M7 1.98E-06 -2.05E-06 -2.46E-06  -245EE-06 -27.70 -27.70 -19.27
M -5.23E-11  4.93E-10 4.93E-10 4.65E-10 1.5E-15 1.5E-15 §.07E-16
rs 0.80 0.78 0.78 0.65 0.95 0.97 (.88
,5-":;;..%1" -m; '*‘?33” b 1.11 0.78 0.46 1.25 5.88 4.86 2.35
My 0.01 0.01 0.01 0.11 0.0003 0.0007 0.0009
Mz -6.21E-06 -5.73E-06 -6.311E-06 -6.56E-06 -13.60 -11.51 -4.14
M 0 84E-10 8.00E-10 -9.60E-10 0.84E-10 -3.60E-16 -7.09E-16  -7.03E-16
ra 0.89 0.92 0.91 0.85 0.83 0.94 0.85
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The results of the study will assist scientists and engineers in selection of appropriate
solvent, mixing ratio and frequency forgigning microwave ssisted extraction systerftg oil

human consumptioand other valuable produgtshich can be further processed into biodiesel.
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CHAPTER 3

SOYBEAN AND RICE BRAN OIL EXTRACTION EFFICIENCY
IN A CONTINUOUS MICROWAVE SYSTEM
(LAB AND PILOT SCALE)

Introduction

Oil is a valuable product with universal demand that can be extracted from a number of
fruits, nuts and seeds for traditional use in cooking, soap making, pharmaceutical and cosmetic
industry. Recently, it has become an important primary feedstock for alternative fuels such as
biodiesel. Soybean oil is the dominant edible oil in the Uniteed${&8%- Bureau of Census,
USDA-ERS)and probably will continue to dominate U.S. and world vegetable protein and oil
markets in spite of competition from other oilseeds. Soybeans, with an oil content ranging from
16 to 20% by weighiBailey, 2005) are a rich source of proteins, lecithin and antioxidants. The
oil from soybean is low in saturated fat, contains no trans fat, and is high trapdly
monounsaturated fats. It is also the principal source of ofddgiy acids in the U.S. diet, and
the primary commercial source of vitamir(€&hoi et al., 2006)The relatively large amount of
undesirable phosphatides present in the oil (a#d&)twhich are removed during processing is a
valuable source for commercial leciti{arickson et al., 1984)

Rice bran, a byproduct from rice processing, contains abeR2%6of oil by weight
(Narayana et al., 2002) he rice bran oils considered superior due to litslanced fatty acid
profile and the presence of minor constituents with proven nutritional benefits such as gamma
oryzanol, tocotrienols and tocopher@amm and Hamilton, 2000The oil extraction process
from rice bran is challenging mainly because of unusually high content of undesirable elements

waxes (38%), free fatty acidsjnsaponificable constituents and polar lipids such as glycolipids
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(Narayana et al., 2002) herefore, a series of refining processes (degumming, deacidification,
bleaching, deodorization, winterization) are required to obtain high quality edible rice bran oil.

Various methodarereported ér oil extraction but basically two main processes are
available for defattening and deoiling plant products: extraction and pressing. Pressing, from an
economic point of view, is only advantageous when the fat and oil content of the material is
relativelyhigh (>25% by weight). Utilizing this process, a residual fat content of at least 4 to 5%
by weight remains in the processed residue. In contrast, extraction processes with organic
solvents are more suitable for products with low fat conweith, the regdual oil content being
reduced to less than 1% by weightickson et al., 1984; Hamm and Hamilton, 2000)

Most extraction applications from plant materials are performed in the presence an
extracting agent in liquid phase (water or an organivent). Solvent assisted extraction is
performed at elevated temperatures, taking advantage of the enhanced solubilities, decreased
viscosity (allowing better penetration of the sample in the matrix) and increased analyte mass
diffusion rate.

Absolute rhexane, a petroleuterived product, has been extensively used as a solvent
because it satisfies many of the requirements of an allesdlvent(Johnson and Lusas, 1983)

(non polar, easily miscible with oil, low viscosity, low boiling point for subsequent separation,
low cost) However, other solvents or solvent mixtures have been consideredygedeatto
environmentatonsiderations and safedy n-hexane (hazardowsr pollutant, volatile, ignites
easily, and may affect health through inhalatiiinisas et al., 1991; Gandhi et al., 200B) a
study on akrnative solvents that can be used for oil extradii@endhi et al., 2003thanol was

equally effective in the extraction ofygmean oil when compared withhrexane
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Some of the methods reported for oil extraction include ohmic hefahdiakula et al.,
2004)where an alternating current is used for product heating; Soxhlet extracomsidered
the gold standard, where oil and fat from solid material are extracted by repeated washing
(percolation)with an organic solvent under reflux in a special glass\dwe, 1976; Perez
Serradilla et al., 20073¥upercritical fluid extractionSFE (Liu et al., 2003; Salgin et al., 2006)
which resembleSoxhletextraction except that the solvent used is a supercritical fluid substance
above its crital temperature and pressure; higtensity, highfrequency sound waves
(ultrasound)LuqueGarcia and de Castro, 200&)d ultrasonic extractior{Li et al., 2004,
LuqueGarcia and de Castro, 200%pme of the disadvantagefsthese known processes include
oil degradation due to high thermal and pressure stress, in critical and supercritical state
condition, or redced mass transfer coefficient requiring longer extraction periods and larger
amount of extracting agents required.

Another potential technique that can improve extraction of oil and other functional
components from plant raw material is microwave prangssvhich may be used either as a
thermal pretreatment for plant material prior to extraction or as a treatment process enhancement
during extractio{Giese, 1992) Microwave extration has advantages over conventional and
other extraction methods, as intact organic compounds can be extracted more selectively and
more rapidly(Pare et al., 1994jvith the added advantage of lower energy consumption, reduced
byproduct formation, and a minimal solvent us@gsellier and Budzinski, 1999)n
conventional extraction the extractability of differenimponentslepends mainly on the
solubility of the compond in the solvent, mass transfer kinetics of the product and matrix
interactiong Spigno and de Faveri, 2009hereas undenicrowaveassisted extraction (MAE)

heating rate plays an important role in extraction efficiency. This heating rate is influsnced
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factorssuch as microwave powkavel, frequencyinitial temperature@nd design of microwave
applicator and can be seated for a particular processing applicatiBor extraction two basic
designs of microwave exists. The firs one is a scientific/industrial/laboratory level multimode
cavity which in principle is similar with home microwave unit. In multimode, microwasfsct
of the walls and generate a standing wave pattern in which waves intersect at specific points in
the cavity. The second mode use a focusing concentrated at one waveguide in which waves are
reflected at specific location (Boldor et al., 200Hdweve a major role is played by dielectric
properties, an intrinsic property of the material that requires empirical measurement but is mostly
influenced by the moistuleuid/solid mixturecontent and spatial distribution of the water and
other polar/ionic ompound in the matrix. The dielectric properties of materials are defined in
terms of their relative complex permittivity. For a solvent/matrix to heat up rapidly under the
microwave radiation, it has to have a high dieledoigstantassociated with thpotential for
electrical energy storage in the material, and a high dielectric loss which is related to the
electrical energy dissipation in the mate(iélson, 1994) The heating of a dielectric material
in the presence of an electromagnetic field is based on intermolecular friction that arises via ionic
conduction and dipolar rotatigiNuchter et al., 2004)

Fats and oils extraction is currently performmedhdustrywith n-hexangeknown to be a
non-polaragentusing conventional heating metho&sudies lave been reported usinghexane
as an extraction agewith microwaveqVirot et al., 2007) bu other polar solvents such as
isopropanol, methanol, ethanol, acetone and watezaanmonly employed for the extraction of
plant bioactive compound®uvernay et al., 2005; Pan et al., 2003; Spigno and de Faveri, 2009)
Since high dielectric properties solvents are more likely to be usedizr@wave extraction

system, ethanol was used for the extraction of oils in this study.
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Disruptions of the oilseed cells is a crucial stethanextraction process, as the
protoplasm of plant cells renders, becoming more permeable, and ettapoecess
(Baxendale et al., 200.7yemperature of watenolecule inside the cells reaches the boiling point
leading to high pressure gradients and rupture of cell walls, causing migration of selected
compounds from sample matrix into the extraction sol{@hattacharya and Basak, 2006his
particularity makes the technology appealingdimdiesel, as biodiesel is produced from
vegetableil. Themicrowave thermal effec{$ocalized microscopic superheatimgturally
match the requirements for the disruption process of tissues and could be used to induce rupture
of cells for efficient extraction afils and othecomponents from plants.

Until now microwave assisted extractioMAE) has been successfully applied for the
extraction of natural compounds from foodstuffs like flavonoids and polyphenols compounds
from tea(Pan et al., 2003nd grape seed@long et al., 2001 )constituents from herbal&uo
et al., 2001)pigments from paprikéiss et al., 200Q)antioxidants from rice brafZigoneanu et
al., 2008) isoflavones from soybeafRostagno et al., 2007; Terigar et &009)and also for
trace analysis of organic compounds in solid and liquid san{ipésisson and Bjorklund,

2000)

Continuoudlow microwave assisted exiction (QMAE) is amodificationof the MAE
process in which the mixture is continuously pumped and heated in a microwave cavity. This
process is more complex due to the addition of momentum transfer to the heat generation from
microwave heat transfer in the solvent/solid matrix, mass transfer through the solid/solvent
(Bhattacharya and Basak, 2006)

When evaluating an extraction process it is important to consider the various factors

affecting it during scale up to commercial operations. In microwave processing this usually
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means a change in frequency fr@ggb0 MHz to 915 MHz. N¢érowawves at915 MHz(used
industrially) have much higher penetration depths into the material as compahedhigher
frequency of 2450 MHzommonly used in laboratory sized equipmeiie figher penetration

depths allow for mucharger diameter tubes and processing flow rates, and microwave
generators can be built for significantly higher power and efficiencies when compared to smaller
generatorsin comparisonthedesign with a singlenode applicatofas appeared to multimode
commonly used in household microwavésguses the microwaves in the center of the

applicator, where the material flows in a processing tlibe. resonance mode allows for very

high electric field values which increase the heating rate according to eqiétiozpter 1).

