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BACKGROUND OF THE INVENTION

[0003] Petroleum is a natural resource composed primarily of hydrocarbons. Extracting
petroleum oil from the earth is expensive, dangerous, and often at the expense of the
environment. Furthermore, world wide reservoirs of oil are dwindling rapidly. Costs also
accumulate due to the transportation and processing required to convert petroleum oil into

usable fuels such as gasoline and jet fuel.

[0004] Algae have gained a significant importance in recent years given their ability to
produce lipids, which can be used to produce sustainable biofuel. This ability can be exploited
to produce renewable fuels, reduce global climate change, and treat wastewater. Algae’s
superiority as a biofuel feedstock arises from a variety of factors, including 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
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[0008] Algal oil extraction can be classified into two types: disruptive or non-disruptive

methods.

[0009] Disruptive methods involve cell lies by mechanical, thermal, enzymatic or chemical
methods. Most disruptive methods result in emulsions, requiring an expensive cleanup

process. Algal oils contain a large percentage of polar lipids and proteins which enhance the
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[0012] Accordingly, to overcome these deficiencies, there is a need in the art for improved
methods and systems for extraction and fractionating algal products, in particular algal oil,

algal proteins, and algal carotenoids.
BRIEF SUMMARY OF THE INVENTION

[0013] Embodiments described herein 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 described herein concern extracting lipids of
varying polarities from an algal biomass using solvents of varying polarity and/or a series of

membrane filters. In some embodiments, the filter is a microfilter.

[0014] In some embodiments of the invention, a single solvent and water are used to
extract and fractionate components present in an oleaginous material. In other embodiments,
these components include, but are not limited to, proteins, polar lipids, and neutral lipids. In
still other embodiments, more than one solvent is used. In still other embodiments, a mixture

of solvents is used.

[0015] In some embodiments, the methods and systems described herein are useful for
extracting coproducts of lipids from oleaginous material. Examples of such coproducts

include, without limitation, proteinaceous material, chlorophyll, and carotenoids.



onega-3 rich oil from al gae includes dewatering substantially intact alga
cells to nmake an al gal biomass and adding a first ethanol fraction to the
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[0019] In still a further embodiment of the invention, the method also includes processing

the polar lipids into at least one of lubricants, detergents, and food additives.

[0020] In another embodiment of the invention, at least one of the first, second, and third

solvent sets comprises an alcohol. Optionally, the alcohol is ethanol.

[0021] Embodiments of the present in invention include a method of isolating chlorophylls
and omega-3 rich oil from algae, comprising dewatering substantially intact algal cells
suspended in a fluid medium to generate an algal biomass; extracting a substantially liquid

fraction comprising neutral lipids, carotenoids, and chlorophylls from the algal biomass, the
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comprises an ethanol. In others, at least one of the first, second, and third solvent sets

comprises an alcohol.

[0024] In yet other embodiments, the method further comprises esterifying the neutral
lipids with a catalyst in the presence of an alcohol, and separating a water soluble fraction
comprising glycerin from a water insoluble fraction comprising fuel esters. In still other
embodiments, the method further comprises distilling the fuel esters under vacuum to obtain a
C16 or shorter fuel ester fraction, a C16 or longer fuel ester fraction, and a residue comprising

omega-3 fatty acids. Some embodiments further comprise deoxygenating the C16 or shorter
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Recovery in the two step solvent extraction process using nethanol and
petroleum ether at three different tenperatures. [0030] FIG 5A&B are graphs
show ng neE0otnel13843pi ds (A) Purity and (B) Recovery in tReTtuse012002153%0!l vent
extraction process using aqueous nethanol and petrol eumether at three
different tenperatures. [0031]FIG 6 is a graph showing |ipid recovery in

the t t . ot i i .
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showi ngbidie adidseldileraf steakd. VaRtB other sdbbdinahBNhs $solinigds cdirikd putthyr ecovery.

[0033]FIG 8 is.a graph showing the effjcacy of different aqueous
ext r act3dsefPEen Bith dRSApasDeNt Snaeyfad E’(%‘E‘ Gherrenhadynents dhr/sphpting is£qtrsd put

met hanqly QiodiYn RifBSSy. WG UdodiBd: I from thk YR ik is a
graph sﬁ/ow?on‘g lt%eleffeaz){' of - ml I%ﬁe s?sgggr‘!e%%]l%étg%t@act igoﬁisﬁ%néghoeu

cunul atdousisting @flbl¢aching clayebehtamtt, tibfubletis eakh.1 i pi ds purity. [0035]FI G 10
Is a graph show ng the cunul ati ve recovery of |ipids using wet bionmass and

et hanol . [0036] FI G 1?@?%%%% %}&om‘ﬁﬁ&sof the extraction

times of the m crowav

[0025] FIG. 1A is a flowchart of steps involved in a method according to an exemplary

embodiment of the present disclosure.

[0026] FIG. 1B is a schematic diagram of an exemplary embodiment of a dewatering

process according to the present disclosure.

[0027] FIG. 2 is a schematic diagram of an exemplary embodiment of an extraction system

according to the present disclosure.

[0028] FIG. 3 is a comparative graph 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.

[0029] FIG. 4A&B are graphic representations showing neutral lipids (A) Purity and (B)
Recovery in the two step solvent extraction process using methanol and petroleum ether at

three different temperatures.

[0030] FIG. 5A&B are graphs showing neutral lipids (A) Purity and (B) Recovery in the
two step solvent extraction process using aqueous methanol and petroleum ether at three

different temperatures.

[0031] FIG. 6 is a graph showing lipid recovery in the two step solvent extraction process

using aqueous methanol and petroleum cther at three different temperatures.

[0032] FIG. 7 is a graph showing the effect of solvents to solid biomass ratio on lipid

recovery.

[0033] FIG. 8 is a graph showing the efficacy of different aqueous extraction solutions in a

single step extraction recovery of aqueous methanol on dry biomass.



assi sted extraction and conventional extraction systenms. [0037]FIG 12A is
a flowhart of steps involved in a nethod according to an exenplary
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extraction. Al of the units in FIG 12A are in pounds. [0038]FIG 12B is a
flomchart of steps involved in an exenplary extraction process according to
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fractionation in order to separate neutral |ipids, polar |ipids, and

pr ot ei oH35)M t PG aloggh gRiphnRsFing tAO4@hTGre Aboidry 8f fihiayadias tvelBivahkPiddy one

of the enbodi nents of the present invention wherein an al gal mass can be
processd#hneb form vari ous products. [0041]FIG 15 is a flowhart describing
one of the enbodinments of the present invention wherein al gae neutral

| i pi ds [8036]pr oEKSsidds tgrédpbrshowanrg cowsnpriscuct the ckid@4R FinGs of éheirgicepWdvewc har t
describin% &nq of. the enbod%gegt% of. thetgresent i nvention wherein al gae
neut r al TP §Eragtian SpY EURSRICHES SF PR 0 BY oduct s. [0043]FIG 17 is a

fl onmchar escrj bi one_ of the _enbodi nents of the present invention

wher ei r[oééfﬁae BFg-t e a&w%ﬂ@éﬁewwg@ﬁ@ o etiof A6FRTANE R ah fEEBR AR gal

bi omas smy a4l ok e p¥§seh§di§cl$iu?¥‘@zﬁf&'htinéiﬁﬁ&ﬁﬂe9h@&p%@%rd?@inte%a&fmp%lﬂ@fm s of

the present invention
the units in FIG. 12A are in pounds.

[0038] FIG. 12B is a flowchart of steps involved in an exemplary extraction process

according to the present disclosure.

[0039] FIG. 13 is a flowchart and mass balance diagram describing one of the
embodiments of the present invention wherein 1000 lbs. of algal biomass was processed
through extraction and fractionation in order to separate neutral lipids, polar lipids, and protein

from the algal biomass.

[0040] FIG. 14 is a flowchart describing one of the embodiments of the present invention

wherein an algal mass can be processed to form various products.

[0041] FIG. 15 is a flowchart describing one of the embodiments of the present invention

wherein algae neutral lipids are processed to form various products.

[0042] FIG. 16 is a flowchart describing one of the embodiments of the present invention

wherein algae neutral lipids are processed to form fuel products.

[0043] FIG. 17 is a flowchart describing one of the embodiments of the present invention

wherein algae proteins are selectively extracted from a freshwater algal biomass.

[0044] FIG. 18 is a flowchart describing one of the embodiments of the present invention

wherein algae proteins are selectively extracted from a saltwater algal biomass.

[0045] FIG. 19 is a flowchart describing one of the embodiments of the present invention

wherein a selected algae protein is extracted from a saltwater or freshwater algal biomass.

[0046] FIG. 20 is a flowchart describing one of the embodiments of the present invention

wherein a selected algae protein is extracted from a saltwater or freshwater algal biomass.



wherein al gae proteins are selectively extracted froma saltwater alga

bi omass. [0045]FIG 19 is a flowhart describing one of the enbodi nents of
t he presew0d 20rviBsd38on wherein a sel ected al gae protein iP€TANROIAOLEA7 from a
saltwater or freshwater algal biomass. [0046]FIG 20 is a flowhart

descri bing one of the enbodi ments of the present invention wherein a

sel ect gae el.n.| f I t r er al ga

o1 omsa b 20157 g Jebe b OB P Pud i M Byl GO0 200
show ngxHaeimdsspait mesipds dedckibedréroime Thivdch iresulexdntially imact bsihigféle

met hods descri bed herein. The cells are substantially intact both before
and afﬁ@ﬂa§§¥@§6¥ﬂ%m. [0048] FIG 22A is a flowchart of steps involved in an
met hod of chl orophyl| extraction. [0049LFIG. 22B is a schematic di agram of
an exerff48ly eﬁﬁg}cﬂyzp?eﬁta fisrvcdiart of ofshy involrd ipent mgthod Pf eleraphpld exfraction.

di scl osure. DETAI LED DESCRI PTI ON Definitions [0050] The term "conduit" or
any varl0849lon FHer2d¥is aasharsan diegranf an neé¢roplery amyodsheniof ahleraphydugh whi ch

a fluid_ may.be nveyed... Non-1limting exanpl es of conduit include pipes,
tubingﬁxgﬁtHWéﬁ§@3@?&3$ﬂ§H%§HE1osed structures. [0051] The term "reservoir"
or any variation thereof, as used herein, includes any body

DETAILED DESCRIPTION
Definitions

[0050] The term “conduit” or any variation thereof, as used herein, includes any structure
through which a fluid may be conveyed. Non-limiting examples of conduit include pipes,

tubing, channels, or other enclosed structures.

[0051] The term “reservoir” or any variation thereof, as used herein, includes any body
structure capable of retaining fluid. Non-limiting examples of reservoirs include ponds, tanks,

lakes, tubs, or other similar structures.

[0052] The term “about” or “approximately,” as used herein, 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%.

[0053] The terms “inhibiting” or “reducing” or any variation of these terms, as used herein,

includes any measurable decrease or complete inhibition to achieve a desired result.

[0054] The term “effective,” as used herein, means adequate to accomplish a desired,

expected, or intended result.

[0055] The use of the word “a” or “an” when used in conjunction with the term
“comprising” herein may mean “one,” but it is also consistent with the meaning of “one or

2% ¢

more,” “at least one,” and “one or more than one.”

[0056] The term “or” as used herein, means “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.”



structure capable of retaining fluid. Non-limting exanples of reservoirs

i ncl ude ponds, tanks, |akes, tubs, or other simlar structures. [0052] The
term "abowO020r138appr oxi matel y," as used herein, are defPCmas2@2/0bBs3Ng cl ose
to as understood by one of ordinary skill in the art, and in one
non-limting enbodiment the terns are defined to be within 10% preferably

W t hin nmor f i § hi 9 r . i 0,20

[ 0053] 'I[ﬁ?e{gzt]er rrg hgl{lﬁ%(ﬁ{btlﬂ Jf%&%? %rlég%%%ﬁ% %E%ﬁyﬁ%ﬁ%&%@ﬁ@%&ﬁﬁg&t terns,
as usedbber®. 9% waiel dodreat. aWwytcireasttiitahdyebollecatedisiehed inteoaipliedeot nhi bition to
achi eve a d?si red result. [0054] The term"effective," as used herein, neans
adequatdteeryedynpl i sh a desired, expected, or intended result. [0055] The
use of the word "a" or "an" when used in conjunction with the term
"conpril8038" héhepst efdhe temansolgent set” g usqd harein gl sedtomedagcemosfion t he

meani n r L4y . - r one."
00561 Sieliryisong or FREE solye ), TIESE Sol s corlMEhap SR B (AR RdalIR PV
i ndi catagphighiiebedlightly abiiiagthydeshiil yr ordréfiebial tiesoat endsdiatedt, Mhdseal |y
excl usive, although the disclosure supports . a _definition that refers to
only altbicARrS walchAE e andin othesp theyiare mpgussdpetny vaen 1D PoAMSHNE POOWH The

use of &fﬁglézkgtg Mat WRY beaRed'BGHadRE Shd mcthSdUSE e hﬁtﬁ‘@‘g Qer?t%éiﬂ'&lﬂhﬁglreﬁﬁ%{t, 20%

t o about Yo wat er content. ter content may ocated ert
i nt r acedthanbhndoprapanelxbcctmel tthglrdcptatd, 00b8jcTdngtrils elkahed (hexdner pantzwe] Mgitineset "

as used herein, is.used to nean cq sitio onprisjng o no

Sol venteinehasrs BhYEHele k5D AcTHph RpaRs G Stk kotre AERgRTBA 1 i ¢ or
sl i ght ljyoguaneloak YMIBKSY, SRkiatic€ (o REnd) BERRREAR L oheldhe SR RIRRALILENt . these
solvents are water mscCible and in others, they are inmmscible in water.
Non- | i raldafiginexé@hisirefout, tsichipeaethylereatethay (dshylstibr), engmaxttiios édicsed, jotet hods
of thegi nltst an}. i\nvention include nethanol, ethanol, isopropanol, acetone,
et hyl i3 %?Sg,m%?nd acetonitrile, alkanes (hexane, pentane, heptane,

oct ane) ter et hyl . acetate, but acetate), ketones (nethyl .eth

et one DRER °" Tt F oud G TRt e ot ERPIORD SN R LS FORALIRS Blhzene,
cycl oh&xanipidsethRRNHsChI¥aa 01y aitP+ LS KANES ulBMHeRERhRMTd IntdEIIngEQRY hy | ene)
ethers (diethyl ether), and m xtures (diesel, jet fuel, gasoline).

[0060] The term “diffusate” or “permeate” as used herein may refer to material that has

passed through a separation device, including, but not limited to a filter or membrane.

[0061] The term “retentate” as used herein may refer to material that remains after the

diffusate has passed through a separation device.

[0062] As used herein, 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.

[0063] The term “polar lipids” or any variation thereof, as used herein, includes, but is not

limited to, phospholipids and glycolipids.

[0064] The term “neutral lipids” or any variation thereof, as used herein, includes, but is

not limited to, triglycerides, diglycerides, monoglycerides, carotenoids, waxes, sterols.

[0065] The term “solid phase” as used herein refers to a collection of material that is
generally more solid than not, and is not intended to mean that all of the material in the phase is

solid. Thus, a phase having a substantial amount of solids, while retaining some liquids, is
9



[ 0059] The term "oil" as used herein includes conpositions containing
neutral lipids and polar lipids. The terns "algae oil" and "algal oil" as
used her evo2ar2é138438d | nt er changeabl y. [ 0060] The term " dipCTOsat1e/027387
"perneate” as used herein may refer to material that has passed through a
separation device, including, but not [imted to a filter or nenbrane.

[ 0061] T. ! o r Qi r t i@l t
o ne AP r B AR EpmAE ol BT S AnlRe ° R RolFR Rhe, sl
[ 0062] Arrdisadfchetoal dollcttivn ofandsridl clomiy gedicndly njaa dqaidythdromot) @fd saempri si ng,

such as "conprise' and "conprises”), "having” (and any form of having, such

nmp :
as "havellcging mppigelude solbmagrialy” (and any form of including, such as
"includes" and "inclqge;éé or "containing" (and any form of containing,
such ad00e@nt ailhe terandiodiesal’ #is ws9d areinirgfersue imashyd or efhghestaisietifatiiacids not
ﬁxcludeeﬁggihhgﬂﬁémlunreciteq el enents or nethod steps. [0063] The term
polar Thprds™ or®any variation thereof, as used herein, includes, but is

t lim t hol i pi d gl Li pi.d 064] T )
7 pi s OB any TORIPE POl RREFuUSFS v SRR 1 R RL LR B e
I m t edinli@r niddic@l V&Rt 8%on-BinepCRamARS indiRitQ@kot&Rids] 8Srotcnad, RbRAOHIHSs
waxes, sterols. [0065] The term "solid phase" as used herein refers to a

col | ectsuehapfcangitein astaxaptin,jagd §eeidral |y nore solid than not, and is not
intended to nmean that all of the material in the phase is solid. Thus, a
phase H8068lg aThelsmdibidfadl” asmsedthendin sxdérs ds fuchiiérived fiesnabiolapgcad sorercd. i qui ds,

i WO 12/.138438PCT/ US2012/.027537 . d wi i th i f .t hat
Lorm NEaflie Sebe g faiRe RIERTRRIEFL ! ReheihS FRpBrafpfhe'

col | ectgigyr. of material that is generally nore liquid than not, and such
collection may include solid materials.

[0069] The term “impurities”, when used in connection with polar lipids, as used herein,
refers to all components other than the products of interest that are coextracted or have the

same properties as the product of interest.

[0070] The term “lubricants”, when used in connection with polar lipids, as used herein

refers to hydrotreated algal lipids such as C16-C20 alkanes.

[0071] The term “detergents”, when used in connection with polar lipids, as used herein

refers to glycolipids, phospholipids and derivatives thereof.

[0072] The term “food additives”, when used in connection with polar lipids, as used

herein refers to soy lecithin substitutes or phospholipids derived from algae.

[0073] The term “non-glycerin matter” as used herein refers to any impurity that separates
with the glycerin fraction. A further clean up step will remove most of what is present in order

to produce pharmaceutical grade glycerin.

[0074] The term “unsaturated fatty acids” as used herein refers to fatty acids with at least
one double carbon bond. Non-limiting examples of unsaturated fatty acids include palmitoleic
acid, margaric acid, stearic acid, oleic acid, octadecenoic acid, linoleic acid, gamma-linoleic
acid, alpha linoleic acid, arachidic acid, eicosenoic acid, homogamma linoleic acid, arachidonic
acid, eicosapenenoic acid, behenic, docosadienoic acid, heneicosapentacnoic, docosatetraenoic

acid. Fatty acids having 20 or more carbon atoms in the backbone are generally referred to as

10



[ 0066] The term "bi odi esel” as used herein refers to nmethyl or ethyl esters
of fatty acids derived fromal gae. [0067] The term "nutraceutical" as used
herei n r evere1213848f ood product that provides heal t h an@#Corusewediozzss?
benefits. Non-limting exanpl es include carotenoids, carotenes,

xant hophyl | s such as zeaxant hin, astaxanthin, and lutein. [0068] The term
"bi of uel " S el . / b i Ql-ogi rce.
Non- | 1 1o Hifaty HELS" ey B Chi ity 18BN B bR P BB B
st ock ardedilgsetrrd ®nd “shctkhai] QOGALTE term "inpurities”, when used in
connection wth polar lipids, as used herein, refers to all conponents

ot her t[pars|t heUpsAGgeddSoRd cliai REQLtids Rllud®! ButGRe Xt Rkt &Ito bmbavE fdfye same
properties as the product of interest. [0070] The term "l ubricants", when
used i rictdsneraesa-o ity ackispuldamaegar) ity agisls.y Sheitarar emegr-Sfattsadids iy dsest r eat ed
al gal 1j pi: . . . T r "detergents”, when
used i nﬂeg%%aeef%gﬁ%r@\%&ﬁ?@%%ggﬁ}ﬁ%?%%y acg(gso%%éeddlgﬁrea%gei fr? refers to glycolipids,
phosphol i pids and derivatives thereof. [0072] The term "food additives",
when used in connection with polar |ITapbldd, as used herein refers to soy

| ecithin substitutes or phospholipids derived fromal gae. [0073] The term
"non- gl yc.e.r...i..n....n’at..t..e.r...'.'......a_.s....u.ged....h:er..e.i...n....r..eEf..e..r..g....t..0....any.....i..nfp.u.r..i...t..y....t..h.a_.t......s.e.pa:_:r at es
wi th the @pweninanfe action. A filuipider ci(dwmicgd o will renove nost iof
what is present in order to proslame pharmaceuti cal grade gl ycerin.

l-cis-11,14,17-eicosatrienoic acid

521:5 (n-3) lall-cis-6,9,12,15,18-hencicosapentacnoic

id

[-cis-7,10,13,16,19-docosapentaenoic
id

l-cis-4,7,10,13,16,19-docosahexaenoic
id

[-cis-9,12,15,18,21-tetracosapentaenoic

Docosapentaenoic acid (DPA), 522:5 (n=3)

522:6 (n=3)

Docosahexaenoic acid (DHA) 524:5 (n=3)

Tetracosapentaenoic acid 524:6 (n=3)

l-cis-6,9,12,15,18,21-tetracosahexaenoic
id

[0076] The term “jet fuel blend stock™ as used herein refers to alkanes with the carbon

chain lengths appropriate for use as jet fuels.

