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DESCRIPTION

EXTRACTION WITH FRACTIONATION OF OIL AND CO-PRODUCTS

FROM OLEAGINOUS MATERIAL

CROSS-REFERENCE TO RELATED APPLICATION

This application claims priority to U.S. Provisional Patent Application Serial

No. 61/321,286 filed April 6, 2010, which is herein incorporated by reference in its

entirety.

BACKGROUND OF THE INVENTION

A. Field of the Invention

Embodiments of the present invention relate generally to systems and methods

for extracting lipids of varying polarity from a wet oleaginous material, including for

example, an algal biomass. In particular, embodiments of the present invention

concern the ability to both extract & fractionate the algae components by doing

sequential extractions with a hydrophilic solvent/water mixture that becomes

progressively less polar (i.e. water in solvent/water ratio is progressively reduced as

one proceed from one extraction step to the next). In other words, the interstitial

solvent in the algae (75% of its weight) is water initially and is replaced by the polar

solvent gradually to the azeotrope of the organic solvent. This results in the

extraction of components soluble in the polarity developed at each step, thereby

leading to simultaneous fractionation of the extracted components.

B. Description of Related Art

Algae have gained significant importance in the recent years given their

inherent advantage in solving several critical issues of the world such as producing

renewable fuels, reducing global climate change, wastewater treatment and

sustainability. Algae's superiority as a biofuel feedstock arises from a variety of

factors, viz, high per-acre productivity compared to typical terrestrial oil crop plants,

non-food based feedstock resources, use of otherwise non-productive, non-arable

land, utilization of a wide variety of water sources (fresh, brackish, saline, and

wastewater), production of both biofuels and valuable co-products. However, the



ability to easily recover and fractionate the various oil/byproducts produced by algae

is critical to the economic success of the algae oil process.

Several thousand species of algae have been screened and studied for lipid

production worldwide over the past several decades of which about 300 rich in lipid

production have been identified. The lipids produced by algae are similar in

composition compared to the contemporary oil sources such as oil seeds, cereals, and

nuts. The lipid composition and content vary at different stages of the life cycle and

are affected by environmental and culture conditions. Given considerable variability

in biochemical composition and the physical properties of the algae cell wall, the

strategies and approaches for extraction are rather different depending on individual

algal species/strains employed. The conventional physical extraction processes such

as extrusion, do not work well with algae given the thickness of the cell wall and the

small size (2~20nm) of algal cells. Further, the large amounts of polar lipids in the

algal oil compared to the typical oil seeds lead to refining issues. However, this can be

a great opportunity to recover large amounts of polar lipids which have an existing

market and add value to the process.

Typical algal concentration in the culture upon harvesting is about 0.1-1.0 %

(w/v), thereby requiring the process to remove as high as 1000 times the amount of

water to process a unit weight of algae. Conventional or the currently existing oil

extraction methods for oleagenous materials strictly require almost completely dry

biomass or feed to improve the yield and quality of the oil extracted, thereby

rendering the feed to the biofuels process uneconomical and energy-intensive. The

feed is extruded or flaked at high temperatures to enhance the extraction. These steps

may not work with the existing equipment due to the single cell micrometric nature of

algae. Algal oil extraction can be classified as disruptive and non-disruptive methods.

Disruptive methods involve cell lysis by mechanical (see U.S. Patent 6,750,048),

thermal, enzymatic or chemical methods. Most disruptive methods result in

emulsions and require an expensive cleanup process. Algal oils contain a large

percentage of polar lipids and proteins which enhance the emulsification of the neutral

lipids further stabilized by the nutrient and salt components left in the solution. The

resulting oil is a complex mixture requiring an extensive refining process to obtain

neutral lipids (feed for conversion to biofuels).

Non-Disruptive methods provide low yields. Milking is a variant of the

proposed process. However, it may not work with some species of algae due to



solvent toxicity and cell wall disruption. A specific process may be required for each

algal strain, mutant and genetic modified organism. Further, the volumes of solvents

required would be astronomical due to the maximum attainable concentration in the

medium. Multiphase extractions {see U.S. Patent 6,166,231) will require extensive

distillations with complex solvent mixtures for solvent recovery and recycle.

The proposed non-disruptive alcoholic extraction process results in over 90%

extraction efficiency, and the small amount of polar lipids in the remaining biomass

enhances its value. In addition, ethanol extracts can further be directly transesterified.

Furthermore, it is a generic process for any algae, and recovers all the valuable

components (polar lipids) in the algae with a gradient in alcohol-water mixture. The

neutral lipids fraction has a low metal content to start with, thereby enhancing the

stability and improving process economics in the subsequent steps.

The proposed system and methods start with wet biomass, reducing the dying

and dewatering costs. Compared to the contemporary processes, this process should

have a relatively low operating cost due to the moderate temperature and pressure

conditions along with the solvent recycle. In addition, continuous solvent extraction

is a proven technology, and chlorophylls may be removed from the fuel-lipid fractions

by solvent and solid interactions. Furthermore, the existing processes are cost

prohibitive and cannot meet the demand of the market.