This focusing creates an electrical field distribution with the highest values in the center
of the applicator tube and decreasing as it nears the walls of the tube. Therefore, if the flow in the
tube is laminar, the fluid with highest velty in the center receives the highest amount of
microwave energy. The fluid with the lowest velocity near the wall receives lower amounts of
energy, therefore creating a more uniform temperature distribution when exiting the microwave
applicator(Baxendale et al., 2007; Salvi, 200While this difference in electric field
distribution may not play a significant role in small diameter tubes, when scaling up to higher
flow rates and consequently larger diameteeslbbemperature uniformity becomes more
important. Continuous processes using a 5RM6 MHzmicrowave have been successfully
appliedso far for beverage and vegetable purees sterilizatRatsliov et al., 2008; Kmar et al.,
2008) for aseptic processinfCoronel et al., 2008nd for ballast water treatmerfBoldor et
al., 2008)

The primary objective of this study is to investigateiadility of continuous

microwave processing for soybean and rice bran oil extraction. The demiggred/avesystem
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was optimizedo reducethe extraction time while maximizgithe quantity of oil extractedsl
performance was compared to the oil yields from conventional solvent extraction methods.
Factors affecting the extraction, sua$temperature and time, were analyzed fdtdre
extraction performance.

The processing parameters (microwave exposure time, temperature and holding times)
obtained from the small scale continuonisrowave extraction system weaused to establish
preliminary processing parameters at the pilotes€ale to the amount of products required to
operate this system, it is cost prohibitive to test the sagdgarocess using all the parameters
tested with the smaller systenxtEaction temperature antimes, were optimizedor better
extraction performace.

Materials and Methods

Feedstock for Oil Extraction

The rice bran used in the extraction studies was obtained from milling Cocodrie rice provided by
Loui si ana St at e University Agricultural Cent
(Crowley, LA). Rce was milledas described in Chaptekfter milling, rice bran was kept in the

freezer at20°C for about a week prior to use. The soybeans used were harvested and collected
from LSU AgCenteros Centr al Research-4Gtati on
Soybeans were ground with a Kitchen mill (Blendtech, Utah) in order to obtain soy flour, and
stored in a freezer a20 C.

Laboratory -Scale Microwave Assisted Oil Etraction

Figure 3.1 presents a schematic of the continuous sy&teommercially avadble,
fully instrumented, batch type microwave systaperating in multimodéETHOS E Microwave

Extraction System, Milestone Inc., Monroe, CT) was modifteadontinuous operation. The set
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up included a 2 L cylindrical TeflShbeaker (SPI Supplies, Weshé&ster, PA) of outer diameter

12 cm and height 21 cm acting as the reaction chamibee center of the microwave

application chamber. Two Tefl8r{poly fluorotetraethylene) tubes of inner diameter of 0.953 cm
(3/80) were i nser tcethk bdakertmsergelas infloneand ootfow eoaduits. i n t
These tubes were connected to flexible PET tubing using quick disconnect fittings to facilitate
dismantling and cleaning. A 3:1 solvent (Absolute Proof Ethanol) to flour ratio reaction mixture
was pumpd into the microwave chamber (into the beaker) at a constant flow rate of 2100 mL/min
using a peristaltic pump (model 7518, GBlarmer Instr. Co, Barrington, IL) and was pumped

out using another peristaltic pump at a higher flow rate (150 mL/ifiig.raio was selected to

prevent settling of the mixturewhile allowing pumping through these tubes (lower solvent
concentration were tested initially but resulted in operational probldims)different inflow and

outflow flow rates helped ensure a continuopsration of the system while maintaining a

constant sample level in the beaker. While the outlet of the Tefltr® connected to the inflow

pump was placed at the bottom of the beaker, the inlet of the second”faber(connected to

the outflow pump) eculd be adjusted so that it was placed at various heights (measured from the
bottom of the beaker) depending on the residence time required. The product to be processed was
microwave heated to 50, 60 and 73°C (monitored with a fiber optic probe and acadignat

controlled by the system) and maintained for various residence times (4 to 20 min, at 4 min
intervals). After processing, the mixture were filtered from the cake through a Whatman filter
paper (0=47 mm) wusing a ,WamasGomressansrapd VacMind e | SR
Pumps, Skokie, IL) and the solvent was evaporated in a vacuum centrifuge evaporator

(CentriVap Console Labconco, Kansas City, Missouri) running for apprd6hburs. The

residual oil for each sample was weighed in order to detertménextraction yield
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Soy oil extraction yield is usually expressed as percent of total oil in the sample
according to oil in product (g)/total oil in feed (g). However, the agricultural literature related to
oil extraction (Bailey, 2005) expresses a#lgs as %oil in initial mass of feedstock. As such,
variations will appear among different crops and even among different harvest of the same
variety depending on the conditions during the growth of the crop. In this work, it is assumed
t hat t hael fotirluec otnottent 0 does not change among t
one obtained with Soxlet methothe formula used for calculating the oil yield was:
%yield =Vms R3 st (Terigar et al., 2009)
where: m- mass of oil after evaporation (g);-Wolume of solverbil mixture (ml); Ri solvent

to flour rato (3:1), r -density of ethanol (0.789 g/cm3).

K > . >
i :l h, fm
fm,, h, i 1
T :
v IJ.‘?’.-.': LR S I
—foef .
P1
B - Batch microwave chamber h; - Fixed height of inlet tube
T - Teflon keaker h, - Adjustable height of outlet tub
P1 - Inflow peristaltic pump fmyp - Unprocessed feed mixture
P, - Outflow peristaltic pump fmp - Processedefed mixture

Figure 3.1. Schematic representation of the laboraoaje continuous
microwave assisted extraction system
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Figure 3.2. Laboratorgcale microwave assisted extrantgystem:
left i batch; righfi continuous.

Conventional Solvent Extraction

The extractions were carried out in a round bottom flask equipped with a water condenser
on a plate heater with a magnetic hase single stage extractiofihe mixture (3:1solvent:soy
flour mix) was heated to the desired extraction temperatures for several minutes (4.05 min for
50°C, 5.25 min for 60°C and 6.35 min for 73°C) prior to being held at constant temperature in
the oil bath to carry the extractions at different gnf@, 4, 8, 12, 16 and 20 min). The mixtures
were stirred constantly using a magnetic stirrer. The extraction temperature was set equal to that
used in the microwave extraction process (i.e., 50, 60 at@).78fter extraction the oil yield
were calculateds described above.

Soxhlet Solvent Etraction

To determine the theoretical maximum yi8ldxhlet extractionvas used, witl20 g of
soy flour and rice bran was weighed into a cellulose thimble (30 mm x 77 mm, Whatman,
Maidstone, UK), and the thimble wpkced in a Soxhlet device. Two hundred milliliters of

hexane and ethanmdspectivelywas used as the extraction solvent and the extraction was
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performed for 10 hours. The temperature in the extraction chamber was approxim#&g!y®G3
when using hexanand 7375°C when using ethanol. After the solvent was removed with a
rotary evaporator, the wght of crude rice bran oil (RB) and soybean oil S&s measured.

Pilot-scale continuous microwavassisted extraction

The process optimum extraction parametdtained from the laboratory scale process
wereutilizedin a pilotscale continuoucusedmicrowavesystemfor soybean and rice bran ol
extraction. The essential components of the design include a feed tank equipped with an
industrial stirrer, a S@&x® progressive cavity pump (BCSB12, Seepex GmbH, Bottrop,
Germany) coupled with a NEMA 1 HP motor (Baldor Electric Company, Fort Smith, AR) and
controlled by a AC Tech MC Series controller to provide flow rates between 0.6 I/min and 6.0
I/min of theprocess mixture, a 5 k915 MHz continuous microwave systemdustrial
Microwave Systems, Morrisville, NGnd an insulated stainless steel holding tank with
sampling ports (Figure 3.3 and 3.4). The oil extraction efficiency of the system was tested for
feedstock:solvent ratio of 1:3 flowing at a rate of 1 and 0.6 I/min. The input microwave power
was adjusted so that the process temperature of the mixture leaving the microwave chamber was
73°C (approximately 4.2 KW for 1 I/min, and 3 KW for 0.6 I/mifihe treated feedstogolvent
mixture once leaving the process chamber of the microwave is allowed to flow into the insulated
holding tank and was constantly stirred at uniform velocity using a stainless steel stirrer. Samples
of the treated mixture wasmoved at different holding ties (6, 10 and 60 min), filtereohd
evaporated for analysis of the oil content, acidity, iodine value, phospholipids and waxes
content, andatty acid methyl esteHAME) composition. Samples were collected in triplicate

for each process condition and feedstock mixture (rice bran or soybean flour in ethanol). After
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each experiment, the entire process line (pumps, feed tank, holding tank, conveying tubes) was

thoroughly cleaned with water and wareparedor the next experimsal run.

Seepex Pump

Figure 3.3. Schematic design of the pilot scale continuous microwave assisted extraction.

Focused
Microwave

Holding
Tank

Figure 3.4. [@sign of the pilot scale continuous microwave assisted extraction.
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Using the system in géhcurrent configuration limits thempeatureto below the boiling
point d the solventHigher temperatures, enhancing the processhbeaccomplished by
applyinghigherpressure, which maintains the solvent in its liquid state beyond its atmospheric
boiling point.

Wax and Phospholipids RRmovd

The phospholipidsvere removed fromsoybean oil by hydration with water. Crude
soybean oil was mixed with 3% water and the mixture was agitated for 30 min at 73°C, with care
being taken to avoid air entrainment. Phospholipids and gums were aftesepadated from
the oil by centrifugation and quantified. For rice bran, a winterizatemaxing method was
used to remove waxes that would normally cause cloudiness in oil when refrigerated. In general,
winterization is a less sophisticated form of digctionation(Hamm and Hamilton, 2000)The
oil was cooled slowly and kept at a low templ(®C) for a minimum of 6 h to allow the wakes
to crystallize. After stailization, the samples were centrifuged for 20 min to help settling the
crystals. The top oil portion was separated and the waxes were calculated by subtraction from the
initial weight.

