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(57) ABSTRACT 

Transesteri?cation, esteri?cation, and esteri?cation-transes 
teri?cation (both one-step and tWo-step) for producing bio 
fuels. The process may be enhanced by one or more of the 
following: 1) applying microwave or RF energy; 2) passing 
reactants over a heterogeneous catalyst at suf?ciently high 
velocity to achieve high shear conditions; 3) emulsifying 
reactants With a homogeneous catalyst; or 4) maintaining the 
reaction at a pressure at or above autogeneous pressure. 

(21) App1_ NO_; 10/867,627 Enhanced processes using one or more of these steps can 
result in higher process rates, higher conversion levels, or 
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METHODS FOR PRODUCING BIODIESEL 

BACKGROUND OF THE INVENTION 

[0001] The use of plant oils for transportation fuel has 
been known for over 100 years With the use of peanut oil to 
poWer the ?rst diesel engines. HoWever, plant oil properties, 
as Well as animal oil properties, are not sufficient to be a 
direct replacement for petroleum diesel in the diesel engines 
of today. The oils’ viscosities are too high and do not burn 
clean enough, leaving damaging carbon deposits on the 
engine. As a result, transesteri?cation and esteri?cation of 
plant oils have been used to produce a less viscous fuel 
referred to as biodiesel fuel. 

[0002] Signi?cant improvements have been made over the 
years to the transesteri?cation and esteri?cation processes. 
HoWever, enhancements and improvements to increase yield 
and reduce reaction time over existing biodiesel transesteri 
?cation and esteri?cation techniques are desired. 

SUMMARY OF THE INVENTION 

[0003] In one aspect, the invention may provide a method 
of converting feedstock having carboxylic acid and triglyc 
eride into a biodiesel using an esteri?cation process and a 
transesteri?cation process. The method may comprise per 
forming an esteri?cation process including: mixing the 
feedstock With an alcohol to produce a reactant mixture; 
contacting the reactant mixture With an acid catalyst; and 
applying RF or microwave energy to at least one of the 
carboxylic acid, the alcohol, the catalyst, the mixture and a 
combination thereof to convert the carboxylic acid to a 
biodiesel. A transesteri?cation process may also be per 
formed to convert the triglyceride to a biodiesel. 

[0004] In another aspect, the invention may provide a 
method of converting a triglyceride to an alkyl ester and 
glycerol using a transesteri?cation process. The method may 
comprise mixing the triglyceride With an alcohol to produce 
a reactant mixture, ?oWing the reactant mixture over a 
heterogeneous catalyst With a relative velocity of at least 
0.005 m/s to obtain high reactant shear at a reactant-catalyst 
interface and producing alkyl ester and glycerol. 

[0005] In another aspect, the invention may provide 
another method of converting a triglyceride to an alkyl ester 
and glycerol using a transesteri?cation process. The method 
may comprise mixing the triglyceride With an alcohol to 
produce a reactant mixture, emulsifying the reactant mixture 
With a homogeneous catalyst, applying RF or microWave 
energy to at least one of the triglyceride, the alcohol, the 
catalyst, and a combination thereof, and producing alkyl 
ester and glycerol. 

[0006] In another aspect, the invention may provide a 
method of converting a carboxylic acid to an alkyl ester 
using an esteri?cation process. The method may comprise 
mixing the carboxylic acid With an alcohol to produce a 
reactant mixture, contacting the reactant mixture With an 
acid catalyst and applying RF or microWave energy to at 
least one of the carboxylic acid, the alcohol, the catalyst and 
a combination thereof to produce an alkyl ester. 

[0007] In another aspect, the invention may provide a 
method of converting a carboxylic acid to an alkyl ester 
using an esteri?cation process. The method may comprise 
mixing the carboxylic acid With an alcohol to produce a 
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reactant mixture, ?oWing the reactant mixture over a het 
erogeneous acid catalyst With a relative velocity of at least 
0.005 m/s to obtain high reactant shear at a reactant-catalyst 
interface, and producing alkyl ester. 

[0008] In another aspect, the invention may provide a 
method of converting a carboxylic acid to an alkyl ester 
using an esteri?cation process. The method may comprise 
mixing the carboxylic acid With an alcohol to produce a 
reactant mixture, emulsifying the reactant mixture With a 
homogeneous acid catalyst, applying RF or microWave 
energy to at least one of the carboxylic acid, the alcohol, the 
catalyst, and a combination thereof, and producing alkyl 
ester. 

DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 shoWs a biodiesel transesteri?cation pro 
duction process embodying the invention. 

[0010] FIG. 2 shoWs a How chart of a transesteri?cation 
process embodying the invention. 

[0011] FIG. 3 shoWs a biodiesel esteri?cation production 
process embodying the invention. 

[0012] FIG. 4 shoWs a biodiesel esteri?cation-transesteri 
?cation production process embodying the invention. 

[0013] FIG. 5 shoWs a How chart of a tWo-step esteri? 
cation-transesteri?cation process embodying the invention. 

