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METHOD FOR REDUCING FREE FATTY ACID CONTENT OF BIODIESEL

FEEDSTOCK

[0001] This application is a continuation-in-part of U.S. Patent Application Serial No.

12/167,516 filed July 3, 2008, which claims the benefit of U.S. Provisional Patent Application

Serial Nos. 60/954,659 filed August 8, 2007 and 60/973,332 filed September 18, 2007, the

contents of which are incorporated herein by reference in their entirety.

FIELD OF THE INVENTION

[0002] The present invention relates generally to esterification of free fatty acids and

more particularly to esterification of free fatty acids in controlled cavitation zones.

BACKGROUND OF THE INVENTION

[0003] Biodiesel fuel is produced by the transesterification of triglycerides, a source of

non-free fatty acids, found in a feedstock base. A feedstock base will comprise triglycerides and

"free" fatty acids, the latter of which will impede the production of biodiesel fuel. Feedstock

sources containing a free fatty acid content higher than 3% are often unsuitable for production of

biodiesel fuel due to reaction complications and low biodiesel conversion rates. Waste oils and

other oil by-products often have a high free fatty acid content but are lower in cost when

compared to refined and natural oils with a lower free fatty acid content. One of the

complications of using a feedstock source with a high free fatty acid content is the tendency of

the free fatty acids to neutralize the basic catalyst in the transesterification reaction. Free fatty

acids can consume catalyst and forms soap by-products. Soaps act to inhibit the separation of

biodiesel product from glycerin which causes a low yield of biodiesel. Free fatty acids can also

act to contaminate the biodiesel product which prompts a necessary purification step. This

purification step then causes a lengthier production process which subsequently increases

production costs.

[0004] Conventional methods for reducing the free fatty acid content are done in

conjunction with the transesterification reactions that produce biodiesel fuel. These methods

generally require a long processing time, often hours to even days, and may not provide a



suitable reduction in the free fatty acid content. The long processing times are also cost

ineffective.

[0005] Accordingly, there is a need in the art for an apparatus and method of reducing the

free fatty acid content of a feedstock source prior to introduction to the production of biodiesel

fuel and the associated transesterification reactions that is cost effective, reduces processing

times, and provides suitable free fatty acid levels. The apparatus and method can provide an

esterification reaction environment such that the level of free fatty acids in the feedstock source

is reduced to less than 2% in a matter of minutes. By providing a method for lowering the free

fatty acid content prior to the base-catalyzed transesterification reaction, the soap produced in the

subsequent transesterification reaction is reduced.

SUMMARY OF THE INVENTION

[0006] An esterification pretreatment method for reducing a high free fatty acid

feedstock comprising providing a feedstock comprising a free fatty acid content in the range of 3

to 30% by weight, an alcohol and an acid catalyst. Combining the feedstock, alcohol and acid

catalyst to form a reaction mixture and forcing the reaction mixture through at least two

controlled flow cavitation apparatuses at a processing pressure capable of generating a

hydrodynamic cavitation zone in each controlled flow cavitation apparatus, wherein a pressure

differential of 50 to 250 psi across each of the controlled flow cavitation apparatuses is

maintained. Holding the reaction mixture exiting the at least two controlled flow cavitation

apparatuses in a holding tank for at least 10 minutes at a temperature of at least 100° C, wherein

the free fatty acid content of the feedstock is reduced to less than 2% by weight by way of

esterification reactions.

[0007] A method of reducing the free fatty acid content of a feedstock comprising

mixing a feedstock comprising a free fatty acid content in the range of 3 to 30% by weight with

an alcohol and acid catalyst to form a reaction mixture, wherein said alcohol to free fatty acid

content of said feedstock is present in a ratio of at least 200:1. Passing the reaction mixture

through at least two controlled flow cavitation apparatuses in series, wherein a pressure

differential of 50 to 400 psi acrosse each of the controlled flow cavitation apparatuses is

maintained. Holding the reaction mixture exiting the at least two controlled flow cavitation

apparatuses in a holding tank at a temperature of at least 100° C, wherein the free fatty acid



content is reduced to lower than 2% through esterifϊcation reactions. The method of reducing the

free fatty acid content in the feedstock to lower than 2% by weight of the feedstock is completed

within 20 minutes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Aspects of the invention will be appreciated by a person having ordinary skill in

the art based on the following description with reference to the following drawings, which are

provided by way of illustration and not limitation.

[0009] Fig. 1 is a schematic of a process for reducing free fatty acid content of a

feedstock stream using at least one controlled flow cavitation apparatus in combination with at

least one holding tank.

[0010] Fig. 2 is a schematic of a process for for reducing free fatty acid content of a

feedstock stream using at least one controlled flow cavitation apparatus in combination with at

least one holding tank.

[0011] Fig. 3 is a schematic of at least one controlled flow cavitation apparatus and

holding tank in a recirculation loop configuration for use in a process for reducing free fatty acid

content of a feedstock stream.

