WO 2011/ 127165PCT/ US2011/ 031412 SELECTI VE EXTRACTI ON OF PROTEI NS FROM
FRESHWATER OR SALTWATER ALGAE CROSS REFERENCE TO RELATED APPLI CATI ONS

[ 0001] Thiwoapplizewsi on cl ains the benefit of U S. Provi ecormsbkoidppi4izati on
No. 61/321,290, filed April 6, 2010, entitled Extraction with Fractionation
of G| and Proteinaceous Material from O eagi nous Material, and U.S.

Provi si onal SRPHGTAE EXTIRACGIOB2OFAG0O TRINSFROM FRESHAWATERTGR t | ed
Extraction Wth Fractionation of QI and Co-Products from O eagl nous
Material, the entire contents SELUMABERALGAFeby incorporated by reference
herein. FIELD OF THE | NVENTI ON The invention is concerned with
extracting and fractionating algal products, including, but not limted to,
oiI's and proteins. Mre specifically, the systems and methods described

herein utilize st P@éf ghtly nonpol ar
solvent to pr ocesgeR @%a#ﬁg: 6@&&%gﬁgﬁﬁﬁ ENTI ON

[ 0002] Petroleumis a natural resource conposed primarily of hydrocarbons.
Ext r act[0o@l]|pet frhisalppllmtlbnfcramm theebeadfittdt U.S. RuspivaabApplitatigeNous, and of ten

at the ex ense t he _enyjronnent. Furthernore, world w de reservoirs of

oil aré ﬁb’drfﬁiﬂl@l’ 901008%@@%’%@%%1?%&%&@%@@%@Qlﬁéndf ransportation
and pr I i S such as
gasol i (r?e%gtgn jébeutsq\?ét{bllrlaqu 0003%%}41% a%/r{ea(Pgaa‘?{lHrr%g ﬂgog{g{goﬁfpﬁ C%U{)l?rpﬁ{gr tance in

recent @Aéb?rlsZS@L fiked Ardiotr 2G4, Ienmtj/edtb(tmcooiu&étﬁ ]Frpctmtm,atmeﬁ@llcaad\ (oe used to
pr oduc sta e hi of This abilit e exploited to produce
P evatl B o o Eesiaais g eif!. EeicRftecoteaRal Vit gDy ReoraliHeapy

Al gae' Sreﬁgé}féélh@ﬂ’e[ﬂ:‘y as a biofuel feedstock arises froma variety of
factors, including high per-acre productivity conpared to typical
terrestrial oil crop plants, non-food based feedstock resources, use of

ot herwi se non- productive, non-EHEdd) OF BHE INYENTIGN on of a w de vari ety of
wat er sources (fresh, brackish, saline, and wastewater), production of both

b ot L S aRhE SR ANNSH SHE A AT ERAIRER AT BDLT RN, 1 VO
been sdneesdinacititosbdilkingcrbeins! iMord specifically, the systems and methods described

herein utilize step extraction and fractionation with a slightly nonpolar solvent to process wet

algal biomass.
BACKGROUND OF THE INVENTION

[0002] 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.

[0003] 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 (fresh, brackish, saline, and wastewater), production of both biofuels and

valuable co-products such as carotenoids and chlorophyll.
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production worl dwi de over the past several decades. O these, about 300
species rich in lipid production have been identified. The |ipid
conposi t iwo 2andizewat ent vary at different stages of thePCirfus2ayobaiand are
affected by environnmental and culture conditions. The strategies and

appr oac for extraction are rafher different depen |nd| vi dual
al gal Bﬁ@ﬂes/ seyespliRousand Rrelss BergpsRAVEH bephEF R aag tified i | | ty in

bi oc hefBrE&lctle? RRORIWd 8V AR ﬁa’g‘tese%}lﬂsél&ﬁdiesp ICHRBEE! fduPiod ﬁﬁc@é Hé‘l?uﬁl%lh vl |
Conventional physical extraction processes, such’ as extrusion, do not work
wel | winrbdutigadays been iddngificthi Thabpid comppsigor end condrt Valrydat diférentatagesi ze
(about cells Furth r mor e anpu

ol ar 19 Rt gd PR e Bavfrndie R e Eaog RGBSR T om
seeds, dpBRfAch® bR 48 Tuas: diffORABIddRAMNE Bh ViRBTid0A alday @%&fﬁs/sﬁrhﬂ@'
concentrations in cultures range fromabout 0.1-1.0 % ( Thi s means

t hat asmleyrddecapoof therreasiderablgyauilipfinhiacaemisat cqmqsﬂm agithof al gae