[0014] FIG. 6 is a microWave ?xed bed test system 
embodying the invention. 

[0015] FIG. 7 is a continuous stirred batch reactor system 
embodying the invention. 

[0016] FIG. 8 shoWs GC plots of feed soybean oil and the 
microWave process biodiesel. 

[0017] FIG. 9 shoWs a chart of an effect of velocity using 
a heterogeneous base catalyst. 

[0018] FIG. 10 shoWs a chart of a microWave effect With 
heterogeneous base catalyst at 0.104 m/s and a 6:1 (molar) 
methanol to SBO feed rate. 

[0019] FIG. 11 shoWs a chart of a microWave effect With 
heterogeneous base catalyst at 0.052 m/s and a 4:1 (molar) 
methanol to SBO feed rate. 

[0020] FIG. 12 shoWs a chart of a temperature effect With 
heterogeneous base catalyst at 0.156 m/s. 

[0021] FIG. 13 is a batch, microWave enhanced transes 
teri?cation/esteri?cation reactor embodying the invention. 

[0022] FIG. 14 shoWs a chart of an effect of Water in 
methanol on heterogeneous base catalyst SBO TG conver 
sion as a function of time. 

[0023] FIG. 15 shoWs GC plots of feed castor oil and the 
microWave process biodiesel. 

[0024] FIG. 16 shoWs a chart of a microWave enhanced 
homogeneous acid transesteri?cation of SBO. 

[0025] FIG. 17 shoWs another chart of a microWave 
enhanced homogeneous acid transesteri?cation of SBO. 

[0026] FIG. 18 shoWs GC plots of mixed feed yelloW 
grease and the microWave process biodiesel. 
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[0027] FIG. 19 shows a chart of a FFA and TG conversion 
as a function of time. 

[0028] FIG. 20 shoWs a chart of a microwave enhanced 
homogeneous acid esteri?cation of 100% Oleic Acid (FFA) 
as a function of time. 

[0029] FIG. 21 shoWs a chart of a microWave enhanced 
glycerol-biodiesel separation. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0030] The invention relates individually to a transesteri 
?cation and esteri?cation process, including a tWo-step 
esteri?cation-transesteri?cation process. Collectively, these 
are the “conversion processes”. These reactions use oils 

comprising carboXylic acids (e.g., free fatty acids triglycerides (TGs), or a miXture thereof, in combination 

With alcohol, to produce biodiesel fuels comprising fatty 
acid alkyl esters (FAAEs) and glycerol or Water. More 
speci?cally, the triglycerides can be converted using trans 
esteri?cation to produce FAAEs (e.g., biodiesel) and glyc 
erol, and free fatty acids can be converted using esteri?ca 
tion to produce FAAEs (e.g., biodiesel) and Water. Complex 
oils having both triglyceride and FFAs may undergo a one 
step or tWo-step esteri?cation-transesteri?cation process to 
produce FAAEs, glycerol, and Water. The details of the 
present invention are described beloW using the folloWing 
terminology. 

[0031] As used herein, “oil” may refer to plant oil, animal 
oil or fats, Waste oil or greases, rendered product, or any 
miXture thereof. 

[0032] As used herein, the term “plant oil” is meant to 
refer to lipids derived from plant sources, such as agricul 
tural crops and forest products, as Well as Wastes, ef?uents 
and residues from the processing of such materials, such as 
soapstock. Examples of plant oils include, but are not 
limited to, oils derived from soybeans, corn, sun?oWer, 
palm, nut, saf?oWer, olives, cotton, linseed, mustard seed, 
rapeseed, canola, peanuts, coconut, castor beans, tall oil and 
combinations thereof. 

[0033] As used herein, the term “animal oil” is meant to 
refer to lipids derived from animal sources, as Well as 
Wastes, ef?uents and residues from the processing of such 
materials. EXamples of animal oils include, but are not 
limited to, raW or rendered animal fats, broWn grease, White 
grease, yelloW grease, animal talloW, pork fats, pork oils, 
chicken fats, chicken oils, mutton fats, mutton oils, beef fats, 
beef oils, and combinations thereof. 

[0034] As used herein, the term “rendered product” is 
meant to refer to a fat that has been treated, usually With 
heat, to remove Water, solids, and other impurities. 

[0035] As used herein, the term “alcohol” is meant to refer 
to a hydrocarbon compound containing one or more hydroXy 
groups, and includes anhydrous alcohols such as methanol, 
ethanol, propanol, and butanol. 

[0036] As used herein, “carboXylic acid” is meant to refer 
to an organic acid containing one or more carboXylic acid 
groups Within its carbon structure. A carboXylic acid group 
contains a carbon atom With a double bond to an oXygen 
atom and a single bond to a hydroXy group. 
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[0037] As used herein, the term “free fatty acid” is meant 
to refer to organic acids synthesiZed in nature by both 
animals and plants and may be abbreviated “FFA.” Fatty 
acids typically contain a hydrocarbon group With 14 to 24 
carbon atoms, possibly in a straight chain, although chains 
of 4 to 28 carbons may be found. Longer chains eXist, but 
typically in loW concentrations. The fatty acid may be in the 
neutral or in the anionic form. Fatty acids are a species of 
carboXylic acids. Free fatty acids are used to describe fatty 
acids that are not bound in an ester compound. 