Determination of Oil Quality

The oil quality was analyzed basedamnid value (AV), iodine value (IV) and fatty acid
methyl ester (FAME) composition. For AV, one gram of oil was titrated with 0.1 N NaOH
solution, while for IV 0.22 g of oil was titrated with 0.1 sodium thiosulfate solution in presence
of carbon tetrachlord e and Wi j 6s solutions (iodine monoc|
according to IUPAC standard methods for analysis of oil andIfaBAC, 1987bjand ASTM

D576802(2006).

38



The fatty acids were esterified and the FAME compositions were determined by gas
chromatography (Varian 456C) coupled with a Varian 2401S lon Trap Mass Spectrometer
(Varian Inc. USA). A Varian FactorFour Capillary column WAXms (30m x 0.25mm i.d., 0.25
pum) was used at 24% with helium at 1 ml/min as carrier gas, a split injector at 270°C with a
split ratio of 1:20, and a detector temperature of 270°C. Components were identified by
comparison to a standard FAME mix (Supelco, Bellefonte, PA).

Statistical Analysis

The experiments were performed in triplicates and the average values of oil extracted and
standard deviations were calculated. Statistical analysis was performed in order to test significant
differences among yields at different temperatures andrptanes. A tweway ANOVA using
Proc Mixed 2 x 5 factorial (version 9.1, SAS Institute, Inc., Cary, N.C.) was used to test
significant differences among temperatures (50, 60 and 73°C) and different extraction times (0,
4, 8,12, 16, 20 min) for the labooay scale extraction and between different flow rates (0.6
I/min and 1 I/min) and holding times (6, 10 and 60 min) for the pilot scale extractioawawo
ANOVA using Proc Multiple comparison tests were performed by using Tukey adjustment to
determine theignificant difference between treatments. All signaifit values were expressed as

pO0. 05 .
Resultsand Discussion

Effect of Temperature on Extracted Oil Yields

Extraction temperatures showed to have a s
oil yield extracted from soybeans and rice bran. For soybean flour, the oil yield ettrei#s
increasing extraction temperature (Figure 3.5A). For each method of extraction used, the

maximum oil amount extracted was at the highest temperature (73°C). At the highest
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temperature (73°C) and longéishe (20 min) investigated, MAE extracted p to 38% moreil
then CE. Considering onlyMAE yields were 17% at 6@ and 30% at 7& greater than those
at 50°C.

For rice bran (Figure 3.5B), ineasing the temperature in th&#I8E from 50 C to 60°C
and 73C resulted in an improvement in oil yield ea¢ted of 14% and 22% respectively. Also, a
significant 8% improvement in oil yield was achieved by increasing the extraction temperature
from 60 C to 73C.

When using CE, an increase of 16% for soybeans and 22% for rice bran in oil yield
occurred whenegmperature increased from ®Dto 73C. The increase in oil yield with the
increase in temperature of extraction is a consequerdecoéassolvent viscosity
(Bhattacharya and Basak, 20@6h d i ncr eas ed mass di ffusion
(Geankoplis, 2003)At the same time, higher extraction temperatures require higher electric
fields and rates of temperature increases. This in turn leadshir digruption of cell walls in
the matrix facilitating extraction of oil molecules and diffusion from the sample matrix into the
solvent.Similarly, Choi et al(Choi et al., 20063howedhat the increase of soluble protein
extracted from soybean was due to an increadarnmage to the cells with prolonged microwave
treatment.

Effect of Extraction Time on Oil Yields

The effect of time of extraction on the oil quantity during the microwave and
conventional methods are presented in Figure 3.5. Extracted oil yields inonetisedtreasing
the microwave extraction time, although, as described above, the temperature used had
significantly affected the oil yield extracted. For soybean (Figure 3.5A), the oil increased with

temperature and time of extraction, however no sigmitichanges in oil extracted took place
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between 12 and 16 min of extraction for 50°C and 60°C, but significantly improved at 20 min for

both temperatures.
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Figure 3.5. Oil extracted different temperatures and extraction times from
A. Soybean and B. Rice bran.
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At 73°C, no difference in oil yield was found between 8, 12 and 16 min, but a marginal
1.3% increaseyét statistically significant)n oil yield took place by increasing tleatraction
time to 20 min. For all extraction temperatures, by increasing the extraction time from 0 min to
20 min, the yield of oiextracted doubled, when usin¢/@E.

For rice bran, the amount of oil extracted also increased with time for all tempsratur
(Figure 3.5B). Significant differences in the amount of oil extracted were accomplished by
increasing the extraction time; however, no further improvement was observed at 73°C after 16
min of extraction.

A comparison between the methods showedttieat were statistically similar oil yield
results when oil was extracted with @E20 min and extracted with CMAE at 0 min, and
CMAE giving better results at 4 min of extraction compared with 20 min CE extraction. These
were expected results as a consgmpe of the increase of contact time between the solid phase
and the liquid phase, allowing for a longer diffusion of the oil content in the solid phase into the
liquid phase. Similar increase in oil yield extracted was reported by other resedldledral.,
2004)who studied the effect of ultrasound and microwave pretreatments in enhaihcing
extraction from soy beans in a batch system indicating a linear increase in oil extraction yield
with increasing microwave pretreatment time (1 and 2 min), while a 0.5 min pretreatment did not
enhanced the yield extracted from the control at zerolHowever these reported times are
much shorter than those used in this study.

Qil Quality A nalysis

Phospholipids and Waxes
Along with oil, compounds like phospholipids and waxes are also extracted from the

matrix. The amount of phospholipids extractedwail from soybeans (Figure 3.6), ranged from
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1.5% to 2.8%n the feedstockvarying with increasing the temperature and time of extraction

and with the amount of oil extracted. Results indicated that the amount of phosgshrenigid
directly proportionato the amount of oil extracted, a maximum amount of phospholipids 2.8%
being extracted at 73°C and 20 min of extraction. This amount was not significantly higher than

the one extracted at 73°C for 16 min and 60°C for 20 min.

3.0
B 50A
C— 60A
251 mmm 73A

OO0
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0.5 A
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0 4 8 12 16 20
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Figure 3.6. Soybean oil phospholipids extracted at different temperatures and extraction times.

Rice bran oil had an amount of waxasging from1.5to 6.6%, with the higher value for
73°C at 20 min of extraction (Figure 3.7). Similar to soyb@imo significant differences were
noticed between 16 and 20 min extraction time at 73°C, and between 12 and 16 min of extraction

at 50°C.
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Figure 3.7. Rice bran oil waxes extracted at different temperatures aactiexttimes.

Effect of Extraction Methodon Qil Yield
The efficiency of ®MAE was compared to the efficiency obtained by conventional
extraction carried out with ethanol, and standard Soxhlet extraction carried out with both n
hexane and ethanol. Thesudts (Figure 3.8), showing the maximum percentage of oil extracted
by each method, indicated tliae methods of extractidmve significant influence ohe oil
yield. In case of soybean oil, a maximum of 18.9% oil was extra®t&ith Soxhlet method, no
significant difference (pO0.05) weexanessser ved
extraction agent. The oil yield extracted by Sexmhethod was 25% higher thaM&E and
50% more than conventional extraction (CE), whileghmunt of oil extraed with QVMAE was

38% higher that CESimilar for rice bran oil extraction (Figure 3.8), Soxhlet method using
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ethanol extracted 20% of oil, compared to Sekmethod using-4mexane and MAE were the
extraction yields were no significantly different betwelem, extracting up to 16% oll.

Although Soxhlet extraction has higher oil yields compareddmther methodsts
disadvantages (solvent:flour/bran ratios, long operation time) make it unsuitable for industrial
scale extraobn. From this point of vaw, QVIAE could be a more convenient method for oll
extraction, with significantly higher amounts of yields compared withICEe conventional
extraction heat is transferred through convection and conduction from the surface, with
corresponding limitatins on heat and mass diffusion rates. On the contrary, microwave causes
direct generation of heat within the boelyth important consequences on chemical reactiuh
heating kinetics, and ceMall membrane structure. As a result, the solutes withinaive
material move or partition into the solvent phase and diffusésetérof the solid matrix and out

of the particulate bulk.
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Figure 3.8. Maximum yields in different extraction methods.
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Acid and lodine Value

The aad and iodine value of soybean oil are presented in Figure 3.AVecreased
from 0.03 t00.05,with increasing temperatussmdextraction time. The values are significantly
different between the oil extracted at 80and 73C. However, no differencesulted in the AV
of oil extracted between 0 and 16 min at@@nd 73C, with the AV slightly increasing when
extraction time of 20 min was used. Extracted oil from rice bran showed similar increase in AV
between the extraction temperatures and time (€iguL0). No significant change was observed
between the values extracted after 4 min a€58nd 60C, however changes resulted with
increasing the temperature at €3 and also with extraction time. The maximum value of 0.11%
oleic acid was recorded ditet highest temperature and time of extraction, value that exceeds the
maximum value accepted for rice bran oil by AST0/6%) The explanation for this high
value could be attributed to the fact that the rice bran used for this study had not beeadstabiliz
after milling, and even a short period (one week) of storage in the freezer affected the acidity
since the lipase present in the rice bran was not inactivated. Studies reflecting this issue are
available in literaturéNarayana et al., 2002; Ramezanzadeh et al., 1999)

The degree of saturatigaresent in the oik given by the IMBailey, 2005) Soybearoil
did not undergo noticeable changes in IV when increasing the temperature of extraction from
60 C to 73C at any time of extraction, but showed a significantly higher value in comparison
with extraction at 50C, increasing from 100 to 140 e¢ld (Figue 3.9). lodine value for rice bran
oil (Figure 3.10), increased with increasing temperature and time of extraction.G\trg0IV
linearly increased with time of extraction, at 60no change was observed after 12 min of

extraction, while at 72 no chages in IV occurred after 8 min extractidks the final purpose
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of this work is to produce biodiesehgse results indicate that this extraction method produces

oil suitable for baseatalyzed transesterificatidthe standard method used in industry)
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Figure 3.9. Soybean oil Acid and lodine value at different temperatures and extraction times.
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Figure 3.10. Rice bran oil Acid and lodine value at different temperatures and extliaction
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Fatty Acid Composition

The fatty acid composition of all samples was found to be typical for the type of oil
declaredTable 3.1) Within each type of vegetable oil, only minor variations in fatty acid
composition were foundSince no significantitferences in composition were observed between
the extractions times at all temperatures, the average FFA values for eaclatera@ee
presentedAlthough no major changes took place between the samples extracted at different
times wthin the same tengpatureschanges in composition were observed between the different
extraction temperatures.