Another aspect of proposed systems and methods is the ability to separate the

polar lipids from neutral lipids during the extraction process. The polar lipids along

with metals result in processing difficulties for separation and utilization of neutral

lipids. We take this opportunity to develop a value added aspect to the extraction

process and at the same time separate the polar lipids. The polar lipids are surfactants

by nature due to their molecular structure. The world market of surfactants reached

$23.9 billion in 2008, growing steadily at about 2.8%. By the year of 2010,

biosurfactants could capture 10% of the surfactant market, reaching $2 billion in sales

(Nitschke et al., 2005). The annual surfactant market in the U.S. is about 7.7 billion

pounds, of which 60% is oleochemical based. These biosurfactants are either derived

directly from the vegetable oil refining processes, or from oil seeds, bacteria and yeast

by extensive separation processes or enzymatic esterification. There is a large existing

surfactants market for phospholipids. The U.S. food industry consumes over 100

million pounds per year of lecithin (soybean phospholipid, an anionic surfactant).

These are co-products of soybean and other vegetable oil refining processes.



However, the amount of phospholipids in the initial crude oil is at the most 3% (i.e.,

3000 ppm). Also, non - ionic synthetic surfactant consumption in the same market is

four times the size of the lecithin market. Non - ionic biosurfactants such as

glycolipids, if available in bulk, can potentially replace lecithin.

Some of the major glycolipid biosurfactants, rhamnolipids, sophorolipids, and

trehalose lipids are produced by microbial fermentation. Rhamnolipids are produced

intracellularly by the bacterium Pseudomonas sp. Sophorolipids are produced

extracellularly by Candida sp. Trehalose lipids are cell wall components in

Mycobacteria and Corynebacteria. These are major toxic components in the cell wall

and reduce the permeability of the membranes conferring appreciable drug resistance

to the organisms. These fermentation processes typically use hydrocarbons, glucose,

vegetable oils as substrates (Gautam and Tyagi, 2006)

Recently the synthesis of biosurfactants has been developed using microbial

enzymes. There have been many reports on the synthesis of sugar fatty acid esters

from sugars (glucose, fructose and sucrose) and sugar alcohols (glycerol, xylitol and

sorbitol) catalyzed by lipases (Kitamoto et a , 2002). In the lipase - catalyzed

esterification, which is a dehydration condensation, one of the major difficulties is

how to efficiently remove water produced as the reaction progresses or how to

properly regenerate the solvent. Several strategies are being used to surmount these

problems, namely to perform the reaction under reduced pressure, to use water

adsorbents like molecular sieves, or to employ membrane pervaporation techniques

(Yahya et al., 1998; Yan et al., 2001). Further, there is a problem with stability and

activity of the enzyme, and the solubility of substrates (especially solubility of sugars

in organic solvents). An example of the industrial production of glycolipid

biosurfactants using the enzyme method is synthesis of a butyl glucoside from

maltose and n-butanol by glucose transferase with an annual yield of 240 kg (Bonsuet

et al., 1999).

All the existing technologies for producing polar lipids are raw material or

cost prohibitive. Other economical alternative feedstocks for glycolipids and

phospholipids are mainly algae oil, oat oil, wheat germ oil and vegetable oil. Algae oil

typically has 30 - 85 % (w/w) polar lipids depending on the species, physiological

status of the cell, culture conditions, time of harvest, and the solvent utilized for

extraction. The biosurfactant properties that enable numerous commercial



applications also increase the separation costs and losses at every processing step.

Because the glycerol backbone of each polar lipid has two fatty acid groups attached

instead of three in the neutral lipid triacylglycerol, transesterification of the former

may yield only two-thirds of the end product, i.e., esterified fatty acids, as compared

to that of the latter, on a per mass basis. Hence, removal and recovery of the polar

lipids would not only be highly beneficial in producing high quality biofuels or

triglycerides from algae, but also generate value-added co-products glycolipids and

phospholipids, which in turn can offset the cost associated with algae-based biofuel

production.

Biosurfactant recovery depends mainly on its ionic charge, water solubility,

and location (intracellular, extracellular or membrane bound). Examples of strategies

that can be used to separate and purify polar lipids in batch or continuous mode

include (Gautam et al., 2006): (1) Batch mode: Precipitation ( H, organic solvent),

solvent extraction and crystallization; (2) Continuous mode: centrifuging, adsorption,

foam separation and precipitation, membranes (tangential flow filtration, diafiltration

and precipitation, ultra filtration)

Most of the above listed technologies were utilized in separation and

purification of biosurfactants either from fermentation media or vegetable oils.

However, exemplary embodiments of the present disclosure utilize a crude algal oil

that is similar with a vegetable oil in terms of lipid and fatty acid composition. The

differences between algal oil used in exemplary embodiments and vegetable oils used

in previous embodiments include the percentage of individual classes of lipids. An

exemplary algal crude oil composition is compared with vegetable oil shown in Table

1 below:



Algal Crude Oil (w/w) Vegetable Oil (w/w)

Neutral lipids 30-90% 90-98%

Phospholipids 10-40% 1-2%

Glycolipids 10-40% <1%

Free fatty acids 1-10% <3%

Waxes 2-5% <2%

Pigments 1-4% ppm

In the vegetable oil industry, the product of chemical degumming to remove

polar lipids (biosurfactants) retains a lot of the neutral lipid (triglycerides) fraction.