[0012] Fig. 4 is a schematic of six controlled flow cavitation apparatuses in series

arrangement with three holding tanks for use in a process for reducing the free fatty acid content

of a feedstock stream

[0013] Fig. 5 is a cross-section view of a controlled flow cavitation apparatus

[0014] Fig. 6 is a cross-section view of a controlled flow cavitation apparatus.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0015] As used herein, the term "free" fatty acid is defined as a fatty acid that is not

attached or otherwise bound to another molecule, such as a triglyceride or phospholipid. Sources

of non-free fatty acids, such as triglycerides, are commonly used in transesterifϊcation reactions

to produce biodiesel. Free fatty acids impede transesterifϊ cation reactions used to produce

biodiesel and thus it is beneficial to reduce the free fatty acid content of biodiesel feedstock, and



in particular is the free fatty acid content is above 3 percent by weight of the feedstock. In other

words, the free fatty acid content of a biodiesel feedstock is preferably reduced prior to

processing the feedstock stream and performing transesterification reactions. As will be seen

below, reduction of free fatty acid content of a feedstock prior to transesterification reactions to

product biodiesel can improve biodiesel production efficiency and eliminate purification and/or

separation steps necessitated by high free fatty acid content in the feedstock.

[0016] The use of controlled cavitation apparatuses and holding tanks in the pretreatment

of a biodiesel feedstock source can reduce the level of free fatty acid which acts as an impurity in

the process of biodiesel production. The controlled flow cavitation apparatus 12 generates a

controlled flow cavitation zone which is applied during the esterification reaction of free fatty

acids to triglycerides. The controlled flow cavitation zone acts to provide a high level of energy

to the reaction, which in turn increases the rate of the esterification reaction. This high level of

energy is used to introduce alcohol to the reaction sites of the free fatty acids at a faster rate than

conventional methods. The holding tanks provide dwell times for further introduction of alcohol

to the reaction sites and for further completion of esterification reactions. By using controlled

cavitation in combination holding tanks to pretreat high free fatty acid feedstock sources,

reaction times, production costs, and soap by-products are reduced in downstream biodiesel

production involving transesterification reactions to product fatty acid alkyl esters.

[0017] The free fatty acids being pretreated in the present invention are supplied from

feedstocks containing a source of free fatty acids, such as natural fats and oils. The source can

be, but is not limited to, soybean oil, corn oil, cottonseed oil, olive oil, palm oil, palm kernel oil,

peanut oil, linseed oil, safflower oil, canola oil, rapeseed oil, sesame oil, coconut oil, jatrohpa oil,

mustard seed oil, castor oil, tall oil, algae oil, soap stock, beef tallow, lard , brown grease, white

grease, yellow grease, fish oils, bacterial oils or fungal oils. This list includes any feedstock

source of lipid, soap or phospholipid previously considered unsuitable for producing biodiesel.

The feedstock source can also be comprised of multiple free fatty acid sources, such as blends of

oils and/or animal fats.

[0018] A process for the pretreatment of free fatty acids in a feedstock using a controlled

flow cavitation apparatus and a holding tank is shown in Fig. 1. As shown, the feedstock 1,

alcohol 2, and acid catalyst 3 are combined to form a reaction mixture 10 which can then be

forced through a controlled flow cavitation apparatus 12 and then into a holding tank 13. The



feedstock source 1 will be comprised of free fatty acids, wherein their content is higher than two

percent. The feedstock source preferably contains a content of free fatty acid in the range of 30

to 3%, 20 to 3%, 15 to 3% or 10 to 3% by weight of the feedstock. The alcohol 2 can be a lower

alcohol having one to five carbon atoms, wherein the alcohol can also be branched or

unbranched. For example, the lower alcohol can be selected from the group consisting of

methanol, ethanol, and mixtures thereof. The catalyst 3 can be acidic. Suitable acid catalysts are

sulfuric acid, hydrochloric acid, phosphoric acid, an acidic metal halide or another strong Lewis

or strong Bronsted acid or combinations thereof.

[0019] The starting feedstock 1 can have varying weight percentages of free fatty acid,

for example, 30, 25, 20, 18, 15, 12, 10, 8, 6, 4, 3, and 2% by weight of the feedstock. As shown

in the examples below, the weight percentages of free fatty acid were 12%, 3.8%, and 4.01%.

The acid catalyst 3 can be employed in varying amounts, for example, from 0.1, 0.2, 0.5, 1.0,

1.5, and up to 2.0% by weight of the feedstock. The amounts of acid catalyst in the examples

below were 1.0%, 0.5%, and 1.0% by weight of the feedstock. The ratio of acid catalyst 3 to free

fatty acid content of the feedstock 1 can be 0.01:1 to 0.5:1, 0.1:1 to 0.5:1, or about 0.08:1 or

0.25:1. The amount of alcohol 2 can be in the range of 1% to 99%, for example, 1, 2, 5, 10, 20,

30, 40, 50, 60, 70, 80, 90, and 99% by weight, based on the weight of the reaction mixture

comprising feedstock, acid catalyst and alcohol. The alcohol levels as shown in the examples

below were 96%, 97%, and 91.5% by weight of the reaction mixture of feedstock 1 and acid

catalyst 3 . The ratio of alcohol 2 to free fatty acid content of the feedstock 1 can be 100:1 to

1000:1, 200:1 to 900:1, 200:1 to 400:1 or about 210:1, 295:1 or 882:1.