The most significant changes in FFA in soybean oil took place for palmitic, linolenic and
arachidic acid. The amount of palmitic acid increased from 7 to 1266 wcreasing
temperature of extraction from 50°C to 73°C. One of the reasons for this increase with
temperature could be the melting point of the palmitic acid, which is above 60°C (63°C), an
extraction at 73°C facilitating the state condition of thiel & the matrix, making it less viscous
in the matrix and thereforasier to be extracte@orrespondinglyiholenic and arachidic acids
decreased their concentration as the extraction temperature was increased. The saturation level of
the soybean oil ireased with the temperature about 24%, reducing the unsaturation level of the
oil, mainly because of the changes in palmitic acid.

FFA composition of rice bran oil (Table 3.1) had a significanhgkan oleic and linoleic
acid concentration, which decssalapproximately 3%wvhentemperaturehangedrom 50 to

73 C. Other components of the oil did not have a significhlaingen values.
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Table 3.1. Free fatty acid composition of soybean and rice bran ofl ¢#extracteq.

Palmitic (16:0)
Stearic (18:0)
Oleic (18:1)
Linoleic (18:2)
Linolenic (18:3)
Arachidic (20:0)
Behenic (22:0)
Total saturated

Soy bean oil

Rice bran o

50°C 60°C 73°C

50°C 60°C 73°C

7.18+x1.66 11.21+0.83 12.04+£1.54
1.57£0.05 1.57+0.03 1.53%0.19
14.90+£0.68 14.88+0.64 15.06+1.33
59.22+1.26 60£0.88 61.17+£0.62
15.07£0.32 10.99+0.48 9.57+0.70
2.08+1.23 1.08+0.26 0.81+0.25
Tr Tr Tr
10.82+1.72 13.86+0.98 14.37+1.09

Total unsaturatec 89.20+1.69 86.15+0.98 85.81+1.16

12.87+0.30 12.70+0.61 13.00+0.48
1.29+0.30 1.39+0.29 1.20+0.13
39.37+0.81 36.97+0.75 36.02+1.82
43.59+0.70 45.36+0.85 46.27+2.28
1.53+0.21 1.93+0.16 1.74+0.33
1.36+0.23 1.57+0.14 1.65+0.88
0.29+0.26 0.30+0.10 0.20+0.24
15.81+0.50 15.96+0.79 16.06+1.01
84.49+0.80 84.27+0.81 84.03+1.08

Tri Tr ace

Energy Balance

In the case of materials containing a large number of polar molecules and ions, such as

the ones used in these extraction processes, the efficiency of conversion form electrical energy

( 00. 2 %)

into heat is extremely high, approaching unity. The alexbdmergy will tanslate into a

temperature chamgaccording to the following equation:

P =3 Cp3 DT

Where:Pi power (W);m1 mass flow rate (Kg/s) for a continuous system;

Cp 1 specific heat of the material (KJ/Kg-K);

&l 1 temperature change from initial conditions.

The calculations approximating the energy consumption per gram of oil extracted are

detailed as follows:
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r# =100ml/ min =80g/min =0.0013Kg / s
CPeoypeanseon = (0.25% 2.25KJ / Kg (K) +(0.753 2.47KJ / Kg (K) = 2.41KJ / Kg K
CP.ceprameon = (0253 2.17KJ / Kg K) +(0.753 2.47KJ / Kg (K) = 2.39KJ / Kg X

P, oypeanseion = 0-0013Kg /83 2.41KJ / Kg K 3 (346- 296)K = (0.156KJ /) /(0.33g / §) =

= 0.468KJ / g2 0.16 = 2.92KJ / g (il
P om0y = 0.0013Kg /53 2.39KJ / Kg €K 3 (346- 296)K = (0.155KJ /s)/(0.33g/s) =

r

0.465KJ / g2 0.16 = 2.90KJ / g (bil

We note here that specific energy consumption can be reduced by inctbasing

concentration of the solids into the mixture.
Scaleup Studies

Effect of Flow Rate on Oil Yields

Extraction efficieng at the pilot scale level was measuat®.6 and 1 I/min flow rate.
An average of 18.6% of soybean oil was extracted (Fig. 3.1At&jgher flow rate (1 I/min),
lesser oil was extracted compared with the yields at 0.6 I/min, although no stétistgaficant
difference (p>0.05) was found between the yields. For rice bran extraction, increasing the flow
rate from 0.6 to 1 I/minetreased the yields in small, but significant qitigs (p<0.05) (Figure
3.11B);yield as high as 19.5%ere extracted with this system

Since the extraction temperature did not change (73°C) it is likely to have small
differences between the extractedlgs at the different flow rates used. At a higher flow rate (1
I/min) the power level used to athe extraction temperature is higher @.5 kW) than the
one used for 0.6 I/min (83.3 kW). In this way, more energy is sent to the sample and tnet eff

of the flow rate is diminished.
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Figure 3.11. Oil extracted at different flow rates and extraction times from
A. Soybean and B. Rice bran.
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Effect of Extraction Time on Extracted Qil Yields

The dfect of the extraction time otie oil yielddepend®n thefeed materialsFor
soybeans, a linear increase in oil yield was observed as the extraction time increased from 6 to 10
and 60 min (Figure 3.11 A). Although there was a 0.1% increase in yields between the extraction
times, the yields were fmd not to be statistidglsignificant

Yields of oil extracted from rice bran increased as extraction time increased (Figure 3.11
B). A statistical significant difference was found between 10 and 60 min of extraction, with 1%
increase in oil yield wheansing 0.6 I/min and 0.9% when usindfrhin. No difference was found
between 6 and 10 min of extraction.

Scanning electron microscopy (SEMAas used tobservahe damageat the micro
structural level in soybean and rice bran cells. Minrophotographsra presented for tharee
extraction times studieahd compared to the untreated material (coniindfigure 3.12At the
cellular level, a difference between the structural damage can be observed between the control
and the treated samples for both seafand rice bran, at all extractizeatments studied.d\
major difference imicrostructue can be observed between the extraction treatments. Only
smalldifferences at the cell structure level can be observed as the treatment increagetofro
10 and60 min extraction, whickwvould explain the small differences in the oil yields extracted.

Since no major differences in cell disruption occurs between the treatments, it is shown
that the only influence in the yields extracted could be the extraatnen &lthough, as we
presented earlier, this déifences could be insignificaintsome cases. The influence of
diffusivity is usually direct proportional with the cell disrupti@s, the liquid is more easily

drawn through the cells, increasing the extrantrate.
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Figure 3.12Scanning Electron Micrograph of microwave treated soybean (left column)
and rice bran (right column) for 6, 10 and 60 min.

53



In our case, since the cell disruptions stiewto besimilar, the diffusivitiedetween the
different extration times tendo be constantyith a resuliof only small changes in extracted oil
yields.

Oil Quality A nalysis

Phospholipids and waxes

The amount of phospholipids in soybean oil varied between ar##2.2% at 1 I/min,
and between 2.1% and 2.3% for 0.6 I/min respectively (Figdi®.3Significant differences
(p<0.05) in phospholipidsontentwere foundamongthe exposures times performed at 1 I/min.
No significant differences were found betweenghespholipids extracted at different flow rates

at the same extraction times.

B1|/min 0.6 l/min

w
o
o

N
a1
o

Soybean oil phospholipid content (%)

.10 .
Reaction time (min)

Figure 3.13 Soybean oil phospholipids extracted at different flow rates and extraction times.
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Figure 3.14 Rice bran oil waxes extracted at different flow rates and aitraiimes.

Concentrations of axes fromrice bran oil showed to be directly proportiotmthe
amount of oil extracté The highest amount of waxegre extracted at 60 min extten and
0.6 I/min flow rate Significant differences were fourad varous extraction times at botthow
rates studied (Figure 3.L8Both soybean and rice bran oil meet the ASTM specifications for
phospholipid and wax yields content.
Acid and lodine Value

Both soybean and rice bran oil showed good quality propertiesiinega\V and IV.
Both oils did nothavesignificant changes in AWithin the range ofthe parameters used (Table
3.2).lodine value showed a slightly increasingnd among extraction times with significant

differences between the valueBhese results indate that thiscale upextraction methodlso
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produces oil suitable for basatalyzed transesterification into biodiesel without any

pretreatment needed.

Table 3.2. Acid and iodine value of soybean and rice bran for different flow rates and extraction

times (%).
Elow rate Extractipn time Soy bean oil Rice bran oll
(min) AV \Y AV \
5 0.030.00 1221.35 0.030.00 116°2.56
0.6 I/min 10 0.030.00 126°2.33 0.030.01 1171.23
60 0.0#0.01 131°1.45 0.040.00 1221.09
5 0.030.01 112.85 0.030.01 115°1.93
1 I/min 10 0.030.00 1231.46 0.030.01 1170.56
60 0.04#0.00 1252.67 0.040.00 120°1.78

Fatty Acid Composition

Similarly to the laboratory scale resultsetfatty acid composition of all samples was

found to be typsal for the typeof oil extracted Within each type of vegetable oil, only minor

variations in fatty acid composition were found. No significant differences were found for

soybean oil between the extractions times studied at both flow rates used (Table 3.3). Similar for

rice bran oil, minor and insignificant (P>0.05) changes occurred at the composition level

between the parameters studied (Table 3.4). Both oil meet the ASTM fatty composition

requirements for each type of oil extracted.