This neutral lipid fraction is further removed from the degummed material using

solvent extraction or supercritical/subcritical fluid extraction or membrane

technology. Of these technologies, membrane technology may eliminate the

preliminary chemical degumming step and directly result in polar lipids almost devoid

of neutral lipids.

SUMMARY

Embodiments of the present invention relate generally to systems and methods

for extracting lipids of varying polarities from an oleaginous material, including for

example, an algal biomass. In particular, embodiments of the present invention

concern extracting lipids of varying polarities from an algal biomass using a series of

membrane filters.

In particular embodiments, the recovery/extraction process can be done on a

wet biomass. A major economic advantage of exemplary embodiments results from

not having to dry and disrupt the cell. Data on extracting dry algae with many typical

solvents (both polar & non polar) do not even come close to the

recoveries/fractionations achieved with exemplary embodiments of the exemplary

systems and methods. Disruption of wet biomass frequently results in emulsions and

component separations are difficult.

Exemplary embodiments may be applied to any algae or non-algae oleaginous

material. Exemplary embodiments may use any water-miscible slightly non-polar



solvent, including for example, MeOH, EtOH, IPA, Acetone, EtAc, AcN. Specific

embodiments may use a green renewable solvent. In exemplary embodiments,

extraction and fractionation can be performed in one step followed by membrane-

based purification if needed. The resulting biomass is almost devoid of water and can

be completely dried with lesser energy than aqueous algae slurry.

Certain embodiments comprise a method of extracting lipids from an

oleaginous material , where the method comprises: providing a plurality of inlet

reservoirs and a plurality of separation devices and directing an oleaginous material

and a water-soluble solvent through the plurality of inlet reservoirs and the plurality

of separation devices. In specific embodiments, each of the plurality of separation

devices separates the oleaginous material and the water-soluble solvent into a

retentate portion and a diffusate portion. Particular embodiments also comprise

directing the retentate portion to a subsequent inlet reservoir and separation device

and recycling the diffusate portion to a prior inlet reservoir.

In specific embodiments, the oleaginous material can be an algal biomass, and

in certain embodiments the oleaginous material is wet. In particular embodiments, the

water-soluble solvent can be selected from the group consisting of: MeOH, EtOH,

IPA, acetone, EtAc, or AcN. In specific embodiments, cells of the oleaginous

material may not be dried or disrupted. In certain embodiments, extraction and

fractionation of the oleaginous material can be performed in a single step.

In specific embodiments, a first separation device can separate the oleaginous

material and the water-soluble solvent into a first retentate portion and a first diffusate

portion. In particular embodiments, a second separation device can separate the

oleaginous material and the water-soluble solvent into a first retentate portion and a

first diffusate portion, where the first retentate portion comprises a higher

concentration of polar lipids than the second retentate portion and where the second

retentate portion comprises a higher concentration of neutral lipids than the first

retentate portion.

In certain embodiments, the neutral lipids can comprise triglycerides. In

particular embodiments, the plurality of separation devices can comprise a first

separation device and a second separation device. In specific embodiments, the first

separation device can separate the oleaginous material and the water-soluble solvent

into a first retentate portion and a first diffusate portion, and the second separation

device can separate the oleaginous material and the water-soluble solvent into a first



retentate portion and a first diffusate portion. In particular embodiments, the first

retentate portion can have a higher polarity than the second retentate portion. In

certain embodiments, the plurality of separation devices can comprise a plurality of

membrane filters. In specific embodiments, the membrane can comprise one or more

of the following materials: polyethersulfone (PES), polyamide (PA), polysulfone

(PS), polyvinylidene difluoride (PVDF), polyimide (PI), and polyacrylonitrile (PAN).

In particular embodiments, the water-soluble solvent can comprise an alcohol. In

certain embodiments, the water-soluble solvent can be maintained at a temperature

near the boiling point of the water-soluble solvent. In specific embodiments, the

water-soluble solvent can be maintained at a temperature between 40 and 70 degrees

Celsius.

In particular embodiments, the plurality of separation devices can comprise: a

first separation device configured to separate particles larger than 100 µηι from

particles smaller than 100 µ ; a second separation device configured to separate

particles larger than 10 µη from particles smaller than 10 µη ; and a third separation

device configured to separate particles larger than 1 µηι from particles smaller than 1

µ . In specific embodiments, the plurality of inlet reservoirs can be maintained at a

pressure of approximately 1-10 bars. In certain embodiments, the diffusate portion

can be directed to a recycle reservoir and before being recycled to the prior inlet

reservoir. Particular embodiments can comprise a recycle pump configured to recycle

the diffusate portion to the prior inlet reservoir.

Certain embodiments can comprise a system for extracting lipids from an

oleaginous material, where the system comprises: a first, second, and third inlet

reservoir, and a transport mechanism configured to move the oleaginous material and

a water-soluble solvent from the first inlet reservoir to the second inlet reservoir, and

from the second inlet reservoir to the third inlet reservoir. Particular embodiments

may also comprise a first separation device between the first and second inlet

reservoirs, where the first separation device is configured to separate the oleaginous

material and the water-soluble solvent into a first retentate portion and a first diffusate

portion. Specific embodiments can also comprise a second separation device between

the second and third inlet reservoirs, where the second separation device is configured

to separate the oleaginous material and the water-soluble solvent into a second

retentate portion and a second diffusate portion.