[0020] The reaction mixture 10 of Fig. 1 is pushed through a controlled flow cavitation

apparatus 12 and a subsequent holding tank 13 by means of conventional processing equipment,

for instance a pump (not shown in Fig. 1). The reaction mixture 10 can pass through multiple

controlled cavitation apparatuses 12. Fig. 1 illustrates that multiple controlled flow cavitation

apparatuses and holding tanks can be used, wherein the number of units is represented by the

integer "n." The integer "n" can indicate any number of apparatuses and tanks. For example, the

integer "n" can be in the range of 1 to 100, preferably 1 to 50, more preferably 1 to 25, more

preferably 1 to 10, or about 2, 3, 4, 5, 6, 7, 8 or 9 . The possible number of apparatuses and tanks

in series is unlimited. Preferably, in an arrangement containing multiple controlled cavitation

apparatuses 12, the apparatuses are aligned in a series where the reaction mixture 10 can pass



through the first cavitation apparatus and directly into the next cavitation apparatus without

splitting the flow of the reaction mixture. One or multiple holding tanks 13 can also be placed in

between or after single cavitation apparatuses aligned after one another in series. In addition,

one or multiple holding tanks can also be placed in between or after multiple cavitation

apparatuses aligned after one another in series. Preferred placement of the holding tanks 13 will

not separate the flow of the reaction mixture into more than one stream. In one embodiment, the

reaction mixture 10 can be pushed through two controlled flow cavitation apparatuses 12 and

then to a holding tank 13 .

[0021] The process of Fig. 1 reduces the free fatty acid content through esterification

reactions that convert the free fatty acids to esters. The esterifcation reaction is carried out by

reacting the free fatty acid with an alcohol 2 in the presence of an acidic catalyst 3 . The

esterification of the free fatty acids takes place in the controlled flow cavitation apparatuses 12

and holding tanks 13 as described below. The processing stream 30, or reaction product, exiting

the controlled flow cavitation apparatus can comprise fatty acid esters or triglycerides formed

from the esterification reactions. The reaction product 30 can also comprises water, unreacted

alcohol, unreacted free fatty acid, unreacted feedstock, catalyst and transient intermediates. The

remaining free fatty acid content can be less than 2%, preferably less than 1.5%, preferably less

than 1%, and more preferably less than 0.5%. The reaction product 30 containing the free fatty

acid esters and/or triglycerides and low free fatty acid contents can be introduced as the starting

reaction stream in a transesterification biodiesel process. Preferably, the pretreatment method of

reducing the content of free fatty acids described herein is separately carried out prior to using

the esterification reaction product in a biodiesel production process.

[0022] One embodiment for introducing the reaction mixture 10 into a controlled flow

cavitation apparatus 12, as shown in Fig. 2, is to use a pump 8 to force the feedstock from its

holding tank 13 through a heat exchanger 11. The heat exchanger 11 is capable of raising the

temperature of the feedstock 1 prior to introduction of the alcohol 2 and acid catalyst 3 . The heat

exchanger 11 can raise the temperature of the feedstock 1 to the range of 7OC to 120° C. For

example, the temperature of the feedstock 1 can be raised to at least 70, 80, 90, 100, 110, or 120°

C. Prior to introduction with the feedstock, the alcohol and catalyst can be combined and stored.

A pump 8 can also be used to force the alcohol and catalyst mixture 4 from its holding tank

through a heat exchanger 11. The heat exchanger is capable of raising the temperature of the



alcohol and catalyst mixture 4 before introduction to the feedstock 1 to temperatures in the range

of 7OC to 130° C. For example, the temperature of the alcohol and feedstock can be raised to at

least 70, 80, 90, 100, 110, 120, or 130° C. In a preferred embodiment, the feedstock 1, alcohol

and catalyst mixture 4, pumps 8, heat exchangers 11, and cavitation apparatuses 12 are all in

fluid communication with each other. Pipes, hoses, or other conventional industrial equipment

are used to facilitate the fluid communication of the aforementioned elements. Through this

fluid communication, preheated feedstock 1 is combined with the preheated alcohol and catalyst

mixture 4 to form a reaction mixture 10. This combination can take place after each stream is

forced though a heating element by its respective pump. This reaction mixture 10 is then forced

through a controlled flow cavitation apparatus 12 by processing equipment such as a pump 8.