[0038] As used herein, the term “triglyceride” is meant to 
refer to a triple ester of glycerol With three fatty acids, and 
may be abbreviated “TG.” 

[0039] As used herein, the term “esteri?cation” is meant to 
refer to a process of producing an alkyl ester by reaction of 
an alcohol With a carboXylic acid. 

[0040] As used herein, the term “transesteri?cation” is 
meant to refer to the reaction betWeen an ester and an 
alcohol With eXchange of alkoXyl or acyl groups to form an 
alkyl ester. 

[0041] As used herein, the term “biodiesel” is meant to 
refer to fatty acid alkyl esters used as a transportation and 
poWer generation fuel. 

[0042] As used herein, “fatty acid alkyl esters” are meant 
to refer to esters composed of a fatty acid group and an 
alkoXy group, and may be abbreviated “FAAEs.” 

[0043] As used herein, applying “high shear conditions” is 
meant to refer to high tangential ?uid velocity of reactants 
over or at a catalyst interface. 

[0044] As used herein, “emulsi?cation” is meant to refer 
to the process of dispersing droplets of one liquid into 
another, immiscible liquid. High shear miXing (or ?oW) can 
be used to prepare an emulsion. 

[0045] As used herein, “emulsion” is meant to refer to the 
result of dispersing droplets of one immiscible liquid into 
another. In an emulsion the droplets may range in diameter 
from 0.001 to 1000 micrometers. 

[0046] As used herein, “autogeneous condition” or “auto 
geneous pressure” is meant to refer to the sum of all reactant 
and product equilibrium partial pressures at a given tem 
perature. 

[0047] As used herein, “heterogeneous catalyst” is meant 
to refer to a catalyst that is in a different phase from the 
reactants, and may include both acid and alkaline catalysts, 
as Well as immobiliZed enZyme catalysts. 

[0048] As used herein, “homogeneous catalyst” is meant 
to refer to a catalyst that is in the same phase as the reactants, 
and may include both acid and alkaline catalysts. 

[0049] As used herein, “LHSV” is meant to refer to liquid 
hourly space velocity. LHSV is de?ned as the ratio of the 
hourly volumetric ?oW rate to the volume of catalyst. LHSV 
is used to describe the contact time betWeen the reactant and 
the catalyst for heterogeneous catalysis. 

[0050] As used herein, “WHSV” is meant to refer to 
Weight hourly space velocity. WHSV is de?ned as the ratio 
of the Weight of reactants to the Weight of catalyst in reaction 
per hour. WHSV is used to describe the process time of the 
reactant and the catalyst for homogeneous catalysis. 
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[0051] As used herein, “dielectric loss tangent” is meant to 
refer to the dielectric parameter called the loss tangent. This 
parameter is known by those skilled in the art to measure the 
relative RF or microWave energy that a particular material 
absorbs at a given frequency. The loss tangent, also called 
the loss factor, is the ratio of the energy lost to the energy 
stored. A larger loss tangent for a material means that more 
energy is absorbed relative to a material With a loWer loss 
tangent. The dielectric absorption of energy can cause 
different materials to heat at substantially different rates and 
to achieve considerably different temperatures Within the 
same RF or microWave ?eld. 

[0052] The three main processes of the present invention, 
transesteri?cation, esteri?cation, and esteri?cation-transes 
teri?cation (both one-step and tWo-step) are described beloW 
With reference to the accompanying ?gures. 

[0053] Transesteri?cation 

[0054] FIG. 1 shoWs a transesteri?cation process diagram 
that is used to illustrate certain aspects of the present 
invention. In FIG. 1, an alcohol and an oil comprising 
triglycerides are mixed and used as feedstock for the trans 
esteri?cation process. Typically, oils comprising triglycer 
ides and having less than one Weight percent free fatty acids 
are used for transesteri?cation. In the transesteri?cation 
process, the reaction of the alcohol and oil is catalyZed to 
produce biodiesel, fatty acid alkyl esters, and glycerol. In 
FIG. 1, the ratio of the reactants is pictorially represented at 
stoichiometric molar ratios. Three moles of alcohol are 
needed to react With one mole of triglycerides. Thus, under 
ideal conditions, for complete triglyceride conversion to 
biodiesel, the alcohol required is over 10 Wt % of the 
triglyceride reactant. The details of the illustrated process 
are described beloW With reference to FIG. 2. 