Certain embodiments of the system can also comprise a first recycle pump

configured to pump the first diffusate portion to the first inlet reservoir, and a second

recycle pump configured to pump the second diffusate portion to the second inlet

reservoir. In particular embodiments, the first and second separation devices each

comprise a membrane filter. In specific embodiments, the membrane filter of the first

separation device can be configured to separate particles larger than 100 µηι from

particles smaller than 100 µ η . In certain embodiments, the membrane filter of the

second separation device can be configured to separate particles larger than 10 µ ι

from particles smaller than 10 µιη .

In particular embodiments of the system, the membrane filters of the first and

second separation devices can comprise one or more of the following materials:

polyethersulfone (PES), polyamide (PA), polysulfone (PS), polyvinylidene difluoride

(PVDF), polyimide (PI), and polyacrylonitrile (PAN). In certain embodiments, the

first retentate portion can comprise a higher concentration of polar lipids than the

second retentate portion, and the second retentate portion comprises a higher

concentration of neutral lipids than the first retentate portion. In particular

embodiments, the water-soluble solvent can comprise an alcohol. In specific

embodiments, the water-soluble solvent can be maintained at a temperature near the

boiling point of the water-soluble solvent. In certain embodiments, the water-soluble

solvent can be maintained at a temperature between 40 and 70 degrees Celsius.

It is contemplated that any embodiment discussed in this specification can be

implemented with respect to any method or system of the invention, and vice versa.

Furthermore, systems of the invention can be used to achieve methods of the

invention.

The term "conduit" or any variation thereof, when used in the claims and/or

specification, includes any structure through which a fluid may be conveyed. Non-

limiting examples of conduit include pipes, tubing, channels, or other enclosed

structures.

The term "reservoir" or any variation thereof, when used in the claims and/or

specification, includes any body structure capable of retaining fluid. Non-limiting

examples of reservoirs include ponds, tanks, lakes, tubs, or other similar structures.

The term "about" or "approximately" are defined as being close to as

understood by one of ordinary skill in the art, and in one non-limiting embodiment the



terms are defined to be within 10%, preferably within 5%, more preferably within 1%,

and most preferably within 0.5%.

The terms "inhibiting" or "reducing" or any variation of these terms, when

used in the claims and/or the specification includes any measurable decrease or

complete inhibition to achieve a desired result.

The term "effective," as that term is used in the specification and/or claims,

means adequate to accomplish a desired, expected, or intended result.

The use of the word "a" or "an" when used in conjunction with the term

"comprising" in the claims and/or the specification may mean "one," but it is also

consistent with the meaning of "one or more," "at least one," and "one or more than

one."

The use of the term "or" in the claims is used to mean "and/or" unless

explicitly indicated to refer to alternatives only or the alternatives are mutually

exclusive, although the disclosure supports a definition that refers to only alternatives

and "and/or."

As used in this specification and claim(s), the words "comprising" (and any

form of comprising, such as "comprise" and "comprises"), "having" (and any form of

having, such as "have" and "has"), "including" (and any form of including, such as

"includes" and "include"), or "containing" (and any form of containing, such as

"contains" and "contain") are inclusive or open-ended and do not exclude additional,

unrecited elements or method steps.

Other objects, features and advantages of the present invention will become

apparent from the following detailed description. It should be understood, however,

that the detailed description and the examples, while indicating specific embodiments

of the invention, are given by way of illustration only. Additionally, it is

contemplated that changes and modifications within the spirit and scope of the

invention will become apparent to those skilled in the art from this detailed

description.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 is a flowchart of steps involved in a method according to an

exemplary embodiment of the present disclosure.



Figure 2 is a schematic diagram of an exemplary embodiment of an extraction

system according to the present disclosure.

Figure 3 is a comparative chart showing Sohxlet extraction of freeze dried

algae biomass using an array of solvents encompassing the complete polarity range

showing maximum non-disruptive algae oil extraction efficiency and the effect of

polarity on the polar and non-polar lipids extraction.

Figure 4 is a chart showing neutral lipids (a) Purity (b) Recovery in the two

step solvent extraction process using methanol and petroleum ether at three different

temperatures.

Figure 5 is a chart showing neutral lipids (a) Purity (b) Recovery in the two

step solvent extraction process using aqueous methanol and petroleum ether at three

different temperatures.

Figure 6 is a chart showing lipid recovery in the two step solvent extraction

process using aqueous methanol and petroleum ether at three different temperatures.

Figure 7 is a chart showing the effect of solvents solid ratio on lipid recovery.

Figure 8 is a chart showing the effect of additives on a single step extraction

recovery of aqueous methanol on dry biomass.

Figure 9 is a chart showing the effect of multiple step methanol extractions on

the cumulative total lipid yield and the neutral lipids purity. ( 1 12 g wet biomass

(25.6% dry weight) extracted with 350 mL pure methanol for 10 minutes at 160 W

irradiance power in each step).

Figure 10 is a chart showing the cumulative recovery of lipids using wet

biomass and ethanol.

Figure 11 is a chart showing comparison of the extraction times of the

microwave assisted extraction and conventional extraction systems.