[0023] Fig. 3 illustrates one embodiment of a controlled flow cavitation apparatus 12 in

combination with a holding tank arranged in a recirculation loop 28. The recirculation loop 28

allows for a portion of the reaction product 30 exiting the holding tank to be re-passed through

the apparatus and holding tank combination. A control valve 29 in the recirculation loop 28 or a

control valve 31 in the pipe or tube downstream of the recirculation loop can be used to adjust

the amount of the reaction product exiting the apparatus 12 and holding tank 13 being passed

through the apparatus 12 and holding tank 13 for a second time. For example, 1 to 99 percent of

the reaction product flow exiting the apparatus 12 and holding tank 13 combination can be

recirculated back through the apparatus 12 and holding tank 13 for a second time by adjusting

valve 29, 31, or a combination thereof. As shown, the flow through the recirculation loop 28 can

be passed through one or multiple controlled flow cavitation apparatuses 12 and holding tanks

13, depending on whether the integer "n" is greater than 1. In theory, without being bound

thereto, if at least one controlled flow cavitation apparatus 12 and one holding tank 13 are used,

the recirculation loop 28 can act to simulate a series of controlled flow cavitation apparatuses 12

and holding tanks 13 as shown, for example, in Fig. 4 . Depending on the amount of reaction

product being recirculated, additional apparatuses 12 and holding tanks 13 in series can be

reduced without reducing the amount of free fatty acids being removed from the reaction

mixture.

[0024] With respect to Fig. 4, six controlled flow cavitation apparatuses 12a-12f and

three holding tanks 13a-13c are arranged in series. At the beginning of the series, two controlled

flow cavitation apparatuses 12a, 12b are followed by a holding tank 13a . The two apparatus 12



and one holding tank 13 combination or set is followed up downstream by two more sets of the

same apparatuses 12 and holding tank 13 combination. Directly downstream are two controlled

flow cavitation apparatuses 12c, 12d and one holding tank 13b, and directly downstream of that

combination are two controlled flow cavitation apparatuses 12e, 12f and a holding tank 13c. The

reaction stream 10, 30a-30i passes through series of controlled flow cavitation apparatuses and

holding tank combinations. As can be seen by Fig. 4, the reaction mixture 10 passes through two

controlled flow cavitation apparatuses 12a- 12b and then through a holding tank 13a . The

reaction stream then passes through this cavitation apparatus/holding tank sequence two more

times (12c-12f, 13b- 13c). The arrangement of a cavitation apparatus 12 in series with a holding

tank 13 facilitates a greater reduction in the free fatty acid content of the feedstock. The

placement of a holding tank 13 after a cavitation apparatus 12, or two apparatuses 12 in series,

aids in the reduction of free fatty acids by creating a controlled residence time in which the

esterification reactions can continue after passing through a set of cavitation apparatuses. For

example, the free fatty acid content of the feedstock 1 can be reduced to about 2% or lower with

the use of multiple apparatuses 12 and holding tanks 13 being arranged in series with each other,

such as the sequence shown in Figures 1 through 4 . Unreacted free fatty acids remaining in the

reaction streams 30 can be reacted in downstream apparatuses and holding tanks.

[0025] The invention can be practiced by using any of the known controlled flow

cavitation apparatuses, such as those described in U.S. Patent Nos. 5,180,052; 5,931,771;

5,937,906; 5,971,601; 6,012,492; 6,502,979; 6,802,639; and 6,857,774, the entire contents of

which are incorporated herein by reference.

[0026] Fig. 5 provides a cross section view of one embodiment of the present invention

in which a controlled flow cavitation apparatus 12 can process a reaction mixture 10. The

controlled flow cavitation apparatus 12 comprises a flow-through channel 20 comprising a first

chamber 23 and a second chamber 24. The first chamber 23 and second chamber 24 of the flow-

through channel 20 are divided by a localized flow constriction 21. The first chamber 23 is

positioned upstream of the localized flow constriction 2 1 and the second chamber 24 is

positioned downstream of the localized flow constriction 21, as viewed in the direction of

movement of flow, such as a reaction mixture 10. Localized flow constriction 2 1 can be

achieved by a diaphragm with one, or more, orifices 22, baffles, nozzles or the like. Although

not shown, the flow-through channel can have two or more localized flow constrictions 2 1 in



series. For example, a first localized flow constriction 2 1 can have one orifice 22 having a first

diameter and a second localized flow constriction 2 1 can have one orifice 22 having a second

diameter, wherein the first localized flow constriction is upstream of the second localized flow

constriction. The first and second diameters of the in-series orifices 22 can be the same or vary,

such as the first orifice 22 diameter being smaller or larger than the second orifice 3 diameter.

[0027] As the reaction mixture 10 comprising feedstock 1 containing high free fatty acid

content, alcohol 2, and acid catalyst 3 passes through the cavitation apparatus 12, the free fatty

acids of the feedstock 1 are esterified in the presence of the acid catalyst 3 and alcohol 2, which

reduces the free fatty acid content of the feedstock 1. The esterification reactions takes place in

the local hydrodynamic cavitation zone and subsequent holding tank 13. The product of the

esterification reaction is a reaction product stream 30 that comprises fatty acid esters, water,

unreacted alcohol, unreacted FFA, unreacted feedstock, catalyst and transient intermediates. In a

preferred embodiment, the reaction mixture 10 passes through six controlled flow cavitation

apparatuses 12 and three holding tanks 13, wherein the holding tanks are positioned between

every two apparatuses in series. Feedstock 1 and the alcohol 2 are reacted in each of the

hydrodynamic cavitation zones. Further reaction of feedstock 1 and alcohol 2 take place in each

of the holding tanks 13. After passing through each apparatus 12 and holding tank 13

combination, an intermediate reaction product stream 30 is formed that comprises fatty acid

esters, water, unreacted alcohol, unreacted FFA, unreacted feedstock, catalyst and transient

intermediates.