must b Y 0 i o) n g oi

oxt 1 acti A Peal T S EERIDE oy BHHRT bhiAey (-0 poce S LT

conpl etsleytradiyn, fdeedt bv@rk wpil mﬂa difue giverl the &ﬂdqmsaiﬂth@/cenf walm endihk sﬁmtll’ act ed.
Due to the anount of enemg uired to heat the algal mass to dry it

suf fi cissst(phout 2rig aboyya0n eﬁalg %sllof Guthepmaice s lprge pmeyels 4 palﬁéhmﬁw cal .
Typi cal dy vy ofl h&?s Joﬂﬁ)%édsto?ﬁg Q%lpfecgvé?&ﬁﬂoﬁtsegﬂsgﬂa& R REhHMEGSs L O enhance
the extraction. These step not wor the existing equipnent due to
the single cell mcronetric nature of algae. Furthernore, algal oil is very
unst abl[@0@Rle t Upvhbapresentypief aldduiohecnihaednlcoligres haign fifoat abouaBilels0 The

hi gh te tyres used in conventional tracti on. t hods .cause degradation
o °F he a0 HbPaBES Rt B R S M Bt PSP aRE i B! Pl o Known
in the Agde rh@st 8% tdmadied Deforé hdmstigasl] &dt@slion e rdlylUsiifithcBXKSRRCASH 2
solvent. This process is energy intensive. The use of heat to dry and
hexane mehedst fpaelteagm@m@grl@is Sidigty resfuire @W@@st qqmplete}y dey feed to imppeveghe

pr OCESSI gaﬁg Zy ?16 011ae@(grtagteg t B tod%%r H Sk ene JlredQ€ lheaﬁ'the ﬁélr action
can be ¢radsi I'srup Ve or sruptive ods

[ 0008] Dhass tucptity\/lesufﬁhlamﬂys thanghMEed:t@I Hiofublggro&ss meﬂdmeccaie,coﬁdiﬁlrcmal
enzymatic or chenical nmethods. Mst disruptive nethods result in errul si ons,

r equi ri Tipicyethp drsdiiy exterded wnfakndon i tempgrafures PsnbwIse hdrarigye
f
Phe. noutrar “prpRaChot @Rl RRA Lt RDRSRE TR BB RS o ©

nut ri entahandf sighd. Iotheanert alghlefitis ivarytdmtablml dmtemm the presenenof dzxubh: hosldad

conpl e t aj g, neutral ol ar i ds, ei.ns, and

ot her QP‘@%%% %&M @ \LX,HF B‘r% hdgmpriafuyes 1@%‘? I elﬁlb&éfe‘g‘éféﬁ 19 ‘i‘@fi%{faéls? he
neut ra'dekfa@hﬁ’c%l ofMit 611 BERLY ﬁi’créa@ﬁg thd@sts oF sﬁé}{‘fﬁ%{h"oﬁéj into biofuel.

[ 0009] Non- di sruptive methods provide [ow yields. MIking is the use of
solvents or chemcals to extract |ipids from a growi ng algal culture. Wile
sonet i f@80alsedttipkeon acthe aft gabxtmcoail éros: dnvd aﬂgaignmby neing horduews £h some
speci es_of due t.o_sol vent 1ax di sruptiaq Thi s
conp! + cafieah ke nd ulle Bl ofic b BEe 8 dy AR e o Pl

Fur t herprodes plodumflews: cpltall@czis\tmm@ero&’@mde@ﬂng/mls@ mﬁdaqﬁpl@mﬁn cal due to
t he maxi mum attai nabl e concentration of the solvent in the nedium

[ 0010] Mertad ﬁ‘h%{‘se extractions would require extensive distillations, using
conpl ex soI vent mxtures, and necessitating nmechanisms for solvent recovery

and r ec[ A I%lg%l %'%Q&T&féﬁ*&aﬁ’é% 8%%{1 Acctd ﬁR{] tgzﬁég ARk oGS 8&&53;18@' for

use t echnol ogi es. to overcone
def|C|enﬁha§, there is a need in the art for

[0008] 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 emulsification of the neutral lipids. The emulsification is further stabilized by
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i nproved net hods and systens for extraction and fractionating al gal
products, in particular algal oil, algal proteins, and al gal carotenoids.
BRI EF SUNVBRY110R7TBSIE | NVENTI ON [ 0012] Enbodi ment s descr i ped/usesgiosi4nzl at e
generally to systens and nethods for extracting |'i pi ds of varying

polarlt es from an olea i nous gg%egl ﬁEUdin .far exanple,. an al gal
bi orrasstePW“ﬁ%tr éata?m G h splud P1 B CREPKINS 8 ST f%l%t‘tr%tctmg