Figure 12 is a chart showing the effect of moisture content on extraction

(Tablel: Comparison of algal oil to vegetable oil).

DESCRIPTION OF EXEMPLARY EMBODIMENTS

For solvent extraction of oil from algae the best case scenario is a solvent

which selectively extracts triacylglycerols (TAG) and leaving all polar lipids and non-

TAG neutral lipids such as waxes, sterols in the algal cell with high recoveries. The

second option would be selectively extract polar lipids and then extract purer neutral



lipids devoid of polar lipids, resulting in high recovery. The last option would be to

extract all the lipids and achieve very high recovery in one or two steps.

Referring now to FIG. 1, a flowchart 100 provides an overview of the steps

involved in exemplary embodiments of methods used in the fractionation and

purification of lipids from an algae-containing biomass. In a first step 110, algal cells

are harvested. In a subsequent step 120, water is removed from alga cells to yield a

10-25% solid biomass. In step 130, a solvent-based extraction is performed on the

biomass and the fractions are collected. Finally, membrane filtration may be

performed in a step 140 to separate out smaller lipid components.

The algae biomass when harvested in step 110 typically consists of 1 - 5 g/L

of total solids. The biomass can be de-watered in step 120 using the techniques

including, for example, dissolved air floatation, membrane filtration, flocculation,

sedimentation, or centrifuging. The de-watered algae biomass resulting from step 120

typically consists of 10 - 30% solids. This biomass can then be extracted with water-

soluble solvents (e.g., alcohols), in a multistage countercurrent solvent extraction

process segregating the fractions at each stage.

Referring now to FIG. 2, a schematic diagram of an exemplary embodiment of

an extraction system 200 one is provided. The wet or dry algal biomass is transported

on a moving belt. The solvent for extraction is recirculated from a storage tank

assigned to each biomass slot position. The extraction mixture is filtered returning the

biomass solids back into the slot and the extract into the storage tank. The solids on

the belt move periodically based on the residence time requirement for extraction. The

extracts in each storage tanks may either be replenished at saturation or continuously

replaced by fresh solvent. This would also reduce the downstream processing time

and costs drastically. This embodiment comprises a primary reservoir 210, a transport

mechanism 220, a plurality of separation devices 240 (e.g., membrane filtration

devices), a plurality of extraction reservoirs 260, and a plurality of recycle pumps 280.

In this embodiment, primary reservoir 210 is divided up into a plurality of inlet

reservoirs 2 11-218.

During operation, algal biomass (indicated by arrow 201) is placed a first inlet

reservoir 2 11 near a first end 221 of transport mechanism 220. In addition, solvent

(indicated by arrow 205) is placed into inlet reservoir 218 near a second end 222 of

transport mechanism 220. Transport mechanism 220 directs the algal biomass along



transport mechanism 220 from first end 221 towards second end 222. As the algal

biomass is transported, it passes through the plurality of separation devices 241-248

and is separated into fractions of varying polarity. The diffusate portions that pass

through separation devices 241-248 are directed to reservoirs 261-268.

For example, the diffusate portion of the algal biomass that passes through the

first separation device 241 {e.g., the portion containing liquid and particles small

enough to pass through separation device 241) is directed to the first reservoir 261.

From first reservoir 261, the diffusate portion can be recycled back to first inlet

reservoir 201. The retentate portion of the algal biomass that does not pass through

first separation device 241 can then be directed by transport mechanism 220 to second

inlet reservoir 212 and second separation device 242, which can comprise a finer

separation or filtration media than the first separation device 241 .

The segment of the diffusate portion that passes through second separation

device 242 can be directed to second reservoir 262, and then recycled back to second

inlet reservoir 212 via recycle pump 282. The retentate or extracted portion of the

algal biomass that does not pass through second separation device 242 can be directed

by transport mechanism 220 to third inlet reservoir 213. This process can be repeated

for inlet reservoirs 213-218 and separation devices 243-248 such that the extracted

portions at each stage are directed to the subsequent inlet reservoirs, while the

diffusate portions are directed to the recycle reservoirs and recycled back to the

current inlet reservoir.

In exemplary embodiments, the last fraction extracted will be with the purest

solvent and the first fraction with a saturated solvent. The process therefore extracts

components in the order of decreasing polarity with the fraction. The function of the

first fraction is to remove the residual water and facilitate the solvent extraction

process. The fractions that follow are rich in polar lipids, while the final fractions are

rich in neutral lipids.

The solvent selection and the theory of fractionation based on polarity were

developed by extensive analysis of solvents and the effect on extraction using the

Sohxlet extraction process. Sohxlet extraction system was utilized for rapid screening

solvents for lipid class selectivity and recovery. Solvents from various chemical

classes encompassing a wide range of polarities such as alkanes, cycloalkane, alkyl

halides, esters, ketones, were tested. The lipid content and composition of the

biomass was tested in triplicates using the standard methods in our lab prior to the



Sohxlet extraction. The total lipids in the biomass utilized were 22.16% (dry weight

basis) and the neutral lipid content was 49.52% . The results from the Sohxlet

extraction are shown in Figure 3. We can achieve about 60-70% purity of neutral

lipids and 15-45% of total lipids recovery depending on the chain length of the alkane

without disruption and solvent extraction. The longest chain alkane tested, heptane

showed 60% neutral lipids recovery and 42 % recovery of total lipids. However, the

maximum neutral lipids purity was less than 70%. Thereby indicating that use of

single solvent for extraction of neutral lipids selectively may not be feasible. The

lower carbon alcohols were more selective towards polar lipids. The neutral lipids

purity was 22% for methanol and 45% for ethanol. Isopropyl alcohol did not show

any selectivity to lipids class and the neutral lipids purity was 52%. Methanol

specifically could recover 67% of the total lipids and more than 90% of the polar

lipids. Thereby, methanol is a perfect proponent for our second option of selectively

extracting polar lipids prior to extracting the neutral lipids using heptane or hexane.