[0077] The term “diesel blend stock™ as used herein refers to alkanes with the carbon chain

lengths appropriate for use as diesel.

[0078] The term “animal feed” as used herein refers to algae-derived substances that can be

consumed and used to provide nutritional support for an animal.

[0079] The term “human food” as used herein refers to algae-derived substances that can
be consumed to provide nutritional support for people. Algae-derived human food products

can contain essential nutrients, such as carbohydrates, fats, proteins, vitamins, or minerals.

11



[0074] The term "unsaturated fatty acids" as used herein refers to fatty
acids with at | east one double carbon bond. Non-limting exanpl es of

unsat ur atwo 2he¥13g43aci ds i ncl ude pal mtol eic acid, margaPCE/useId/02BBEAari C
acid, oleic acid, octadecenoic acid, linoleic acid, ganma-linoleic acid,
al pha linoleic acid, arachidic acid, eicosenoic acid, honoganma |inoleic

aci d, | doni g el & ' | ' i | cacid,
heneicggap ntagthgg’ggg%%%?%%?hgﬁgg%ﬁg%%hge%gﬁpégggg%gﬁﬁgvin&ggghgp nor e
car bon pilatmts, suchhae, haakbldnicdroen@anss gHdsyhataf eMd kdvi encds, h industrial
2012/ 138438PCT/ US2012/ 027537 "l ong chain fatty acids". The fatty acids
havi ng “tOrate QREPUNAHPYYRSPGEE i n t he backbone are generally referred to

as "short chain fatty acids”. [0072£Unsaturated Iongrchain fatty acids
i ncl udd00%klt afbe teom Wasicpater & ussAggimrefas toyindetidd Wastesgéer O frnigjpaci ds,

ot ors ey e ARy aHRE S LM BRRACE ol Rt e PR IR0, o 4

Common niaxes, bhoghates,i add bicavyametls( ETE) Ei cosat etraenoi c acid (ETA)
Li pi dChemi cal nanme name 20:3 (n-3) :all-cis-11,14,17-eicosatrienoic acid
20: 4 (no882]: al The tetmBeAdehbd? lab 1B FRGeh eIHA AN GG 0% or greater content.

[0083] The term “substantially”, as used herein, shall mean mostly.

[0084] The term “globulin proteins”™ as used herein refers to salt soluble proteins.

[0085] The term “albumin proteins™ as used herein refers to water soluble proteins.

[0086] The term “glutelin proteins™ as used herein refers to alkali soluble proteins.

[0087] The term “prolamin proteins” as used herein refers to alcohol soluble proteins.

Non-limiting examples of prolamin proteins are gliadin, zein, hordein, avenin.
[0088] The term “algal culture” as used herein refers to algal cells in culture medium.

[0089] The term “algal biomass” as used herein refers to an at least partially dewatered

algal culture.
[0090] The term “dewatered” as used herein refers to the removal of at least some water.

[0091] The term “algal paste” as used herein refers to a partially dewatered algal culture
having fluid properties that allow it to flow. Generally an algal paste has a water content of

about 90%.

[0092] The term “algal cake” as used herein refers to a partially dewatered algal culture
that lacks the fluid properties of an algal paste and tends to clump. Generally an algal cake has

a water content of about 60% or less.

[0093] Saltwater algal cells include, but are not limited to, marine and brackish algal
species. Saltwater algal cells are found in nature in bodies of water such as, but not limited to,
seas, oceans, and estuaries. Non-limiting examples of saltwater algal species include

Nannochloropsis sp., Dunaliella sp.

12



20:5 (n-3) all-cis-5,8,11, 14, 17-ei cosapentaenoi c acid 21:5 (n-3)
call-cis-6,9,12, 15, 18- henei cosapentaenoic :acid 22:5 (n-3)

cal | -ci s-Wwp2012138488, 19- docosapent aenoi ¢ :acid 22: 6 (n-3PCT/US2012/027537
call-cis-4,7,10,13, 16, 19- docosahexaenoic :acid 24:5 (n-3)
call-cis-9,12,15, 18, 21-tetracosapentaenoic :acid 24:6 (n-3)

lall -ci 9,1 -t 3 L€ 1 8€l 78] M fuel
bi end SRl oreiRudr dpal Eht BRIDRURIERL b 0Rfite wald SRR LAY '
appr oprtb Atkecsfand posds. aSorj-BinitingedxamplIQ7F Hledheattedlgal sptcdsahclbdesicbngésoekiis as
used herein refers to al kanes with the carbon chain | engths appropriate for
use as i é&EIMo1GeaESPthe term "ani mal feed" as used herein refers to

al gae-derived substances that can be consumed and used to provide

nutritil8A%] suPlearlimitiog cxamplas efnicreadgrghatisan be pead it nesbers adshqised

herein 1[1§Jn%roﬁ a}eomalng@rﬁ_og Sﬁé Xtetﬂe §&{%§)&1§£ 81%§si(§1{§.a&'hfb9'9phyta, Cyanophyta
(Cyanobacteria), and Heterokontophyta. In certain embodiments, the microalgae used with the
methods of the invention are members of one of the following classes: Bacillariophyceae,
Eustigmatophyceae, and Chrysophyceae. In certain embodiments, the microalgae used with the
methods of the invention are members of one of the following genera: Nannochloropsis,
Chlorella, Dunaliella, Scenedesmus, Selenastrum, Oscillatoria, Phormidium, Spirulina,

Amphora, and Ochromonas.

[0096] Non-limiting examples of microalgae species that can be used with the methods of
the present invention include: Achnanthes orientalis, Agmenellum spp., Amphiprora hyaline,
Amphora coffeiformis, Amphora coffeiformis var. linea, Amphora coffeiformis var. punctata,
Amphora coffeiformis var. taylori, Amphora coffeiformis var. tenuis, Amphora delicatissima,
Amphora delicatissima var. . capitata, Amphora sp., Anabaena, Ankistrodesmus,
Ankistrodesmus falcatus, Boekelovia hooglandii, Borodinella sp., Botryococcus braunii,
Botryococcus sudeticus, Bracteococcus minor, Bracteococcus medionucleatus, Carteria,
Chaetoceros gracilis, Chaetoceros muelleri, Chaetoceros muelleri var. subsalsum,
Chaetoceros sp., Chlamydomas perigranulata, Chlorella anitrata, Chlorella antarctica,
Chlorella aureoviridis, Chlorella Candida, Chlorella capsulate, Chlorella desiccate, Chlorella
ellipsoidea, Chlorella emersonii, Chlorella fusca, Chlorella fusca var. vacuolata, Chlorella
glucotropha, Chlorella infusionum, Chlorella infusionum var. actophila, Chlorella infusionum
var. auxenophila, Chlorella kessleri, Chlorella lobophora, Chlorella luteoviridis, Chlorella
luteoviridis var. aureoviridis, Chlorella luteoviridis var. lutescens, Chlorella miniata,
Chlorella minutissima, Chlorella mutabilis, Chlorella nocturna, Chlorella ovalis, Chlorella
parva, Chlorella photophila, Chlorella pringsheimii, Chlorella protothecoides, Chlorella
protothecoides var. acidicola, Chlorella regularis, Chlorella regularis var. minima, Chlorella
regularis var. umbricata, Chlorella reisiglii, Chlorella saccharophila, Chlorella saccharophila
var. ellipsoidea, Chlorella salina, Chlorella simplex, Chlorella sorokiniana, Chlorella sp.,
Chlorella sphaerica, Chlorella stigmatophora, Chlorella vanniellii, Chlorella vulgaris,

Chlorella vulgaris fo. tertia, Chlorella vulgaris var. autotrophica, Chlorella vulgaris var.
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be consuned to provide nutritional support for people. Al gae-derived human
food products can contain essential nutrients, such as carbohydrates, fats,
prot ei ns,woizbemi3gssg or mnerals. W 2012/ 138438PCT/ US2@CZ/u32r28775p0080] The
term "bi oremedi ati on" as used herein refers to use of algal growh to
renove poIIutants, such as, but not limted to, nitrates, phosphates, and
heavy Ss i t | t t 081] The
term " Vﬁé S, V\%l{lg{g?ﬁ%i%l%%& ulg&%i(g %eZ[atvgy a us%; vzeglgarz‘\%gg tgz)% 8'izl0re£lp

nmuni ci palganasuewalgrisyhatrigiorCiabrelia xiathicld, )Cm&red@@bﬁr@zmm e?hl@velpaol I ut ants,
|nclud|%% but not limted to nitrates, phosphates, and heavy netals.

[ 0082] TH@oHEPIes. drivprcHaamigans (fderipcpeas lﬂfuswgm (‘f@wog%ﬁﬁp 50% or gr eat er
cont ent S , n nostly.
[0084] T C B A s LA P S DG OL 9 T BRR RE Do e

pr ot ei n®hnfi,00O8ploFtweat gr.nC Vb tblimtnyppca (8t lvellaasenagkididner @yaﬂoteé& er.s to water

sol ubl I NS 0 he te . e jn ro eins" as u e ln refers
to al k ana%ﬁﬁffrel?k 03{ Z’]ﬁ% rd%é?rr%%"% Pl @Vﬁffnﬁ’s%l!ap%r@f ‘i”ﬁ leffded
herei n hgli@ne lﬁ@za@tbﬁ@ﬂ%uﬁ DMRYiBIPHOVE] DEnallAR Pbirddit DRSLIRNE P RFe R,
prolamin proteins are gliadin, zein, hordein, avenin. 0088] The term "al gal

cul tur @u@ilelj@edlme%nwzerll@ft@r@vicolhflngéd?lla:@rtwéeqtm inlaz’la ®Vi Mna{ledlaﬁg] The
term
demate%

sp., Fragilaria crotonensis, Fragilaria sp., Gleocapsa sp., Gloeothamnion sp., Haematococcus

g zolecl?a remosphaem vzrzc?zs r-k:“:'!relg'\ilog}ylfzael]:aesrps bth psozdon sp., %g}engas‘]rylg ﬁ'ran)éeza

pluvialis, Hymenomonas sp., [sochrysis aff. galbana, Isochrysis galbana, Lepocinclis,
Micractinium, Micractinium, Monoraphidium minutum, Monoraphidium sp., Nannochloris sp.,
Nannochloropsis salina, Nannochloropsis sp., Navicula acceptata, Navicula biskanterae,
Navicula pseudotenelloides, Navicula pelliculosa, Navicula saprophila, Navicula sp.,
Nephrochloris sp., Nephroselmis sp., Nitschia communis, Nitzschia alexandrina, Nitzschia
closterium, Nitzschia communis, Nitzschia dissipata, Nitzschia frustulum, Nitzschia
hantzschiana, Nitzschia inconspicua, Nitzschia intermedia, Nitzschia microcephala, Nitzschia
pusilla, Nitzschia pusilla elliptica, Nitzschia pusilla monoensis, Nitzschia quadrangular,
Nitzschia sp., Ochromonas sp., Qocystis parva, Oocystis pusilla, Oocystis sp., Oscillatoria
limnetica, Oscillatoria sp., Oscillatoria subbrevis, Parachlorella kessleri, Pascheria
acidophila, Pavlova sp., Phaeodactylum tricomutum, Phagus, Phormidium, Platymonas sp.,
Pleurochrysis carterae, Pleurochrysis dentate, Pleurochrysis sp., Prototheca wickerhamii,
Prototheca stagnora, Prototheca portoricensis, Prototheca moriformis, Prototheca zopfii,
Pseudochlorella aquatica, Pyramimonas sp., Pyrobotrys, Rhodococcus opacus, Sarcinoid
chrysophyte, Scenedesmus armatus, Schizochytrium, Spirogyra, Spirulina platensis,
Stichococcus sp., Synechococcus sp., Synechocystisf, Tagetes erecta, Tagetes patula,
Tetraedron, Tetraselmis sp., Tetraselmis suecica, Thalassiosira weissflogii, and Viridiella

fridericiana.

[0097] In other embodiments, the biomass can be plant material, including but not limited
to soy, corn, palm, camelina, jatropha, canola, coconut, peanut, safflower, cottonseed, linseed,

sunflower, rice bran, and olive.
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al gal culture. [0090] The term "dewatered” as used herein refers to the
renoval of at |east sonme water. [0091] The term "al gal paste"” as used herein
refers tove2pevi3seBl y dewat ered al gal culture having fl eca/yseapeetsdes t hat
allowit to flow Generally an algal paste has a water content of about
90% [0092] The term "al gal cake" as used herein refers to a partially

dewat er | ga £ 1 ui I o) 1 al ste
and t orl g8, Pyt HdmblBls fAT SR 1AdS ARERREIE B2 Chof T 8P RS,
60% or pobsfy filo8D9IEGakigimssmatid) inclating fonedaughds, abuatgabbienmasy, atd disdleddt o,
marine and brackish algal species, Saltwater algal cells are found in

nat ur & MeBgHEshomestain vt msdesgithedhsient pepcredhe abiligetedbothedrgsandang

est uar i@s.: Nl i L.l deh Q hMat8fad - ISSyHimc! ude
Nannoch oFISps?s esagé.%ec%ur?gf‘?{e{ﬂ)gaoslpg R i%é)%gg’ﬁdpd/eﬂgz‘%’lz%zww
[ 0094] Fobshttebter mattgel thadlebemesr mogwsnickly kesnpolar €.ei, iwadbodn eslverft/ watrentis isc h

as, but not Limted to, | akes a onds. Non-limting exanpl es of

T eshvrBfsy sy i ont MErs Rl el snhie s © Rt OB slks Sloxs, the

[ 0095] Narrdiikial Jol it BXBERIRS (1B, BT £ R8gHASs InddilyGaeMdUS RY1A0kd By ke met hods
of the invention are nenbers of one of the followi ng divisions:”

Chl or ophightdy n@ymirspblyeat (refalpbatcareadiope afthelssarnokannephysacsults itthet ai n
oo iSRRI RE sl Dol S B P i By Bl e

Eust i grsaholpdice@aRactdnsidaeitBOphe fdA&onipdn&Rs. t Bthacah odprosibfcoushe
m cr oal gae used with the nethods of the invention are nenbers of one of the

f ol | owi ygregasba:acidasrbaty axdipsikalineaxtecepn & alfudisglesed] a, Scenedesnus,
Sel enastrum Gscillatoria, Phormdium Spirulina, Anphora, and Cchrononas.
[ 0096] NBO29]i i {1 segnesnabgslimente bf theancaligae spde selsentiad weatm atyeusgdéd with t he

hods_of th ' ' i ncl ude: Ach i LiS .. A |l
Spp. AU O RN PR RercRar PR otes oL MalHERb g oy Farp Pl far
linea, sBhRAOIcRatdWhRI herilk® toveiractnd GtaationatAbRNEIRNE Préseht i@ aflofcay Rlous

taylori, Amphora coffeiforms var. tenuis, Anphora delicatissinm, Anmphora
del i catmaisiigha Iy seme empe@imentsdhe algggirus mgcrial Anypladnathensribedimsatss tgs |

oleaginous material is algae.

[0100] Polar lipid recovery depends mainly on its ionic charge, water solubility, and
location (intracellular, extracellular or membrane bound). Examples of polar lipids include, but
are not limited to, phospholipids and glycolipids. Strategies that can be used to separate and
purify polar lipids can roughly be divided into batch or continuous modes. Examples of batch
modes include precipitation (pH, organic solvent), solvent extraction and crystallization.
Examples of continuous modes include centrifuging, adsorption, foam separation and
precipitation, and membrane technologies (tangential flow filtration, diafiltration and

precipitation, ultra filtration).

[0101] 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.

[0102] Surprisingly, the proposed non-disruptive extraction process results in over 90%

recovery. The small amount of polar lipids in the remaining biomass enhances its value when
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| i pids and coproducts (e.g., proteins) of varying polarity froma wet

ol eagi nous material, including for exalfpl e, an algal bionass, are

di sclosed. In particular, the nethods and systens described herein concern
the ability to both extract and fractionate the al gae conponents by doi ng
sequential extractions with a hydrophilic solvent/water m xture that
becomes progressively less polar (i.e., water in solvent/water ratio is
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the neutral lipids. The emulsification is further stabilized by the nutrient and salt components

left in the solution. The presence of polar lipids, along with metals, results in processing

difficulties for separation and utilization of neutral lipids. However, because polar lipids have

an existing market, their recovery would add significant value to the use of algal oil to generate

fuels.

[0107]

Polar lipids are surfactants by nature due to their molecular structure and have a

huge existing market. Many of the existing technologies for producing polar lipids are raw

material or cost prohibitive. Alternative feedstocks for glycolipids and phospholipids are

mainly algae oil, oat oil, wheat germ oil and vegetable oil. Algae oil typically contains about

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. Further, the glycerol

backbone of each polar lipid has two fatty acid groups attached instead of three in the neutral

lipid triacylglycerol. Transesterification of polar lipids may yield only two-thirds of the end

product, i.e., esterified fatty acids, as compared to that of neutral lipids, on a per mass basis.

Hence, removal and recovery of the polar lipids would not only be highly beneficial in
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WO 2012/ 138438PCT/ US2012/ 027537 Phosphol i pi ds 10-40% 1-2% G ycol i pi ds
10-40% <1% Free fatty acids 1-10% <3% Waxes 2-5% <2% Pi gnents 1-4% Ppm
WO 2012/138438 PCT/US2012/027537

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. The ability to easily recover and fractionate the various oil and co-

products produced by algae is advantageous to the economic success of the algae oil process.

[0108] A further aspect of the methods and systems described herein is the ability to extract
proteins from an oleaginous material, such as algal biomass. The methods disclosed herein of
extraction of proteinaceous material from algal biomass comprise a flexible and highly
customizable process of extraction and fractionation. For example, in some embodiments,
extraction and fractionation occur in a single step, thereby providing a highly efficient process.
Proteins sourced from such biomass are useful for animal feeds, food ingredients and industrial
products. For example, such proteins are useful in applications such as fibers, adhesives,

coatings, ceramics, inks, cosmetics, textiles, chewing gum, and biodegradable plastics.

[0109] Another aspect of the methods and systems described herein involves varying the
ratio of algal biomass to solvent based on the components to be extracted. In one embodiment,
an algal biomass is mixed with an equal weight of solvent. In another embodiment, an algal
biomass is mixed with a lesser weight of solvent. In yet another embodiment, an algal biomass
is mixed with a greater weight of solvent. In some embodiments, the amount of solvent mixed
with an algal biomass is calculated based on the solvent to be used and the desired polarity of
the algal biomass/solvent mixture. In still other embodiments, the algal mass is extracted in
several steps. In an exemplary embodiment, an algal biomass is sequentially extracted, first
with about 50-60% of its weight with a slightly nonpolar, water miscible solvent. Second, the
remaining algal solids are extracted using about 70% of the solids” weight in solvent. A third
extraction is then performed using about 90% of the solid’s weight in solvent. Having been
informed of these aspects of the invention, one of skill in the art would be able to use different
solvents of different polarities by adjusting the ratios of algal biomass and/or solid residuals to

the desired polarity in order to selectively extract algal products.