i pi ds &Btayrﬁﬁg/hagrapﬁ ﬁglﬁdlﬁqlptdsomo@é?mabﬂ@bth@f ﬂgﬁﬁﬁod’lﬁ'tsngfhﬁ‘ﬂl &ER e Of
varying polarity and/or ‘a series of nbr ane Iters. [n sone embodi ments,
the fi Irbﬁmng praxestes taoibolateghe IlffL@@l.B])lldﬂ, wlone a@rtb@ﬂaedﬂmtss whvettes infvent i on, a
S|ngle gnt and water are used to extract and fracti onate conponents
present n ol eagi nous naterial. In other enbodinents, these conponents
i nclude, but are not limted to, proteins, polar |ipids, and neutral

l'i pi ds.[00@w]st | NonafideptiethadbdBitbside 10w giclddamidtigg Sahy etofisdlveag@r I n still
ot her enbodi nents, a m xture of solvents is used. [0014]In sone

embodi reBamicals th exragt hiphls (w2 gy iamelcabadivre eWhHe semetimessusgd & etrachr
extractyj I t f such
coproddt S |ncF&gMﬂkéﬁgﬁghhﬂhgﬁ$%@?F%ﬁw% &h@E|né%ggﬁéhﬁ%¥g$%aﬂﬂﬁgémﬁ

chl or op:teulvta,ll dsdpiar. oTlesm mﬁphcatlmn%&slﬂlé Z%Qﬁﬁ&;ﬁﬁéﬁit 052 @tddrkIkddRs Efhadt. ment s

of the sent |nvent|on |l ow for t | t aneous, extraction and
fracti BRetEt srvalélmeﬁpgmtrgs tqqamﬁwa iAgireRamicy| ia' CiRAHREREREM al | ows

for t heRraguchbhenndfioRsf fc kogts 1&‘% Mlifidnt i onal products. [0015] Under one
enbodi nent of the invention, a nethod for selective extraction of proteins
fromfreshwater or saltmater al gae is provided. [0016]In sone enbodinents
of the [0AUMNt i dhiltiphaseetttgtions \seulémqwreleyteemw étstlllatgbqsrm@ ¢nifleom an al gal

bi omass ed of ,subst.anti al | nt a i ncl udes..conbi ni ng
Che ar o8l 2B BlEEs dne REERUBRb b RecbuliThE st R SR S SERE o 6 o
ext r actrh#les BioH dit@ctidrRE@mPidcried tah@ indBoxbMiR] £ B¢ inSdlg odl tédhttsto@&tsl ally solid
phase and a substantially liquid phase; bringing the extraction m xture to
a tenperature wherein the viscosity of the extraction mxture is reduced
and t hd0®tHper acerrdingly. rpwreamethsss dafisiengiss.rihergfis 3 peeddn theat fosn i xt ure;

and sep @ [ from
the sunCPancHanfthods Sy SpRekdcdRion . AAUROLERE WAl HbhibfpBRERE: " CF

t he extalgad bilpaigahipcdtams, dnsl abgul cabedoids. proteins. In sone aspects t he
pressure of the extractjo ] re 1S i , during, or after
bringing the extractiohn$ﬁygségﬂpgﬂpae"$ih§gﬁ§?58§ﬁ§%§rein the viscosity of
the extraction mxture is reduced and the tenperature is below the boiling
poi nt qboid)e exhibBainh s ddsXlibdSerdin r@itB gEnRBIPEGTstens bh& ncheaptéon, the

met hod i ncl udes renoving the solvent set fromthé separated substantially

| i quid qzﬁa@telgtltpldﬂo@faiamla@pelﬂmlescﬁmranmlf@ém@vs mlaherlgt indluding ar eaerpel@t@ of the
i nvent | ekl %o%?a msf hoacli’tllurlle?rl ul’gl Osdl tl n éﬁ T 0(1)1 r%heetrgxun qe (is oF m xture
to Optlﬂ% Q pr5§e| et n? %gét Sf the T nver t|on t he

al gal a@fﬁ%pollaﬁtlééifrd)rﬁaﬁfalgaabioh&hé mm%emvtz@tmf\dwm@gohh@ ARRakHAgSt ep.

In still other aspects, the algal cells conprlse freshwater algal cells. In
yet ot Haepmbrapefiters. {msomg gabodients, the et 5@ micrafdgst one of Scendescenus
sp. and Haenotococcus sp. algal cells. In still other aspects the al gal
cells i E : f khvention,
the o gal el | o R B AR oL B i RmibP A Sr e e ar S84 Binal 1 el | o
sp. al g:atradeahﬂ§rac{1ﬁ(b1e7¢dnmam’ehterprﬁmhtddiametftaginoﬁs therinhviertheo lembadimr&tntﬁod of

selectively extractin lutelin proteins froma,freshwat aIt
SToar ! e ranEy et fiemby Bl S0 o Pe M AR ar g hueL B

cells 'sﬁﬁ'dﬂ@&%nt%éﬁﬁéﬁgs hge fh%ﬁ%ﬁ&‘@él%nt% udl tatiesthal &ﬁﬁodﬁh@rﬁ@%&n&"m@' gal
culture to generate a heated slurry containing a substantially |iquid phase

and a sulsshvansiislsed. sol i d phase; raising the pH of the heated slurry to
enrich the substantially liquid phase in glutelin proteins; and separating

at |ea por > t L,al L.qui e |utelin
or ot o L0 Flom k&t SRR e Bt pd it RAERBRIRLRE Up Yy Ry
extracting coproducts of lipids from oleaginous material. Examples of such coproducts