Table 3.3. Free fatty acid compositiof soybean oil (%).

0.6 I/min

1 I/min

6 min 10 min

60 min

6 min

10 min

60 min

Palmitic (16:0)
Stearic (18:0)
Oleic (18:1)
Linoleic (18:2)
Linolenic (18:3)

4.60+1.27 5.32+0.25 5.55+0.16
2.57+£0.27 2.62+0.08 2.93+0.09
1211+0.10 12.79+0.17 12.07+0.46
60.06+1.50 59.68+0.22 59.92+0.78
17.64+0.61 16.61+0.40 17.07+0.12

5.22+0.16 4.31+0.67 5.24+0.02
2.64+0.11 2.31+0.07 2.64+0.13
13.07+0.12 12.29+0.92 13.03+0.69
59.17+0.48 60.65+0.67 59.10+2.12
16.92+0.49 17.11+0.40 16.85+0.48

Arachidic (20:0) 3.12:0.36 3.03+0.95 3.05+0.57 3.01+0.16 3.34+0.45 3.15+3.40
Behenic (22:0) Tr Tr Tr Tr Tr Tr
TriTrace (00. 2 %) .
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Table 3.4. Free fatty acid composition of rice bran oil (%).

0.6 I/min 1 I/min
6 min 10 min 60 min 6 min 10 min 60 min

Palmitic (16:0) 10.88+0.37 10.89+0.31 12.05+0.72  10.54+0.69 11.13+0.99 11.16+0.79
Stearic (18:0) 3.04+0.67 3.27+0.84 3.67+0.29 1.51+0.06 2.14+0.50 2.57+0.24
Oleic (18:1) 33.95+1.06 33.85+0.13 33.23+0.52  35.52+0.33 33.06+0.72 32.86+0.20
Linoleic (18:2) 43.88+1.10 44.011.38 42.78+0.66  45.87+0.77 45.84+0.31 45.96+0.29
Linolenic (18:3) 3.29+0.23 2.83+0.48 4.13+0.92 2.28+0.31 3.23+0.47 3.14+1.10
Arachidic (20:0) 4.97+0.89 4.01+0.47 4.14+0.35 4.27+0.57 4.12+0.47 4.29+0.39
Behenic (22:0) Tr Tr Tr Tr Tr Tr

Tri Trace( O0 . 2 %) .
Conclusions

A continuous microwave assisted extraction method was developed in order to
investigate soybean and rice bran oil extraction. A batch type microwave was modified to allow
continuous processing of a 3:1 ratio solvent:feedstock migfuseveral reaction time®il
extraction yields and qualifyarametersvere measured. Results indicated that oil extraction was
temperature and time dependent. Extraction of soybean oil was found to reach a maximum value
at the highest temperature anddest time exposure, while for rice bran oil maximum oil
extracted took place at 73°C and 16 min of exposure with no improvement at higher exposure
times. Analysis of the oils showed a high quality extraction, with characteristics suitable for
commercializéion and biodiesel production. Results obtained indicated that the system
performance was better than traditional oil bath extraction process at the same réisigence
with the advantage of speed.

A continuous method was developed for pilot scale miex@assisted extraction of oil
from soybeans and rice bran. Parameters studied were extraceoanthilow rate. As the
extractiontime and temperaturimcreased so did the extraction effect, resulting in higher yields

of oil, however with no significantmprovement fothe quality of thevil. In the case of CFMAE,
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the parameters affected only the rice bran oil yield, with no significant difference in the amount
of soybean oil extractettigher yields were extracted (3.8%¢creasdor soybean and 3.7%
increasdor rice bran) compared witihe laboratory scaleontinuous microwavassisted solvent

extraction, without affecting the oil quality, which meet the ASTM oil quality requirements.
References

Bailey, A.E. (2005)Bailey's industial oil & fat products, Hoboken, N.J. : John Wiley & Sons:
John Wiley & Sons.

Baxendale, I.R., Hayward, J.J. and Ley, S.V. (2007). Microwave reactions under continuous
flow conditions.Combinatorial Chemistry & High Throughput Screeniwg]. 10, No.
10, pp. 802836.

Bhattacharya, M. and Basak, T. (2006). On the analysis of microwave power and heating
characteristics for food processing: Asymptotes and resondrams Research
International,Vol. 39, No. 1Qpp. 10461057.

Boldor, D., Balasubramam, S., Purohit, S. and Rusch, K.A. (2008). Design and
implementation of a continuous microwave heating system for ballast water treatment.
Environmental Science & Technolodgl. 42, No. 11 pp. 41214127.

Choi, I., Choi, S.J., Chun, J.K. and MoonWI. (2006). Extraction yield of soluble protein and
microstructure of soybean affected by microwave healdiogrnal of Food Processing
and Preservationyol. 30, No. 4 pp. 407419.

Coronel, P., Simunovic, J., Sandeep, K.P., Cartwright, G.D. and KE@008). Sterilization
solutions for aseptic processing using a continuous flow microwave sykiamal of
Food Engineeringyol. 85, No. 4 pp. 528536.

Duvernay, W.H., Assad, J.M., Sabliov, C.M., Lima, M. and Xu, Z. (2005). Microwave
Extractionof Antioxidant Components from Rice BrdPharmaceutical Engineering,
Vol. 25, No. 4 pp. 126130.

Erickson, R.D., Pryde, H.E., Brekke, L.O., Mounts, L.T. and Falb, A.R. (18&4)dbook of soy
oil processing and utilizationChampain, IL: American OiChemists' Society, p. 598.

Eskilsson, C.S. and Bjorklund, E. (2000). Analytisaéle microwawassisted extraction.
Journal of Chromatography A/ol. 902, No. 1pp. 227250.

Gandhi, A.P., Joshi, K.C., Jha, K., Parihar, V.S., Srivastav, D.C., Raghunadawalkar, J.,
Jain, S.K. and Tripathi, R.N. (2003). Studies on alternative solvents for the extraction of

58



oil soybeanInternational Journal of Food Science and Technolapt, 38, No. 3 pp.
369 375.

Geankoplis, C.J. (2003)ransport Processs and Separation Process Principlgih edn)
Upper Saddle River, NJ: Prentice Hall Professional Technical Reference.

Giese, J. (1992). ADVANCES IN MICROWAVE FOGPROCESSINGFood Technology,
Vol. 46, No. 9 pp. 118123.

Guo, Z.K., Jin, Q.H., Fan, @., Duan, Y.P., Qin, C. and Wen, M.J. (2001). Microwassisted
extraction of effective constituents from a Chinese herbal medicine Radix puerariae.
Analytica Chimica Actayol. 436, No. 1pp. 4%47.

Hamm, W. and Hamilton, J.R. (200@®dible oil proessing,Boca Raton, FL: CRC Press LLC,
p. 281.

Hong, N., Yaylayan, V.A., Raghavan, G.S.V., Pare, J.R.J. and Belanger, J.M.R. (2001).
Microwaveassisted extraction of phenolic compounds from grape Bkddral Product
Letters,Vol. 15, No. 3 pp. 197204.

IUPAC (1987). Standard Methods for the Analysis of Oils, Fats and Derivatitle€dition
edn.: Blackwell Scientific Publications.

Johnson, L.A. and Lusas, E.W. (1983). Comparison of alternative solvents for oils extraction.
Journal of the Amecan Oil Chemists Societypl. 60, No. 2 pp. 229242.

Kiss, G.A.C., Forgacs, E., Cserhati, T., Mota, T., Morais, H. and Ramos, A. (2000). Optimisation
of the microwaveassisted extraction of pigments from paprika (Capsicum annuum L.)
powdersJournal d Chromatography Ayol. 889, No. 12, pp. 4%49.

Kumar, P., Coronel, P., Truong, V.D., Simunovic, J., Swartzel, K.R., Sandeep, K.P. and
Cartwright, G. (2008). Overcoming issues associated with the-gpaléa continuous
flow microwave system for asep processing of vegetable pureEsod Research
International,Vol. 41, No. 5 pp. 454461.

Lakkakula, N.R., Lima, M. and Walker, T. (2004). Rice bran stabilization and rice bran oill
extraction using ohmic heatinBioresource Technologyol. 92, No.2, pp. 157161.

Letellier, M. and Budzinski, H. (1999). Microwave assisted extraction of organic compounds.
Analusis,Vol. 27, No. 3 pp. 259271.

Li, H., Pordesimo, L.O., Weiss, J. and Wilhelm, L.R. (2004). Microwave and ultrasound assisted
extraction of soybean oilTransactions of the Asa¥pl. 47, No. 4 pp. 11871194.

Liu, R., Zhang, K. and Cui, Q. (2003). Study on extraction of pumpkin seed oil by supercritical
CO2.Food & Fermentation Industrie¥/ol. 29, No. 1 pp. 29 (1) 6165.

59



LuqueGarci, J.L. and de Castro, L. (2003). Ultrasound: a powerful tool for leachiag.
Trends in Analytical Chemistryjol. 22, No. 1 pp. 4147.

LuqueGarcia, J.L. and de Castro, M.D.L. (2004). Ultrascassisted Soxhlet extraction: an
expeditive approactof solid sample treatmenpplication to the extraction of total fat
from oleaginous seeddournal of Chromatography A/ol. 1034, No. 12, pp. 237242.

Lusas, E.W., Watkins, L.R. and Koseoglu, S.S. (1991). Isopropyl alcohol to be tested as solvent.
INFORM,Vol. 2, No. 11 pp. 970, 972973, 976.

Narayana, T., Kaimal, B., Vali, S.R., Surya, B.V., Rao, K., Chakrabarti, P.P., Vijayalakshmi, P.,
Kale, V., Narayana, K., Rani, P., Rajamma, O., Bhaskar, P.S. and Rao, T.C. (2002).
Origin of problems encouered in rice bran oil processinguropean Journal of Lipid
Science and Technologyol. 104, No. 4pp. 203211.

Nelson, S.0. (1994). Measurement of microwave dielectric properties of particulate materials.
Journal of Food Engineering/ol. 21, No. 3 pp. 365384.