[0110] For example, in preferred embodiment, the solvent used is ethanol. Components
may be selectively isolated by varying the ratio of solvent. Proteins can be extracted from an
algal biomass with about 50% ethanol, polar lipids with about 80% ethanol, and neutral lipids
with about 95% or greater ethanol. If methanol were to be used, the solvent concentration to
extract proteins from an algal biomass would be about 70%. Polar lipids would require about

90% methanol, and neutral lipids would require about 100% methanol.
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[ 0106] Degumm ng (physical and/or chem cal) of vegetable oil is done in
order to renove polar lipids (e.g., glycolipids and phospholi pi ds).
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still oPhEPt BT 3 ,a%f)ﬂén%rsgavolﬁ%@@ %a]éﬂq%édlﬂ SERATPHPSRGRIE St eps. 1

an exermphidiyl oPAROULITE Bincefifardd the BhaMBmBuhoIEABRObIBLbNAX RGHED, 1 i1 st
y

wi th about 50-60% of its weight with a slight nonpol ar, water m scible

sol ventdiffSeniosedentsithen tomai antimoglapdrgabtemoivhabd can be extaraded esdngischgqedsout 70%

of the solids', wejght in solvent. A third extraction jis then perforned

dsi g Angue 56 T Hhut ot PepiEhuae i HeeBRRRE o Riol Go B oRREPREG of

t hese aspects of the invention, one of skill in the art would be able to
use different solvents of different pol%rities by adjusting the ratios of

al gal biomass and/or solid residuals to the desired polarity in order to
selectively extract algal products. [0110] For exanple, in preferred

enbodi nent, the solvent used is ethanol. Conponents may be sel ectively

i solated by varying the ratio of solvent. Proteins can be extracted from an
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[ 0111] Enbodi nents of the systens and net hods described herein exhibit
surprising and unexpected results. First of all, the recovery/extraction
process c&l020e/138138 on a wet biomass. This is a nmgj or e®omarsee2aensant age as
exenpl ary enbodi nents avoid the use of |arge anounts of energy required to
dry and disrupt the cells. Extraction of neutral lipids froma dry algal

bi oness, r ff v esent

i nventi (?nﬁ Ee1e ;}E eel(ﬁtg? l%t(g{le gd%?@%@taﬂ%@a}{%ﬁ%ose H%f‘ gig&egog{g@el?alm%u%

si gni fi(eantdigschioylies, gaselifeir er than those obtai ned by conventi onal
extractions. This is because conventional extraction frequently results in
enul si qO$15]r eNUeidnitderRIIRABAE ths 8RAICEbA Bitte &%t H&UEbD Kbréihiigdskporate pH

[0112] Exenpl ary enbodi nents nmay be applied to _any al gae or non-al gae

ol eagi rfgaersieatie PRAPT MPseesigisaSycClep sayrsint 4s w@lé@relswyng/@p@mwwu bl e
slightl p I

et hanoIMat?@%p?%%%mn%?&ggdgé&egﬁgﬁ égfh%h%g%[{acpgﬁ pllocgg acer 15 ﬁe Fr %pﬁggﬁté%l%tf iC
enbodi mMYnlis sormy crib&dimetts ptha pHeoTehablteicioh p@idtss is uizinhms(e@t,rgaaswér.thém&)oa{ cohol
sol vents tested resulted in higher yield and purity of isolated neutral

l'i pids. 10t hanol is relativel y econom cal to purchase as conpared to other
sol vents disclosed herein. In sone exenplary enbodi nents, extraction and
fracti dAktélon Eh@u@eofﬁ@wwrln@gnmmm@ c3treqiiondIrocsdeiys pontaminstesntzabas ed

puri {1 GAUHAN shlt BRECR HRTEPRYbEAO% B BRB Rl S, AERSLARKAnOhrehgher and
can be co 3t rre th*Y esser ener an an agueous a sturry.
[0113] Ilﬁvesmﬁﬁ m@wﬂl@fty tiessb adowr it the aiths tlss;zl réQiite ths ade bofaekky a&ﬁrg}i &nd

et hanol . O her enbodi nents include, but are not limted to, cyclohexane,

pet r ol deRFeEPFRSuCts Sutibin for uspasivsls an aysilpsdoodstudtsapg nufrieat supplnistte, et hyl
acetate, chloroform dichol oronethane, acetone, acetonitrile, isopropanol,
and rret[ﬂhhﬂl Itris eerempletsd dhateny smbedieshdiscusedd.iarihis iseecificagion Aaseqjuent i al
ext raCt % n?e%sw tll1 pesﬁé rt"t%fa gtﬂoggpg steng{)hfh qI‘?V%;ltlgIg)la}/ng/}C% varrsg used in each
extract'l | 910 GPner 8 ch or 'nofe sol'vents are m xed
and useRimherrme, @z@teﬁi@ro@tmihfzaﬁioman 5t apsl.to [a@lih&ée] moths dnef taehodhfi@nt s of the
nmet hods described herein, a mxture of two or nore solvents used in any of
the extraction steps i ncl udes. at | east oneRT#/ Mﬁhl lic solvent and at | east

one hydr ophobi c sol PERC W@P%Qlﬁ XEMALA QDIMENR §dr ophilic sol vent

extracts the material fromthe biomass via diffusion. Meanwhile, a

rel ativglyg;smakby Wﬂ%xt@afctlbﬂl Gf G Reh! AeaohY 88 ch@ sUsRdiolifa SQUBIRALién and
is |nvoIve in a urd-liqu separatlon such that the material of

i nter ewlepsvaiy)n:deaustanaesdgluynerbheﬂéﬁlahdéﬁrmmgtallqiolmdmdﬁpﬂmdmou -KaGwentral The
two differe solvents t form r ste whi ch n_be ar at ed
e SN e B R S R N P oS ST SR R

hydr ophehigv@pbyeit pslaniipigs anythen extedct PRicEncidl BPHZUdZ53d 3BFSHY 2§12/ 027537
of an al kane, an ester, a ketone, an aromatic, a hal oal kane, an ether, or a
conmer drailting inthigherccevagy . Thilas eption epuldhsto cyiaacs all g hpl{is)qrzﬂs]cmvg e

enbodi rlg%“fse,cog;é;zn%g r&qwo%%ggrocesses descrl bed herein incorporate pH

excursio nore s Such pH excur5| on is useful for isolating

o1 ocesd0f Dlag E‘a‘fﬁgﬁr‘ggar'wwosgﬁ? T EABBUT) 0F &G B aRat S “CPhe pH of

the extihpgi{édn REAPRSYH cinBodinéalsiofiSnctiRdd usedih@Rd BhctiodaforpdRiuriHRitiod §1116] The
use of hexane in conventional extraction procedures contam nates al gal

bi omas shpsdﬁcﬂﬁomraatalg@wp@f@um&blmsmoin fbﬁrstxsfém 116 aﬂgﬁédelbraé@ib@b’gmdérﬂﬁddl ment s
of the P%Z{S&{t s][e ﬁpt \')vgﬁg gmg%)dsﬁr&g a cga célgqg ?16‘&[1 . 255% § (ﬁla S h]i hey

reqw re ess energ UCt S Sul use as
fuel s asepneiol aa@lvémaﬁséwx&ﬁcmdlsrpatfbtr@aitoxsuhpbicﬁrﬂmmhﬁd thb(fﬂa}l:ﬁd;ﬂstare s

contenpl ated that any enbodi ment di scussed in this specificatjon can be
collected. In some émbodiments, step 130 will also incorporate pH-based extraction and
fraction collection. Finally, a solid/liquid phase separation, including, but not limited to
techniques such as filtration, decanting, and centrifugation, may be performed in a step 140 to

in order to separate out smaller lipid components.
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i npl enented with respect to any nethod or system of the invention, and vice
versa. Furthernore, systens of the invention can be used to achi eve net hods
of the i nweri2ns43BESCRI PTI ON OF EXEMPLARY EMBODI MENTS [POTABPH0216T vent
extraction of oil from al gae the best case scenario is a solvent which

sel ectively extracts triacylglycerols (TAG and |eaving all polar |ipids

i gh' QL etht St bBEBR B ER- VRN s Bl lrahg s Bt Ay oot
l'i pi ds gRdsdiagNTRX biocAfks Qéﬁrl?er_lpa'i’t@éﬂt F R akdr@d BSstGev ik tecpd?ﬁ(?[ shﬂo@dcﬁlﬁg

resulting 1n high recovery | ast option would be to extract all the

| i pi ds tamdotdohitedte, diesofvddi @hﬂcmatmnemmbnamrfétrmom Wocalaps, Se[dﬁmrgittRmf erring
now t o G 1A a fl hart 1 rovi n overvi ew of the ste ol ved
o exerBIE Py el Gree et wuem, SR RRmE N rio akiires kg o A
purifi Ccfﬂth@ﬂat@f frbhld $b%idfor ¥Rl @bigRANEQNERbHdiR@nRI P MRS SreschNin@ehtidnSitilist ep
110, al cells are harvested. In a subsequent step 120, water is renoved
from al cgwate@egltechmﬂuys 8 1gmava pams frosui hayvestesheled bigmasst Bswagpinggan be

sol vent e per i a s are
col | ect e%%%l Oqlt %51%%%19@0?@ ntcgﬁb?éa%gfgan)z\ngﬁhg egg)sdli rﬁig%?%%@g Ife{n F—é%’&

ext r actds o aﬁ;adtﬁerﬁfetho@@kﬁ@xkzh&c@ndhfskﬁl inahd at. a solid/1iquid phase
separation, including, but not limted to techniques such as filtration,
decanti [Oﬂzl]a”dTﬁ@ Héxfzét&%%lga@ BionTRY ré%ﬁltﬁ%rffd?ﬁ e 12('5‘t 1&1112 RordtSs bPatot pg-der
to separate out smaller |ipid conponents. 012/7138438PCT/ US2012/ 027537
[ 0120] T30&s sdlgiae Thisdrimassswhe thehdie\eeghaeld wnhsﬁaeei litéibleyhiphty hynpotunSolstists of
about 1-5 g/L of total solids. The biomass can he partially dewatered in

step 1268ug wéolts)eck%hﬁa%%ageﬁewamgen VeRbEXTACHPR BIPCESS SCHFEEBIVEY ai r

f1 oat atf QRonBTRERRS, J IPHig @rﬁ])b ro%@%‘éﬂ'ré&fu'c@ﬂoth%@ﬁu'tﬂ%ﬂ& Qg SIpeh&S.

pressi ng, decant ation or ¢ ugat|on Dewatering is the rehoval of sone,
most, dn saink eUfoodl}mEnmﬂerblcbmmaaosmldm@oesr acsemEal dlkhlswlestragios.to Baboaiatent s

of the resent nlventl on utilize dewatering techniques to renove water from
a har vé&PEl BHGEF" bi onass. Dewatering can be carried out using any one of

or a conbination of any of the methods descr ed herein, as wel| as by any
ot her r@l#dds Khiwe %g%@e]&ﬁ depiatqringpf ap 8l g&l glon{aewf]brweﬂzfém Ey eaata}ggae

bi omasspg ﬁﬁ%&édﬂ@l%@é&%&%ﬂ#@&bl&éﬁ@ G a!s)étlfaﬂﬂﬁ'”ﬁ{esalgil b%?iég 1s]tgen Apsol i ds.

Thi s bi omass can be extracted wth water m scible slightly nonpol ar
sol ventts s¢tée gut ofabbubioolagy thei Imuadsimodst thso &g eemcmsvdtberrrmlhm@rmcls ad, betiot

extraction process.segregatin fractjons. at, each st Thi s type of
ot oces Ik PoutR oy S A4 S1c R TOB GRS PeleBer Cwdtal i e BB
enbodi BRI BnovihBcthb@RasHI& @‘I’ve‘ﬂf‘ﬁé@{éaﬁl%sre@ﬁbéi tROEH0bf d’v’tyl‘i%' th@Biogaky, AR he to
fractionate protein material. [0122]1n some enbodi men dewaterlng of an

al gal Bhondded benefitiod deereasingithe cmalabw @ﬁteeaignbblpmessrmw&b@imang axtrastionass
W th a A } Venl;[ara 100 fa?géﬁa%ohn%ﬂo%gntsﬂfn fatch%als theorlz%ﬁﬁla{ t?lB sg'le t%l | e dto settle

out of & i‘on an be r'é h6d% such as, but

not i rsbamnta@lon@twems describbd Berbi@vigd cfi@stive dn @hrt d@wab elid ﬂagt thetsOrgmer
capital and operating costs than_known net hods, enabl es sol vent recycling,

r educesobeatsaedice oF nettialing therneepivsrehgrge oarihe plgae suicad Hewpmsegialigdimets
decr easjehg fnb R &cg\b&t%(nrg mRgd8ld %{)m'Binl%g%f 8rd8f {o%mfo% Q) Iﬁ&'e’%%tﬁ tpaction

and/ or separa on’ o conponents I's theori ze at the
sol ventsohesatbosdanime mheadddumnmfeobeﬁﬂhlrmgsh:e debmjeﬂnglﬁ‘ocesabeglesf fhe prooess ofi n
part, due to the fact that organic solvents reduce or neutralize the

negat i V&"BH¥ge on the al gae surface. In some enbodi nents of the invention,
dewat er | ﬂi:]?drret hods are conbined in order to renove even nore water. In sone

enbodi r# t REC ddbishavsrngtlusistive iaplgmentaon pled dRveTEns geqss 88@sAnpegi ns

t he pr tgatigvero

e SRS ey 1RGP 033505151, AR L1
subjected to a water separation process 320. Process 320 can include centrifugation, decanting,
settling, or filtration. In one embodiment, a sintered metal tube filter is used to separate the
algal biomass from the water of the culture. When using such a filter, the recovered water 330

is recycled directed to other algae cultures. Meanwhile, the algal biomass recovered has been
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al gal culture 310 having a final dry weight of about 1 g/L to about 10 g/L
(i.e., 0.1-1%wWw is subjected to a water separation process 320. Process
320 can iwol2oth#3ssat ri f ugati on, decanting, settling, or PCiriuse@ioars37 1 n one
enbodi ment, a sintered netal tube filter is used to separate the al gal

bi omass fromthe water of the culture. Wen using such a filter, the
recover r el r 0

e R T30, U RLE1 0 SLESCAELE S, BRASC UASRoSH. (950

2012/ 138438 RGTY ddb2éhtat 2 IEn3 haste ic ok kradted with aasalveal yeinpasolwent-bask a al gae
density as high as about 200 g/L (i.e., 10-20%ww) . This concentrated

al gae p*ﬁgltr@nfagofllﬁ’é%eﬁsr@é)t ed with a solvent 340 in a sol vent-based

sedi ment ati on grocess 350. [0124] Sedi nent ati on process 350 invol ves addi ng
sol vent[0B2 t oSedimcatagjar Pigstssd SO el risedding SﬁiVﬁtlfu?r@ thakdg ﬂgaeepwutg el ght
sol vent r t T eis
21 oned P sRRRR A AAbR R pRRL IR B b AR spdycfL o RPN 1% 56

i S renvMecigye,is hlidowekianpitle in 8 is@tog vegsedndd arsobdesantdtagnixtie 360hsweﬁfovecan be
recovered and reused by wel]-known, techni ques, such as dlstlllatlon and/ or
per vap&Yafqr@ﬁammemp%%i%orﬂ@farmn@né% selygntican &g preovergd ead Fraved by welli ds
cont ent % 9 I I t

[0125] S $ Bygﬁtfps |qt§lg9 %#@a?@%&&t@?lé‘iﬁ%’o é&aﬁdg%tgdtn“ rf/ﬁ?:%r%k &v‘\%l('t%e%rlSlgs3 ZPE%I e
sol ventexpwdt¢htodens htsoleds cowent 4f dbogf 3% oo alyeit 6020wy gy anlalcdbobanal wster ncl ude

i sopr opa&ol acetone, acetonitrile, t-butyl alcohol, ethanol, nethanol,

1- propagﬂ heavy wat er (D20) et hyl ene glycol, and/or glycerin. If the
solvent density is over 1.1 g/nl then the_ al gae bi omass woul d fl oat rather

than crl88#Y a selyeps meabfortdﬁ@a%ﬂg éﬁﬁl@qiu%m?élywmmqwa%g%ble splygts phG, 2
is as f an ion system
200. T%ﬁ%%é %eg(%El%/ﬁilm&be 51S E%gra glﬁﬁ%ggfrlﬁ%tm@ %gtggé known in the
art, |rucbttod1t1n@ tbmyl aladhol |emhatnelj niethamo o wiroppnok lheavyawster @y(l)oﬁhﬁymf or
through extra cha The sol.vent fqr e ctlon i's reC| rcul at ed
froma g&wﬁ ea%"ffdﬁeewlaf%ﬁ&%ya% Sifis! €1t thep ferd!#y DR det i on
m Xtheﬂda%rJtlﬁértﬂ@Jne&eaté QEéﬁlﬁbﬂQatftﬁ'éeooQﬂoﬁ{WfStﬁe sQhingschack into the slot and
the extract into the storage tank. The solids on the belt nove periodically

based qgyidje r F’R'[}(df@%"scﬁérﬂ% rcﬁ%b&%@‘%ﬂ%x%&@ W@(ﬁﬁﬂl&ﬂ of MISxEXHOAS s"‘terh”

each stora eta my elt replenis saturation or continuously
r epl acexd0byrhe mves br é@la\k@ﬁﬂamnﬁssssmmpmmlsmgrmdhm kroevndowesdrt, eartudingicessi ng

time and cost drasticall Thi s enbodi nent co r| ses a Servoir
N IRt N AR R R e AT R e e R SN

(e.9.. QR ARExddibh &l lebcHRYH §8R)a stdrabb %ﬁlah§1%ne‘afto %é&{ﬁ@ﬁlhmwt%%w rs
261 268, and a plurality of recycle punps 281-287. this enbod

pri nmar yThe@stamtmnrm@me issfiltiired, detdrnape thetbooraasyIsalnds back mitb therﬁﬂ@tand d&;ﬂeem@ptr s

211- 218, 2 ring, operation | gal bi o 0l.is af.lrstlnlet
Feser v b Tormearink”f §iidion ooy nirbibal Fata ot BRASSEnS b t fon,
sol ventreg@Renieht RIra&aktiont Phd &ltRictsif Sedhv@brag2hBk MR citBeSiRCRpEnBAH 422 of

transport nechani sm 220. Transport nechani sm 220 directs the al gal bionmass

al ong tsetwdparar capietvenbls nea@diydmshisplyente hlais 2nld domradyscesibe dawnetrdnp22. As

the \s/\% ﬁ&%ﬁﬁ%??ﬁ%ﬁﬁg&'ﬂ?&?%ﬁ f‘ 2'I7h§§ zrng%cg]%lent o?ﬁﬁ?sgs éﬁEﬁﬁﬁrgr%Ee%d(;l?glo It

passe rou separati on devices | § gépar at ed

into f rtmtspdiﬂﬁleﬂfam/sﬁf Y109 pﬂlﬁhlaﬂyldfylepafhﬁ)ndjeilfcﬁ§a4 B2480( . onsmbhat ﬁﬂlﬁﬁ@n
t hrough separatjon, deyices 241-2 are directed to reservojrs 261-26
[ 0128] FbsViceXatrplugality RECHractipn ERS%I'VBE? £0 bRroG RN e lyplityof 5‘?0@(%@1%%&18112&% ses

t hroughy, tfye efcn'bB&rment, primary reservoir 210 is divided up into a plurality of inlet reservoirs 211-
218.

[0127] During operation, algal biomass 201 is placed a first inlet reservoir 211 near a first
end 221 of transport mechanism 220. In addition, solvent 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
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separation device 241 (e.g., the portion containing liquid and particles
smal | enough to pass through separation device 241) is directed to the
first reswowvoir13288. Fromfirst reservoir 261, the diff @satus2@aneison can be
recycled back to first inlet reservoir 201. The retentate portion of the
al gal biomass that does not pass through first separation device 241 can
then b p ] r I 212
and secigi PREREE s erkb APk HERREINARY itbuikP 0P paifoh B Al BISIE 1 or
filtratis ssparmel iatd fradiohhef ¥dryiag pokipiay. aThexnﬂdem pemaﬂs‘ttha{ pubR Srdingh segment  of
the diffusate gortlon that(vgsses t hrough second separation device 242 can
be di r e6PHAIHIQCLS 7A 1288 aravgiscteddo ressi@irs kehr2Pecycl ed back to second i nl et
reservoir 212 via recyc 282. The retentate or extracted portion of
P, doed o b

t he al Ja128i onliesexy) ¢ persion phtheadgnl bmamasithabprssestthon st dvd fest 242
b 213.
Thi's prSRBEOEGARE 2 3BRE R pArBST A e Sul el T ST B SBRLND S 1o

devi ceshiddgh Bé}ﬁresmhiebihatmt)he dfrecttedlto’othe ﬁm rése B 2. Fach fBitageranie2dl, r ect ed

to the subsequent inlet reservoirs, the diffusate portions are

di r ect ¢be dibfusae PPEIOPCRE b Excplpdibpek farferstrlétﬁytqsear%&@t 8¢ feientets PPERn afn| et
reserv t t4fy I

ot 1 oo o R BEDR Pl CHRAGh TR Spgrh i dod o B M belichicl®y
nost pdtaspart mechraaisnwbi( © setend 1akt reberotr 20 and bdcobe sapetatimntdedicai2éy t he npst
pure slightly nonpol ar. sol vent the | eas I m xtur.e.  The ocess
Pher of ot Bobsah GRUERE SRR heaeip of Alro s ek e irst B AeTtee Tk s he
fraction. The function of the first fraction is to renpve the residual

wat er dA%Haci The seeanank et the diffietediortionehpigiesyss dhieygh sepprd separation dsvienat
foIIow I n
nout - a2 Picah S Bicpds® SRold )t poir 201, B bl Vg UbRRL QBRI B Lbloi
| ong chdRviuresatlepame@82 aflhy raeitats or Tkteactalr miréoroo ftthe akgdl biomgsscthati dmes not

unsaturated fatty acids can e S rated fro he oil usi .pr S such
ool i o e i Taean B AUERH R fremsp daca S agF i e
Al of jhRerckalby 2@9' q*ﬁlscﬁ?&eQ@ca%%@Eﬁéa?édl foF AR LHR Rk 0l §PIR dad k'e%apﬂlohhe

nol ecul ar distillation. The distillates can be fractionated using a sinple
di sti | |davicon2¢bP4imuchsha eiparctenente pertibowrcadhstage dradirycted todtbe fdrsequeht ni ng.

the contih g5 5T5la R Fnlly b 57605654 s B a2l Sames Moo Fling

enbodi RBE % tht Rerrextinldetck@hoisy st em and net hods descri bed herein |ncorporate
one or nore steps to isolate protein material fromthe ol eagi nous material
(e.9., @le! biPORSHIary SHEBIMERELHR BX{ frR%ibh 911 B BRFaREPLAY (R highest
adjustnent(s) to achleve i'sol ati on and extraction of protein. For exanpl e,
in one wmcr tb|Shglntiyrug)n@nbod¢1mntratlct, he., ptasopolateixgot velmic tha latShﬁfactttornstflll be

separatl IS optim for rot |n extra tion | ti a first
Fract D onoarss o Ty BeSr By pohaRarel R Fc B R PRt of e BeRc | on
step i shadfodstarhceepapdhags anht bedcpKadQiredshe folLtftewid tBE fbdtiodl a3t. The pKa
of a protein of interest may be ascertained u3|n8§nethods known to one of

ski || ifangtiva cdthe fiishEpeiindgto tsmove die resigial dpter gnd Saoplfateribe RivEs err®RbonZz mann
equat i r t.he use
of t|tﬁ%??%%ﬁ®ﬁgggsmgﬁh§gg??%g%%ﬁéle ng%g@‘&%u% é%ggrggﬂﬁg§ﬁrf%maPkaline.
For exaiwpirel lipids. some enbodi nents, the solvent pHis greater than about 10.
I n ot her enbodi nents, the soIvent pH ranges from about 10 to about 12. In

furt her[omgodl RO frablith &) veeRterifiel kS ligdRd thell@ng eRab indetura@l faBo4ids12. I n
ot her enbodi nents, the solvent pHis acid. For exanple, in sone

enmbodi r?élmosrotmvedwﬂ\}emg chain irsafugsed fatarcids san besepprptest fiem temdibusingnt s, t he

sol vent 0 I.n,.furth St

St vent Bt 8RR AR AR bR E ety e Sl SRR MEORS ot 1
extr actte@I faugracldera®be tdpardidd Bémsepadratchsits Geng e meledtanigiifageon.ethet 0
subsequent inlet_ reservoirs to achieve extraction and fractionati on based

on pol ahttllptes can hnGagénatedising Stuinal@ dyiblstPERIMNAP seneTHe Hstlew piaghajns