[0055] FIG. 2 schematically illustrates each of the com 
ponents of the transesteri?cation process. In the illustrated 
embodiment, alcohol and oil sources feed into a mixer, 
Where the alcohol and oil are mixed before being fed into the 
catalyst reactor. Alternatively, the alcohol and oil may be 
introduced directly into the catalyst reactor, and be mixed 
concurrently as each reactant contacts the catalyst. The 
molar ratio of alcohol to oil in the reactions may range from 
the stoichiometric ratio of 3:1 to 60:1, although ratios of 4:1 
to 20:1 are more typical. The methanol in excess of the 
stoichiometric ratio is knoWn to help the reversible transes 
teri?cation reaction to proceed in the direction of producing 
biodiesel. 

[0056] The catalyst reactor can be any of a number of 
different types. For example, it could be a ?xed bed reactor, 
a continuous stirred batch reactor, a slurry bed reactor, or 
any other suitable reactor. The chosen type of reactor Will 
depend on the desired process conditions, as is knoWn in the 
art. 

[0057] The product leaving the catalyst reactor enters a 
separator that removes excess alcohol from the stream, 
Which is recycled to the reactor. The product is then sent to 
a centrifuge for separation of the product into glycerol and 
biodiesel. The glycerol and biodiesel may undergo subse 
quent puri?cation processes understood by those in the art to 
produce a commercially useful end product. 

[0058] In an alternative embodiment (not shoWn), When 
used With a homogeneous catalyst, the product stream may 
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be sent through an ion exchange bed before product sepa 
ration. The ion exchange bed removes the homogeneous 
catalyst from the product stream Without the need for real 
time neutraliZation. Ion exchange beds are more applicable 
to continuous processes than are alternative neutraliZation 
and catalyst removal techniques. The ion exchange bed can 
be composed of resins in the hydrogen form (eg Amberlite 
IR resins from Rohm and Hass) or the hydroxide form (eg 
Amberlite IRA resins from Rohm and Hass) depending on 
Whether the homogeneous catalyst is a base or an acid. More 
particularly, the product stream comprising alcohol, fatty 
acid alkyl esters, and glycerol may be separated and the 
fraction containing the alcohol and glycerol sent through an 
ion exchange bed to remove acid ions. MicroWaves may 
optionally be applied to enhance alcohol ?ash separation and 
as a pretreatment for FAAE and glycerol separation. The 
FAAE and glycerol may be separated using centrifugation 
(With or Without microWave application). The FAAE and 
glycerol components may then be further puri?ed for com 
mercial use. 

[0059] In another embodiment (not shoWn), the product 
separation may be performed using a different methodology 
before an ion exchange bed is used. If the catalyst operates 
beloW the alcohol boiling point at reaction conditions, 
microWaves may be applied for enhanced alcohol ?ash 
separation. If the catalyst operates above the alcohol boiling 
point at reaction conditions, ?ash separation of alcohol may 
occur Without microWaves. The FAAE and glycerol may be 
separated using centrifugation (With or Without microWave 
application). The FAAE may be Washed With Water or 
alcohol to remove ions. The Wash from FAAE may be 
combined With glycerol, and the mixture may be sent 
through an ion exchange bed. The glycerol may be sent 
through a microWave enhanced ?ash separation unit. Again, 
the FAAEs and the glycerol components may be further 
puri?ed for commercial use. 

[0060] The transesteri?cation process, as Well as the other 
conversion processes discussed herein, may be enhanced by 
one or more of the folloWing: 1) applying microWave or RF 
energy; 2) passing reactants over a heterogeneous catalyst at 
suf?ciently high velocity to achieve high shear conditions; 
3) emulsifying reactants With a homogeneous catalyst; or 4) 
maintaining the reaction at a pressure at or above autoge 
neous pressure. Enhanced processes using one or more of 
these steps can result in higher process rates, higher con 
version levels, or both. 

[0061] MicroWave or radio frequency (RF) electromag 
netic energy (1000 m to 10-4 m Wavelength) can be applied 
to the reactants, catalysts, or mixtures thereof, either in the 
absence or presence of fuel-?red heating or resistive heating. 
The microWave energy or RF can provide for a signi?cant 
increase in process rates, higher conversion levels, or both 
compared to conventional heating because it tends to acti 
vate the ionic catalyst site. More speci?cally, the catalyst is 
designed to be an absorber of microWave energy, thereby 
facilitating the heating of the location Where the reactions 
occur. MW energy selectively energiZes the catalyst’s inter 
action With the reactants. Consequently, a smaller ratio of 
alcohol to free fatty acid/triglyceride may be used, While still 
obtaining higher FFA/TG process rates. Additionally loWer 
bulk process temperatures can be utiliZed. 

[0062] In order to control and optimiZe reaction exchange, 
the microWave frequency, poWer density, and ?eld strength, 
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can be controlled. Suitable control of these parameters 
in?uences the reaction betWeen the catalyst and the reac 
tants. Furthermore the use of microwave energy can mini 
miZe secondary reactions and bring about complete conver 
sion of the reactants. 