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

3



WO 2011/ 127165PCT/ US2011/ 031412 invention, the algal cells conprise
freshwater algal cells. In other aspects of the invention, the algal cells
conpri se WO 2bHARII66Ne of Scendescenus sp. and Haenopt oco®CWAISSPL1/03d4g2l
cells. In yet other aspects of the invention, the algal cells conprise

sal t wat er %l al cells. | n sone. aspect f the i nvention, the 9 cells
conpri S&mbg Gs O U&7 e NARFNIOR P T @eégnu LRAOBURYRFIAY 3é1dsffa?c Igpajion
cell's. df%ga%llaras;{@tg fidhd Algal%&ﬁassm%hmha Dowks fir@r the gedahb% oftbdiefiard of

selectively extracting prolamn proteins froma freshwater or saltwater
al gal bindmaggionnl mbdedts.cul t ure conprised of substantially intact algal
cells includes heating and m xing the freshwater or saltwater algal bi omass

or alg Itu e W th, et.hanol nerate ubst ntla I uid
phase, a[g & C[%n C?I‘ OIrlle %I’Irl &nnelrllt opfrtfé 1ng7 10n Crine?h%de f?{ %egec% Lloglo|f érotelﬁ

phase,1&ﬁ@@kah»agqﬁmahea§fmgwp@qﬁ¢@@apf t he heated substantlally I|qU|d
phase, enriched in prolamn proteins, fromthe heated substantially solid

phase. [hp160MTEIASRECERLRAMERS of MEGRYdnABn, 4 6thad 8abel&RivES e%&aa{ﬂgs&otems
freshmeter algal cells. In other aspects of the invention, the algal cells

conpri §e0ratan klgakbionves wimBsedh dés&)emealbfpmtaahdgﬂaeﬁ@mh@eecrsmlslplngathgal
cells. till ot er LS of the i.nve npri se

sal t wat e$ orn ss a SO?VGB? §,e e,tcog%pﬁémg a%lbaél?,{]t[o ?Ifefaheéan % tgaﬁtli)n letH-le algl gal

cells Cdiff@ét[c&ﬂnﬁ&urle ea@bngﬁga@ﬁbdﬁamany boblar st sndPsubdndtiiunadiiebhacsp. al gal
cells. BRI EF DESCRI PTION OF THE DRAW NGS [0019]FIG IA is a flowhart of

st eps itHigIngdle P?Fffaéztlﬁ’ém&@f%@@dﬁm%tlﬁ%whﬁmék@%lsﬁ?%}tYéfﬁ]éﬁﬁW@ﬁ‘thIbf t he
pr ese”tm&hﬁﬂs%aﬁ PQ%QLEEQHU&&S‘&IO% ; ﬁﬁ{g' 0156 ﬁo%%eaé%% %{iﬁ%p' ary
i ng t I'SC

enbodi ment o ering process accor e present osure.

[ 0021] RintGschratingeat Seleapdrtion df tgrsabstaftiabp liquemblasy froranodibsmntial bf sodid
extraction system accordin EP th res nt di scl osure. [OQéé JFIG 3 is a
conpar diPYe ¥ ae&hthsﬁawtﬁﬁla pighp %t ? é £ PHRCHPN AHEERES RiIehfddP §EECIBY onass

usi g ap gk aypels, §2 EHIEI% o BRATRASHINGi ke iCH! ?RlafetdeoeP&E &Hn% 5aHQe show ng

maxi mum non- d|srupt| gae oil extraction efficiency an e effect of
pol ari thyingmgtthe egod.capn anxiturmm -thotearpetatpt ddheesin theotiscority o extraction

2011/ 127165PCT/ US2Q11/
mixture 18 reduced and

Ql? ernperature is below the boiling point of the extraction mixture.
In other aspects of the invention, the method includes removing the solvent set from the
separated substantially liquid phase to obtain an extraction product. In still other aspects of
the invention, the method includes adjusting the pH of the extraction mixture to optimize
protein extraction. In other aspects of the invention, the algal biomass is at least partially
dewatered during the separating step. In still other aspects, the algal cells comprise
freshwater algal cells. In yet other aspects, the algal cells comprise at least one of
Scendescemus sp. and Haemotococcus sp. algal cells. In still other aspects the algal cells

comprise saltwater algal cells. In further aspects of the invention, the algal cells comprise at

least one of Nannochloropsis sp. and Dunaliella sp. algal cells.