Separ atfﬁﬁ?){ éld% %Tgéﬁrﬁ% THhERGH Ha kA& BY SLA t&ﬁaﬂﬁé‘ﬂ hGoilfrgresi@ldgnt PH
adj ust ne ust me vent p Yi's acconpli I'neaccor dance
wi t h mehdodsmknown to t hose of sk|II in the art. For exanple acid pHis
achieved by m xture of an appropriate acid into the solvent stream

Exenpl ary acids useful for protein ext#action include, without linitation,
phosphoric acid, sulfuric acid, and hydrochloric acid. Simlarly, alkaline
pH is achieved by addition and m xture of an appropriate base into the

sol vent stream Exenplary bases useful for protein extraction include,
mnthout Ilnltatlon pota55|un1hydrOX|de and SOdIUﬁ]hydrOXIde [0135]In

o R o o, Y S o o, o o o, o



extraction and fractionation system described herein. For exanple, in sone
enbodi nents, an al gal biomass is soaked in a pH adjusted sol vent m xture,
fol | onwed WO 20201384380n vi a an appropri ate separati on tecroirqise012m21537
centrifugation, or filtration). The remaining solid is then introduced into
an extraction and fractionation system based on polarity, as described

her ei n. 20 8433PC . i Loent s,

t he rernglgrllél?ng fé’tﬁ{oﬂnﬁec %E%ﬂnﬁ%%ﬁoio@i é@%ﬁ?ﬁe %ﬁ?c#%%}e%%f@%ﬁg&%@eggﬂé ased on
pol ar i therdis irRsosstd oh®olmpid-sads WS ise thtsprovdmnateridt fio@ thOolesgihaisamptetilei n
material at the end of the extraction %rocess. 0136] As shown in FIG 3,

the solg&nrleabbiogtastn SaaRPiotEn eXESION §TPs srRloy Bhbad BHimBRsRdo BFISHE! ari ty
were d i n i . :

ot 2o Yo AR BB AT N ACRT ok Shamll, i O BB finfiitl riGORRERS e of

separ atthosolednt lin fhedsstfseparnt@orsddviat iraptemizad forfetcBohxklaetione x¢snbimgiion figstst em
was utilized for rapid screenin | vents for lLipid class selectivity and
F e e overchis b kP S T et o Ao E Ly Bt BubeBnp e Pl ee e’ ange

of pol %e?&ﬂcﬁ%@ﬁ'ﬁié P& G K@ RoinCHGhRALKaNR pidd & pddin femter&ehftf e ket ones,

were tested. Prior to the extraction, the |l'ipid content and conposition of
t he bi owegtkined usmgantthedstladwineds onesf skdll imthe pitpincliding, belineg linhied $e asidar d
nmet hods, f gr. al i | estimtion.such as the Bligh-Dyer |ipid traction
ot hod I PR nERR e ogRl RSB EEEReBPal ol Babler bRy S S

neut r althé L ¢ titfa@dB élvk§s. 3 presents the data gathered by extraction of a
dry al gal mass using various polar and nonpol ar sol vents conbined with a

Sohx| et[o%%r acl| QmPEREREDentRaRE R pPnisb@lighard) dkemglditontde al kane
solvent, 60-70% purity of neutral |ipids and 15-45% of ‘total |ipid recovery

can be cadividevends,wha sodvent gHgs grseico thaatowdlOyv dnpthex embediments, thheolvemigdtt

chai n al kane solven este h e, recovered, 60% of e ne al, 1 pids
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[ 0138] Theud vt abauitiso MMl exeiotkd pottive i sheas esepmiatons édveed is Vigenf directedlt@r
lipids. The neutral lipid purity was 22% for pet hanol and 45% f or et hanol .
| sopr opyPSeaPEHARIEt P VOIst tosaﬁBW%W%% EIT-CI tc;ﬁqtgpnaféqwéﬁf A palarityn dn 3BABE! ar
|'i pi ds, € N L5 0 r t: o'l ; red
67% of e oy B D faBRHL R gl Rl R AR L par R R N ¢
met hanaheans (ian, sokcet pdntjusamuit)dat e f or an enbodi nent of the present

i nvention wherein nethanol can be used to selectively extract polar |ipids
from arn0v34gagi AdistmaEiter kelle pHoiks at@ngNishetini atgordmecerveit mathols hoden 16Si Ng
hept ane_ or hexane. The ot her sol vent classes tested dig not show an

sel ect ithPPi sl doe 3F ph f cxpragls. agichpB ip Aehimediydnixfyrpp albﬂnnrmﬂ%gmé ose to

49% si:ml i Pt kL i L0} b onass.
Fur  hor g B sdifer ded P b AR O b S B s BRSPS 7537
achi evddnmtiohn, phvapkorscd cub ntlduni cange cinél hgdnoallotit adif- 3&#lartye nkahinepHtihese
sol vents unsuj tabl.e for, the sel.ective extraction of particul lipd
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anal ysiisialsefut bR USETE hBGds handal AmReie psedienmhghoRiRohyENt
extraction apparatus described bel ow i n Exanpl e I7"Fhe 'sol vent s sel ect ed
wer e nmephamohydroxide.ne first step to recover polar |ipids, and petrol eum
ether in the second step for recovery of neutral lipids. Al of the

ext ract[Dtd3§ weiresquer fobodidents.tro@inlextfctsal isgherfemhadanta systemosepdraefrom the

extraction step in this. experinent. 1.hour long. Other e timents done
(data ﬁéfra%tmﬁﬁlf fryctipetios “Prign dﬁ%ﬁ)@“@%ﬁ@}ﬁ- TESIPPIC) Brigele FAIRGTB #Bugh
for theexthiacdst Aohedif aEagastd bolvddlingixfud, G0l By ¥Btalisn G@RENdent on
the heat and mass transfer of ‘the system [0140] The ret hanol extractions
wer e pewbmpmet sgpardiidif eelamqua @gpecatrifuggion AQC tra@®). dhd r@Baidngisolidisdben t o
det er m.ne ich was opti.mal . The. pet.rol eum et her extr.actiqgn s, perforned
ot ssc mapdal o TR MBHAT nat foriPeiotbRb T BE e PolERFr el BT o
chosen because of its high selectivity for neutral lipids, |ow boiling

poi nt, and the product quality observed after extraction.




[0141] FIG 4A shows that the neutral lipid purity in a petrol eum ether
extraction carried out after a nmethanol extraction step at 65C is over 80%
denonst r aWOreg1 24138438t he conbi nati on of these two extract ipom/ust@ps2msahanced
the neutral lipid content of the final crude oil product. FIG 4B shows
that the total neutral lipid recovery was | ow and t here was a si gni fi cant
anount t. ] e |l oss
of neutsﬁéﬂﬂgﬁ? ih ém% n'l%thbﬁdllrﬁ)e gﬂr%ofﬁgmgdrg;&{tﬁaggnﬁs é‘ }?%‘léfggo ar| &%FIBF

sol ventpre@®ns bzﬁ;ed o pehsiediskypesdditeg pHeddpistddsol Veat ﬁﬁ);ltmenb 1soth€pro5aQn and 5B
show the results of extracting the aforenmenti oned bi omass with 70% v/ v
aqueous#etHhHC @SIOEQWUBW%(RTP%F@?l on with petroleumether. FIG 5A shows
that the neutral |ipid purity was nmuch higher in the petrol eum et her

ext r acti0b3Plt haAswaawni E/édtmysotm@t sgkestion alithe thasrhe actlom%vdw@d of he

| oss of d nol
in the H‘O?a‘r?rg% I{)‘%&( Jflégg n%gt% )étg{lsq%sé% L cH%SErl %% é@ﬁle%ﬁfeﬁgé]% rac{m%ﬁl%at
hi gher Sohrfeecatdetios piotpssowhithrdlows aie dep@iatlopof lnm&s froin @dolhghmdt@mﬂleﬁheas ed

the total |ipid recovery in the subsequent step 0143{ I.n sonme exenpl ary
enbodi Mokt PHEACiRRREY R tae ubfizadifer eptd sEssnyie Sﬁ%V@e@sfgr iRid cbt pAeatidyi n
order t I t ggagﬂ | gal
bi onmas sa%dq%%%&pEgt%:l\;ee:i{?lssfr&%g’?%%liesn&&egﬁ?a?glﬁgé Iglllq)or pﬁﬁﬁﬁ?a g{l(gesrgg ¢ eotlsgg%egal gal
conponesntlsag ztihaneexdylchlatkahera]ﬂan htludos, sseans ikeioney, yerd testotlh Bnoemntihd extestisn, t he
t enper s increased after .the.te nper ture sensitive, al conponent s
oo bbb BTG ROHORHET Bf U T Oae 8¢ CHBSTS TSR BT O BusF 027537
[ 0144] IRe sthhddrd RlchRds %eaﬁgueqmyesﬁﬂm&i m%'ﬁta% thd BEgH-BYRElAY Hit@adﬁfon tnbe%hod

extraction process is adjusted in order to optimzé the yield of the

desi r edl'hsriueimess comatned GRil6kstota hiplsk of whichrddr28mbyieentuttabhipdr at ure up to, but
bel ow, the boiling point of the extraction mxture. In still other

enbodi rtﬂh?a’ﬂ tEK}tEeptpmnmﬁle datafgatheeeddwt axaratticoofprdg akal messahangediodependi ng
on the sol ubilit he desire rodyct. In still other_enbqdi nen the
oxt 1 aceito Hod apealtiel s CGRbt T Bl SRl S GREP S o 16 ¢ h

bi omashh R IQ@gtﬁé?ﬂéf&‘ﬂ@a@le sﬁkz@ﬁ/taé(ﬁdo%ﬁu? ﬁ%f R b EITRES AldUT R859,REIAAHIA he

sol ubil'ity of desired conpounds and reduce the viscosity of the extraction
m xt ur ere@whasmanr’cg aghieveb witbout déscantmmyand [solv4s] dxtractome et oniaveehag alkine

ot 1 actPBAhRx PP e RRERIE: bek pEY e End 5 S RTaRh LGy 1o

the ded ¢RwWIEHESSAItY of &tREEVESE drhidal AEss Wid & VBaky YNl dhhtiohdl dxea®@fmat ur e
of the extraction m xture bel ow a tenperature at which any of the desired

pr oductsethpds sach ayhexangagdagibgient, geprasivecanddesdinp doet yiekds hEheegtaneyand.
[0146] | t he
boili ngrﬂ%tg(lS’&Eedl&%fc?s%Eh&feﬁ a\%/iggggtﬂsgg%ﬁl%ffc‘ie?ﬁle?ﬁg §ﬁr§61 b r@g@&@\%ﬁ%ﬂs@ﬁﬁ&

ext r actioapolassqbedit @ wewr {neorder, to atpupapber iotn@nets ef aifeginp peksiices)th 1 n ot her
enbodi nent s, the extractl on is perfornmed near the boiling point of the

ext r actMEHMH;Qgs feompgaents- accounti ng for other extraction conditions. At
such ter‘rPeratures vapor phase penetration of the solvent into the algal
cel I s i[8138st el hellpwvar gatboielcohelssolventarvsdre moresslentiam éer. poldr lipkds. dbemaetralon

t enper | | e t t he

sol venf} pllléﬁ Illtzl g?as 2%%%1‘%6}1%&%1%2%&({ 4?5?}; trf]Arfetl%?ﬁSF Ig alg §¥Iba%0hop$ﬁ%8]f ghr%x? Ih al ni ng

t he syskRotivdty mweﬁapolwwmbmnbdﬂmghmos rﬂ&suﬁfng&ﬁ lavserg puve lIhbﬁh‘agel@&f pogu@nough
vapors to enhance the _extractian, e reduci ng expense. In addition, the

sol ubi IYigthapgl regovered 67rpofdhe EQﬂalahP“Fﬁ a@ﬁéﬁwrﬁ ébﬁae‘)foa(e af s polgk fipws c Aherefre.her
I ncr eaﬁﬁ%tmﬁl &f dn& éBJcblY&“B%?@&g %faﬁ%ﬁ&) 8@t o af ?ésgﬁt%@e%n{%h Aterdi@ the

sol ven ng poi nt oWs t e tot recovery 1 n the aqueous
met hanahetpatal odrebumuset he sel ective yodxitract ;md}hémiads fAdrh lam olphgipens matetiaigpridreo

met hanol extratlonnar its boilin erature sljghtly decreases the
neut Al Hgin B BGE s VB DFVER SHIHRES ,OtF?rlseh%%@&e%me? geet 1 pi
r ecoversxow[ag 424y i0tBRE R THRAIAR AR e thRuBXE HAEHLAK W& G&th 89%QsimiMpder

anbient |igh %lng
to the lipid composition present in the original biomass. Furthermore, the total lipid recovery
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conditions. In other enbodiments, the extraction is carried out in an
opaque contai ner such as, but not limted to, a steel tube or casing, in
order to Wwoabext3sdaBght sensitive al gal conponents from #egrsd@ioors37
Carotenoids are |light sensitive al gal components. WO

2012/ 138438PCT/ US2012/ 027537 [0148] I n ot her exenpl ary enbodi nents, the
extract] r I S r ot her
enbodi mﬁ{%géf{ﬁﬁg tlgég ?cgg Qﬁm for&% bg%tggu%)%g ?feﬁd&ﬂ{érqhéée%gﬁfenés r{'m%jﬂaloi

order tfor mmtalectﬁveaelxgabncﬁmﬂqﬁﬂmla% hprcbmssé@ommuaplldcmtracttnmst| || ot her

enbodi nents, the extraction takes place under an atnosphere of inert gas in

order t[9139]0t eThe AdsORd FrEMTROBSIMIS aRLIPEIE WePe EotifRlREH Q8ing MOMdndeRIMRABE Bdage t hat
m ght be prone to oxidation include carotenoids, chlorophyll, and |ipids.

[ 0149] Ihstadehisnbeyrastigiouneettsdeseneddsiare it Exampioll a he selvents salcqterewere
extract] he
bi onmas< &ﬁ{%ﬂo? f&etfléé\ﬁ aﬁ? st%P goa%%gfeg I}?gfsllg Elpﬁis defn)ﬁ \@[Iﬁjﬂggglr eﬁr 112%16 s%!:ér?isst%)nfo&* ar ch)
and Caﬁe&lﬁlet}S@ﬁileaﬁ’alalﬁI@dAB btk ekagions we& pdprmed wethta LIs@eblfduolexit r act i on.
[0150] FIG 7 shows the effect of the solvent to solid ratio on the total

i pid rradevERsh expactiqestyyinflig expyinaet Mas f fopplongs Qthrr csaaapents faned dyfg

corres r elleved
Chat T e B L8R o A5 PR b B I oy R e 5P

conpar edctonsfot. HBris cention|tynais eldp@idbnte)ntthaheat and sokyentséer ofidie systehvex ane.

[ 0151] The solubility of conponents is affected by the polarity of solvent
used i roa0]ext Tae tictanplr &E@sisons Wige paiforricdiat yifffap empeestueaMiie, 86&d to
determine the ratio of wet biomass to solvent. For exanple, a 40% w w wet
bi omas &S 4oINPrEsTiprasisTRRg Veichywsersimal o Fh@p@fg}e%@th@r BFIAGEPN Biadmass. | f

100 g gJelrng?é‘d‘&bsbé &6’%‘%6’ it Ogspldlhtx&f‘{ﬁees l%h‘%‘ 15@& A&rﬁ%th%% Ranaloske et

bi omas part i omass t anol e concentration of
et hanolbecaust Ioéltsrhpghuekecm\stylﬁ)ﬁh@rtﬁﬂ)hﬁﬂ)s lewdmhlmgmnmtt arilie wroduof quedibyanol i n
the |i i d F@afe. 62% w w of ethanol in ethanol water m xture corresponds
to a p ' [HESXagPs. 6, cal cul ated by wei ght and averaging the
polariti es of the conponents. Ethangl, having polarity index of 5.2, and

wat er, [BkAIng ElGdiAphaws thadbsnetrad hmdrpualtsfﬁ% mﬁt@l%@h@taﬁrrﬁxftr@cmﬁaé@%nm
and 38(V Y‘@ﬁ&r a ﬁl%%&l %x{rﬂcéi%rrhg%paa“[ '65'9@ 15%@@%8@; c(eQno%g‘%rasur% th':i)tS[Fg Zo piﬂgﬁ%l of6

The polarlty I ndex of ure for extraction o s an
neut ralthésepwdsmrsctmalstnpls ahletic¢dthbaceatd lipidcdtan df ﬁlﬁéﬁnlabﬁpé@bll peddylct In |ight

of the jinst sure one, of. skill in the art, woul d be le to
for mul 416 ﬁéﬁ? ttotﬁ%%ﬁutrahlﬁpléé?%?ﬁymvowwéfe?ffe PR 2 s1sppirppifspuat

[0152] Idﬂfn@g@gml%qd%gﬁgh@ﬁrﬁgtebhe extraction solvent is a 1:1 mxture of
|sopropyl al cohol and ethanol, the polarity of this sol vent |s

((3. 9+§0ﬂ 72) %'nﬁglnllée #RAYL O%n@étral {]}?ds 1f’i1rtﬂeom%i1ar§oq le)(@eﬂ%lo%%t lﬁ'of?l%s dfe «

woul d Iculate to match the p rities arltyln
we woulthbe srﬂeedlttcm baleercas&B%p a/d/d\mgaﬁzatbﬂb -th@sayent] EI(&irfeA ead SB bhﬁv@dleb‘jtSlﬁ‘(N vi ng

the fol),ou ng. 2l gebpaLc squslyon, Y 212l 130430PCT Lszans 027537
extraction with petroleum ether. FIG. SA shows that the neutral lipid purity was much higher
in the petroleum ether extraction than was achieved by the use of pure methanol. Moreover,
the loss of neutral lipids was greatly reduced by the use of aqueous methanol in the first
extraction step. As seen in FIG. 5B, methanol extraction at higher temperatures improved

neutral lipid purity but slightly decreased the total lipid recovery in the subsequent step.

[0143] In some exemplary embodiments the temperature of the extraction process is
controlled in order to ensure optimal stability of algal components present in the algal biomass.
Algal proteins, carotenoids, and chlorophyll are examples of algal components that exhibit
temperature sensitivity. In other embodiments, the temperature is increased after the

temperature sensitive algal components have been extracted from the algal biomass.
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55% w/ w+of solvent mx in solvent m x-water For a 40% w w wet biomass, the
wet biomass to IPAratiois (1-0.55)10.6 - 0.75. [0153]Wth a 40% w w wet
bi omass tWO0mmsB48correspond to a ratio of 100 parts weCThiSenma®3758D 75
parts solvent m xture. A 40% w w wet bi onass has 40 g bi omass and 60 ¢
water for every 100 g of wet biomass. If 75 g of sol vent m xture i s added

to thi tur o) | o}

on A0 1 B oGS BS AR PR A Bl LG roces

M xt ur exdyteelrin dedettd eftimikbite yad ofitirtdesiteCpiodie. Eseadctions ommmntf’ftﬁnsol vent
bi omass ratio at each extraction stage and for each product. A few

nonl i mi et ESAPRIREES W tosbythsinw. kg @IB%E%Pt olihgprastion mpsyre 13 safothst ep
Prote| nfBodiAGH,, Mk cRipRPRRS oPHele i@ ionRRbdeds RUNNRIY & 815‘%?%9/ PI¥NERBiIfFPRr ¢ S
Dry Biomass Part’s V\aet gr ﬁgente- wa{t eronﬁgtél oS Ext rlgéc%t | oh 0ent po alr |$
i ndex Etfhhﬂ‘ldﬁmr&(ﬂ)ﬁ@ﬁud@%@ﬁlﬂ)ﬁtlﬁﬁ&nﬂodiments, the extraction temperature is optimized
depending on the algal strain of the biomass to be extracted. Elevated extraction temperatures
increase the solubility of desired compounds and reduce the viscosity of the extraction mixture

enhancing extraction recovery.

[0145] In some embodiments, the extraction is run under pressure to elevate the boiling
point of the extraction mixture. In these implementations, the pressure is increased to the
degree necessary to prevent boiling, while maintaining the temperature of the extraction
mixture below a temperature at which any of the desired products would begin to degrade,

denature, decompose, or be destroyed.