[0063] The frequency of the microWave or RF energy may 
be selected to achieve high conversion of the reactants and 
still utiliZe a commercially available high poWer microWave 
source. The microWave dielectric parameters and energy 
absorption of plant oils and biodiesel have been character 
iZed over the range of 0.6 to 6 GHZ. The dielectric param 
eters and in particular the loss tangent Which governs the 
microWave poWer absorption, can be shoWn to be nearly ?at 
and independent of frequency for plant oils and biodiesel. 
These characteriZations have shoWn that microWave absorp 
tion is suf?ciently uniform that microWave energy is useful 
both Within this frequency range and one skilled in the art 
can easily extrapolate that microWaves Will be equally useful 
Well outside of this range. For example, very high poWer, 
microWave sources, at 915 MHZ and 2.45 GHZ, are com 
mercially available Within the United States (other countries 
assign different high poWer microWave sources frequencies). 
Conversion rates are anticipated to be relatively independent 
of microWave frequency. Aportion of the RF or microWave 
frequency can be betWeen about 1 MHZ and about 100 GHZ, 
more particularly, betWeen about 100 MHZ and about 10 
GHZ, and even more particularly, betWeen about 400 MHZ 
and about 5 GHZ. LoWer frequencies have longer Wave 
lengths and therefore have greater penetration depth into the 
catalyst and reactants, Which alloWs the design of physically 
larger reactors. Lower frequencies, such as 915 MHZ, are 
more suitable for larger, higher poWer reactors because 
higher poWer loW, frequency generators are commercially 
available. 

[0064] The poWer density also may be controlled to 
enhance conversion. In one embodiment, the average poWer 
density is controlled betWeen about 0.01 Watts/cc and about 
100 Watts/cc, and particularly, betWeen about 0.05 Watts/cc 
and about 10 Watts/cc, and even more particularly, betWeen 
about 0.1 Watts/cc and about 3 Watts/cc. 

[0065] Continuous Wave or modulation methods can be 
used to control microWave energy. Continuous Wave 
involves the application of microWave energy at a constant 
amplitude. Modulation techniques may include amplitude 
modulation, frequency modulation, pulse Width or duty 
cycle modulation, or combinations thereof. The use of 
modulation can result in high peak microWave poWer com 
pared to average poWer and greater temperature differentials 
betWeen the catalyst and the reactants. By control of modu 
lation, such as the microWave poWer’s duty cycle, the 
catalyst can be differentially heated and cooled. With a 
porous catalyst, this can result in enhanced diffusion of the 
reactants and products as the catalyst is heated and cooled, 
encouraging higher reaction rates at loWer bulk operating 
temperatures. For some applications, high peak ?elds and 
loWer average poWer may enhance reaction rates or product 
separation. 

[0066] It may be cost-effective to maximiZe the use of 
fossil fuels to pre-heat the feedstocks to near reaction 
temperatures, and use minimum RF or microWave energy to 
drive and control the reactions. In some embodiments, there 
may be a minimiZed or Zero net temperature increase from 
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the RF or microWave energy into the catalyst. Selective 
coupling of the RF or microWave energy is accomplished 
through selection and control of the relative dielectric 
parameters of the catalyst’s components and the feedstock. 
This results in efficient, economically-viable catalytic pro 
cesses, Which are enhanced using RF or microWaves. Using 
microWave or RF energy may activate the catalyst site, 
enhance diffusion and removal of products from the catalytic 
site, and promote rapid separation and elimination of emul 
s1ons. 

[0067] In order to enhance the catalytic reaction using a 
heterogeneous catalyst, the catalyst is subjected to the reac 
tant’s high shear ?uid ?oW conditions. More speci?cally, the 
reactants are brought into contact With a heterogeneous 
catalyst at a high relative velocity. These high shear condi 
tions have been observed to improve the reaction time and 
reactant conversion. Consequently, a smaller ratio of alcohol 
to free fatty acid/triglyceride and/or higher FFA/T G process 
rates, LHSV or WHSV, may be used. High shear conditions 
occur When the reactants are brought into contact With a 
heterogeneous catalyst at a velocity of greater than about 
0.001 m/s, and more particularly, a velocity of greater than 
about 0.05 m/s. Typically, the reactants ?oW at velocity of 
less than about 0.5 m/s, and more particularly, less than 
about 0.25 m/s. 

[0068] Using such high shear conditions With a heteroge 
neous catalyst, 100 percent conversion of triglycerides may 
be achieved in a shorter period of time, puri?cation steps can 
be reduced, and acid neutraliZation steps may be eliminated. 
This improvement results in an increase in LHSV values in 
the range of about 30, 45, or 60 or more for 100% conver 
sion. It is believed that the high shear conditions shift the 
equilibrium of the reversible transesteri?cation reaction to 
the product side by providing short catalyst contact time 
With the reactants and products. 