[0028] The hydrodynamic cavitation zone is produced as a function of one or more of the

temperature of the esterification reaction, the pressure drop across the constriction 21, 22, and

the residence time across the restriction orifice 22. A pressure differential is created by the flow

of the reaction mixture 10 or intermediate reaction product 30 as it passes over and through the

local restriction orifice 22 or orifices (not shown) of each cavitation apparatus 12. The

magnitude of the pressure differential is controlled by the size of the orifice 22, the flow rate of

the reaction mixtue 10, and a localized hydraulic resistance 26 downstream of the apparatus 12.

[0029] The restriction of flow in the controlled flow cavitation apparatus 12 can be

provided by localized flow constriction 21, such as an orifice 22, baffle, nozzle or the like. As

shown in Fig. 5, the controlled flow cavitation apparatus 12 comprises one annular orifice 22.

The orifice 22 of the apparatus can be any shape, for example, cylindrical, conical, oval, right-



angled, square, etc. Depending on the shape of the orifice 22, this determines the shape of the

cavitation jets flowing from the localized flow constriction 21. The orifice 22 can have any

diameter, D . For example, the diameter can be in the range of about 10 µm to 10 mm,

preferably between 50 µm and 5 mm, more preferably between 100 µm and 1 mm, or can be

between 0.4 mm and 0.8 mm. The localized flow constriction 2 1 can also be a baffle. The baffle

can extend from the wall of the flow-through channel 20. The baffle can be of any size and

shape, and thus can be configured to interrupt flow of the reaction mixture 10 such that the

pressure differential across the apparatus 12 can be controlled.

[0030] As shown in Fig. 5, at outlet 25 from the second chamber 24, a localized

hydraulic resistance 26 can be used to maintain back pressure in the flow-through channel 20, the

first chamber 23 or second chamber 24. The localized hydraulic resistance 26 can be valve as

known in the art, such as a ball valve, butterfly valve, globe valve, needle valve or gate valve.

As shown, the first chamber 23 has a pressure Pi and the second chamber 24 has a pressure P .

Flow into the apparatus 12 can be provided with the aid of fluid pumping devices as known in

the art, such as a pump, centrifugal pump, rotodynamic pump, positive-displacement pump or

diaphragm pump. As discussed herein, pressure Pi is defined as the processing pressure for the

controlled flow cavitation apparatus 12.

[0031] The processing pressure is reduced as the reaction mixture 10 passes through the

flow-through channel 20 and orifice 22. Maintaining a pressure differential across the localized

flow constriction 2 1 or orifice 22 allows control of the cavitation intensity in the flow through

channel 20. The pressure differential across the localized flow constriction 2 1 or orifice 22 is at

least 50, 70, 100, 150, 200, 250, 300, 350 or 400 psi. Preferably, a pressure differential across a

controlled flow cavitation apparatus 12 can be maintained in the range of 50-400, preferably 50-

300, more preferably 50-200 psi. In the embodiment illustrated in Fig. 5, the average pressure

differential across all six controlled flow cavitation apparatuses can be in the range of 50-300,

50-250, and 50-200 psi. The flow rate of the reaction mixture 10 through the one or more

orifices 22 in the controlled flow cavitation apparatus 12 can be in the range of 100 mL per

minute to 100m3 per minute, or 1 L per minute to 10 m3 per minute, or 1OL per minute to 1 m3

per minute. More preferably the flow rate of the reaction mixture can be in the range of 0.6 to

0.7 liters per minute (lpm).



[0032] Flow of the reaction mixture 10 across the orifice 22 or orifices (not shown)

create a hydrodynamic cavitation zone that promotes a high density of cavitation power

dissipation locally inside the flow-through channel 20, and more preferably in the orifice 22

chamber (Z) and downstream of the orifice 22 in the second chamber 24. The high energy

dissipation in the hydrodynamic cavitation zone causes the formation, growth, and eventual

implosive collapse of vapor bubbles within the liquid. This collapse then releases a tremendous

amount of energy which acts to mix or break apart the free fatty acids and facilitate an increased

number in esterification reaction sites for the alcohol to attack.

[0033] Hydrodynamic cavitation zone in the orifice chamber (Z) and second chamber 24

arises in the fluid jets of the reaction mixture 10 flowing from the orifice 22 in the form of

intermingling cavitation bubbles and separate cavitation cavities. The length (Z) in orifice 22 in

localized flow constriction 2 1 is selected in such a manner in order that the residence time of the

cavitation bubble in the orifice 22 and/or the second chamber 24 does not exceed a specific time.