[0146] In some exemplary embodiments, the extraction is performed near the boiling point
of the solvent used, at the conditions under which the extraction is performed (e.g., atmospheric
or elevated pressures). In other embodiments, the extraction is performed near the boiling
point of the extraction mixture, again accounting for other extraction conditions. At such
temperatures, vapor phase penetration of the solvent into the algal cells is faster due to lower
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 or near the boiling point of solvent would generate enough vapors to
enhance the extraction, while reducing expense. In addition, the solubility of oil is increased at
higher temperatures, which can further increase the effectiveness of extraction at temperatures
close to the solvent boiling point. FIG. 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 FIG.

5B, it enhances the total lipid recovery.

[0147] In other embodiments, the extraction is carried out under ambient lighting
conditions. In other embodiments, the extraction is carried out in an opaque container such as,
but not limited to, a steel tube or casing, in order to protect light sensitive algal components

from degradation. Carotenoids are light sensitive algal components.
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| PA 1005240%0600. 463.9 MeOH 100934091060 0.615.1 Propanol
1005440%40600. 474 1:1 | PA EtOH m xture 1006840%10600. 534. 55 95% et hanol
wat er m Xwonrer0iss3840%10600. 665. 39 95% et hanol 5% net h&ao®ius2012/027537

m xt ur e1009940%10600. 625. 195 95% et hanol 5% | PA m xture 1009540%10600. 61
5.135 One step Polar lipids Extraction Ethanol 10032040%10600. 845. 2

| PALO0L 57474 0RO EAR hpldr) EnbORAEAROHE QAR R Taies pRIERAGG nohBR 107 40% 40

atmospheric conditions. In still other embodiments, the extraction takes place under a nitrogen
atmosphere in order to protect algal components prone to oxidation. In still other
embodiments, the extraction takes place under an atmosphere of inert gas in order to protect
algal components prone to oxidation. Algal components that might be prone to oxidation

include carotenoids, chlorophyll, and lipids.

[0149] 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.

[0150] FIG. 7 shows the effect of the solvent to solid ratio on the total lipid recovery. As
the solvent to solid ratio was increased, there was a corresponding and drastic increase in total
lipid recovery. It is believed that this was because of the lower solubility of lipids in methanol

as compared to other commonly used oil extraction solvents such as hexane.

[0151] The solubility of components is affected by the polarity of solvent used in an
extraction process. The solubility properties can be used to determine the ratio of wet biomass
to solvent. For example, a 40% w/w wet biomass has 40 g biomass and 60 g water for every
100 g of wet biomass. If 100 g of ethanol is added to this mixture, the ratio of ethanol to wet
biomass is 1 part wet biomass to 1 part ethanol and the concentration of ethanol in the mixture
is 100/(100+60) equals about 62% w/w of ethanol in the liquid phase. 62% w/w of ethanol in
ethanol water mixture corresponds to a polarity index of 6.6, calculated by weight and
averaging the polarities of the components. Ethanol, having a polarity index of 5.2, and water,
having a polarity index of 9, in a mixture containing 62% ethanol and 38% water results in a
polarity index of (0.62*5.2+.38%9) about 6.6. The polarity index of the mixture for extraction
of polar lipids and neutral lipids is calculated to be about 5.8 and 5.4 respectively. In light of
the instant disclosure, one of skill in the art would be able to formulate a solvent set that can

selectively extract these components.

[0152] In another example, if the extraction solvent is a 1:1 mixture of isopropyl alcohol
and ethanol, the polarity of this solvent is ((3.9+5.4)/2) which is about 4.65. The ratio of
solvent to wet biomass would be calculated to match the polarities. To get a 6.6 polarity index,
we would need to make a 55% w/w of IPA-water mixture calculated by solving the following

algebraic equation:
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60 0.64 4 1:1 I PA EtOH m xture 100 154 40% 40 60 0.72 4.55 95% et hanol
water m xture 100 468 40% 40
WO 2012/138438 PCT/US2012/027537

x*4.65+(1-x)*9=6.6
v

X =(9-6.6)/(9-4.65) = 0.55
v
55% W/W* of solvent mix in solvent mix-water

For a 40% w/w wet biomass, the wet biomass to IPA ratio is (1-0.55)/0.6 ~ 0.75.

[0153] With a 40% w/w wet biomass this would correspond to a ratio of 100 parts wet
biomass to 75 parts solvent mixture. A 40% w/w wet biomass has 40 g biomass and 60 g water
for every 100 g of wet biomass. If 75 g of solvent mixture is added to this mixture, the
concentration of solvent in the mixture is (75/(75+60)) is about 55% w/w of solvent mixture in
the solvent mixture-water solution. This calculation can be used to obtain the solvent biomass

ratio at each extraction stage and for each product. A few nonlimiting examples of solvent sets

appear in Table 3.
Table 3
O Exiraction:
z § é : 5 ‘Solvent- solvent
‘parts wet: parts .Biomass :Parts Dry ‘Parts ‘water ‘polarity
... blomass solvent dnmess Biomass Water  rafio  index

SOne step Protein Extraction
:Ethanol

:95% ethanol water mixture

;95% ethanol 5% methanol mixture
:95% ethanol 5% IPA mixture

:One step Polar lipids Extraction
:Ethanol

:Propanol
1:1 IPA EtOH mixture

195% ethanol water mixture
:95% ethanol 5% methanol mixture

:95% ethanol 5% IPA mixture 5
§0ne step Neutral lipids Extraction |

Ethanol 100 1,080 40% 40 60 0.95 52
A 100 144 40% 40 60 . 0.71 ... 3.9.
MeOH 100 720 40% 40 60 0.92 5.1
Propanol 1000 154 A% . 40 60. . 0.72 ... 4.
1:1 IPA EtOH mixture 100 254 : 40%: 40 60 0.81 : 4.55:
95% ethanol watermixture 100 21600  40% 40 60 100 539
195% ethanol 5% methanol mixture - 100. 1,054 40%: 40 60 095  5.195
195% ethanol 5% IPA mixture 100 815 . 40%. 40 60 093 . 5135



60 0.89 5.39 95% et hanol 5% net hanol m xture 100 317 40% 40 60 0.84 5.195
95% et hanol 5% | PA m xture 100 289 40% 40
WO 2012/138438 PCT/US2012/027537

[0154] The extraction mixture described in all examples, is made up of a substantially solid
phase and a substantially liquid phase. These phases are then separated post extraction. This
can then be followed by removal of the liquid solvent from the liquid phase, yielding an
extraction product. In some embodiments, the solvent is evaporated. In such an
implementation, a liquid-liquid extraction technique can be used to reduce the amount of

solvent that needs to be evaporated. Any solvents used can be recycled if conditions allow.

[0155] It was theorized that treatment of the algal biomass prior to extraction would
enhance the productivity and efficiency of lipid extraction. In this direction an experiment was
done comparing the effect of adding a base or another organic solvent to an algal biomass to
change the surface properties and enhance extraction. A variety of treatments including
aqueous methanol, aqueous sodium hydroxide, and aqueous DMSO were attempted. As FIG. 8
demonstrates, the addition of 5% DMSO increases the lipid recovery 3-fold. These extraction
steps may be exploited to dramatically reduce the methanol extraction steps. However, the
solutions used in the above experiments may not be ideal for use on larger scales due to the

high cost, viscosity, and ability to recover and recycle DMSO.

[0156] FIG. 9 is a chart showing the effect of an eight step methanol extraction on the
cumulative total lipid yield and the purity of the extracted neutral lipid. In this embodiment,
112 grams of wet biomass (25.6% dry weight), was extracted with 350 mL pure methanol and
heating for 10 minutes at 160 W irradiance power in each step. This resulted in an extraction
temperature of about 75°C, which was near the boiling point of the extraction mixture. Using
this process, it was determined that it is possible to obtain highly pure neutral lipids from algal
oil once the majority of the polar lipids have been extracted. FIG. 9 shows that it is possible to
isolate high purity neutral lipid once the polar lipids are all extracted. In this case a 5% yield of
total biomass was achieved with over 90% neutral lipids purity in methanol extraction steps 5
through 8. Furthermore, due to the boiling point of the extraction mixture, most of the water in
the biomass is completely extracted in the first extraction step, along with carbohydrates,

proteins and metals.

[0157] FIG. 10 shows that recovery of lipids can be made more efficient by the use of
ethanol to extract lipids and protein from wet biomass. By using ethanol, 80% total lipid
recovery can be achieved in about 4 steps rather than the 9 generally needed by using
methanol. This increase in recovery may be attributed to greater solubility of lipids in ethanol

as compared to methanol. Furthermore, the boiling point of aqueous ethanol is higher than

30



60 0.83 5.135 One step Neutral |ipids Extraction Et hanol 100 1, 080
40% 40
WO 2012/138438 PCT/US2012/027537

aqueous methanol, facilitating further recovery of lipids. This is because the higher
temperature renders the oil less viscous, thereby improving diffusability. Another distinct
advantage of this process is using the residual ethanol in the oil fraction for transesterification

as well as lowering the heat load on the biomass drying operation.

[0158] Further, FIG. 10 demonstrates that the initial fractions are non-lipid rich, containing
proteins and other highly polar molecules, followed by the polar lipid rich fractions and finally
the neutral lipid fractions. Hence with a proper design of the extraction apparatus, one can

recover all the three products in a single extraction and fractionation process.

[0159] Another embodiment of the current invention utilizes microwaves to assist
extraction. Based on previously gathered data disclosed in this application, it is shown that
methanol is the best single solvent for extraction of all lipids from algae. Hence, a single
solvent multiple step extraction, as described in Example 1 of the instant application, was

performed in order to gather data on the efficacy of a one solvent microwave extraction system.

[0160] FIG. 11 is a logarithmic plot comparing the extraction time and total lipid recovery
of conventional extraction and microwave-assisted extraction. Based on the slope of the curve,
it was calculated that the microwave system reduces the extraction time by about five fold or
more. While the conventional methods have a higher net lipid recovery, this is due to higher
recoveries of polar lipids. Based on these results, the conditions for extraction of dry algal
biomass using solvents with and without microwave assistance have been optimized. Some
embodiments of the invention use traditional microwave apparatus, which emit wavelengths
that excite water molecules. Further embodiments of the invention utilize customized
microwave apparatus capable of exciting different solvents. Still other embodiments of the
invention utilize custom microwave apparatus capable of exciting the lipids present in the algal
biomass. In some embodiments, the lipids present in the algal biomass are excited using
microwaves, thereby enhancing the separation and extraction of the lipid components from the

algal biomass.

[0161] Moisture content is another parameter of biomass that will influence the efficiency
of oil extraction. In some embodiments of the present invention, dry algal mass is extracted
and fractionated. In other embodiments, the algal mass is wet. Biomass samples with algae
mass contents of 10%, 25%, and 33% were used to investigate the influence of moisture on

extraction performance.
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[0162] FIG. 12A shows an illustrative process 400 for a step-wise extraction of products
from an algae biomass. All units in FIG. 12A are in pounds. FIG. 12A shows a mass balance
of the process 400, while the details of the equipment and/or systems for performing the
process are described elsewhere herein. A biomass containing 5 pounds of algae has about
0.63 pounds of polar lipids, 1.87 pounds neutral lipids, 1 pound protein, and 1.5 pounds
carbohydrates. The biomass and 1000 pounds of water is processed in a dewatering step 405,
which separates 950 pounds of water from the mixture and passes 5 pounds of algae in 45
pounds of water to a first extraction step 410. Any of the dewatering techniques disclosed
herein can be used tin dewatering step 405. In the first extraction step 410, 238 pounds of
ethanol and 12 pounds of water are combined with the algae and water from the previous step.
The first extraction step 410 has a liquid phase of about 80.9% w/w ethanol. A first liquid
phase of 231 pounds of ethanol, 53 pounds of water, and 0.5 pounds of algal proteins are
recovered, from which water and ethanol are removed by, e.g., evaporation, leaving a protein-
rich product 415. Solvent recovered from the evaporation can be recycled to the first extraction

step 410.

[0163] A first solid phase from the first extraction step 410 is passed to a second extraction
step 420; this first solid phase includes 4.5 pounds of algae, 2.6 pounds of water, and 10.9
pounds of ethanol. Eighty-six pounds of ethanol and 4 pounds of water are added to the first
solid phase from the previous step. The second extraction step 420 has a liquid phase of about
93.6% w/w ethanol. A second liquid phase of 85.9 pounds ethanol, 5.9 pounds water, and 0.6
pounds polar lipids are recovered, from which water and ethanol are removed by, e.g.,
evaporation, leaving a polar lipid-rich product 425. Solvent recovered from the evaporation

can be recycled to the second extraction step 420.

[0164] A second solid phase from the second extraction step 420 is passed to a third
extraction step 430; this first solid phase includes 3.9 pounds of algae, 0.7 pounds of water, and
11 pounds of ethanol. Seventy-found and a half pounds of ethanol and 3.5 pounds of water are
added to the second solid phase from the previous step. The third extraction step 430 has a
liquid phase of about 95.4% w/w ethanol. A third liquid phase of 78.9 pounds ethanol, 3.9
pounds water, and 1.6 pounds neutral lipids are recovered, from which water and ethanol are
removed by, e.g., evaporation, leaving a neutral lipid-rich product 435. Solvent recovered from
the evaporation can be recycled to the second extraction step 430 A solid phase of 2.3 pounds

algae, 0.3 pounds water, and 6.6 pounds ethanol remain.
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[0165] As demonstrated in FIG. 12A, the resulting lipid profile with each sequential
ethanol extraction step was largely influenced by the moisture content in the starting algae.
Models of process 400 were run on three different biomass collections, each having a different
initial water content. As the initial water content decreased, the maximum lipid recovery step
changed from the third extraction step to a fourth (not shown). However, the overall lipid
recovery from these three biomass samples were quite similar, all above 95% of the total lipid

content of the algal biomass.

[0166] When algal mass with higher moisture content 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 has been reported that dewatering an algae paste with
90% water is a very energy intensive process. The methods described herein unexpectedly can
be used to successfully extract and fractionate an algal mass containing mostly water. As
overall lipid recovery was not significantly influenced by starting from an algae paste
containing 90% water (10% algal solids), unlike conventional extraction methods, the methods

disclosed herein do not require the use of an energy intensive drying step.

[0167] FIG. 12B shows an illustrative implementation 500 of one of the extraction steps of
process 400. An algae biomass and solvent mixture 505 is provided to an extraction vessel
510. After the algae is extracted (as described elsewhere herein), the mixture is provided to a
coarse filtration system 515, such as a sintered metal tube filter, which separates the mixture
into a liquid phase and a solid phase. The solid phase is passed to a downstream extraction
step. The liquid phase is passed to a solvent removal system 520, e.g., an evaporator, to reduce
the solvent (e.g., ethanol) content in the liquid phase. The liquid phase remaining after solvent
removal is, optionally, passed to a centrifuge 525. Any solids remaining in the solvent removal
system are recycled or discarded. Centrifuge 525 assists in separating the desired algal product

(e.g., proteins or lipids) from any remaining water and/or solids in the liquid phase.

[0168] FIG. 14 shows an example of a process 600 by which an algal mass can be
processed to form or recover one or more algal products. In this example, an algal biomass is
extracted in a step-wise manner in a front-end process 605 using the methods disclosed herein.
The extraction and separation steps are followed by an esterification process 610, a hydrolysis
process 615, a hydrotreating process 620, and/or a distillation process 625 to further isolate
components and products. The components and products include algal lipids, algal proteins,

glycerine, carotenoids, nutraceuticals (e.g., long chain unsaturated oils and/or esters), fuel
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esters (generally, the esters having chain lengths of C20 or shorter), fuels, fuel additives,
naphtha, and/or liquid petroleum substitutes. In preferred embodiments the fuel esters are C16
chain lengths. In others, the fuel esters are C18 chain lengths. In still other embodiments, fuel

esters are a mixture of chain lengths, C20 or shorter.

[0169] The esterification process 610, hydrolysis process 615, hydrotreating process 620,
and distillation process 625 are optional and can be used in various orders. The dashed arrows
and dotted arrows indicate some, but not all, of the options for when the hydrolysis,
hydrotreating, and/or distillation processes may be performed in the processing of the lipid
fractions. For example, in some embodiments of the invention, after extraction and/or
separation are carried out, the neutral lipids fraction can be directly hydrotreated in order to
make fuel products and/or additives. Alternatively, in other embodiments, the neutral lipid

fraction can be passed to esterification process 610.

[0170] Esterification process 610 can include techniques known in the art, such as acid /
base catalysis, and can include transesterification. Although base catalysis is not excluded for
producing some products, acid catalysis is preferred as those techniques avoid the soaps that
are formed during base catalysis, which can complicated downstream processing. Enzymatic
esterification techniques can also be used. Esterification can process substantially pure lipid
material (over 75% lipid, as used herein). After esterification, glycerine byproduct can be
removed. The esterified lipids can then undergo molecular and/or nonmolecular distillation
(process 625) in order to separate esterified lipids of different chain lengths as well as
carotenoids present in the lipid fraction. The esterified lipids can then be passed to
hydrotreating process 620 to generate jet fuel, biodiesel, and other fuel products. Any
hydrotreating process known in the art can be used; such a process adds hydrogen to the lipid
molecules and removes oxygen molecules. Exemplary conditions for hydrotreating comprise
reacting the triglycerides, fatty acids, fatty acid esters with hydrogen under high pressure in the
range of 600 psi and temperature in the range of 600°F. Commonly used catalysts are NiMo or

CoMo.

[0171] Hydrotreating the fuel esters rather than the raw lipids has several advantages.
First, the esterification process 610 reduces the levels of certain phosphorus and metals
compounds present in algal oils. These materials are poisons to catalysts typically used in
hydrotreating processes. Thus, esterification prior to hydrotreating prolongs the life of the

hydrotreating catalyst. Also, esterification reduces the molecular weight of the compounds

34



60 0.95 5.195 95% et hanol 5% | PA nmixture 100 815 40% 40 60 0.93 5.135 29
WO 2012/ 138438PCT/ US2012/ 027537 [ 0154] The extraction m xture described in
al | exanpvexpiiss4sade up of a substantially solid phaseramdasariobstanti al ly
| i qui d phase. These phases are then separated post extraction. This can
then be followed by renoval of the liquid solvent fromthe |iquid phase,

ol di na. . ‘ . .
Sy apor AUl RIS AR BBL IRy fie BT ATRCGH AEM SonbABARISIEDL i que
can be Husthdr §t0l, itcisl udentdgeodougthinahe Arl veas filohathe dégitistiéroploecsevapar bt ed.

Any sol vents used can be recycled if caonditions allow.
Y hydrotreated?n a vaporous form}/as doing so reduces the energy needed for hydrotreating.

[0172] In some embodiments of the invention, the neutral algal lipids are directly
hydrotreated in order to convert the lipids into fuel products and additives. While in other
implementations, the neutral lipids are esterified and separated into carotenoids, long chain
unsaturated esters, eicosapentacnoic acid (EPA) esters, and/or fuel esters via distillation
process 625. Distillation process 625 can include molecular distillation as well as any of the
distillation techniques known in the art. For example, the distillates can be fractionated using a
simple distillation column to separate the lower chain fatty acids for refining. The long chain
unsaturated fatty acids remain as high boiling residue in the column. In some embodiments,
the remaining vapor can then be sent to the hydrotreating process. Two of the advantages of
the present invention are that it yields pure feed as well as a vapor product, which favors the

energy intensive hydrotreating reaction, as described above.

[0173] In some embodiments of the invention, polar lipids (and, optionally, neutral lipids)
are hydrolyzed in hydrolysis process 615 before being passed to the esterification process.
Doing so unbinds the fatty acids of the algal lipids, and enables a greater amount of the algal

lipids to be formed into useful products.

[0174] FIG. 15 is a flowchart showing a process 700 for producing nutraceutical products
from neutral lipids. In one implementation of process 700, neutral lipids are fed to an
adsorption process 705 that separates carotenoids from EPA-rich oil. The neutral lipids can be
from an algae source generated by any of the selective extraction techniques disclosed herein.

However, the neutral lipids can be from other sources, such as plant sources.