[0069] When using a homogeneous catalyst, the reaction 
can be enhanced by emulsifying the feed oil With a solution 
comprised of the alcohol and the dissolved catalyst. This can 
be accomplished by dissolving the homogeneous catalyst 
into the alcohol phase. The catalyst-alcohol solution is then 
combined With the feed (FFA, TG, or mixture) and into an 
emulsifying system, such as through a high shear gear pump 
or other high shear mixing methods. Emulsi?cation 
enhances intimate contact and mixing of the reactants prior 
to reaction. The respective surface area of the reactants 
increases as the emulsion droplet siZe decreases. The larger 
the droplet siZes, the more likely the suspended droplets Will 
eventually agglomerate and immiscible liquids separate. 
Respectively, the smaller the droplet siZe the more likely the 
emulsion Will not separate and Will remain a stable mixture. 
The microWave energy further enhances the reaction 
through selective heating. Given an emulsion of alcohol, 
With dissolved catalyst (e.g. NaOH), and triglyceride phases, 
the microWave Will be preferentially absorbed by the alcohol 
phase raising its temperature, thereby increasing the catalyst 
reaction rate. Acid and base catalysts dissolved in the 
alcohol phase also further increase the microWave absorp 
tion. 

[0070] Controlling the pressure at Which the methods are 
conducted may also enhance conversion. Particularly, keep 
ing the reaction pressure at or above autogeneous pressure 
keeps the alcohol reactant in liquid phase to enhance reac 
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tions. This can be done by pressuriZing the system hardware 
With air or an inert gas such as nitrogen. One Way to 
determine an appropriate system hardWare pressure is to 
total the pressure drops through out the hardware, for 
example the pressure drop across the catalyst bed, and to add 
the autogeneous pressure to this value. This is the minimum 
pressure requirement to prevent pump cavitations. The oper 
ating hardWare system pressure should then be set at or 
above this total. Another Way to set system pressure is to 
pre-pressuriZe the system hardWare When at ambient tem 
perature, for example 10-60 psig. Operating pressures above 
autogeneous conditions also alloWs for loWer alcohol to 
FFA/T G molar ratios. In some embodiments, the pressure is 
maintained at or above about 5 psig above autogeneous, and 
more particularly, at or above about 10 psig above autoge 
neous pressure. Typically, the pressure Will be maintained 
beloW about 100 psig above the autogeneous pressure, and 
more particularly, at or beloW about 50 psig above autoge 
neous pressure. 

[0071] Transesteri?cation reactions may employ both het 
erogeneous catalysts, homogeneous catalysts and combina 
tions thereof. In addition, the catalyst for transesteri?cation 
reactions may be alkaline or acidic. 

[0072] Examples of alkaline heterogeneous catalysts 
include, but are not limited to, at least one of a hydroxide of 
Group 1 or 2 metals, a silicate of Group 1 or 2 metals, a 
carbonate of Group 1 or 2 metals, a strong anion exchange 
resin in the hydroxide form, an oxide of aluminum and 
magnesium, and mixtures thereof. Particularly, DoWex 550A 
commercially available from the DoW Chemical Company, 
Amberlyst A26(OH) commercially available from the Rohm 
and Haas Company may be used. 

[0073] Alkaline heterogeneous catalysis may yield high 
purity products Without requiring neutraliZation or Water 
Washing. Although a variety of the process parameters 
de?ned above may be used, high velocity (e.g., about 0.004 
m/s to about 0.350 m/s), loW to moderate temperature (e.g., 
about 40-150° C.), loW to moderate pressures (e.g., autoge 
neous pressure to about 50 psig above) and loW to moderate 
alcohol to oil molar ratios (e.g., 3:1 to 20:1) are expected to 
yield high conversions. These same conditions apply to acid 
heterogeneous catalysis discussed in more detail beloW. 

[0074] Examples of acid heterogeneous catalysts include, 
but are not limited to, Zeolite in the acid form, a strong cation 
exchange resin in the hydrogen form, LeWis acids and 
combinations thereof. Particularly, DoWex DR-2030 com 
mercially available from the DoW Chemical Company, 
Amberlyst 36 commercially available from the Rohm and 
Haas Company, ZSM-5 commercially available from UOP, 
or Zeolyst International, USY commercially available from 
Tosoh Corporation, and combinations thereof may be used. 
The supports discussed above can be used for the acid 
catalysts. 
[0075] While the parameters given above may be used, 
high velocity (e.g., about 0.004 m/s to about 0.35 m/s), loW 
to moderate temperatures (e.g., about 65-150° C.), loW to 
moderate pressures (e.g., autogeneous pressure to about 50 
psig there above), and loW to moderate alcohol to oil ratios 
(e.g., 3:1 to 20:1 molar) are anticipated to achieve good 
results. 

[0076] Heterogeneous catalyst can be made entirely of the 
acid or base compound or it can be dispersed or coated onto 
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a support material such as an inert substrate. The substrate 
can also comprise a microWave absorber and an inert 
substrate. Surface area affects the reactivity per unit volume 
of catalyst and thereby increases the process reaction rates. 
In order to increase the surface area of the active catalytic 
elements, the catalyst may be coated onto a support material. 
The support also provides for controlling the pressure drop 
across the catalyst bed and for ease of handling. 