[0017] In other embodiments of the invention, a method of selectively extracting glutelin
proteins from a freshwater or saltwater algal biomass or algal culture comprised of
substantially intact algal cells includes heating the freshwater or saltwater algal biomass or
algal culture to generate a heated slurry containing a substantially liquid phase and a
substantially solid phase; raising the pH of the heated slurry to enrich the substantially liquid
phase in glutelin proteins; and separating at least a portion of the substantially liquid phase

enriched in glutelin proteins from the substantially solid phase. In some aspects of the
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[ 0023] FI G 4A&B are graphic representations showi ng neutral |ipids (A
Purity and (B) Recovery in the two step solvent extraction process using
nmet hanol wodopeRrwseum et her at three different tenperatraras21108043 Fl G
5A&B are graphs showi ng neutral lipids (A) Purity and (B) Recovery in the

two step solvent extraction .process usjn ueous net hanol. and petrol eum
ether divenpRetaprErdscomgrRahyRLS .aig[agﬁfg@] el e%a%psctaotﬁhawegﬂaw ng

lipid rtﬁ&Ql‘é@lrdéllk @oﬂl{?ﬁseté’é@ea%&fé &%Xﬁ}&ce%lsrsﬁcinid%a%&&%éusl&%i z!ﬂ?al%‘&ﬂ@ous
met hanol and petrol eum ether at three different tenperatures. [0026]FIG 7

i s a grlapht sthovisperts dicthefrfvestion thesagal entlscanprsselsiltvigcostgadselat ingooe | i pi d
recovery. [00Q FIG..8 is raph show ng, t he efficac f di.fferent aqueous
ot 1 actAoBreoeliht o, o5 el 5B PR APl BE ARG r HohBDus

met hanabypimeds Yp. Rigaregs. [0028] FIG 9 is a graph showing the effect of

mul tiple step nethanol extractions on the cunulative total lipid yield and
the neutral lipids purity. [b0029] FIG 10 is_a graph showi ng the cunul ative
recoverlPOHH | i Pinder stidli atlergetbodingmisef the vertin 8 methabaor kepigyely extragting gr aph

extraction ang conventional extraction s
substantially intact algal cells includes heating and mixing the freshwater or saltwater algal

show ng,, &, GOMREif ORI ﬁé&ﬁwﬁ%} bAGHAAR 5@?’§ig§fas§ &1 1 CLRNBYEmBRSLSSred

biomass or algal culture with ethanol to generate a heated substantially liquid phase, enriched
in prolamin proteins, and a heated substantially solid phase; separating at least a portion of
the heated substantially liquid phase, enriched in prolamin proteins, from the heated
substantially solid phase. In some aspects of the invention, the algal cells comprise
freshwater algal cells. In other aspects of the invention, the algal cells comprise at least one
of Scendescemus sp. and Haemotococcus sp. algal cells. In still other aspects of the
invention, the algal cells comprise saltwater algal cells. In yet other aspects of the invention,

the algal cells comprise at least one of Nannochloropsis sp. and Dunaliella sp. algal cells.
BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1A is a flowchart of steps involved in a method according to an exemplary

embodiment of the present disclosure.

[0020] FIG. 1B is a schematic diagram of an exemplary embodiment of a dewatering

process according to the present disclosure.

[0021] FIG. 2 is a schematic diagram of an exemplary embodiment of an extraction

system according to the present disclosure.

[0022] 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.



[0031]FIG 12A is a flowhart of steps involved in a nethod according to an
exenpl ary enbodi nent of the present disclosure which incorporates a step of
protei n exoraotizores All of the units in FIG 12A are inPpoMrsdeL/opRIBs2] FI G
12B is a flowchart of steps involved in an exenplary extraction process

accordi nt di scl osure. [0033]FL.G 13 a flowchart d nass
bal ancéﬂgﬁc{graﬁf% @r%gaam r@%re%eﬁ@hg% Wﬁ%@ﬁ&# ﬁl@lﬁ%< &ﬁ@nﬁiﬂﬁ%mi on
wher ei rRe’eQQ&y u'??ne t% s?ép% [vehi QB BoY\Brocds %&%@Wbén@[ %Hﬂﬁbt%uh@&hbr% and
fractionation in order to separate neutral |rpids, polar |ipids, and

pr ot ei rthifee drfferb teperhtubdsomass. WO 2011/ 127165PCT/ US2011/ 031412 [0034] FI G
14 is a flowchart descri bi ng one of the enbodi nents of the present