Nuchter, M., Ondruschka, B., Bonrath, W. and Gum, A. (2004). Microwave assisted synéhesis
critical technology overviewGreen Chemistryyol. 6, No. 3 pp. 128141.

Nur, .M. (1976). Comparing the laboratory press and Soxhlet extnacigthods for
determining oil content of some dikaring seedgournal of the Association for the
Advancement of Agricultural Sciences in Afrival. 3, No. 1 pp. 4650.

Pan, X.J., Niu, G.G. and Liu, H.Z. (2003). Microwaassisted extraction of t@@lyphenols and
tea caffeine from green tea leav€demical Engineering and Processivgpl. 42, No. 2
pp. 129133.

Pare, J.R.J., Belanger, J.M.R. and Stafford, S.S. (1994). MICROWASESTED PROCESS
(MAP(TM)) - ANEW TOOL FOR THE ANALYTICAL LABORATORY. Trac-Trends
in Analytical Chemistryyol. 13, No. 4 pp. 176184.

PerezSerradilla, J.A., Ortiz, M.C., Sarabia, L. and de Castro, M.D.L. (2007). Focused
microwaveassisted Soxhlet extraction of acorn oil for determination of the fatty acid
profile by GGMS. Comparison with conventional and standard methaslytical and
Bioanalytical Chemistryyol. 388, No. 2pp. 451462.

Ramezanzadeh, F.M., Rao, R.M., Windhauser, M., Prinyawiwatkul, W. and Marshall, W.E.
(1999). Prevention of oxidative reidity in rice bran during storag@ournal of
Agricultural and Food Chemistry/ol. 47, No. 8 pp. 29973000.

Rostagno, M.A., Palma, M. and Barroso, C.G. (20Migrowave assisted extraction of soy
isoflavonesAnalytica Chimica Actayol. 588, No. 2pp. 274282.

60



Sabliov, C.M., Boldor, D., Coronel, P. and Sanders, T.H. (2008). Continuous microwave
processing of peanut beveragésurnal of Food Processing and Preservativo]. 32,
No. 6 pp. 935945.

Salgin, U., Doker, O. and Calimli, A. (200@xtraction of sunflower oil with supercritical CO2:
Experiments and modelingournal of Supercritical Fluidsyol. 38, No. 3 pp. 326331.

Salvi, D.A., D. Boldor, C.M. Sabliov and K.A. Rusch (2007). Numerical and Experimental
Analysis of Continuous Miowave Heating of Ballast Water as Preventive Treatment for
Introduction of Invasive Specied. Marine Environmental Engineed.

Spigno, G. and de Faveri, D.M. (2009). Microwaassisted extraction of tea phenols: a
phenomenological studyournal ofFood Engineeringyol. 93, No. 2 pp. 93 (2) 210
217.

Terigar, B.G., Balasubramanian, S., Boldor, D., Xu, Z., Lima, M. and Sabliov, C.M. (2009).
Continuous microwavassisted isoflavone extraction systdesign and performance
evaluationBioresource €chnologypp. submited for publication.

Virot, M., Tomao, V., Colnagui, G., Visinoni, F. and Chemat, F. (2007). New micrewave
integrated Soxhlet extraction an advantageous tool for the extraction of lipids from food
productsJournal of Chromatographx, Vol. 1174, No. 12, pp. 138144.

Zigoneanu, I.G., Wilhams, L., Xu, Z. and Sabliov, C.M. (2008). Determination of antioxidant

components in rice bran oil extracted by microwaseisted metho@®ioresource
TechnologyVol. 99, No. 11pp. 49164918.

61



CHAPTER 4

TRANSESTERIFICATI ON OF SOYBEAN AND RICE BRAN OIL
WITH ETHANOL IN A CONTINUOUS -FLOW
MICROWAVE -ASSISTED SYSTEM

Introduction

Alternative fuels for diesel engines are becoming increasingly important due to
diminishing petroleum reservesdithe environmental consequences of exhaust gases from
petroleurmfueled engines. Biodiesel, a renewable fuel comprised of ratkyb (methyl or ethyl)
esters of long chain fatty acids from plant oils or animal fats, plays a very important role as an
altemative to conventional petroleum dieféla and Hanna, 1999\Vorldwide, there is an
increasing interest in biodiesel as a renewable transportatioandidllending agent, with high
potential to displace petroleum diesel, to lower net global warming gas emissions from
transportation sector, and to reduce carcinogenic particulate matter emi¥sioriderpen,

2005) Seeds of high oil content, such as sunflower, rapeseed and soybean seeds, have gained
much attention lately as renewable energy sources both because of their relatively high yield and
widespead production.

The interest in the use of renewable fuel started with the direct use of vegetable oils as a
substitute for diesel. Using oils as a fuel has some advantages as (1) it is portable, (2) has high
heat content (>80% of diesel fuel), (3) iteadily available and (4) it is renewable. However,
their direct use in compression ignition engines was restricted due to high viscosity which
resulted in poor fuel atomization, incomplete combustion and carbon deposition on the injector
and the valve séscausing serious engifmuling (Altin et al., 2001) Other constraints of the
direct application of vegetable oil were its low volatilitpntent ofpolyunsaturated character

and oil deterioration.
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To overcome these constrains, processes like pyrolysis (thermal crackinyefétable
oil) (Demirbas, 2008¢)micro-emulsification in diesel fugLin and Lin, 2007, and dilution
(Awang andMay, 2008)have been developed. A fourth one, transesterification, is doubtless the
most commonly employe@/an Gerpen, 2005With pyrolysis, resultig products had positive
characteristics such as low visdgshigh cetane number, acceptahfeountsof sulphur, water
and sediments and acceptati@per corrosion values, but unacceptable in the terms of their ash
contents, carbon residue, and pour iSimilarly, micree mul si on | ower ed t he ¢
but resulted in irregular injector needle sticking, heavy carbon deposits, and incomplete
combustion during the tests.

Transesterification (also called alcoholysis) is the chemical reaction bbada
(triglycerides) with an alcohol in the presence of a catalystrio &sters and glycerol (Figure
4.1). Because the reaction is reversible, excess alcohol is used to shift the equilibrium to the
products side. Alcohols are primary and secondargahydric aliphatic alcohols having8l
carbon atom¢Fukudaet al., 2001) Among the suitable alcohols that can be used in the
transesterification process, methanol and ethanol are utilized most frequently, especially
methanol because of its low cost and its physical and chemical advantages (polar and shortest
chan alcohol). Ehanol, also used @ extraction solvent, is preferable to methanol because of
its much superior solubility for gitesulting ethyl estensith increased heat content and cetane
number, lower cloud point, and the characteristicsadretrely renewable, agricultural based
feedstock for biodies€Demirbas, 2008b)

There are four basic routes to produce biclibg transesterification of vegetable oil and

fats, namely, (i) basedatalyzed transesterification, (i) aetdtalyzed transesterification, (iii)
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enzymatic transesterification, and (iv) ncatalytic transesterification using methanol or

methanol as cgolvent(Demirbas, 2009)

CH, i OOCi Ry Catalyst R;i OOCi R° CH,i OH

| + |

lCH'l' OOCi R, + 3ROH : R,T OOCi R®° + (|3H'|' OH

CH,1 OOCT R3 R;i OOCi R CHyi OH

Vegetable oil Alcohol Esters Glycerol
(lipids) (Biodiesel)

Figure. 4.1. Transesterification efglycerides with alcohol

These methods depenthinly upon the quality of oil used. The baseatalyzed
transesterificationwith KOH or NaOH) is the more commercially used process mainly because
the reaction can take place at relatively low temperat6@€ or 70C) and pressure (1 atm),
high conversion yields can be obtain (98%), and involves direct conversion with no intermediate
steps. Also transesterification occurs at faster rate in the presence of alkaline catalyst than in the
presence of the saamount of acid catalyé$rivastava and Prasad, 2000)

Stoichiometrically, three moles of aleol are required for each mole of triglyceride to
complete the transesterification process, but in general a higher molar ratio is needed for
maximum ester production and reaction stability, depending upon the type of feedstock, amount
of catalyst and teperaturg Fukuda et al., 2001)t consists of a humber obosecutive,
reversible reaction&Schwab et al., 198qJFigure. 4.2), triglycerides being converted in glycerol
in a three step reaction. In each step an ester is formed, thus three esters are obtained from one

tryglicerides molecule.
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Triglyceride (Tﬁ_Kr_>+ R6 OH 1
k

. . K .

Diglyceride (DG)a RM®OmMHogl yceri de ,( MG) + ROCO
Kk
K

Monogl yceride (—MuG'k) + ROOH 3

Figure. 4.2. The transesterification reactions of vegetable oil with alcohol to esters and glycerol.

A major obstaclén the commercialization of biodiesel, in comparison to petroleum
based diesel fuel, is its high cost of manufacturing, feedstock cost, plant size, and low value of
glycerine byproductDuffield, 2007) Invariably, on all aspects of feedstock, research has been
performed on a wide range of biomass in order to decrease the biodiesel costs. During the last
years there have been few attempts to produce biodiesel by different methods from sdly bean o
(Zhou and Boocock, 2006)apeseed o{Jeong and Park, 20Q&anola oil(Kulkarni et al.,

2006) rice bran oilEinloft et al., 2008)sunflower oil(Georgogianni et al., 2008)umpkin oil
(Schinas et al., 2009coconut and palm ofKansedo et al., 2009¢astor oil(Da Silva et al.

2006) waste cooking oifAl-Widyan et al., 200R animal fatDemirbas, 2008¢)and algae oil
(Chisti, 2007) Of the noredible oils mostly used ianattemp to reduce the cost of biodiesel we
mention those with higher free fatty acids (FFA) contents such as rubber, jatropha, karanja,
tobacco, et¢(Patil and Deng, 2009)

A relatively new research area investigates the production of biodiesel using controlled
microwave heating for accelerating synthetic organic transformations. Using a mierowav
apparatus, it is possible to perform reactions more efficiently, with short separation and reaction
times, reducing the quantity of {products, all with reduced energy consumpfidernando et

al., 2007)
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Several microwee assisted transesterificatiorethods from diffeent oil based crops
have been published in the literat@ecan and Danisman, 2008; Breccia et al., 1999; Hernando
et al., 2007; Mazzocchia et al., 2004; Perin et al., 2008; Zu et al.,. 70@)esults showeddh
only the efficiency of microwave treatment but also the benefit of using base catalyzed
transesterification instead of acid catalyst transesterification. Using the same temperatures used
in conventional transesterification, the reactions took placenesases in less thembnutes
using microwave heating when compared to traditional heating method.