[0175] Adsorption process 705 includes contacting the neutral lipids with an adsorbent to
adsorb the carotenoids, such as beta carotene and xanthophylls. In one implementation, the
adsorbent is Diaion HP20SS (commercially available from ITOCHU Chemicals America,
Inc.). The neutral lipids can contact the adsorbent in a batch-type process, in which the neutral
lipid and adsorbent are held in a vessel for a selected amount of time. After the contact time,
the absorbent and liquid are separated using techniques known in the art. In other
implementations, the adsorbent is held in an adsorbent bed, and the neutral lipids are passed
through the adsorbent bed. Upon passing through the adsorbent bed, the carotenoids content of
the neutral lipids is reduced, thereby producing an oil rich in EPA.
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[0167] FIG 12B shows an illustrative inplenentation 500 of one of the
extraction steps of process 400. An al gae bi omass and sol vent m xture 505
IS provi ow0 2b/B38xt racti on vessel 510. After the al gaecCrassexznarssed (as
descri bed el sewhere herein), the mxture is provided to a coarse filtration
system 515, such as a sintered netal tube filter, which separates the

m Xt ur gqked;0 ayli qui i S I [+ ed to
2 downa?t S Sl L dh BN R BT hOeRISRSE mefidd TR IRRE el o RS

r enovalheslyis foaias bilydee dgwatedf @wbdpatiatyoitact slgiladic & mble: sodlydtiorhassg. |

et hanol) content in the liquid phase. The |iquid phase renmaining after

sol ventexfrastiigdicutral linidy fr%mghfr ylgal pemasy. fobloyed by pp jadipgRtiomsiep g cs o) i ds

r emai Nidag,hfod HE:HRb h§ ERY ol HoBMR Rk A5 ¢hOheifad fiptad fulti
CEntrifL %.525 asgﬁsﬁﬁnﬁﬁ/separafﬁ%g ?ﬂ% é%g?re% gfga %réﬁugﬁ ?e?g@?

pr ot ei rfsorothib stpp depld reaomehainyonreea®i fattngeidatvith adrathhoed sbiof sionpunsamiratedyui d

h : 168 FIG 1 h f 60Q. by. whi ch I
o cAI B BB RE T Ay G O eHoy e B ore Tiep oy it i Gekaeeestng o
this exagg%e, an algal biomass is extracted in a step-wi se nanner in a

front - dAEYr oc Bxxct gdgtherssipdiment pd thiogeentiogct Bistwdiod making npfigcasticrlsepd on
and se i i £ i , a

nydr of o K3 SRR, BEFabithe ANEH IR EEARRI i ERE B B AEATRRAS: | Pati on
pr ocessxG2&itgmeutrat liyads fremltht &galdnpoasnfodloard bprookmhrene dihBltadnpstepdtrs and

products include algal lipids, algal ot ej ns, cerine, carqtenoids,

Pt r acdlit F@ardor o ftorangi e Sl imatbarar AL IER BE nedfel et bel  wo
2012/ 13343BRCT6 IR 125 QA DBic RSl B SméBENBKSGlakMs Wilhes ©I4RES ARG chai n

| engt hs of 0 or shorter), fuels, fuel additives, naphtha, and/or liquid
pet r ol enenswkattiatedt palyursatupated and sathretet ddtiyrasidss Thissad bebolées bigh qanlity©ile

chain ggngtFF H others, the fuel esters are C18 chain lengths. In stil
ot her éfbdd H‘B?ﬁ , fuel esters are a mxture of chain | engths, C20 or

shorter 169 e esterifjcation process 0, hydrol ysi roce 15,
nydr ot rI2ATTng BeckSs s gy chif el r Pt o op o i P oA g thne
can be Jigga liﬁ?dsViﬁfS'. gl;h% If%ﬁgﬁrlﬁy_idsmtﬁ HHaRAEeh Q?ﬁ@%r%n@%éd%h?%ﬂ&% i ndi cate

sonme, but not all, the options for when the hydrolysis, rotreating,
and/ or sdlestivd ¢xdtaction tsrlvugwseakscimyd berepe tHoveved thanautiel ipids ewshafgomfothdne

lipid fractions. Far exanpl i n_sone .enbodi ments qf the.inventi .after
extr act PRI b SR S Pon e o g denet b feapRinehrise R 42t on
can be vlhieleeel 13pidvyae 8if @akRA toRedicd @ic [bfelBR@etaliaindphoshhelipidgdntfhemeutral
additives. Alternatively, in other enbodinents, the neutral lipid fraction
can be lpads dd sewe agplepicniagiany. erclpiivde ddute solutipp ofphasshasiq oidigtadaet fortbeess

610 can ingl i g i t S I e catal ysis,
and car <l 5. bREMECBER: [0 R iR R TS R B e R

excl udadethidargthed sepangedshom ths @aiadiisg oAl ecatmé Wi @nirfugy. ef erred as those
techni ques avoid the soaps that are forned during base catal ysis, which can
conpl i qa186] dOWAS treQadHNiPGES PARE tofa ARl fFo®SE 813 ol rEAbLOENIbRPANIHAGS Ccan
al so be used. Esterification can process substantially gure l'ipid materi al
(over THbgricolor gompeundsedn sreneinplempgtatignsebleehing praedsen 1 lolusies rerdadingr oduct
can be ved. ;The esterifi L pi.ds. t r I nd/ or
monmor REP T Lo FieoRle s o Bla3iaf Aty 3 PRl UG 60 (LR LERRLR o Y o

| i pi ds faflerth dafrehh,atiicle Feauee he nglchsofatlorgptyllaand athet &lei @snppuadsintthé silt he
lipid fraction. The esterified |ipids can then be passed to hydrotreating
pr ocess! sAtrated Qilthen wnasyed o hydiptreaiinggiressst 8200wt edrogegates pidbduct s.  Any
hydrotr i i eqd; . ds
vl ogene i Re! PRSP rERAEf e bl R GO0 RGBSR ERRER IR
condi t idiers] fuet aduytiirep bmcdepriopmg:. donpditiss, the Apdrotreptiniggrodes g8l cdsa chasgs doatet vy
acids, fatty acid esters with hydrogen under hi essure in,the.range of
600 psic" gtacmﬁg? SRt oaler hiyyEPTRo @rﬁv%ﬁqﬁéﬁg} 093 cAtuPlYes are
N Mo orpyGRWVRatihOprobl I QE MisatHeRGn bhebd Wel festyRiksrdatthPpfoctRanot he raw

| i pids has several advantages. First, the estéerification process 610
reduce |l e : o ' in

ol gal g8 Th B e B R Y SRR o SRR ROP ™ 4

hydr ot rdastiliarign prooc@sé 0 sdfange thest iatd farmab fueh prrduocts 880. Dyl lati srepdoicesy
prolongs the life of the hydrotreating catalyst. Also, esterification
reduces the nol ecul ar wei ght of the colpounds WO

2012/ 138438PCT/ US2012/ 027537 bei ng hydrotreated, thereby inproving the
performance of the hydrotreating process 620. Further still, it is

advant ageous to retain the fuel esters fromthe distillation process 625 to
be hydrotreated in a vaporous form as doing so reduces the energy needed

o,



[0172] I n sonme enbodi nents of the invention, the neutral algal lipids are
directly hydrotreated in order to convert the lipids into fuel products and
addi ti veswohiZi38438 ot her inplenmentations, the neutral PCPiu$g01207537
esterified and separated into carotenoids, |ong chain unsaturated esters,

ei cosapent aenoic acid (EPA) esters, and/or fuel esters via distillation
proces Dk st [ r ) ' - - ] .Sk |4 ation as
el | as A s Een R B PR PR AR A MR R BEs EouBibed, Sl

t he di dHerdih at ksovaain the aft f@akcparaadreds fusi sognpusdapl e distillation colum to
separate the |ower chain fatty acids for refining. The |long chain

unsat urg188] f atd YonCirfliSodi@EMs Bf B2 iRNtAN iBRntibM Protemk duts Heclcb@vddPbitidted N
sonme enbpodi nents, the remai ning vapor can then be sent to the hydrotreating
pr ocessTomrap algpl bipmagd aitaghes olafrotehis yinedbadistlassmetbedseeféers manyit i el ds
pure fe [ L eh - LAk ensi ve
hyar ot o e 1 pftfofet BRALR AAEY ncclith 80 1 Y FED: RGeS UIERD Vo,

t he i nyeotingn Thizadiraplifidspind sedu@adcoseyifictradtion, The uhdgtiaddslof phetiata@rig@vention
hydrol yzed .in hydrol ysis praocess 615 befare heing passed to the

est er i f5*ERG tBRsYprbilBsRrofilssjof gifkssent slsnteg o proscinsinardedp adlegivebhetiaripnd

| i pids, r f | lipids to be forned into
usefulfggg ﬁ%?gghfg%%4 Eﬁ%ﬁgﬁ%ﬂggﬂgk$ﬁbz%ggpﬁ&s owi ng a process 700 for

pr oduci utr i I 1 m ral 1ini il ntation
o pr od 02851700 SE RSy <ReAALEb Gl AR BF Y Recd foBleaine b AR HRLBRET, 3
separ atwegercaidahigolubls protoiis Ehfed dliekmidk bnd ZlobuligutThad mixtipicdsn ¢an tee from an
al gae source generated by any of the selective extraction technigques

di scl oswbichis & a changgaw i to féraverehe plkpli polpblgpretains selladthelyichias. dbisstces,
such a t / J i C cting the
meut r arc TS TEHE RSy & A Sl B AR PE e Aok o L SRR beta
car ot eneolamdhsx dfttchephipidgshiomassonauld bp kielmentaabohydrat¢shmddghsdsr bent i s Di ai on
HP20SS (commercially available from |1 TOCHU Chem cals Anerica, Inc.). The
neut r al[019(Qi dsPeAging it RCdxtiatied HBEOBAR BiltwdtcrBankddt S Awhig P&l gPlr @116 38 showin Whi ch
the neutral lipid and adsorbent are held in a vessel for a selected anount

of timgIGks tepnd ke Elmpraeance phislt infee shsetpalael anmre piipmagradicsshs at ed
using éf?gﬁ%&io% i#fOEMN 1 Bed 1B, Pt OhidRHoa p{gl&? B lclih Al gﬂeﬁ?adsm bent

is held 1n an adsorbent bed, e neutra are passe rough the
adsor bestectredy cxdpmn prasss figmtdithau@éshtonealadearddgaet bed, t he car ot enoi ds
content of the neutral |ipids is reduced, thereby producing an oil rich in

EPA. 012012/ I3SiaSialddin2md, 2x0ddtoh/of[fadtémk Tiven fraghotasral s celRris be
recovered fromthe adsorbent material Eyltreating t he adsorbent with an
|

appr opraceRmepsdrd enthe navel Rigresy shaw indG. 17 nfFrestveisr algplcsHopsa Seetvasy
et hano'algdé l%%gﬁa%g’xﬁe Iféht%8 Qﬁ{% mixé%f.“ﬁ{}&lég %aglﬁ[%egarncgo_rﬁ%@?ygw}%tyao(f% §isO" butyl

acet at e, nes such as hexane, an n yet “anot her
enbodi reotvnah thdet susch @rtbuonet lohital opstirtihg, agitdtiagnod enkings Thisprosskat ed from

the neutral |ipids. The adsorption process can b erforned usj a
hydr op_rﬁ%?réteé&?a?@@mﬁg SHeHG8 i TR B GRE-SMPTiYd BBk BETH D B bvE) or
wi th higher, el f-0sIe@fifg JofidipRascSATR sE%ATR By I@Dglééslég %{egg%tf‘s%?%raﬁedxp‘[) 16,

XAD 4 from Rohm and Hass ("Phi | adel phia, PA) or ﬁ om M t subi sh
Cheni cdlephmtias tan esadcomptiged byckwaoictyJefpaethodti keominbu tlecarbmcludoghbut@oem cal s

Arerica, Inc., Wite Pl aj Y.y . The extracti j on. di ssol ved i
Aqucoud ARGt e b ateli gl b RS e RGN OBT TBITIR ) et i n

t he chl@pamiiydigarthiasé Rieanehddsn al¥R@in hRAGAL.NG the adsorption | oading
capacity, the colum would be washed with a hydrophobi c sol vent such as

hexane. pu ki td i I i hexane
B e

car ot ergndsteantceid loragylhoxictopuhttak sosloeyceopsirased bf @ decand syisewiipily at ed i n
Lhe SO ol OATELLR Y St BRLPL STRAN PRI A T A a5l 8P 10
may be an aqueous salt solution. An example of such a solution would comprise about
typically 35 g/L comprising mainly of NaCl. The solid and liquid phases are then separated.

This second substantially liquid phase is enriched in globulin proteins.
39



bi omass, followed by a nenbrane diafiltration step for the separation of
chl orophylIs and carotenoids fromthe neutral |ipids. Menbrane

di af i | t r avpam12u38468 based on the principle of selectivelPrgTalSeaizng’sshe
product through a nenbrane and retaining the remaini ng conponents of the
feed m xture. In this case, we would use a solvent stable nanofiltration
menbr a ch 0 r J.l,m ngt on

vy . O 2 R REORMEAT s (MRS R R TSV AIR Holleu T a%he
filteragntdateauihirdthbetedresdcaiog niitusedetin W ebinpaepiadfal tRirll Bebstanbialintiquid
carotengi ds and chl orophylls. The feed i sgctzonti nuously diluted wi th ethanol

unti | dibpse K acthprdsebrdindially sefidphase o phg Pl ©F HY s thid Srlactipmymixfige epplE¥ied in
per neat e ochi i Nt hyl | s
B car Y o) AP or BRI e SRR Bl sy i M PR cess
can be petefnor ffibd selsd ogl lajuid phiasphabittenadpantodnthe guctsubstantially liquid phase

pol yst rene-djgi ¥%§enﬁene resin (PS-DVB) or with higher carbon | oading
resin. “SYRETTEX ?Fg UGN PYRLCTPSsi ns are XAD 16, XAD 4 from Rohm and Hass

(Phi | adel phi a, PA) or HP20, SP-850 from M tsubjshi Chem cal |ndustries

Li i t ed0{HkyoTh Qﬁrainwbﬁa%t_ﬁllweh@ahw 1y R HUXChei @ aplycnit andicateddo  whi te
Pl ai nsbgeh‘er’éte)a %ﬁﬂﬁ hQ&E@Ex&icﬂgﬂﬁnﬁﬁ}er &Sl ,cgh?ﬁg’é VS PR OHE 'ﬂﬁalﬁ;{ ﬁ@ﬁ&?'
woul d be passed over a packed column to selectively retain the chl orophylls
and carphsmaoiddsfoutth eubstadicHy sgid flasadmamptpraorrédeadbotymentp el sofvent e col umm
woul d be Washedh V\f%‘l(_)ﬁlé/ 138438PCT/ US2012/ 027537, wi t h. a hydr ophobi c sol vent
such asORBXSHESaAR ther nonairaitige §EogAify BIFBRTPY Sof FYRPESSH OBF 858FTFed i n
hexane JrshENABRARL S MR ﬁfetHEhbl?lis%BfUﬂ}aﬁélPal{b%totn@, akj1aictaR, SRNELMRIE ThEhe

pure carotenoi ds and chi orophyl'l could also be crystallized and '
preci pisohd end liquit ipbasss et themseppGu@D] Thas fpatth anbstangiallg hiuidi plest is chri¢hed in

i nvention, extracti olar .lipi fromthe algal biomss, .f.aoll.o by a
oo artgora PREF B SRy ine Bl L EMGE s 8l LTRSS i e

car ot enRbésdihg eimntctonpPobitbn bf Pedturti dlanemsghisaf i | tration works based on
the principle of selectively eluting the product through a nmenbrane and

retai ni[099§]he I@M@érﬂ@ocﬁﬁ%@f&%&i&ﬂc oﬂﬂ?@tefn@%n’i@a?ﬁv&%’f&-aléa‘[‘célﬂii§ case, we
woul d use a sol vent stable nanofiltration nenbrane such as SelR0O from Koch

menbr arsceyglishnd by Wd nhvalproagss Miywn IFHEGo d B aSaltwteds gdxelsiort a saltsyearcégil i n
aqueous_.et hanaol | d .be. filtered through t nbrane, to. sel ect.i vel y.

capar Ao A bbb HEE bR Era AT Y Hhsnr SRt ious
di | ut edhyvhitt Buddt Ram@inotiRkiitkd &, Ismm% gﬁelfaqbﬁ,mﬂhd&mgi nhhgfda@@@ehéra@@@ fisgshed
off and collected in perneate. [0I81]1n yet another enbodi nent of the

i nvent ihsated gxtrgatiopdnisfureraksiwgy rostuef ol mrstsibstagbgldt kquitghasalead adestal | y

i ntact . ¢el . { r I | 1 lp.ds from
the a gap A e sbfd pToIRe SRl toy PIRSSwe BLLERLLA, SOHIIRn b B,

chl or oplybhplished bg anvatieR@if dstliode tmbke imegtaktahcludipp dsut ndhémited tood al so

i ncludes esterifying the neutral lipids with fa catal yst in the presence of

an al coRBifugatignsesartaion dlotatighs ssdmagtafineand Blitetien Thigfrstsibgengirlerin
froma 3 i 2 ] rgq}(%j- rising fuel esters. The nethod still
furthermﬁl%dg#%a!éggsoégﬁgitlﬁ%i ng th}qgmﬁgﬁ esters under vacuumto obtain a Cl6 or
shorter | e fr.acti.on . 0 nger .f uyel er.fr I a
eat dud W8T, T IEERS USSR i Al AR B P 6 A8 B R, g
at | easkcanieheafed eikjradtion nikburebr Shey temprided ofsiceosd subsabtiaiynliquid phastuel

bl end stock and (i it) the C16 or longer fuel esters to obtain a diesel blend

stock. Jndrefand sybstantirdiyselid hassdilhe selidoind liaiq pRaset 316 hengepEetsed T8S naki ng
bi of uel g, : ' - i i 1 . al gal | k
i of ue SéCdﬂa%hHggﬁlaﬁg\gﬁhﬁfgﬂﬂage ﬁ%gﬁ“?%aﬁﬁgﬂ%%ﬁ%‘?ﬁésa gal cells to nmake an

al gal biomass, extr neutra al gal bi omass, foll owed
by a ne diafiltration.step. for th par.akiopn of chl.ar |I's and
oar ot er0TS bt bosh ShbPThs Rig¥hels RERALH BT HEMITERIR e £y ng
t he neuyichadatd d fird hewed bxteactioh aliytaite drslirhg cOMPESRICE adthird Bulika@biy ligeidd
separating a water soluble fraction conprising glycerin froma water

i nsol utithass gndea thd subsiasitialy pefid phape.e EhepH of thig thidiaiaction mixtyrg of plafry is
S Tracti ' ey ' ort
el eanaflaRplitd pD orMcddt Bt el o IR VAR IQIERLE Ri k2] B0t !

conprising onega-3 fatty acids and hydrogenati ng and deoxygenating at | east
one of (i) the Cl6 or shorter fuel esters to obtain a jet fuel blend stock
and (ii) the C16 or longer fuel esterstto obtain a diesel blend stock. WO
2012/ 138438PCT/ US2012/ 027537 [0183] I n yet anot her enbodi nent of the

i nvention, a method of making nutraceuticals and health foods includes
dewat eri ng substantially intact algal cells to nake an al gal bi onass,
extracting neutral lipids fromthe al gal biomass, followed by an adsorption

. o o o o o, o o, o



[0184] I n yet another enbodi nent of the invention, a nmethod of naking
nutraceuticals and health foods includes dewatering substantially intact

al gal celwe /138468 an al gal bi omass, extracting neutr alPCrigse@g/oeTsem t he

al gal biomass, followed by a nmenbrane diafiltration step for the separation

of chIorophyIIs and carotenoids fromthe neutral |ipids. The neutral |ipids
| ti 23 f
e LR THE DR SR H A, DGRBS AETR d S AR IR AR,

aci ds. b'EEngSen(Blahecbm gotkln peotdingh quality oil for better health. [0185] FI G
16 is a flowhart show ng a process 800 for producing fuel products 830

from nggiesyl | TRE erd3@Bstarti@lyneHE pRdselid Piefl snicdwile ako10BMABt BlddRBtedSIr CE
generated by any of the selective extraction techni ques di scl osed herein.

Howev ergengtiats sigutth drated prigrstion misfard eroiirot kempyendraf esfourhy sybsatipllahquid
| te
Sour e et B I M2 S AR ASPLTR R ESERRERy "

phos phaoipiridss dtharohelnnghiérmah-linipingd $mbbdinsare tHenpleneswt asmpriss oac bematd vel y
dilute sol ution_ of Ehos phoric acid is added to the neutral |ipids, and the

mi xt ur ©fithe fodlgying seheenipgmethagal, lsva@pﬁr%crclsrqnat gyl eeiaisnend %ﬁe@eﬂeh‘d et al s
are th Bha %Hc?hgﬁ g%hé Qmétﬂ §e%ﬁpa'télf 1§>fo'u Qlastaﬁfﬁ%g?lh uidPhaGER bhtidHegSn

[ 0186] he trea S t en passed to b I ng 815 to renove
chl or ogtylatnsn purmdamﬂ, HEre remhmingcionpb tsmldﬁantﬂahy s@rtbphan@hmyrba eatictwdsn lipldesachi ng

rocess, 815..i ncl ydes cont.act he oil th clay and or other adsorbent
Pt or | dicpeytne G MR HGT e 05 S MU ORiSe or Tul Ler s earthy . which
reduce the | evels of chlorophylls and ot her col or conmpounds_ in the oil. The
treat ed089 t h@he ﬁ@clpé%dsleahw Hyprsride der the S?i?%h"@s%“@%@n i fEreHy IS §énat es
and deGriaERaLasoh At FRAPONAN £nObr hBSICBL b k2 o BEMIELS BERRHE bocclor
exanpl jet’ m xt ures i ese additive, propane dition,

t he hydmaotbre ;paatfomgsdmepme&ty Baf thd st afahs etspsmrmderrtaséiecngzebmktﬂabtel gngat i on of

smal | er chai n conpgunds, LPG an a of the h dro re ting
o1 0o U e Do d RS BRI Ah T TISHATE - By Sbl aXi s ropReuchhoRe

[ 0187] Thshdd bk Uh&urf xGERAURGS1£r eated in the hydrotreatlng process 820 are
passed to a distillation process 825 to separate theminto various fuel

pr Oduct[ﬁ @joanﬂ §#161{ kﬁﬁﬂﬁ%ﬁ ﬁﬁng}&lag lﬁe ﬂ%lﬁg s 6]@{91%7537 825

can inclu tron tech ni ques
descri Hedhwetce alrgakjmmkmssvhy mmﬁgmuriblbmfam walke pait waueomcbmeatmg to gaeotinds.