R e R N S R S
pr esenttwoly rsbmﬁt mgeﬁ@mpr@b@aelsmg uttiéus e 6481 aaqu)d%masaﬁ& dt ehrb®Or m
various products. £0036] FIG 16 is a flowhart describing one of the

enbodi risHegnigeEmppa Pfesent invention wherein algae neutral lipids are
processed to formfuel products. [0037]FIG 17 is a flowhart describing

one of enbag : s are
sel ect i[\i}gﬁ) ex? ggc%t‘? %E"%I?%lmﬁlgglgr%g@g\g%cg?%%w&& 0 S%Wé f'QC\))Q%]% {MGB }0? 5@' s a
f | owc harstngdgseaishngtjanmh endpettdbeine athodatriert shfﬁa‘rertthﬂnpmmmst i nvention

[0026] FIG. 7 is a graph showing the effect of solvents to solid biomass ratio on lipid

recovery.

[0027] 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.

[0028] FIG. 9 is a graph showing the effect of multiple step methanol extractions on the

cumulative total lipid yield and the neutral lipids purity.

[0029] FIG. 10 is a graph showing the cumulative recovery of lipids using wet biomass

and ethanol.

[0030] FIG. 11 is a graph showing a comparison of the extraction times of the microwave

assisted extraction and conventional extraction systems.

[0031] FIG. 12A is a flowchart of steps involved in a method according to an exemplary
embodiment of the present disclosure which incorporates a step of protein extraction. All of

the units in FIG. 12A are in pounds.

[0032] FIG. 12B is a flowchart of steps involved in an exemplary extraction process

according to the present disclosure.

[0033] 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.



wherein al gae proteins are selectively extracted froma saltwater alga

bi omass. [0039]FIG 19 is a flowhart describing one of the enbodi nents of
t he presewbD 20nvienteson wherein a sel ected al gae protein PsTASR01A08RA2 from a
saltwater or freshwater algal biomass. [0040]FIG 20 is a flowhart

descri bi one t he odi ments. of the _present.invenfion wherein a
sel ect 383§4lgaeFﬁ¢-olt4elﬁ ﬁ%cg%ﬁ%flé@gf%&f e;f‘&ﬁ%%&?@ﬁs {hF PERSFRIF AR gl
bi omes syhdr R4k afnadleanbedriil-ads &t SHRYS pibdgegnedescenus sp. cel s

before and after extraction using the nethods described herein. The cells
are substantially intact both before and after extraction. DETAILED

DESCRI A9 DeFIé-i 15 is adlop@ba2 flgyseibingrame 'of heduiodimentaelthy ardsentiioyentiner eof |,
as used_her.ei incl ydes, any structure through ich a fluid my be

convey e B AR AR PRLCSH L Rt b SR Pes. 't ibi ng, channel s,
or other enclosed structures. [0043] The term"reservoir" or any variation
t her eof[0036 us®IG higriekMlovichedt dekesibagyonb @dyhesdniiodimées 68ghaptsetifinvedtiah ni ng
fluid. Non-limting exanples of reservoirs inc]ude ponds, tanks, | akes,
tubs, OYheiRStEas R diPisGEPgFessed odorm fag #redeeth " about " or

"approxi mately," as used herein, are defined as being close to as

under stiggshy|by eRe Ofis QWRALY dSdetiblng! dhe bR thenibodRthil B BB rdIet-ihidRibh N9
enbodi ment 't he WD 2011/ 127165PCT/ US§011/ 031412
wherein algae proteins are selectively extracted from a freshwater algal biomass.

[0038] 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.

[0039] 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.

[0040] 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.

[0041] FIG. 21 is a photograph showing Scenedescemus sp. cells before and after
extraction using the methods described herein. The cells are substantially intact both before

and after extraction.
DETAILED DESCRIPTION
Definitions

[0042] 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.

[0043] 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.

[0044] 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
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terms are defined to be within 10% preferably within 5% nore preferably
within 1% and nost preferably within 0.5% [0045] The terns "inhibiting" or
"reduci ngvoan1ianyiegari ati on of these terns, as used her @Cm/USkoglosdes any
nmeasur abl e decrease or conplete inhibition to achieve a desired result.