While manypublications focus on the use of sealed vessels using microwave heating, it is
also possible to use an opesssel system with the same miceme unit(Leadbeater et al.,

2008) This gives the advantage to perform the reactartinuouslyand study the process at
higher scale. Using this procedure, a 98 % conversion to biodiesel was achieved in 1 minute
(Barnard et al., 2007again showing the efiency of using microwave heating for the
transesterification reaction.

The efficiency of the microwavassisted transesterification stems from the unique
dielectric properties of the mixtures of polar and ionic components of vegetable oil, solvent, and
the catalysts. Rapid and efficient heating observed upon microwave irradiation, mostly because
themicrowaves waves interaafth the sample on a molecular level, generating inter molecular
mixing and agitation which increasthe chances of an alcohol reolle to encounter an oil
molecule.

The objective of this study was to investigate the continuous transesterification process
with ethanol assisted by microwave heating of soybean and rice bran oils at tsegeta
temperatures (50 and Q) in a fullyinstrumented and controllentinuous batch microwave

reactor aseveral reaction times (1, 5 and 10 min).
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Materials and Methods

Materials

The vegetable oils used in this study were soybean (SB) and rice bran (RB) oils. Soybean
oil was purchased fromlacal grocery store, while rice bran oil was purchased tamest
Foods (San Bruno, CA). The solvent, 200 proof, ACS/US Grade ethanol was purchased from
PhamcoAAPER, while all chemicals sodium hydroxide flakes, potassium hydroxide and
Hydrochloric Acd were supplied from Fisher Scientific (US). Standards of fatty acids ethyl
esters (FAEE) were purchased from Sigma Aldrich.

Transesterification Reaction

Before the reactioflaOH catalyst0.6% (by weight of oil) was dissolved iethanol by
stirring ina small reactor. The oil was transferred into the biodiesel feed tank reactor and then
the catalyst/alcohol mixture was added into the oil. The final mixture was vigorously stirred for
approximately ¥z h.

The microwave reactions were conducted using ancarcially available, fully
instrumented, batch type microwave system (ETHOS E Microwave Extraction System,
Milestone Inc., Monroe, CT) which was modifita continuousoperation.The detailed reaction
description of the system is described in Chaptér 3.1 (stoichiometric ratio)
solvent (Absolute Proof Ethanol) to oil ratio reaction migtwas pumped into the microwave
chamber (into the beaker) at a constant flow rate of 100 mladndwas heated at 50 and 73°C,
with residence times of 1, 5 and 10 min, monitored with a fiber optic probe and automatically
controlled by the system, using thenerated microwaves. A magnetic stirrer maintained the

agitation.
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After comgetion, the biodiesel mixture was quenched with 1 M HydrochlAdil in
order to stop the reaction, and the crude glycerin was separated gravitationally for 20 h (phase
separéion was observed within 10 njirAfter settling was complete, the biodiesel was separated
from the glycerin, and carefullyashed with water (6% v/v) ithree steps until the ester layer
was clear. The samples were than centrifuged in a vacuum cengvfagerator (CentriVap
Console Labconco, Kansas City, Missouri) running for apprdxhdurs in order to evaporate
the excess ethanol.

Quality Analysis

The products were analyzed in terms of cloud point (ASTM D 2500), flash point (ASTM
D 93), kinematic visosity at 40C (ASTM D 445), acid number (ASTM D 974), oxidation
stability index (OSI) (EN 14112), free and total glycerin (ASTM D 6584) and free fatty acid
composition, using their respective ASTM and EN standard procedures.

The fatty acid ethyl estelompositions were determined by gas chromatography (Varian
450-GC) coupled with a Varian 240IS lon Trap Mass Spectrometer (Varian Inc. USA). A
Varian FactorFour Capillary column WAXms (30m x 0.25mm i.d., 0.25 um) was used & 255
with helium at 1 ml/min & carrier gas, a split injector at 270°C with a split ratio of 1:20, and a
detector temperature of 270°C, with a total running time of 22 min. Components were identified
using a standard FAEE mix (Supelco, Bellefonte, PA).

Statistical Analysis

The expetinentsreported were performed in triplicates and the average values of oil
extracted and standard deviations were calculated. Statistical analysis was performed in order to
test significant differences among yields at different temperatures and holdasy Artweway

ANOVA using Proc Mixed 2 x 5 factorial (version 9.1, SAS Institute, Inc., Cary, N.C.) was used
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to test significant differences among temperatures (50 and 73°C) and different reaction times (1,
5 and 10 min). Twavay ANOVA using Proc Multipl&eomparison tests were performed by

using Tukey adjustment to determine the significant difference between treatments. All
significant values were expressed &@®. 0 5 .

Results and Dscussion

Total and Free dycerin

Glycerin is a byproduct of biodiesel phaction, and, if not removed from the final
product, it can result in fuel separation, material incompatibility, engine deposits and engine
durability concerns. For this purpose it is important to analyze the concenthbtatal glycerin
in thefinal product, free and bourglycerin.

Total and fregylycerinswere shown to be dependent on the reaction temperature and
exposure time to microwave irradiation (Table 4.1). For SB significant differences were found
only between the results at 8Dand 1 min (@M3%) and those at 10 min irrespective of the
temperature (0.01%). The other values for the free glyakdi not significantly change within
the process parameters. For RB biodiesel thegigeerin analysis did not shoany significant
changes betweehé treatments, the values falling in the intervals between 0.02 and 0.01 %
(Table 4.1).

In an ideal reaction, the amount of tatasidualglycerin should not exceed 0.25% (w/w)
(ASTM D6751). In this study, total glycerin in SB biodiesel was below thi Meith a
maximum of 0.23% for 50°C and 1 min reaction time. No significant difference was found
between the total glycerins for the reaction times carried out at 73°C, the lowesvaalu&6%

at 10 min reaction time. Similar for RB biodiesel, sigrfitdifferences were found between the
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1 and 5 min reaction time at 50°C and compared with the 10 min reaction time the ones at 73°C.
No major changes were found between the reactions carried out at 73°C.

The transesterification conversion rates increag#ddincreasing temperature and time of
exposure. No significant differences among conversion rates for SB biodiesel were found
between different times at the same temperature, although changes were found between the
reactions at 50 and 7G at all reactin times. The highest conversion rate was achieved’@t 73
and 10 min treatment (99.25%), while the lowest conversion was°&t 8@ 1 min reaction
(96.67%).

For RB biodiesel, the only significant difference was found between the lowest and the
highesttemperature and time treatment (Table 4.1). Conversion as high as 99.34% was achieved,
while the lowest conversion rate was 98.35%.

Similar result were found in the literatufeeadbeater and Stencel, 20@@)ere a study
on biodiesel conversion showed a 98% conversion rate after 5 minutes when using microwave

assisted reactionith methanol at a 1:6il to solventratio and using NaOH as a catalyst.

Table 4.1. Free and total glycerin of SB and RB biodiesel at studied temperatures and reaction
times

Time SB biodiesel RB biodiesel Conversion (%)
Temperature| , . || Free glycen Total glycerin| Free glycerin Total glycerin
(min) |~ ", : o o SB RB
© mass Yo mass Y0 mass Yo mass
1 | 0.03°0.01 0.23+0.01 | 0.02+0.01 0.2P+0.01 | 96.67 98.35"
50°C 5 0.02+0.01 0.19%+0.02 | 0.0+0.01 0.19°+0.01 | 97.46 98.59
10 | 0.0™+0.01 0.18°+0.01 | 0.02+0.01 0.18*+0.02 | 97.79 98.88
1 0.02+0.01 0.17°+0.02 | 0.0°+0.01 0.17°+0.02 [98.87° 99.18
73°C 5 0.02+0.01 0.17%0.01 | 0.0+0.01 0.16°+0.01 |98.89° 99.22
10 | 0.0™0.00 0.16+0.01 | 0.0°+0.00 0.16°0.01 |99.25° 99.34"
ASTM # Max 0.03 Max 0.25 Max 0.03 Max 0.25

% Numbers from the same column, significantly different from each other.

® Numbers from same the column, not significantly different from each other.
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Fatty Acid Ethyl Esters Composition

FAEEOGS

showed to

be

t forbiodieael. Between thé reactiory p e

parameters no major changes were found between the biodiesel compositions. For SB no

significant changes were detected between the reactions at 50°C and 73°C (Table 4.2). In the

same time, reaction times did not infleerthe change in FAEBIimilar for RB no significant

changes were found in FAEE among the parameters studied (Table 4.3).