Other solvent classes tested did not show any selectivity towards lipids class since the

neutral lipids purity was close to 49% (resembling the lipid composition in the

biomass) and the total lipids recovery ranged from 15 to 35%, rendering these

solvents not being suitable for a specific lipids class extraction or total lipids

extraction.

The results from the Sohxlet analysis were confirmed using the standard bench

scale batch solvent extraction apparatus. The solvents selected were methanol for the

first step to recover polar lipids and petroleum ether in the second step to recover

neutral lipids. All the extractions were performed with a 1 : 10 solid:solvent ratio and

with each step for 1 hour. The methanol extractions were performed at different

temperatures as discussed below and the petroleum ether extraction was performed

close to the boiling point of the solvent at 35C throughout the following set of

experiments. Petroleum ether was chosen because of its high selectivity to neutral

lipids, low boiling point and the product quality observed after extraction. From

Figure 4 (a) we can observe that the neutral lipid purity in susbsequent extraction after

a methanol extraction step at 65°C is over 80%. We can also see that the methanol

extraction performed near the boiling point can significantly enhance the purity of the

neutral lipids in the susbsequent extraction.

We can see from Figure 4(b) that the total neutral lipid recovery is low and

there is a significant amount of neutral lipid loss in the first step.



To minimize the loss of neutral lipids in the methanol extraction step, the

polarity of the solvent can be increased by adding water to the solvent. The results are

shown in Figure 5. From Figure 5(a) we can observe that the neutral lipid purity is

much higher in the petroleum ether extraction than the previous case. Also, the loss

of neutral lipids in the aqueous methanol extraction step is much lower than pure

methanol. We also observed that higher temperature for methanol extraction

improved the neutral lipid purity but slightly decreased the recovery in the subsequent

step. Figure 7 shows the effect of solvent solid ratio on the extraction recovery. Given

the lower solubility of lipids in methanol compared to other commonly used oil

extraction solvents such as hexane, we observed a drastic increase in the total lipid

recovery by increasing the solvent to solid ratio.

In exemplary embodiments, the extraction is effective close to the boiling

point of the solvent used. At such temperatures, vapor phase penetration of the

solvent into the algal cells is faster due to lesser mass transfer resistance. If the

extraction temperature is allowed to significantly exceed the boiling point of the

solvent, the solvent-water system can form an azeotrope. Thus maintaining the

system at the boiling point of solvent would create enough vapors to enhance the

extraction and not the capital costs. In addition, the solubility of oil is higher at higher

temperatures, which can further increase the effectiveness at temperatures close to the

solvent boiling point. Figure 6 shows the total lipid recovery in the aqueous methanol-

petroleum ether extraction scheme. Although performing the methanol extraction near

its boiling temperature slightly decreases the neutral lipid recovery as observed in

Figure 5b, it enhances the total lipid recovery.

In exemplary embodiments, the solvent-to-solid ratio for the extraction is

between 3 - 5 based on the dry weight of the solids in the biomass. The residual algal

biomass is rich in carbohydrates (e.g., starch) and can be used as a feed stock to

produce the solvent used for extraction.

From Figure 9 we can observe that it is possible to get high purity neutral lipid

once the polar lipids are all extracted. In this case we can get 5% yield with over 90%

neutral lipids purity in extraction steps 5 through 8. Also, based on the boiling point

of the extraction mixture, we can assert that most of the water in the biomass is

completely extracted in the first extraction step along with carbohydrates, proteins and

metals. From Figure 10 we can observe faster recovery of lipids using ethanol and



wet biomass. The number of steps for over 80% total lipids recovery has been reduced

from about 9 steps using methanol to 4 steps using ethanol. This increase in recovery

may be attributed to greater lipids solubility in ethanol compared to methanol. Also,

the boiling point of the aqueous ethanol is higher than aqueous methanol facilitating

further recovery of lipids. The main advantages of this process would consist of the

productivity of ethanol using the residual biomass after oil extraction, utilization of

ethanol in the oil extract for transesterification. Further from figure 10 we can observe

that the initial fractions are non-lipid rich followed by the lipid rich fractions and

finally the neutral lipid fractions. Hence with a proper design of the extraction

apparatus, one can recover all the three fractions in one process.