[0046] The term effective," used herein, heans ad te.to acconplish a
desi r edeirisgeOteed 1650 piin ER. MEGHHY M OOLPrHErUTE COPI NEM ol & 04 or
“an” Whgas Yagsably idith Belion with the term "conprising” herein may nean

I

"one," but it is also consistent with the nmeaning of "one or nore," "at

| east one," and "one or nore than one." [0048] The term"or" as used herein,
means "[@0dflor " Thatews “whgitieg tdryridudingapee wriatpeef thescletes, aausodes only or
t he al ternat.i ves. are nutually exclusiyve | t hough the, di scl.osure supports a
o 1 ni CB P apg b Rl Sl B IR RO € ORI e o
the term"wet" as used herein, is used to nmean containing about 50%to
about 99048 walae tee@dnicbétiveVbdsaise € bart@nincamyadogudtomadcedmplidhnedesired,
intracellularly, or extracelluarly. [0050] The use of the term "sol vent set”
as used*Rested: r intendgdéepulto nean conposition conprising one or nore

sol vents. These solvents can be anphi pathic (al so known as anphiphilic or

s| i ght | |goANPOITRE kse SIHAE QBRI +4"Gr B OHIT QRBRPESurlchoR VT RERECI Nent , t hese

solvents are water mscible and in others, they are inmscible in water.
Non- | i riicoinpysiegahptia rody mein/ames’ tuh étis atay chresistene ovithdhpmaening ef tdne aret hods
of the insL@n%baﬁvenLion i ncl ude gFthaan, et hanol , i sopropanol, acetone,

ethyl dB¥fat &t IBHENSc APOnPIG RO ANPMES™ (hexane, pentane, hept ane,

octane), esters (ethyl acetate, butyl acetate), ketones (mnethyl ethyl

ket one [0048{) , MBE Ry “osORUIsKE hket AR afMBo); udeRRbiicifly (Hdta4ene refoenzene,
cycl ohexane, tetrahydrofuran), haloalkaneégichlorofornl trichl oroet hyl ene),
et her s tp @ltenpgyesonhiegnthe alinativies arcagutpgliegiusiyeelthayah thedisdesupe) .

[ 0051] T, rm coit " i, “ @si tions containing
neutrafmﬁP%?Ug&gﬁghggﬂ%f%ﬁ$%?3§&f¥ﬁ%h¥§%%%ﬁféﬁggg'oiI" and "algal oil" as
used herein are used interchangeably. [0052] The term "diffusate" or

"per negdbed9]as Uhedscheithe rermawert’ edsarsed berimt ssrised tot ledn dvmsining about 50% to
about 99.9% water content. Water content may be located either intracellularly or

extracelluarly.

[0050] The use of the term “solvent set” as used herein, is used to mean composition
comprising one or more solvents. These solvents can be amphipathic (also known as
amphiphilic or slightly nonpolar), hydrophilic, or hydrophobic. In some embodiment, these
solvents are water miscible and in others, they are immiscible in water. Non-limiting
example of solvents that may be used to practice the methods of the instant invention include
methanol, ethanol, isopropanol, acetone, ethyl acetate, and acetonitrile, alkanes (hexane,
pentane, heptane, octane), esters (ethyl acetate, butyl acetate), ketones (methyl ethyl ketone
(MEK), methyl isobutyl ketone (MIBK)), aromatics (toluene, benzene, cyclohexane,
tetrahydrofuran), haloalkanes (chloroform, trichloroethylene), ethers (diethyl ether), and

mixtures (diesel, jet fuel, gasoline).

[0051] The term “oil” as used herein includes compositions containing neutral lipids and

polar lipids. The terms “algae 0il” and “algal oil” as used herein are used interchangeably.

[0052] 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.
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passed t hrough a separation device, including, but not limted to a filter
or nmenbrane. 8 WO 2011/ 127165PCT/ US2011/ 031412 [0053] The term "retent ate"
as used hwoeon/nenssrefer to material that remai ns after PChaSdéffifossiat e has
passed t hrough a separation device. [0054] As used herein, the words

"conprising” (apd any form of conprising, such as "copprise" apd
"conpri@@«gﬁ), %H%Wg'ret(“&ﬁ@ awseggkem%m%ma@tgh@,m@%ﬂt rorRaips elteiihe has"),
i ncl udjiffgsatd RRADadY hBLEA PlepaRtibHdRge. SUch as "includes” and "include"),
or "containing"” (and any form of containing, such as "contains" and

"containé% are inclusive or open-ended and do not exclude additional,
unr eci t[@84H| emdatuscdlicrerat the avosdepomprions5 andeny domm Opesinaprisingpedr'asor any

vari ati.gn_t her.eof ... as use erei n,, includes, ~but. is not Lim.ted.to,,.
ohos oo oS ERl o RIRiRED: HEM M el ShHORR o Pt P by P B0 bl
vari at i‘ontlidies e@hd agp formed iha@nding, sutined dadesdesbuhd tmchigé”)| dririchedinify”
triglycerides d;glycerldes, nonogl yceri des, carotenoi ds, waxes, sterols.
[ 0057] TAed et lormeb cprfaisHgs srchas “ganping e CORigME) arcripclusivePl ArenicaAchf

mat er i laallndtéip%ttoﬁ%?cl&fe%‘?ﬁﬁ{oﬂl {H?egitp élérﬂeﬁt?@f‘gﬁ@%q s%ﬁ&’. I's not intended to mean

that a materral 1n't ase 1S s us, a phase having a
substanti al anmount of solids, while retaining sone liquids, is enconpassed
wi t hi n [06&5]neaifhagrof ‘pbhatiptdeT on arybanwhod therdohastiesdhéttingucdphase’, as
used her ej refehag%g.a collection of material that is generally nore