Table 4.2. FAEE of SB biodiesel at studied temperatures and reaction times

Myristic (14:0)
Palmitic (16:0)
Stearic (18:0)
Oleic (18:1)

50C 73 C
1 min 5 min 10 min 1 min 5 min 10 min
0.0480.03 0.020.01 0.07r0.02 0.050.01 0.060.01 0.050.01

8.390.19 7.320.01 8.190.57
3.51°0.44 3.650.20 3.590.15

25.080.45 2299°1.18 23.642.54
55.700.05 57.641.19 56.792.31

Linoleic (18:2)

8.030.02 8.420.24 8.450.37

3.550.18

3.76°0.09

3.430.01

25.290.13 25.260.24 25.420.07
55.420.33 55.410.36 55.090.36

Linolenic (18:3) 6.890.16 8.0000.11 7.21°0.13 7.360.30 6.590.26 7.330.05

Eicosanoic (20:0) 0.030.03 0.050.01 0.04°0.06 0.020.02 0.070.03 0.020.01

Eicosenoic (20:1) 0.14°0.10 0.150.04 0.270.09 0.030.01 0.170.23 0.020.03

Docosanoic (22:0) 0.20°0.11 0.130.04 0.160.04 0.2¢0.02 0.2000.02 0.160.01

Docosenoic (22:1) 0.06°0.02 0.0480.02 0.040.01 0.050.02 0.060.01 0.04#0.01

Table 4.3. FAEE of RB biodiesel at studied temperatures and reaction times

50 C 73C
1 min 5 min 10 min 1 min 5 min 10 min

Myristic (14:0) 0.230.01 0.220.03 0.230.02 0.240.01 0.2¢0.02 0.220.02
Palmitic (16:0) 14.530.28 16.091.51 13.790.81 14.26'0.10 14.050.45 14.550.20
Stearic (18:0) 2.030.23 1.940.23 1.980.15 1.980.30 1.820.04 1.930.07
Oleic (18:1) 40.820.53 40.250.99 42.4r0.25 41.391.34 42.870.17 42.050.04
Linoleic (18:2) 40.260.45 39.76001 39.421.11  40.020.28 39.1r0.20 39.350.37
Linolenic (18:3) 1.620.06 1.420.13 1.61°0.05 1.570.14 1.420.06 1.430.08
Eicosanoic (20:0) 0.070.01 0.050.01 0.050.01 0.070.01 0.0#0.01 0.090.03
Eicosenoic (20:1) 0.160.08 0.0480.06 0.21°0.07 0.230.02 0.220.08 0.11°0.09
Docosanoic (22:0) 0.160.02 0.170.01 0.180.02 0.130.01 0.150.04 0.160.02
Docosenoic (22:1) 0.120.01 0.060.09 0.130.02 0.11°0.01 0.1¢0.01 0.1¢00.02
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Cloud Point

Cloud point of biodiesak temperature and time pendent (Figure 4.3). For both SB and

RB biodiesel, cloud point values decreased with increabmtemperature and tinod reaction

Significant differences in the values were found for SB biodiesel between the two temperatures

at all exposure times, h@wer significant differences were not detected aC7@mong the

exposure times studied. For RB biodiesel significant differences were observed between the two

temperatures (50°C and 73°C) and between the reaction times, higher values being noticed at

lower temperatures and shorter timAsceptable values for cloud point should not be higher

than 10°C, according to ASTM D 2500.
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Figure 4.3. Cloud point results for soybean and rice bran biodiesel at different tempardture

Flash Point

reaction times.

The flash point temperatures, the minimum value at which the fuel will ignite (flash) under

specified conditions, are plotted in Figure 4.4. A higher value indicates loveilityphnd
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therefore bettesafety in storagd=or both biodiesel oil origins, this parameter was influenced by
the temperature and reaction times. Higher flash point values were observed at the higher
temperature (7&), and increasing with exposure time. For SB biodiesel, flash point measured
at 50 C was significantly lower than the one measured aE & all reaction times studied. Also
lower exposure times (1 and 5 min) gave significantly lower flash point values than the ones at
10 min of exposureSimilar trends were observed for RB biodie#dl.values for this parameter
meetASTM standard specificatior{minimum 130°C) even at the lower temperature and

shorter times.
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Figure 4.4. Flash point results for soybean and rice bran biodiesel at different tenepamalt
reaction times.

Viscosity
Kinematic viscosity affects injector lubrication and fuel atomization. Biodiesel fuels
generally have improved lubricipemirbas, 207); however, their higher viscosity levels tend

to form larger droplets on injection, which can cause poor combustion and increased exhaust
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smoke. The viscosity showed to decrease significantly with higher temperature and increased
time exposure (Figuré.5).

The higher viscosity of biodiesel is usually based on the presence of unreacted fatty acid
chains after transesterification, influencing the conversion rate and ultimately the viscosity of the
final product. Also viscosity tends to increase withioHength and with increasing the degree of
saturation(Falk and MeyesPittroff, 2004). Free fatty acids have higher molecular weight and
viscosity than the corresponding ethyl esters, though the viscosity is being influenced by the
presence of higher double bound configuration, which could also indicate the presence of some
unbroken chins (unreacted fatty acids) during the transesterification reaction. In our study the
biodiesel from the two different sources did not exceed viscosity specifications, although the
ethyl esters formed at 30 were at the limit of the values specifiedhie ASTM standardél.9

6.0 cSt)
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——SB B10O |5
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Viscosity (cSt)
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40 T T T T T T T T T T

Time (min)

Figure 4.5. Kinematic viscosity results for soybean and rice bran biodiesel at different
temperature and reaction times.
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Acid Number

Acid values for both SB and RB biodiesel gengrdécreased with increasing reaction
temperature and exposure time (Figure 4.6). This decrease was significant for SBat 66t
at 73 C. Atthe same time, no significant difference was found betwe&hvalues athe two
temperatures at 10 min exqaoe timeFor RB biodiesel the only significant difference was
found as at 5(C between 1 and 5 min exposure time. Similarly with SB, at 10 min no difference
was observed between the two temperatures.

Acid numberwhich measures the acids in the fueuld emanate from two sources: (i)
catalysts utilized in the production of the biodiesel that are not completely removed in the
production process; and (ii) degradatadroil by oxidation. Since the samples were analyzed
immediately after washing, it is likely that the samples had time to oxidize. Therefore the
higher acid values are probably the consequence of somewsmedicted quantities of catalyst,
or some leftover acid from the quenching step. The acid values for these samples were within
ASTM standard specifications (maximum of 0.7 mg KOH/g).
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Figure 4.6. Acid number fd&8B andRB biodiesel at different temperature and reaction times.
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Oxidative Stability Index (OSI)

The OSI results are showed in Figure 4.7. perature reactions showed to influence the
oxidation rate, significantly higher stability being registered at higher temperatures for both
biodiesel sources. For RB biodiesel a linear increase with exposure time was observed at both
studied temperatures it significant differences between the values. However for SB biodiesel
the only noticeable difference were between the 1 and 5 min of reaction time. No significant
differences were found between the 5 and 10 min reaction times, for both temperatufes used
SB transesterification reaction.

Besides the presence of air, various other factors influence the oxidation process of
biodiesel including the presence of light, elevated temperatures, the presence of some extraneous
materials, peroxides and thetfaacid profile, which are generally the consequence of
inadequate storage. Although lower stability indexes were noticed at lower temperatures and

reaction times, thealues presented in Figure 4iewithin ASTM specificationgminimum 3h)
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Figure 4.7. Oxidative stability indexes for soybean and rice bran biodiesel at different
temperature and reaction times.
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Conclusiors

Overall, our continuouiow microwaveheating compares very favorably over
conventional methamentioned in the literatu(&ncinar et al., 2002; Cervero et al., 2008; Van
Gerpen, 2005where heating can be relatively slow and inefficient because transferring energy
into a sample depends upon convectioments and the thermal conductivity of the reaction
mixture.

The conversiomf biodiesel at 50°C and 73%howed to meet the ASTM requirements,
at all the reaction times used in the study (1, 5 and 10 min). Conversion rates froraDa55%
for biodie®l derived from soy bean oil and 98-89.34% from rice bran oil was achieved in the
process, higher yields and using lower alcohol/oil (&tlbomolecular ratiojn shorter time
compared to conventional methd@ashid and Anwar, 2008 other studies on microwave
assisted transesterification reaction similar yield of biotliesee achieved bysingother
alcohol reagents (methanol, butandiol) or other types of catalyst systems, supporting our results

and concluding the benefits of usage of microwave irradiation for biodiesel production.
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CHAPTER 5

CONTINUOUS MICROWAVE EXTRACTION OF OIL FROM CHINESE
TALLOW TREE, AN ALTERNATIV E BIODIEESEL FEEDSTOCK.
EFFECT OF STORAGE CONDITIONS ON OIL QUALITY

Introduction

Chinese tallow tree (TT)Sapium sebiferuns an ancient and valuable oil seed
producing tree with a long history of large scale commercial production in China and otier pa
of Asia. It is a deciduous tree, and it has been used in the US as an ornamental tree due to its
exceptional foliage in the fall and flowering in the spring (Fig. 5.1 a, b). Although it is known as
an invasive tree in the US, TT has been regardegemasing biomass candidate in the Gulf
Coast regions, due to its ability togprout, its rapid growth rate, and its drought and salt
tolerancg(Scheld and Cowles, 1981) is one of nature's most prolific producers of renewable
hydrocarbons, yielding the equivalent of 500 gallons (12 barrels) of fats and oils per acre per
year (4,700 liters per hectare per year), far exceeding other traditional oil see(Sciogid,
1984) The seeds contain approximately 469856 lipid (Duke, 1997) almost gually distributed
in the external vegetable tallow coatif&j %), which has higher wax content, andhe kernel
(19%)as a drying (Stillingia) oil (Fig. 5.1c) , suitable for conversion into biodi&alpe and
Catallo, 2006; Christie, 1969 hinese tallow can be grown over large areas by conventional
agricultural methods and can prdgiwoody biomass for direct burning or conversion to
charcoal, ethanol, and metha®theld HW, 1980)Iin addition, other valuadded components
have been identified in the leaves and bark of this(tree et al., 2004; Shupe and Catallo,
2006; Liu et al., 1988)The oil has also been repadtto have been used in Chinese medicine but

overdoses might cause violent sickness and perhaps(@edth, 1997)
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Figure 5.1. Chinese Tallow Tree: a) Green tree vawédrs; b) in the fall with multiple colors;
c) seeds with coating and kernel.

There is little information available on this species with regards to its oil composition ,
yields and behavior in storagBue to the seasonal nature of the TT and dues joottentially
enormous worldwide economic importance, it is critical to recognize the various factors
contributing to the deterioration of TT seeds. In general, once the seeds have reached their full
maturity they are at the peak of their germinabilitg aigor. From that point, their lifespan
diminishes due to aging, although the rate of aging depends on moisture content of the seed and
storage conditionfDoijode, 2001)Deterioration in seed quality can occur during handling and
storage after harvest until it reaches its-aedr. Oil quality is directly related to the

physiological conditions of the seeds from which oil is extracted. The aim of storage is to
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