Another aspect of the current invention is the comparison of using microwave

for extraction and the conventional extraction methods. Figure 11(a) is log-normal

plot of the extraction time and total lipid recovery for the microwave and the

conventional systems. As we can see the microwave system reduces the extraction

time by 10 fold. Also from the slope of the curve we can see that the extraction rate

for the microwave assisted system is about 4 times greater than that of the

conventional method. However, the net recovery is higher for the conventional

method due to higher recoveries of the polar lipids. Based on these results we have the

best conditions for extraction of dry algal biomass using solvents with and without

microwave assistance. Hence, we may need to modify the algal cells prior to

extraction to enhance the productivity and efficiency. In this direction we performed a

small experiment comparing the effect of adding a base or another organic solvent in

small amounts to chance the surface properties and enhancing extraction. As we can

see from Figure 8, an addition of 5% DMSO increases the recovery 3 times. This may

translate into reducing all the methanol extraction steps dramatically. However, these

solution used in the above experiments may not be the best case scenario on a larger

scale due to the formation of azeotropes. From our previous data we know that

methanol is the best single solvent for extraction of all lipids from algae. Hence, we

performed a single solvent multiple step extraction to study the possible one solvent

microwave extraction system.

Moisture content is another important parameter of algae which will obviously

influence the oil extraction performance. Algae sample with dry algae content at 10%,

25%, 33% were used to investigate the influence of moisture on extraction

performance. As indicated in the Fig. 12, the lipid evolution profile were largely



influenced by the moisture content in the starting algae, when the dry weight

decreased from 33% to 25% and 10%, the maximum lipid recovery step change to

fourth extraction cycle from the third one. However, the overall lipid recovery from

these three algae samples was quite similar, all above 95% of the reference value. The

neutral lipid percentage in the crude extract of these three algae is shown in Fig. 12. It

can be found that the neutral lipid percentage in the first three steps is decreased as the

dry weight algae decreased, while no difference was found in the last two cycles. The

difference in oil extraction performance can again be explained from the difference of

the solvent system. When higher moisture content of the algae was used, the ethanol

concentration in the aqueous ethanol mixture was much lower, and consequently the

neutral lipid percentage in the crude extract was also lower. It was reported that

further dewater from algae paste with 90% water was a very energy intensive process.

Hence it is interesting to see the overall lipid recovery was not obviously influenced

even starting from the algae paste with 90% water, which means a cost much more

acceptable dewater process is enough for our extraction system.

In exemplary embodiments, the polar lipids rich fraction is further processed

using membranes to separate smaller components such as triglycerides, fatty acids,

carotenoids. The ability of polar lipids to aggregate can also been used to retain them

on high-molecular-weight-cutoff membranes. Phospholipids are amphoteric

molecules that can form reverse micelles in the medium with a molar mass above 20

kDa and molecular size from 20 to 200 nm (Koseoglu, 2002). Solvent stable

ultrafiltration (UF) (e.g., filtration of particles greater than approximately 10 µ η) or

nanofiltration (NF) (e.g., filtration of particles greater than approximately 1 µη )

membranes can be made of polyethersulfone (PES), polyamide (PA), polysulfone

(PS), polyvinylidene difluoride (PVDF), polyimide (PI), polyacrylonitrile (PAN) or

suitable inorganic materials (Cheryan, 1988).

In exemplary embodiments, the separation is performed at low to moderate

pressures (e.g., 1 - 10 bar), and the temperatures can be maintained between 40 - 70C

to reduce the viscosity of the lipids increasing the flux. In specific embodiments,

greater than 90% rejection can be observed based on the membrane selected.

In exemplary embodiments, the membrane separation results in a polar lipids

fraction that is over 90% pure and is highly concentrated, which can minimize the

additional steps to remove the solvent from the fraction. The fraction rich in neutral



lipids (e.g., triglycerides) and can be further used in various applications such as

production of biofuels, food and feed, etc.



Example for Extraction:

In one example, green microalga Scendesmus Dimorphus (SD) biomass samples with

different lipid contents harvested from outdoor panel photobioreactor were used.

Algal samples, after removal of the bulk water by centrifugation, were kept as 3-5 cm

algae cake at -80 degrees refrigerator until use. Pre-calculated amount of wet algal

biomass (15 g dry algae weight equivalent), 90 ml ethanol solvent was added into a

three-neck flask equipped with condensate, mechanical stirring and thermocouple.

The mixture was reflux for 0 min under microwave irradiance or l h with electronic

heating, respectively. After reflux time achieves the set value, the mixture was cooled

down to room temperature, and separated into crude extract and residual by filtration.

The total lipids of algal samples were analyzed in a chloroform-methanol-water

system according to Bligh and Dyer's method (ref) and used as reference for the lipid

recovery calculation. Total lipids were further separated into neutral lipids and polar

lipids by column chromatography using silica gel (60-200 mesh) (Merck Corp.,

Germany) as previously described: six volumes of chloroform to collect the neutral

lipid class and 6 volumes of methanol to collect the polar lipids. Each lipid fraction

was transferred into a pre-weighed vial, initially evaporated at (30 °C) using a rotary

evaporator (Biichi, Switzerland) and then dried under high vacuum. The dried

residuals were placed under nitrogen and then weighed. Fatty acid profile of lipids

were quantified by GC-MS after derivatization into fatty acid methyl esters using

heptadecanoic acid (CI 7:0) as the internal standard.
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CLAIMS:

1. A method of extracting lipids from an oleaginous material , the method comprising:

providing a plurality of inlet reservoirs and a plurality of separation devices;

directing an oleaginous material and a water-soluble solvent through the plurality of

inlet reservoirs and the plurality of separation devices, wherein each of the

plurality of separation devices separates the oleaginous material and the water-

soluble solvent into a retentate portion and a diffusate portion;

directing the retentate portion to a subsequent inlet reservoir and separation device;

and

recycling the diffusate portion to a prior inlet reservoir.