Thus, the hydrodynamic cavitation zone comprises the orifice 22 and second chamber 24. Once

the reaction mixture 10 has passed through the second chamber 24, it can enter a holding tank

13. The implosive collapse of vapor bubbles within the liquid reaction mixture continues to take

place in the holding tank 13. In one preferred embodiment as shown in Fig. 4, the residence time

of the reaction mixture 10 across all six cavitation apparatuses 12 and all three holding tanks 13

is not longer than 20 minutes, preferably 10 minutes, preferably not longer than 7 minutes, and

more preferably not longer than 5 minutes. The time in the hydrodynamic cavitation zones and

the holding tanks 13 needed to facilitate the esterification reactions for reducing the free fatty

acid content of the feedstock is less than the time needed to facilitate the same or similar

esterification reactions in conventional methods, such as multi-step batch reactor processes.

Thus the controlled flow cavitation apparatus and holding tank combinations described herein

can reduce processing time and costs associated with the biodiesel production process. Further,

hydrodynamic cavitation is more efficient than acoustic cavitation and much more efficient than

conventional agitation and/or heating methods. The scale-up of hydrodynamic cavitation

arrangements is relatively easy compared to other methods, which makes it well suited to the

processing of dispersions and solutions, such as those present in an esterification reaction to

reduce the free fatty acid content. As shown herein, the arrangement of controlled flow

cavitation apparatuses 12 in series with holding tanks 13 provides an efficient method of



converting free fatty acids to fatty acid alkyl esters that reduces processing time, energy, costs,

and equipment.

[0034] The given dynamic pressure and residence time of the bubble in the localized

flow constriction 2 1 and orifice 22 allows for production of cavitation bubbles and cavities in the

reaction mixture 10 flow. The cavity sizes are dependent on the magnitude of the dynamic

pressure jet as well as the sizes of orifice 22 in the localized flow constriction 21. Increase of the

dynamic pressure jet as well as size of orifice 22 leads to the increase in the sizes of cavitation

bubbles. Increase of the dynamic pressure of the cavitation fluid jet also promotes increase of

the concentration of cavitation bubbles. Therefore, given the dynamic pressure of the cavitation

fluid jet, its shape, and the number of fluid jets, it is possible to produce a cavitation zone of

cavitation bubbles and their required concentration and sizes. Cavitation bubbles and cavities

together with the liquid jets enter into the second chamber 24, where they collapse under the

influence of static pressure P . The energy emitted during collapse of cavitation bubbles is

directly proportional to the magnitude of the static pressure in the surrounding liquid bubbles.

Therefore, the greater the magnitude of P the greater the energy emitted during collapse of

cavitation bubbles and the better the dispersion and/or size reduction effect. In other words, the

level of energy dissipation in the reaction mixture 10 increases as the magnitude of P2 increases

and thus the severity or hardness of collapse of each cavitation bubble separately increases, as

well as the level of energy dissipation due to the decrease of the volume in which these bubbles

collapse.

[0035] As discussed above, the magnitude of static pressure P2 in second chamber 24 is

maintained due to the location of the additional localized restriction 26 at the outlet from this

chamber. The additional localized restriction may be adjustable or non-adjustable. By utilizing

the adjustable additional localized resistance 26 it is possible to control the severity or hardness

of cavitation influence and in the same process, the cavitation dispersion and reduction of free

fatty acid by means of esterification.

[0036] In another embodiment, Fig. 6 illustrates a controlled flow cavitation apparatus

12, wherein the sharp-edged orifice 33, positioned in the localized flow constriction 32, has a

diameter, D2. The inlet diameter to the controlled flow cavitation apparatus 12 is designated as

D1. The localized flow constriction 32 divides the flow through channel 36 into two chambers, a

first chamber 34 having pressure Pi and a second chamber 35 having pressure P2. Although not



shown, the controlled flow cavitation apparatus 12 of Fig. 6 can have an additional localized

restriction, such as a valve, at the outlet of the second chamber 25 in order to alter the cavitation

influence on the dispersion and reduction of free fatty acids as a result of the esterification

reactions. The additional localized restriction may be adjustable or non-adjustable. As described

above, a reaction mixture 10 can be forced or passed through the controlled flow cavitation

apparatus 12 of Fig. 5 in order to reduce the level of free fatty acids in the feedstock.

[0037] Controlled flow cavitation apparatuses 12 and holding tanks 13 can be integrated

or retro-fitted into as a pretreatment process in a biodiesel production process, such as shown in

Fig. 1 and Fig. 2 . As shown in Figs. 1 and 2, the controlled flow cavitation apparatus 12 and a

holding tank 13 can be aligned in series with other apparatuses 12 and holding tanks 13 when the

integer "n" is greater than 1. In another embodiment as shown in Fig. 3, a controlled flow

cavitation apparatus and a holding tank combination can be retrofitted to allow for recirculation

of the reaction product through a single cavitation apparatus 12 and holding tank 13, or a series

of apparatuses 12 and holding tanks 13 for n > 1. In another embodiment, a controlled flow

cavitation apparatus 12 and a holding tank 13 can be retrofitted or integrated at the end of a batch

reactor process to increase reduction of free fatty acids in the feedstock.

[0038] Using the combination of cavitation apparatuses 12 and holding tanks 13 as

described herein, the free fatty acid content can be reduced from up to 30% by weight of

feedstock down to 2% and often below 1%. This reduction is consistently done in under 20

minutes, preferably under 10 minutes and often under 5 minutes. Consistent reduction of the

free fatty acid content to below 2% in under 10 minutes is obtainable with the use of six

cavitation apparatuses 12 and three holding tanks 13 in series, for example as shown in Figure 4 .