[0077] The proper control and use of the dielectric loss 
tangent in the catalyst support leads to the ef?cient use of 
microWave energy. The loss tangent, also called loss factor 
or the dissipation factor, is a measure of the material’s 
microWave adsorption. The fraction of microWave energy, 
Which is absorbed by any component, e.g. oil, catalyst or 
catalyst component, can be ef?ciently controlled. For 
example, When the dielectric loss tangent of the catalyst is 
equal to the oil, then approximately half the microWave 
energy initially goes into heating the oil and half into the 
catalyst. The primary method of loss tangent control is by 
adjusting the material compositions of the individual com 
ponents. This includes the optimiZation of catalyst compo 
sition or the blending of feedstocks. 

[0078] The supports may be amorphous or crystalline and 
may have differing dielectric loss tangents. More particu 
larly, the loss tangent may be greater than about 0.01, and 
even more particularly, greater than about 0.05. The loss 
tangent typically is less than about 0.5, and particularly, less 
than about 0.3. If the support is itself transparent to micro 
Wave or RF frequencies, an additional dielectric material 
may be added to the catalyst system in order to increase 
energy absorption. The support may be a carbon or carbide 
material such as silicon carbide. It may also be a silica or 
alumina material, or an aluminosilicate such as a Zeolite. 
Other metal oxides, such as calcium oxide or magnesium 
oxide, may also be used. In one embodiment, the combina 
tion of the catalyst and alcohol absorb more than 50% of the 
microWave energy by selection of the catalyst’s dielectric 
properties. 
[0079] Examples of alkaline homogeneous catalysts 
include, but are not limited to sodium or potassium hydrox 
ide, C1 to C6 alkoxide, and combinations thereof. Concen 
trations of homogeneous catalysts may include a range of 
100 ppm to 5 Wt %. The alkaline catalysts act as excellent 
microWave absorbers, the activity of Which is greatly 
enhanced by microWaves. Concentrations from 0.02 Wt % to 
2.00 Wt % may be used, along With higher concentrations. 
The reaction may occur beloW the boiling point of alcohol. 

[0080] Examples of acid homogeneous catalysts include, 
but are not limited to, sulfuric acid, nitric acid, phosphoric 
acid, hydrochloric acid, and combinations thereof. The acid 
catalysts are excellent microWave absorbers and the activity 
of Which is greatly enhanced by microWaves. Concentra 
tions from 0.05 Wt % to 5.00 Wt % may be used, While higher 
concentrations can also be used. 

[0081] The preferred process embodiment for transesteri 
?cation is to ?rst dissolve the homogeneous catalyst into the 
alcohol phase and combine this solution With the feed (FFA, 
TG, or mixture) into an emulsi?er system, such as a high 
shear gear pump. The emulsi?ed mixture is then pumped 
through a How through microWave reactor. The feed can be 
pre-heated, either before or after emulsi?cation, using con 
ventional heat so the microWave energy is used primarily for 



US 2005/0274065 A1 

catalyst activity enhancement. Microwave energy from 0.05 
W/cc to 10 W/cc is applied to the emulsi?ed reactants. 
Process parameters include loW to moderate temperature 
(e.g., about 40-150° C.), loW to moderate pressures (e.g., 
autogeneous pressure to about 50 psig above) and loW to 
moderate alcohol to oil molar ratios (e.g., 3:1 to 20:1) are 
eXpected to yield high conversions. These same conditions 
apply to acid homogeneous catalysis discussed in more 
detail beloW. Operating temperatures betWeen 60 and 90° C. 
are preferred for a base homogeneous catalyst and betWeen 
100 and 150° C. are preferred for an acid homogeneous 
catalyst since there is a diminishing advantage to using 
higher temperatures. 

[0082] The increased reaction rates and conversions to 
100%, achieved using emulsi?cation and microWave energy, 
alloW for the use of loWer catalyst concentrations. For 
example, catalyst concentrations on the order of 0.01 to 1 Wt 
% loWer catalyst and neutraliZation costs, including the 
economical use of ion-exchange systems used in continuous 
process ?oW systems. 

[0083] Esteri?cation 

[0084] FIG. 3 shoWs an esteri?cation process diagram that 
is used to illustrate certain aspects of the present invention. 
In FIG. 3, an alcohol and a feedstock, like rendered oils, 
animal fats, or soap stock, With free fatty acids, are miXed 
and used as reactants for the esteri?cation process. The ratio 
of the reactants is pictorially represented at stoichiometric 
molar ratios, and the free fatty acid concentration is 100%. 
One mole of alcohol is needed to react With one mole of free 
fatty acids. Thus, under ideal conditions, for complete FFA 
conversion to biodiesel, the alcohol required is over 11 Wt % 
of the free fatty acid reactant. 