2 . The method of claim 1 wherein the oleaginous material is an algal biomass.

3. The method of claim 1 wherein the oleaginous material is wet.

4. The method of claim 1 wherein the water-soluble solvent is selected from the group

consisting of: MeOH, EtOH, IPA, acetone, EtAc, or AcN.

5 . The method of claim 1 wherein cells of the oleaginous material are not dried or disrupted.

6. The method of claim 1 wherein extraction and fractionation of the oleaginous material is

performed in a single step.

7. The method of claim 1 wherein:

a first separation device separates the oleaginous material and the water-soluble

solvent into a first retentate portion and a first diffusate portion; and

a second separation device separates the oleaginous material and the water-soluble

solvent into a first retentate portion and a first diffusate portion, wherein the

first retentate portion comprises a higher concentration of polar lipids than the

second retentate portion and wherein the second retentate portion comprises a

higher concentration of neutral lipids than the first retentate portion.

8. The method of claim 7 wherein the neutral lipids comprise triglycerides.

9. The method of claim 1 wherein:



the plurality of separation devices comprises a first separation device and a second

separation device;

the first separation device separates the oleaginous material and the water-soluble

solvent into a first retentate portion and a first diffusate portion; and

the second separation device separates the oleaginous material and the water-soluble

solvent into a first retentate portion and a first diffusate portion, wherein the

first retentate portion has a higher polarity than the second retentate portion.

10. The method of claim 1 wherein the plurality of separation devices comprises a plurality

of membrane filters.

11. The method of claim 10 wherein the membranes comprise one or more of the following

materials: polyethersulfone (PES), polyamide (PA), polysulfone (PS), polyvinylidene

difluoride (PVDF), polyimide (PI), and polyacrylonitrile (PAN).

12. The method of claim 1 wherein the water-soluble solvent comprises an alcohol.

13. The method of claim 1 wherein the water-soluble solvent is maintained at a temperature

near the boiling point of the water-soluble solvent.

14. The method of claim 1 wherein the water-soluble solvent is maintained at a temperature

between 40 and 70 degrees Celsius.

15. The method of claim 1 wherein the plurality of separation devices comprises:

a first separation device configured to separate particles larger than 100 µ η from

particles smaller than 100 µιη;

a second separation device configured to separate particles larger than 10 µ from

particles smaller than 10 µηι; and

a third separation device configured to separate particles larger than 1 µ ι from

particles smaller than 1 µ .

16. The method of claim 1 wherein the plurality of inlet reservoirs are maintained at a

pressure of approximately 1-10 bars.

17. The method of claim 1 wherein the diffusate portion is directed to a recycle reservoir

before being recycled to the prior inlet reservoir.



18. The method of claim 1 further comprising a recycle pump configured to recycle the

diffusate portion to the prior inlet reservoir.

19. A system for extracting lipids from an oleaginous material, the system comprising:

a first, second, and third inlet reservoir;

a transport mechanism configured to move the oleaginous material and a water-

soluble solvent from the first inlet reservoir to the second inlet reservoir, and

from the second inlet reservoir to the third inlet reservoir;

a first separation device between the first and second inlet reservoirs, wherein the first

separation device is configured to separate the oleaginous material and the

water-soluble solvent into a first retentate portion and a first diffusate portion;

a second separation device between the second and third inlet reservoirs, wherein the

second separation device is configured to separate the oleaginous material and

the water-soluble solvent into a second retentate portion and a second diffusate

portion;

a first recycle pump configured to pump the first diffusate portion to the first inlet

reservoir; and

a second recycle pump configured to pump the second diffusate portion to the second

inlet reservoir.

20. The system of claim 19 wherein the first and second separation devices each comprise a

membrane filter.

21. The system of claim 20 wherein the membrane filter of the first separation device is

configured to separate particles larger than 100 µη from particles smaller than 100

µηι.

22. The system of claim 20 wherein the membrane filter of the second separation device is

configured to separate particles larger than 10 µ η from particles smaller than 10 µ η .

23. The system of claim 20 wherein the membrane filters of the first and second separation

devices comprise one or more of the following materials: polyethersulfone (PES),

polyamide (PA), polysulfone (PS), polyvinylidene difluoride (PVDF), polyimide (PI),

and polyacrylonitrile (PAN).



24. The system of claim 19 wherein the first retentate portion comprises a higher

concentration of polar lipids than the second retentate portion and wherein the second

retentate portion comprises a higher concentration of neutral lipids than the first

retentate portion.

25. The system of claim 19 wherein the water-soluble solvent comprises an alcohol.

26. The system of claim 19 wherein the water-soluble solvent is maintained at a temperature

near the boiling point of the water-soluble solvent.

27. The system of claim 19 wherein the water-soluble solvent is maintained at a temperature

between 40 and 70 degrees Celsius.
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