[0039] In order to promote a further understanding of the invention, the following

examples are provided. These examples are shown by way of illustration and not limitation.

[0040] Example 1

[0041] A reaction mixture was prepared by combining the reactants from two holding

tanks. The first holding tank contained feedstock having a free fatty acid content, palmitic acid,

of 12% by weight in a mixture with degummed soybean oil. The second holding tank contained

a mixture of methanol and sulfuric acid. The reaction mixture contained 1% sulfuric acid by

weight of the feedstock and 96% methanol by weight of the total mixture. The mixture was

passed through six cavitation apparatuses and three holding tanks in series, in an arrangement as



shown in Figure 4 . More specifically, six cavitation apparatuses are arranged in series with each

other while a holding tank is placed in series after every two cavitation apparatuses. The result

of the run is shown in Table 1 below. All reactants were maintained at 124° C while the initial

cavitation occurred at 117° C, and the holding tanks maintained the reaction mixture at 120° C.

The reaction stream moved through the apparatuses at a flow rate of 0.66 liters per minute (lpm).

The orifice diameters of the six cavitation apparatuses varied from 0.018 inch to 0.030 inch or

about 0.46 mm to 0.79 mm. The pressure drop over the cavitation apparatuses was an average of

142 psi. A residence time of approximately 5 minutes was obtained over the three holding tanks.

Samples taken at the end of the run after being cooled to 51° C indicate that the free fatty acid

content was reduced through esterification to 0.5% by weight of the feedstock. Free fatty acid

content was determined by gas chromatography.

[0042] Example 2

[0043] A reaction mixture was prepared by combining the reactants from two holding

tanks. The first holding tank contained a feedstock, grease, with free fatty acid, oleic acid, at

3.8% by weight by titration according to AOCS method CA 5a-40. The second holding tank

contained methanol and sulfuric acid. The reaction mixture contained 0.5% sulfuric acid by

weight of the feedstock and 97% methanol by weight of the total mixture. The mixture was then

run through six cavitation apparatuses and three holding tanks in series. More specifically, six

cavitation apparatuses are arranged in series with each other while a holding tank is placed in

series after every two cavitation apparatuses. The result of the run is shown in Table 1 below.

All reactants were maintained at 119° C while the initial cavitation occurred at 113° C, and the

holding tanks maintained the reaction mixture at 110° C. The reaction stream moved through the

apparatuses at a flow rate of 0.63 lpm. The orifice diameters of the six cavitation apparatuses

varied from 0.018 in to 0.030 in. or about 0.46 mm to 0.76 mm. The pressure drop over the

cavitation apparatuses was an average of 154 psi. A residence time of approximately 5 minutes

was obtained over the three holding tanks. Samples taken at the end of the run after being cooled

to 50° C indicate that the free fatty acid content was reduced through esterification to 0.7% by

weight of the feedstock. Free fatty acid content was determined by gas chromatography.

[0044] Example 3



[0045] A reaction mixture was prepared by combining the reactants from two holding

tanks. The first holding tank contained a feedstock of pit grease with free fatty acid content of

4.03% by weight. The second holding tank contained methanol and sulfuric acid. The reaction

mixture contained 1% sulfuric acid by weight of the feedstock and 91.5% methanol by weight of

the total mixture. The mixture was then run through six cavitation apparatuses and three holding

tanks in series. More specifically, six cavitation apparatuses are arranged in series with each

other while a holding tank is placed in series after every two cavitation apparatuses. The result

of the run is shown in Table 1 below. All reactants were maintained at 122° C while the initial

cavitation occurred at 113° C, and the holding tanks maintained the reaction mixture at 114° C.

The reaction stream moved through the apparatuses at a flow rate of 0.60 lpm. The orifice

diameters of the six cavitation apparatuses varied from 0.020 in to 0.031 in or about 0.51 mm to

0.79 mm. The pressure drop over the cavitation apparatuses was an average of 92 psi. A

residence time of approximately 5 minutes was obtained over the three holding tanks. Samples

taken at the end of the run after being cooled to 53° C indicate that the free fatty acid content has

been reduced through esterification to 0.7% by weight of the feedstock. Free fatty acid content

was determined by gas chromatography.

[0046] Table 1 shows the results and parameters of the examples.

[0047] As can be seen in Table 1, the final free fatty acid content was reduced to at least

1%, with the lowest free fatty acid content of 0.5%, by weight of the feedstock. Out of the three

examples, the greatest reduction was seen when a higher flow rate and reaction temperature were

chosen.

[0048] Controlled cavitation apparatuses 12 in combination with holding tanks 13 allow

the user to control the parameters of the esterification reaction. The user can control the

temperature of the reaction by passing the reaction through the heat exchangers 11 as well as the

holding tanks 13. The user can also control the pressure drop across local constrictions and the

flow rate by varying the outlet pressure of the pump 8 used to pass the reaction mixture through



the controlled flow cavitation apparatuses 12 and holding tanks 13. The pressure can also be

adjusted by varying the diameter of the orifices. A user can also adjust the number of cavitation

apparatuses 12 and holding tanks 13 that the reaction mixture 10 will flow through.