[0085] Typically, the free fatty acids in the feedstock Will 
comprise at least about 1 Wt % free fatty acids, more 
particularly, greater than about 5 Wt %, and even more 
particularly, greater than about 10 Wt %. The free fatty acid 
contents are miXed With an alcohol. Acid catalysts, both 
heterogeneous, homogeneous and combinations thereof, can 
be used in the esteri?cation reactions to produce alkyl esters 
and Water. These acid catalysts are the same as those set 
forth and discussed in more detail above With regard to 
transesteri?cation. The same process parameters, as set forth 
above With respect to the transesteri?cation reactions, can be 
used to enhance the esteri?cation conversion reactions. 
Particularly, the esteri?cation processes may be enhanced by 
applying microWave or RF energy, applying high shear 
conditions With a heterogeneous catalyst, emulsifying reac 
tants With a homogeneous catalyst, and maintaining the 
reaction at a pressure at or above autogeneous pressure. 
Similar separation and puri?cation techniques as given for 
transesteri?cation may also be used With the addition of a 
?ash separator to remove the Water produced. 

[0086] In one eXample of esteri?cation, heterogeneous 
acid catalysis may be used to convert oils having greater 
than about 90% free fatty acids and an alcohol. The free fatty 
acids and the alcohol contact the heterogeneous acid catalyst 
during or after the FFAs are miXed With the alcohol to form 
a FFA-alcohol mixture. Again, any of the process parameters 
as quanti?ed for heterogeneous catalysis above may be used. 
Similarly, high velocity (e.g., about 0.004 m/s to about 0.35 
m/s), loW to moderate temperature (e.g., about 40-150° C.), 
loW to moderate pressures (e.g., autogeneous pressure to 
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about 50 psig there above) and loW to moderate alcohol to 
oil ratios (e.g., 3:1 to 20:1 molar) are eXpected to yield high 
conversions. The microWave conditions discussed above 
may be used for this type of catalysis as Well. Again, any of 
the process parameters as quanti?ed for homogeneous 
catalysis above may be used. Similarly microWave poWer 
density (e.g. 0.01 W/cc-10 W/cc), loW to moderate tempera 
ture (e.g., about 40-150° C.), loW to moderate pressures 
(e.g., autogeneous pressure to about 50 psi there above) and 
loW to moderate alcohol to oil ratios (e. g., 3:1 to 20: 1 molar), 
in addition to the use of emulsi?cation are eXpected to yield 
high conversions. 

[0087] Esteri?cation-Transesteri?cation 

[0088] FIG. 4 shoWs a simpli?ed esteri?cation-transes 
teri?cation process diagram that is used to illustrate certain 
aspects of the present invention. In FIG. 4, an alcohol and 
a feedstock, like rendered oils, animal fats, or soap stock, 
With free fatty acids, are miXed and used as reactants for the 
esteri?cation-transesteri?cation process. The ratio of the 
reactants is pictorially represented at stoichiometric molar 
ratios, and the free fatty acid concentration is 20%. Typi 
cally, the free fatty acids in the feedstock Will comprise at 
least about 1 Wt % free fatty acids, more particularly, greater 
than about 5 Wt %, and even more particularly, greater than 
about 10 Wt %. 

[0089] Acid catalysts, both heterogeneous, homogeneous 
and combinations thereof, can be used in the esteri?cation 
transesteri?cation reactions to produce biodiesel (i.e. fatty 
acid alkyl esters), glycerol and Water. These acid catalysts 
are the same as those set forth and discussed in more detail 
above With regard to esteri?cation-transesteri?cation. The 
same process parameters, as set forth above With respect to 
the transesteri?cation reactions, can be used to enhance the 
esteri?cation-transesteri?cation conversion reactions. Par 
ticularly, the esteri?cation-transesteri?cation processes may 
be enhanced by applying microWave or RF energy, applying 
high shear conditions With a heterogeneous catalyst, emul 
sifying reactants With a homogeneous catalyst, and main 
taining the reaction at a pressure at or above autogeneous 
pressure. Similar separation and puri?cation techniques as 
given for transesteri?cation may also be used With the 
addition of a ?ash separator to remove the Water produced. 

[0090] FIG. 5 schematically illustrates each of the com 
ponents of a tWo-step esteri?cation-transesteri?cation pro 
cess. If the oil contains more than about 1% by Weight free 
fatty acids, then the tWo-step process is preferred. Rendered 
products having up to about 10% free fatty acids, and more 
particularly, up to about 20% by Weight free fatty acids may 
be used. 

[0091] In the illustrated embodiment, oil sources contain 
ing triglycerides and free fatty acids (TG/FAA), and alcohol 
are fed into a miXer, Where the alcohol and TG/FAA are 
miXed before being fed into the esteri?cation catalytic 
reactor. Alternatively, the reactants may directly be intro 
duced into the esteri?cation reactor. The esteri?cation reac 
tor includes one of the acid catalysts, either heterogeneous 
or homogeneous, discussed previously. The ?rst step con 
verts the free fatty acids into FAAE and Water. 

[0092] The product leaving the esteri?cation reactor enters 
a separator, Where alcohol is recycled and Water is removed. 
The product stream from the esteri?cation reactor, contain 




