[0188] I.n me _enpbodi nents qf the inst i nventi otelns may be
Sel ect i8I CERIGIQBIBATNT B Wi eﬂOS%PI“S %@@Sm@@fyglmp SRISF 34 Bt ei ns usi ng
the di %%Q%Qall%&h@ﬂﬁas@f TRE Sol (RN 1RRYPPIREESN théh RAHhaHIaThe HggRd ph‘é?é I's do

not need to be’lysed prior to extracting the desired proteins. Th

si npl i fib esriced ir globeles protsts Sof FExtl7acttiashon Jhe laet hods of the i nst ant
invention exploit the solubility profiles of different classes of proteins
in ordgi2elg seleatotive hlynemhﬁagéxamﬂe faltachin pnattas ciebe §danvely catrgatbd framt ur e,

bi omass, paste, cake. 18 exa |l e, an al | bi omass may be
subj ect%%?wat%éh%@frramawyn%lr% biopap Wfthmeé@ngﬁaatwtt) gelbqr%rsraél%%t eins

cal | ed ghhgnnsixand o8k dﬁﬁ)rlsIH' bfa g&%&a‘ﬂﬁ@ll}? ?ﬁﬁbetéﬁd %%Qbﬁ&{tﬁﬂ Lo

change in pHto recover the alkali soluble s called the glutelrns
Thi s suépﬁnéﬁknhhdabéhmmﬂmbweﬂCEyﬂanboBmomue®a§mﬂh$epahapupﬂnohedhe al cohol

sol ubl e Ielns C ns. remai ni ng bi onass would be rich in
carb Ohy% r%‘tﬁalsﬁleﬁqﬁgp I”lg extractlon S ep 1

[0202] In a further non-limiting example, prolamin proteins can be selectively extracted
from cither a freshwater or saltwater algal biomass as shown in FIG. 19. The selective
extraction is accomplished by mixing the algal biomass with a solvent set and heating to
generate a heated extraction mixture or slurry, comprised of a substantially liquid phase and a
substantially solid phase. The solid and liquid phases can then be separated. The liquid phase

is enriched in prolamin proteins.
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[ 0190] Protei ns can be extracted fromboth saltwater and freshwater al gal
cells, as shown in FIGS. 17 and 18. The presence of salt in the saltwater
al gal culworer2aBs438onmass af fects the extraction of diffecents2ekasses of
protein, but the nethods disclosed herein enable one to selectively extract
pr ot ei ns from either fresh or saltwater algae. [0191] In sone enbodi nents,
extract m: the
novel grolos B hEhMerf @t ARIALAL ol SIS SRR Z SRR,

al gal HraneRkerarfecsheateedr @iehatsr il bivhabngs shaWnbEFKGCZﬂTmrheSSbEdtvm/ a variety
of methods known in the art such as ut not |imted to, stirring

agi t at i FHACHHIS peroRIAigherhipsmiring the @l gl Riomesewith arsplvent sobior gsaciig Ei’nact i on

m xtur eex%ctfdn%f Yure gpmag%ﬁﬁ eﬁéctﬁ%d | fi® SO@gQangﬂ@%&hﬁy fﬁ%ﬁﬁu@hése and a

first substantl y sol | ase. I'iqui d phases are then
separ ateedpriSepaf atubstangaty lluﬁuchphacmphdi 8 helghtdmyiaBy vard @taye. ofhawiidadd likn@wn i n

the art i ncl udin but centrifugati on, decantation,
1ot ot IR g e RfasRd bl e S SMiehed PRI Lot ant ral Ty 11 qui d
phase is_enriched in albumn proteins. [0192] The first substantially solid

phase il82¢4en Hpxivg baet piergied ofdicse awsats pé thcdavensiogernsrofskillandicghtonldat ed
I d
extractyq 16%%%5% a4t Me i g%gcf)t ﬁgﬁ%nﬁfeﬁﬁer%ﬁﬂgﬁ%y&%aﬁ%{e@a{#b I qui

phase and a secon bstant i a ase t water may be natural
seawat dnomassrogyeither Mngiq uwepustrsaion psadesd, ioon mu@tnrs@p &mhcﬂlomfpremsm I lgxbk of | on

| d i cal. 5 L [ Si | lid
and | i qoF eppragadose PR Sulifa b odiPt bEee hutthol bk vPror e dara
phase ifsg8el ahifdlsic egiré?ct?fd)ln's@hé?ﬁé%t ﬁr‘oﬁ}ﬁied tﬁﬁ@tl?e%glewﬁl?@_{hg§?@i%{a%ﬁ3 7

[ 0193] The second substantially solid phase is then mxed with water and
heat ed the S@eblét}amepwlt:mﬁthe pmlew@mer%t @nedakemlmouuceow Othgr epbodionepisi sed
of a thixr hase

Shace. S SR BOda PR §riitsdh 'a?tge%} eagﬁ ff%‘cqt("gat%éns%l Sed 1o

ol ut el (20101 CPEH-aheGrFa e e g oty Do e QB ER oo
third spRpbembilihad driaGihida RS BRI 90, SRIdCEG ML nm%ﬁfeeelnmdﬁﬁ&{t@ IS

[0194] The third substantially solid phase is then mxed with a sol vent set
and heattdction meher &t maiatdimdrat b hhated sunmexatnizddr betwadxahoue2@misdtes oyabout

conpri gpd of ourth substanti al uid ha fourth supstantially
CorTa el WO CpbR BR Sibishith M REREESE R, Mt bR rRE B

et hanolpetwdnQibbet 20n@nnkdsthl iaBut 0L LIXE. nhﬁothéﬂh%p@o@d viendxti9efiorC@ e S€S one
or nore of the follow ng sol vents: nethanol, isopr opanol acetone, ethyl

acet at énaigygthed@et beated icnwerafyye fardhatuccardopy W&Wé@ 88098 miRBies s epar at ed.
This fourth substantially liquid phase is enriched in prolamnmn proteins.
The rer{ﬁ?-(iﬁ]ng frosomcherslodsbmnants,i the Extrasobi mlmlue@éummabé)eélnatbd hemparatirps ds,

dependi,n n sition of the starti ga i ss., [0195]1In sone
erboa fenEeh xefs SEET IR ste Bgeis) S ot ol la? o dbBIF Phpipeaies
acconpl dxshadd BiteinpEraRRYLIf 1BYsAEGSEHoTNONT . IR offleCembSdimenlstim@taracabmal cel s
or a saltwater algal biomass are heated and m xed. M xing can be

acconplmixhie/shyryds heat¢cetoy tomppiatiie gloskiadih boiling heinapf cxtacHomeyxtigt sl
limt ecin s e 3 ﬂec{sl g )Ptr(?lgﬁﬁtgétlope]ms £ gxtra%?elal r@% e?‘[u g ?Po%‘é fo HERS 11%%%%1 S first

heat ed rac% ion’m subs

l'i quid qcfhl@@@(tﬁndoxamﬁxm@tsh&qbsmainmdrahibysdﬁa&inlts;l tHehassure Théhcsakédatand | i qui d
phases are then separated. Separation can be acconplished by a variety of
met hod SURATRARTIE ﬁr%%e Aptio iepd Mediding, SBpt: %tngﬁh%h%a@ag #bd MAEAR sieptigat i on,
decant ion, sedinentation, and filtration. This first

subst a?leﬁlgfbe e&‘fr?éqtﬁbﬁld phase is enriched in gl obulin proteins. [0196] The
first substantially solid phase is then mxed with water and heated to
generate a Example 1

[0207] Green microalgae Scendesmus dimorphus (SD) were cultured in outdoor panel
photobioreactors. SD samples of varying lipid contents were harvested. After removal of bulk

water by centrifugation, the algal samples were stored as 3-5 cm algae cakes at -80°C until use.
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second heated extraction m xture or slurry, conprised of a second
substantially liquid phase and a second substantially solid phase. The
sol i d andwbi2quids{sRases are then separated. This secondPsuhst@nopmbt y

|l iquid phase is enriched in albumn proteins. [0197] The second
substantially solid phase is then m xed wwth water and heated to generate a

third h e i 1 r onpr. i Dl
substaﬁ??5T%§§ﬁ%%ﬁ%§5%ﬁ§§§%%ﬁ%ﬁggéﬁé#ﬂﬁéé&%fE%?F%%%?“%%F?8&BﬁSS%?n*%% pH of
t hi s t hhl df ethbnicebivent wasddde® imdd a sra¢-hyck fask Rgmippad w&h condepbtrOmechagicaht er ,
enriching.the third substantially |liquid phase with glutelin WO

2012/ 13HERER0F) A 8omoLonple 5 Ay onsy ipsTiAENt theanixGire ovas sefluxee Eqrdl OgRisEder e t hen
separ at A hi: S I QU i : i el utelin
o ot 61 oG e At R R O i
sol ventASetvaahdtha ekt wos genet @treom téroperbturdast segaretet! natotai doffusmtexdndr e or
slurry, CO{PFiSﬁE of a fourth substantially |liquid phase and a fourth
subst afticRifSPS I HONhase. In one preferred enbodi ment, the sol vent set

conprises ethanol. In other non-limting enbodi nents, the sol vent set
conpr i 48208 ne dhe tspldingts afiateal samRigs Weresrlest Sing e HarpsorM-aesRne hayase:,
aceton t . j 4 Ll T | irg: - L-gul are
Then soarn ko aE eena PAEPA MG o Enpg TRs30d g Rag Ry

pr ol amas rpfierenes fos thellygd reoosenyi catyufationt hHowslibpidamterafukthesehadtedhasecneyl be

enriched.in |ipids, . endi,ng on the conposition of the rfing, algal

b1 oo Pid gl i SR it el ey o2 stk S

ext r actdepMefck @idrp eGeRhardyy PESHpi® HAt @I Was @fhskIRWIntoR Jrb-Reighbd 281, Any of
the steps of the aforenentioned extraction process can be performed

separ atieitiplly cornordied ated° Cofisingherotarg psapanator diiicht, Swdekbdatd) ved theaxriedct a

si ngl e pr,ot.ei roduct,. Two exanpl es of. this ar _in G 17.and.l8, as
the s B el yRREE Sl R SR o e A BRR T Rer B by 8800 1 a
non-|'i matty AGd PIGHTPbEcach ls@mplcl wasRfuahEfidishc@U-M8 afet eatvavedtionaxforfaey &ddf rom a
freshwater al gal biomass by m xing said biomass with salt water and heating
t o genenethy estoretingheptadestnoioridd kku0)es dhe wrqingl ptandgdpri sed of a
substantially |iquid phase and a substantially solid phase. The solid and
liquidI[itees dhareshien(dor ot plzovat)eddicatbdthat oidrowpirasseisicd camadtiohechsibast

mon- i ot e el B hihimoh A e AE oR B SRR VER e PR RS £ om

sal t watsgparali@pdf fuBaBIFSdDYEIBERdGh&aih g iR siiehtin WREr@itiodgfcb@ahnkRg t 0
generate a heated extraction m xture or slurry, conprised of a

subst anthedina) yieldjigicampprable betivicea nsigipstaan epasteqexiclion prrbelectropiehagsngd and
liquid r.at. Jiquld . js.enriched in

ol obul iSSP Afoh I8 RRE YR olRukh BB RARE BoT T 2 Fur ther
non-limting exanple, prolamn proteins can be selectively extracted from
either a freshwater or saltwater alBedmple@rass as shown in FIG 19. The
sel ective extraction is acconplished by m xing the algal biomss with a
sol vent set and heating to Jguoedintegtracti@nfroch shghlsioimasn m xture or slurry,
conprised of a substantially liquid phase and a substantially solid phase.
The so 'G['E]Qpﬁ”gr thA:d %&gﬁg ATER phheass Nas SOR3G 3 Ser At o 4's40t HnBHAS L ©

enrich
samples were then centrifuged at 3000 rpm for three minutes, and the supernatant removed.

The remaining solids were washed 3 times with dilute acid (pH 4.5) and freeze dried.

[0211] (2) Alkaline extraction: Algal biomass was soaked in water at pH 11 for 1 hour.
following the addition of pH-adjusted water. The samples were then centrifuged at 3000 rpm
for three minutes, and the supernatant removed. The supernatant was neutralized with acid (pH
4.5) following the centrifugation. The remaining solids were washed 3 times with dilute acid

(pH 4.5) and freeze dried.

[0212] The results of acid leaching and alkaline extraction are shown below in Table 4.
43



WO 2012/ 138438PCT/ US2012/ 027537 [0203] I n yet another non-limting exanple,
a protein fraction can be selectively extracted fromeither a freshwater or
sal t wat erweal2gel138i38mass as shown in FIG 20. The sel ect P¢@/usSzai2aetsBoN i S
acconplished by m xing the algal bionmass with a solvent set to generate an
extraction m xture or slurry and effecting a pH change in the m xture. The
m xture is conprised of a substantlakgyluqu|d phase and a substantially
solid phase. The solid and liquid phases—can t hen be separated. The liquid
phase is enriched in proteins. [0204] Havi ng been infornmed of these aspects
of the inventionProeessof skill in PleiarYieldoul d bProaeinePuritysel ectively
extract a desired protein fron1either a freshwater or saltwater algal

bi omass by either a single step ex ctL proces lti-step
extraction process. In light of thd éﬂh dischéEUY"@lg BHE of skill in the
art would be able to interchange the order of theppfieieyitiayc! osed

mul ti-step extraction schenes, provided that the protei’n content of the

al gal mass and the solublllty properties of the protelns of interest are
taken into accounikalioeksiragiiisodi nent s Bf the di scl osedd et hods may

i ncorporate a wash step between each extraction step. [0205] For any of the
di scl osed protei i,on net hods e extraction ture/slurry may be
mai nt ai ned at a Eég¥igﬂ%ﬁl erature forﬂg period of tlgg% In some

enbodi ments, the extraction mxture is maintained at a heated tenperature
for between about 20 mnutes to about 90 m nutes. In sone aspects, the
extraction mxture is maintained at a heated tenperature for between about

20 mi d t In ot h t t.ract t
"o i PEFHeG BRIy ol FirRrdpl s e B eabe e et abou
90 m nurRY-soli@?Bahd WeaNSr tBERIREI BIBALSS prtolileo @akf@thpppadjhgtéw%ﬁl Piiofdin May be

heated to tenperatures |ess than about C. In sone aspects, the al bum n,
gl obul mrltsawas @frtgttr@mdmbspﬁv@@ﬁﬁﬁ@l M@éh@afﬁb@:mnaﬂn @érﬁh@ﬂmt@ rséglebf (Rae2ss t han
about 53% rneasu 1§ ?ﬂofﬁe{% entqu?heef(é zg%% I{HS XL c?f{psrogrsgy i) oqggg ed t 0
a tenperature c i ng poin it TrACt i on X uref furr

sone aspeai ﬁnpdrfaﬁt pfrodhcarthan apdofoahdrsalag ef zﬁgztlrm@dmdeﬁtachemmm@ au fofregionl os e t 0
the boiling point of the extraction m xture/slurry. In other enbodi nents,
the pr dlonsdoy the prrofdaedstockn it varies shels of Pisteas &1iths syyipms andmathodt| udi ng,
50psi, éfﬁﬂ&ﬁgh&Qﬁlheat'”g and m xi ng steps to enhance extraction. Exanple 1
[ 0207] G een m croal gae Scendesnus di mor phus (SD) were cultured in outdoor
panel phot obi oreactors. SD sanples of varying lipid contents were
harvested. After renoval of bul k wat eExampdedtrifugati on, the al gal sanples
were stored as 3-5 cm al gae cakes at -80C until use. WO

2012/ 138438PCT/ US2012/ EXTEad#ion of Proteins from Saltwater Algal Biomass

[0214] The saltwater algal culture initially made up of about 1-10% w/w solids in saltwater
was heated to 50°C and maintained at this temperature for 1 hr. The resulting slurry was
centrifuged to separate the liquid phase from the solid phase. The liquid extract was
determined to be rich in globulin proteins (about 10% of the total proteins present in the

original algal biomass).

[0215] The solids were then suspended in fresh water and heated to about 50°C and
maintained for about 1 hour. The resulting slurry was centrifuged again to separate the liquid
from the solid phase. The liquid phase was determined to be rich in albumin proteins (about

10% of the total proteins present in the original algal biomass).

[0216] The solids were then suspended in ethanol to achieve a 70% w/w mixture. This
mixture was heated to about 75°C and maintained at that temperature for about 1 hour. The

resulting slurry was centrifuged to separate the liquid from the solid phase. The liquid phase
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A pre-cal cul ated amount of wet algal biomass (15 grans dry al gae wei ght
equi valent) and 90 nL of ethanol solvent was added into a three-neck flask
equi pped wot2hixBsd8nser, nechani cal stirring and a ther roTaispd1e/021587 one
experinment, the m xture was refluxed for 10 m n under m crowave irradiance.
In a second, the m xture was refluxed for |h with electronic heating.

i 11 ueat S sl b En IEAP AR, Pl (OELLraRI FL PR SERGRAAL ™ © °

sanpl esoriggriad bunalsy)zed usi ng a chl or of or m met hanol - wat er system according to

Bligh and Dyer's lipid extraction method. This total lipid value was used
as refqognge f The bdIRIsIWaRé theh 8GPeadd i aliaul Blutien (aqieb@dl NAORI fiF Merehédkd her
separated into neutral |ipids and polar |ipids by standard col um

chr omatte gbap ) Grandhedintneshpt dloat dauparetyre for phasd 1 epr. (N rekuleg Purry @ss many) .

Each |ipjd.f i tikan red. | ialy it

ovapor S A Gl s LRRERERIRC AR PIEMRIPRR R aure Bl Rbe
dri ed uiuhen ghitginh prainsnabdh &0t éfabe toed] ndtaine presexitén fHeatRihal bid@tass) t r ogen
and then wei ghed. The fatty acid profile of each sanple was quantified by
GC-MS after derivatization into fatlt%%/ acjd nmethyl esters using

hept adecanoi ¢ acid (Cl7:0) as the i YPRKI4 st andar d. [ 0209] The results
(data not shown) indicated that m crowave assi sted extraction was best for

removal of the pglepFrakbgttidnadd Exdrhéddn wArgapBims%?mtham sonewhat |ess
effective for the Separation of neutral lipids. Electronic heating is nore

consi St[@@IS]i n exk "tlﬁ%é&%cﬁﬂhﬁ@&ﬁNb/@i&%ﬁl%rop?ﬂ%i(ﬁﬂl%|(c&1{1§édjfr61§1 sﬁ@iﬁpﬂ)&ﬁﬁ' €
bet ween m crowave assisted extraction and el ectronic heating assisted

ext r actabonpedoiiom Arizone Wave Uabsissty eldatexatoydor ditgac Res¢agehi dndcBiotdchindlagy.er .
Exanpl e r ot ei.n ragt.i from al gal bio s [0210] (1) Acid Leaching:
A oar o RR RN ER TR b EF S et SR et SolepREE v

t hen cembid Iugedwand 3RATidapinffoen.t hree m nutes, and the supernatant
renoved. The renai ning solids were washed 3 tines with dilute acid (pH 4.5)

and fr E{ﬁZf‘)]dLil_'?lili e#t@%ﬂi@nﬁ (ps Al e X Il £400 %’ﬂl’onfé&@ﬂe? REQ@RBSH Mageds 0aked

in water at or 1 hour. folelkovm ng the addition of pH adjusted water.
The sarplse dhedide wetwetredodomtr Wit gieapsand 3&061 wphnsilioond. HFlessystiemutl sssgongeanaked dhe
supernatant r ved. The supernat an s neutralized wth, acid H4.5

Fof Towhg ot WU Bertoricpa S P oA SPbmaRR G bR ERanrh TudRefertMEhdins i ¢
di | ut e AskEal (Rl efpeibd 36 tHd @B endlid Qfhal WEIZAL) iIANHEFHY f)@mv%d idGisthglaeachi ng

and al kaline extraction are shown below in Table 4. 43 '
2012/ 138ve8pcTdugponep.0Phremateniabvas sfirred for 15 minutes and the jacket heated with

steam to obtain the desired temperature at each extraction step. The desired temperature is
near, meaning within 3°C of the boiling point of the mixture, but not boiling. This desired
temperature is different at each extraction step as the boiling point of the mixture changes as
the proportion of ethanol is changed. Upon reaching the desired temperature, the system was
stirred continuously held at the desired temperature for 60 minutes to ensure that the contents

of the kettle were uniformly heated.