[0049] It should now be apparent that there has been provided, in accordance with the

present invention, a novel process for the pretreatment of a biodiesel feedstock source, wherein

the free fatty acid content is reduced by esterifϊcation in hydrodynamic cavitation zones and

subsequent holding tanks. Moreover, it will be apparent to those skilled in the art that many

modifications, variations, substitutions, and equivalents for the features described above may be

effected without departing from the spirit and scope of the invention as defined in the claims to

be embraced thereby.

[0050] The preferred embodiment has been described, herein. It will be apparent to those

skilled in the art that the above methods may incorporate changes and modifications without

departing from the general scope of this invention. It is intended to include all such

modifications and alteration in so far as they come within the scope of the appended claims or

the equivalents thereof.



CLAIMS

What is claimed is:

1. An esterification pretreatment method for reducing a high free fatty acid feedstock

comprising:

providing a feedstock comprising a free fatty acid content in the range of 3 to 30% by

weight;

providing an alcohol and an acid catalyst;

combining the said feedstock with said alcohol and said acid catalyst to form a reaction

mixture;

forcing said reaction mixture though at least two controlled flow cavitation apparatuses at a

processing pressure capable of generating a hydrodynamic cavitation zone in each said

controlled flow cavitation apparatus;

maintaining a pressure differential across each said controlled flow cavitation apparatus in

the range of 50 to 250 psi;

holding said reaction mixture exiting said at least one controlled flow cavitation apparatus in

a holding tank for at least 10 minutes at a temperature of at least 100° C, wherein the free fatty

acid content of said feedstock is reduced to less than 2% by weight by way of esterification

reactions.

2 . The method of claim 1, said feedstock being selected from the group consisting of soybean

oil, corn oil, cottonseed oil, olive oil, palm oil, palm kernel oil, peanut oil, linseed oil, safflower

oil, canola oil, rapeseed oil, sesame oil, coconut oil, jatropha oil, mustard seed oil, castor oil, tall

oil, algae oil, soap stock, beef tallow, lard, brown grease, white grease, yellow grease, fish oils,

bacterial oils or fungal oils.

3 . The method of claim 1, said alcohol being present in an amount of from about 90 to 99% by

weight of said reaction mixture.



4 . The method of claim 1, the acid catalyst being present in an amount of from about 0.1 to 2%

by weight of said feedstock.

5 . The method of claim 1, where in the ratio of acid catalyst to free fatty acid in the reaction

mixture is in the range of 0.0 1:1 to 0.5 :1.

6 . The method of claim 1, wherein the ratio of alcohol to free fatty acid in the reaction mixture

is in the range of 200 :1 to 1000:1.

7 . The method of claim 1, wherein said esterification reactions produce esterifϊed fatty acids

and triglycerides.

8. The method of claim 7, wherein the said esterification reaction product and remaining

unesterified free fatty acids below 2% by weight is introduced as a starting reaction stream in a

transesterifaction reaction to produce biodiesel fuel.

9 . The method of claim 7, wherein said pretreatment method is separately carried out prior to

using said esterification reaction product in a biodiesel production process.

10. The method of claim 1, wherein said acid catalyst is selected from the group consisting of

sulfuric acid, hydrochloric acid, phosphoric acid, an acidic metal halide, or combinations thereof.

11. The method of claim 1, wherein said reaction mixture is pre-heated to at least a temperature

of 100° C prior to being forced through said controlled flow cavitation apparatus.

12. The method of claim 1, wherein said free fatty acid content of said feedstock is reduced to

less than 1% by weight by way of esterification reactions.

13. The method of claim 1, said at least two controlled flow cavitation apparatuses being in

series.



14. The method of claim 1, said feedstock having a free fatty acid content in the range of 3 to

15% by weight.

15. A method of reducing the free fatty acid content of a feedstock comprising:

mixing a feedstock comprising a free fatty acid content in the range of 3 to 30% by weight

with an alcohol and acid catalyst to form a reaction mixture, wherein said alcohol to free fatty

acid content of said feedstock is present in a ratio of at least 200: 1;

passing said reaction mixture through at least two controlled flow cavitation apparatuses in

series;

maintaining a pressure differential across each said controlled flow cavitation apparatus in

the range of 50 to 400 psi;

holding said reaction mixture exiting said at least two controlled flow cavitation apparatuses

in a holding tank at a temperature of at least 100° C, wherein said free fatty acid content is

reduced to lower than 2% through esterification reactions;

completing said reduction of free fatty acid content in said feedstock to lower than 2% by

weight within 20 minutes.

16. The method of claim 15, wherein said free fatty acid content of said feedstock is reduced to

below at least 1% by weight.

17. The method of claim 15, wherein said free fatty acid content of said feedstock is reduced to

below at least 0.5% by weight.

18. The method of claim 15, said feedstock having a free fatty acid content in the range of 3 to

15% by weight.
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