[0220] The contents of the kettle were then pumped out of the extraction vessel and into a
Sharples decanter centrifuge, using a pneumatic Viking vane pump at about 1 gallon per
minute. The decanter centrifuge rotor speed was set to about 6000 rpm. The solids were
collected in an enclosed plastic drum and consisted of about 50% w/w solids to liquids. These
solids were returned to the kettle, where the aforementioned extraction steps were repeated.
The liquid stream from the decanter was collected into a feed tank was and then fed to the
membrane filtration system. The membrane used was a 0.375 ft* SS membrane manufactured

by Graver Technologies. The operating conditions were 60°C £ 5°C and with an average
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ProcessProtein YieldProtein Purity (% wei ght) (% wei ght of protein yield)

Al kal i ne Extractionl645 Acid Leaching7032.5 [0213]Protein yield was

cal cul at edoan12za3s8ght basi s, conparing the wei ght of treTfuse@zm287 ed
solids to the weight of the algal biomass prior to soaking in pH adjusted
water. Protein purity was determ ned by the O ficial Mthod of the Anerican

al Chem ' i i t j A0 th
freeze ooy SNFUSrp vEE IR It RE AL ol EIBN sl AUy PORR 10y
t hat addish t@mpridssedt alrue naintdih glad flye. oThCHeresiite @cHdcda, fréitlse mbmbramakywemal | ows

for the use of feedstocks with varying |levels of protein in the systens and
met hodsVai 1558 A 8y PREICHIE Metieinding refetale pas cp ertest aI}drTS?Béﬁlﬁ‘rﬁistoftlileo‘SﬁC@étFlf- vat er

Al gal Bi onass 0214] The saltwater algal culture initially made up of about
1- 10% P2 Yol i dbisicatragtiongad diactigratine &t dup to shadengnin nedarHy &F Hegolent hi s

t enper r : ‘N I . At ed t e the
| aui o s ¥ adoctin ISR chFisioh PSR GRRL EIC M3Sthe ofoRSPRIART ' oo
ri ch i nvigh sttowk il 00PIbELEIWES algabbivinadddmeadinihfabéntedals protatdr$3 uesaentgdln t he
ori gi nal al gal . bi omass). . 021%£The solids were then suspended in fresh

wat er atidhediEdViomasuthsee hnat Aenatras Adandl P> aidirohandolir mefirgol),
resul ti g, fdHlYm e%gﬁ'tta{l]l'h{sg"ﬂ)%% %o'aguéo%s %@Bﬁ(‘;@tﬁe%@ﬁ J dng,‘ﬂq"ab SR t he
ase was det n

;
solid phase.” The liquid p rmned to be ric al bum n proteins
(about stp@ratefl using atdetalterps dtsiribsd pb@setheiwet sdlel ortign nalghad gas [tsi anlass) .

[0216] The, sol ids were  t uspended in ethangl to achje 70% W w
it Ut G0 T oG RE S D S B P RCTne W AR e 4P dhat
tenper %E;Hﬂ@ng Bl AROUE ndadBPTof a¥hIR 8"5‘?§éﬂufeb1'ﬂﬂet§a{n'é_[.ryhé’\ﬁ)$id§ & ﬁépiié!g%gret 0
separate the liquid fromthe solid phase. The liquid phase
separated using a decanter as described above. The solid portion weighed 354.5 lbs. and was
40% dry mass. To this mass, another 700 lbs. of denatured ethanol was added, resulting in a
mixture of about 95% aqueous ethanol. The solids and liquids were separated using a decanter

as described above. The resulting solids were about 40% dry mass. This biomass requires

60% less energy to dry, calculated based on the latent heat of water and ethanol.

[0222] In some experiments (data not shown) other types of denatured ethanol were tried.
Denatured ethanol containing 95% ethanol and 5% isopropyl alcohol was used in an extraction,
but was found not to be as effective as 95% ethanol and 5% methanol. Use of 100% ethanol is
a preferred embodiment of the present invention, but is generally not available due to cost

constraints.

[0223] The permeate stream from the membrane system was evaporated using an in-house
fabricated batch still. The operating conditions were about 80°C during the vacuum distillation.
All of the ethanol in the permeate was evaporated. These extraction steps were repeated three
times, resulting in four product pools, as shown in FIG. 13. This is because with each
extraction step, the polarity changed with the addition of water to the mixture, allowing for the
extraction of different components with each step. Product 1 contained the algal proteins, and
as a result, retained excess water in the system that could not be vaporized under the operating
conditions. Product 2 contained the polar lipids. Product 3 contained the neutral lipids.
Finally, Product 4 was the residual biomass, containing potential coproducts such as

carotenoids.
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44 WO 2012/ 138438PCT/ US2012/ 027537 was determ ned to be rich in albumn
proteins (about 30% of the total proteins present in the original bionmass).
[ 0217] Theweabixiissaser e t hen suspended in al kali sol uti onPCagise@a®2NaCH, pH
9) and heated to about 50C and nmintained at that tenperature for about 1
hour. The resulting slurry was centrifuged to separate the liquid fromthe
solid phase. The liquid phase was dﬁ%a%ﬁie%ed to be rich in glutelin
proteins (about 50% of the total protelns present in the original bionass).
Exanple 4 Step Fractionation and Extraction of Al gal Bionmass by Ethanol

[ 0218] One t housand Deswateldng fandidinteadtioarod pdgsl Bioovassby Echditolir ed from strain
202.0, obtali ned from Arizona State University, Laboratory for Al gae

Resear d hnoI 0 Deposi t Nunber TA- 110 rvest ed
e aev BSOS ikl Fooe SRisully So9sy branan ron o BT 7 1 onen.
[0219] Ykl@w%ﬁlfd@(?trhﬁr&aﬁ beRSwARFR L@ﬁlrgfa%z 158 thel RetBo k009l ih ok dl@é%klﬁﬁﬁs@ryka the
with hinged lids. The lids were tied down with straps and seal ed with

si | i coracluding, tsyypélmmatctt@ raenbahe ﬁttraélom s@@trlfugatwnah@ltlhgmémmaﬂoeml osi on
pr oof rﬁ)ot% Ptlocgulatuon aan ?lﬂler a?sflf:s];t tln %lo f r OZ 1rnent 10n gglt 1cal .r%s&ﬁ o?ngch

into the an-e PaRol s punp

pneumtm&h@t{su@ru@urgae s[hihe caﬁﬁaﬁﬁmgaébowm%wwm(ii oTo aéwﬂbmm$r aféthéhe | acket
heated with steamto obtain the desired tenperature at each extraction
st ep. Tiewagswpmedhedmpe paiaddo remeneaomerpfahg iegnajiing frac etepfo géhdoi | i ng

poi nt  ofy, LdhGraflbe P§o‘i’1ds9 %ﬂ%o?%& Mo wb ?%3§t o‘?ﬂe\k&%ﬁé ﬁ%waﬁes' S

different at each extraction step as th i'ng polnt of-t m xt ure

changesxasndnhiellpafvgahé fimsn dewatetim@iz@hrricsl oﬁzlhaﬁgedvanlﬂ;gemf tieag/vieng ahhe de5| red

tenperatu .he systemwas stirred contlnuously held at . t he desi

t enper Goethedydireiesst Reirth Baat iectont Y (RS TE RO Bt IghionRan R mésamer e

uni f or rgy % A€ ah&deo I{eq%%%ﬂ'&%uﬁ@gfg%ageﬂ{ the kettle were then punped out of
nto a

the extraction v%sse and i ar pl/es decanter ~centrifuge, using a

pneumatjysy syt ki ng gg%‘f@ﬂclﬁé r%%@éégr% gh?@%tlggtgnwg fi %a%n g;%nﬂ%ﬁ%

centrlfuge rotor speed was sel rpm wer e co ected
in an eheposedl pésasbédCindixampandl 1000 $bss bédeﬁjlombmwonﬁlﬂ&’mg\@(\)%qmlre wstet and
| i qui ds. These. solids were retgr ed to the kett|e where th afore ntioned

ext r act!p Bixesh with T4R4 15s o denitaig: ol g BOH pnd Mol Hes f@%gdﬁtae%o
col | ectgd|BbPaiibut S atqaéﬂﬂlsmneﬁdrﬁe% @&Mﬁ@ 6%5‘2&921 ofdry TTRL On
ane

system The nenbrane used was a 0. 375 actured by

G aver stbehhalnggisg®n of hiesopet silidsgs iﬂ%dqmaow sthagole VOOICan@BIRraad [bh. bh an

average denatured ethanol, the composition of the mixture would be about 81% aqueous ethanol. The
resulting biomass (235 1bs.) is 40% dry. The solvent composition of these wet solids is 81%
aqueous ethanol. With another 470 1bs. of denatured ethanol, the composition of the mixture
would be about 95% aqueous ethanol. The resulting solids would be 40% dry with about 95%
cthanol. This wet biomass requires 60% less energy to dry based on the latent heat of water
and ethanol. In this case, 100 Ibs. of algae would have been extracted using 1820 Ibs. ethanol.

When compared with Example 3, wherein the starting material was 40% algal solids, 350 Ibs.
of the dry algae equivalent was extracted with 2085 Ibs. ethanol.
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WO 2012/ 138438PCT/ US2012/ 027537 pressure gradient of 40 psi. The nenbrane
system was backwashed about every 15 m nutes wth conpressed air to
mai nt ai n wbeof2138438The perneate coll ected fromthe nenbramassyersBnas free
of any particulate matter. The retentate was collected and recycled to the
decanter. [0221] This extraction and fractionation is due to the change in
polarity of the solvent through the pr Ln each extraction. In the
extraction shown in FIG 13, the procR%%glﬁmkn wi th about 1000 | bs. of wet
al gal bi omass contai ni ng about 65% pure water (35% w w al gal solids). This
was m 02261 t hTBEMllowdng aiferdeceatitey lexlcie idtanmiraté® byaretiracoin theidedetyet hanol ),
resuItQE%ekn aépgﬁgu e cont ai ni ng about 55% aqueous et hanol. The solids and
liquid @E@:p a0 usi ng a decanter as described above. The wet solid
portion weighed 525 | bs. and was 40% dry nmass. A total of 525 | bs. of 95%
the derIﬁ{délE@@cfe%éﬂlpﬁﬂgr%?%%@ﬁ@%%Gd@@G%ﬁéridi%vie{;ve&Msﬁrgmgée%%rdiﬁdééUr e made
S

up of about 85% aqueous et hanol. The solids and |i qui wer e separ at ed
usi ng a dbwdiesdChig, YeCOPV hEdodigrel BomThisrastgacdBiobictidrd dnaiSgB¥3%64. 5 | bs.
and was 49%%g%yen%s§nl]§ntgjg fass, A q%ﬁ%g 700 | bs. of denatured ethanol
was added, resdi¥|ﬂb | A 5 Qe oY about bS@baqueous et hanol . The solids
and |iquids were separated using a decanter as described above. The

resul tingirs Gheds OvenersaliandgedFh 3y n8HS 200PhiGenbiiOfREsy sregiihg £1§ab% | ess
energy to dry, calcul ated based on the | atent heat of water and ethanol.
[0222] I n sorfBoduesdiofielifnd getlat a not shown) other types of denatured ethanol
were tried. Denatured ethanol containing 95% et hanol and 5% i sopropyl

al cohol cu@moUSEALI N oRBuALAAGH FRfds, 2960 Wasd7f aupdseptcdPoRed asghibRoE ve as
95% et hanol” and 5% net hanol . Use of 100% et hanol I's a preferred enbodi ment
of the preseptcialtwepits on, but is generally not available due to cost
constraints. [0223] The perneate stream fromthe nenbrane system was

evapor at e i andi. n-house fabricated.batch still, Th erating

cona t U e S DEEN PO R oG R B E EBbh o e BRE I Clt W

et hanol in tiigchies Paatiel. 8asoevapprased. These extraction steps were
repeated three tinmes, resulting in four product pools, as shown in FIG 13.
This is _because with each extraction step, the polarity changed with the
addi t i drivérientt Br. hiidiAieDiisx 81k &l Qi BugshPridgeetss lé&t?%@étf‘ 1 of different
conponents wth each step. Product 1 contained the algal proteins, and as a
' esul t, AR b ANGLHBACE e WHEC, Iifl ol NRnRYELCAVAIRkioR QL ErAPE nBfiskaBOPhaed
under the operating conditions. Product 2 contained the polar |1pids.
Product 3 covilNail 9dAAKE Methiodfi8-19.pi ds. Finally, Product 4 was the residua
bi omass, containing potential coproducts such as carotenoids. WO

2012/ 138438PCT/ US2012/ 027537 Exanple 5 Dewatering and Extraction of Al gal

Bi omass by Et hanol [0224] Upon harvesting, algal biomass typically contains
bet ween about 0.1 to 0.5 % (ww) solids. This can be dewatered using any of
t he nethods known in the al gae industry, including, but not limted to
menbrane filtration, centrifugation, heating, sedinentation or flotation.
Fl occul ation can either assist in flotation or sedinentation.. The typical
result of such nmethods is an algae slurry containing about 10% w w sol i ds.
To dewater further, another dewatering nethod may be used to renove sone of
the remaining free water to get the concentration of solids closer to 40%
w w. However, the cost of dewatering increases exponentially after the
first dewatering is carried out. An advantage of the systens and nethods

di scl osed herein is that the allow for the extraction and fractionation of
an al gal mass that has undergone only one round of dewatering. [0225] An
exanpl e of such a process mght be that in the first extraction round,
foll owi ng the protocol described in Exanple 3, 1000 | bs. of wet bionmass
contai ning 90% pure water and is mxed with 1000 | bs. of denatured ethanol
(95% Et OH and 5% MeOH), resulting in a solvent m xture of about 50% agueous
et hanol. The resulting biomass (350 Ibs.) is 40%dry. The sol vent
conposition of these wet solids is 50% aqueous ethanol. Wth anot her 350

| bs. of denatured ethanol, the conposition of the m xture would be about
81% aqueous et hanol. The resulting biomss (235 Ibs.) is 40%dry. The

sol vent conposition of these wet solids is 81% aqueous ethanol. Wth

anot her 470 | bs. of denatured ethanol, the conposition of the m xture woul d
be about 95% aqueous ethanol. The resutfing solids woul d be 40% dry with
about 95% et hanol. This wet bionmass requires 60% | ess energy to dry based
on the latent heat of water and ethanol. In this case, 100 |bs. of al gae
woul d have been extracted using 1820 | bs. ethanol. When conpared with
Exanpl e 3, wherein the starting material was 40% al gal solids, 350 |bs. of
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WO 2012/ 138438PCT/ US2012/ 027537 Ref erences [0226] The fol |l ow ng references
are herein incorporated by reference in their entirety: U S. Patent

7, 148, 366vBhoess438ci ence Progress, 92(1):39-90, 2009. E@cmarsee20exs3ewW on
usi ng al gae to produce bi odi esel Chisti, Y. (2007). Biodiesel from

m croal gae. Biotechnol Adv 25, 294-306. - Generic review on using algae to
produce bi odi esel Ami n, Energy Conyer .Ai\@gage., 50: 1834- 1840, 20009.
Generic review on using al gae to produce biofuel and gas Catchpole et al.,
J. of Supercritical Fluids, 47:591-597, 2009. SCF CO2 based extracti on of

speci al tyl i Qintendl df%blaﬁm% c&ld?é!ﬁ{yll\évaﬂd oﬁe%@@'rﬁh%tf?&ﬁi a%fae tc@ P' d

extraction and purification. . Biochem Physi ol 7, 1959.
Christie, W W Lipid Anal yS|s, 3rd ed., Qly Press, Brldgevvater, UK, 2003,
416. Approved Metdeodsrog sulbmaIMEﬁiintwralgﬁccllsAumdndahin%ﬂMdirmdiu;mtcof Cer eal
Chem sts. St. Paul, M\, 95 AACC Method 58-19. CLAIMS 1. A nethod of

i sol ating chl oFSPRYF F al&ﬁab%mffa 3 rich oil fromal gae, conprising: a.
dewat eri ng substantially intact algal cells suspended in a fluid nediumto

generate an al galei h"ﬁ&gﬁ?s&ubs@ntlﬁylgcﬁl HQ&lozl C%Hfﬁltsﬂlgtdeﬂr%m‘;p&dsq UérﬁteB{) Action

conprising neutra car ot oro om the al gal
bi omass, the nettd cldbrobhyllsdsorh icd algilbjoroassghe Bedtedl lipidadnadsdingothega-3 fatty

acids; and
c. separating the carotenoids and chlorophylls from the neutral lipids.

2. The method of claim 1, wherein the separating is carried out by at least one of

adsorption and membrane diafiltration.

3. The method of claim 1, further comprising esterifying the neutral lipids with a catalyst
in the presence of an alcohol, and separating a water soluble fraction comprising

glycerin from a water insoluble fraction comprising fuel esters.

4. The method of claim 1 wherein the separating is carried out by adsorption with an

adsorbent material.
5. The method of claim 4, wherein the separating is carried out by adsorption with a clay.

6. The method of claim 5, wherein the clay is selected from the following group consisting

of bleaching clay, bentonite, and fuller’s earth.
7. A method of isolating chlorophylls and omega-3 rich oil from algae, comprising:
a. dewatering substantially intact algal cells to make an algal biomass;

b. adding a first ethanol fraction to the algal biomass in a ratio of about 1 part

ethanol to about 1 part algal biomass by weight;

c. separating a first substantially solid biomass fraction from a first substantially

liquid fraction comprising proteins;
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c. separating the carotenoids and chlorophylls fromthe neutral |ipids. 2.
The nmethod of claim1l, wherein the separating is carried out by at |east
one of adsorptzwss3and nmenbrane diafiltration. 3. The nerhoased12okzsm 1,
further conprising esterifying the neutral lipids with a catalyst in the
presence of an alcohol, and separating a water soluble fraction conprising

glycerin from g \%\% mh ’?h%l fﬁ'g! S%bgtal?t(f\tl]. Qi Bmﬁqas? hg%la‘n%k%ﬁ gsoetht% lThe

met hod of claim1l ere sep arat ng I's carried out rp 'dn with
an adsor bent mahetidnah.a r5t10 Eﬂ’lzﬂ:)olilel hexd ctifinelltaiabawt,1 p&h&bﬁdmbjz heigheparating is
carried out by adsorption with a clay. 6. The nmethod of claim5, wherein
the clay is selected fromthe follow ng up consisting of bleaching clay,
bentonite, andef leepeﬂmg esaophd SUbstaAtlﬁliaSt ﬁ@mmméraatwméomrﬁ scophyl | s and

onega-3 rich oil tering substantially
i ntact al gal céfsanﬁgﬁy eggﬁg% Igm ﬁ%%ﬁmqg &aadd ing a first ethanol

fraction to the al gal bionmass |n a rati o of about 1 part ethanol to about 1

part al gal bi OHaso%nn)ymﬂgu&%eondcsubeeﬂﬁan@tsbﬁg bnfds§ Bhetfoabstiag iRl diarndel 1 d
bi omass fraction froma first substantially liquid fraction conprising

pr ot ei ns; d. sguerbifractien tniverafip p§ abant b prrethiaapl tp abont ldpdsi swbsiestisllyaelidon
wth a second thanog%fra%élon in aratio of about 1 part ethanol to about
1 part solids separating a second substantially solid

bi omass fraction froma second substantially liquid fraction conprising

pol ar lipids; of seﬁﬁﬂi?ﬁ%‘é A dt Bt SREAYdo Bl BRNARL fradtdlon mrh Ldhild aResaHdIraCt i on
with athird e?hanol vent fractioh in a ratio of about 1 part ethanol to

about 1 part slipsitdractien cgmpadinginditwhisids,bycludinghmega-g fattepadsatantgnaidshi r d
substantially soli.d bi ss. fraction fron1 hi r.d subst tlaII | i.qui d
Fract ion comr gl HiomBBTEaiheryif FisuRi Rl By RSFE-Try B ety

carot enoi ds, apgbehjdsiephnd! , wherein the third substantially solid bionass
fraction conprises carbohydrates and h. isolating at |east one of

carotenoi ds, chlorophyll, and omega-3 fatty acids fromthe third
substanti al | y hi gsolatirffg adedsome of carotenoids, chlorophyll, and omega-3 fatty acids from

the third substantially liquid fraction.

8. The method of claim 7, wherein at least one of the first, second, and third solvent sets

comprises an ethanol.

9. The method of claim 7, wherein at least one of the first, second, and third solvent sets

comprises an alcohol.

10. The method of claim 7, further comprising esterifying the neutral lipids with a catalyst
in the presence of an alcohol, and separating a water soluble fraction comprising

glycerin from a water insoluble fraction comprising fuel esters.

11. The method of claim 10, further comprising distilling the fuel esters under vacuum to
obtain a C16 or shorter fuel ester fraction, a C16 or longer fuel ester fraction, and a

residue comprising omega-3 fatty acids.

12. The method of claim 11, further comprising deoxygenating the C16 or shorter fuel ester
fraction to obtain a jet fuel blend stock and/or the C16 or longer fuel fraction to obtain a

diesel blend stock.
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8. The method of claim7, wherein at |east one of the first, second, and
third sol vent sets conprises an ethanol. 9. The nethod of claim7, wherein
at | east woeorf138438 first, second, and third sol vent sePE€TAS2PRINIES7 an

al cohol . 10. The nmethod of claim 7, further conprising esterifying the
neutral lipids with a catalyst in the presence of an al cohol, and
separatin f i er

Sopar at gy g ShURhEr RS, SOIPLL RYIR LA RLAHARR BB 1
further Conpﬁm@bagnﬂmsﬁmJllng the fuel esters under vacuumto obtain a C16
or shorter fuel ester fraction, a Cl6 or |onger fuel ester fraction, and a
resi due conprising onega-3 fatty acids. 12. The nethod of claim 11, further
conpri si nd4 dﬂm@gwhof dlgin hb vdeein theshelpting isfcamiedest by adsomsionorith oclept ai n a
j et fuel blend stock and/or the Cl6 or |onger fuel fraction to obtain a

di esel st oc thod of claim7, .wherein the isolating is
Cartied ont By it B%ﬁ%lﬁl b orTeain b At eHER SPPe oW R RE hodof
claim 13, Wﬂ%hﬁhﬂni&ﬁﬂ&&ﬁﬁ@&%ﬁ@b&ﬁo&@!ﬁﬁ@ﬂﬂ@#&eaﬂladsorptl0“ with a clay.
15. The met hod of claim 14, wherein the clay is selected fromthe follow ng

group consi sting of bleaching clay, bentonite, and fuller's earth.

51