.n,.
i qui d%hﬂlﬁﬁéfo,’P tivgs gt BRELRS- ey i ncl ude solid materials. [0058] The

term "biodiesel " as used herein refers to methyl or ethyl esters of fatty
aci ds deosejed fTrnowmralaaerd MPRAT dhenyt edrition Wk &FeastuséRhere RS ind &RIds, Ivar Bi N

refers to a food product that provides
not limited to, triglycerides, diglycerides, monoglycerides, carotenoids, waxes, sterols.
[0057] 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
encompassed within the meaning of that term. Meanwhile, the term “liquid phase”, as used

herein, refers to a collection of material that is generally more liquid than not, and such

collection may include solid materials.

[0058] The term “biodiesel” as used herein refers to methyl or ethyl esters of fatty acids

derived from algae

[0059] The term “nutraceutical” as used herein refers to a food product that provides
health and/or medical benefits. Non-limiting examples include carotenoids, carotenes,

xanthophylls such as zeaxanthin, astaxanthin, and lutein.

[0060] The term “biofuel” as used herein refers to fuel derived from biological source.
Non-limiting examples include biodiesel, jet fuel, diesel, jet fuel blend stock and diesel blend

stock.

[0061] 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.



heal t h and/ or nedical benefits. Non-limting exanpl es include carotenoids,
carot enes, xanthophylls such as zeaxanthin, astaxanthin, and | utein.

[ 0060] Thewoenmw12biéof uel * as used herein refers to fuel @emrivsed 1/08Em

bi ol ogi cal source. Non-limting exanpl es include biodiesel, jet fuel,

di esel, jef fu bl end st ock, and di esel bl end stqck. [0061] The term

"i mpur {ril=1 ﬂa%r?ﬂas WPricAnts o etlﬁss)cﬁmwﬂe%ﬁawt p%?idy}gsaés UddeKEt ei n,
refers r%f%r@ﬂo'hyﬁﬁim%émg%l Hﬁiﬁ@éu&%@l%t@zmélﬁ%.ts of interest that are
coextracted or have the sane properties as the product of interest. WO
2011/ 127165PCT/ US2011/ 031412 [0062] The term "l ubricants", when used in
connect[00631wi t Rhetsrar ‘defepgedts,, wkenussed itheanaetianatigh polanlipigsl e upesdicaseinal gal
L1 pi ds SHENCA% GHBEATRLARER ank ORGP TNe LRt © detergents”, when used in
connect'Toh With p8157p |%| DI R Sse h&r ei*h refers to gl ycol i pi ds,
phosphol i pids and derivatives thereof. [0064] The term "food additives",
when uge0ie4]n cohaeeini ‘dsodddditivest, arhchiuptdlis, coasedtivg dvithggoirnipidyf ey sscio soy

| ecithin substitutes or .phospholipids derived from al gae. [0065] The term
" non- gl BFERR Fefeirde s kecithun gubsties inhosrholipids derivgd romplgart y t hat separat es
with the glycerin fraction. A further clean up step will renove nost of
what i 509§fSentpd fbrﬁ{r‘%ﬁ-g‘iﬂeﬁﬁ e RAEIRGEMILLR to%h?%pﬁli%%a&' n.

[ 0066] The term "unsaturated fatty acids" as used herein reférs to fatty
aci ds wkpdratzs withdke glypeimdivadsios. dafubthar Geandup sepwill rentavagnask ahwhass of

unsat ur at ed fat aci include palmtoleic acid, margaric acid, stearic
ncid, - dreretindrae G Btediet el Bl Erl act o gamma | nol &i ¢ aci d.

al pha linoleic acid, arachidic acid, eicosenoic acid, honobganmm |inoleic

acid, goeed)i domhe tca@i Unsire R TRGNANQGis aSddherdif hebisGo fABCRsRAVENS 16asaCi d,
henei cosapent aenoi ¢, docosatetraenoic acid. Fatty acids having 20 or nore
car bon @edeBble gatbes bead kNerdinities gemaey ofyunsapwiqddatty acigsineludag chain fatty

aci ds” -Haﬂﬂﬁolgﬁtatc}ﬁ ﬂ}%%&%c*&%\é% g'tg%r}cg 34, oﬁeﬁ@?{id?@cﬁ%@@epp%ﬁcoﬁd,ilfﬁofe'f'ceaé?&c kbone are
generally referred as "short char’'n fatty acids".

gamma-linoleic acid, alpha linoleic acid, arachidic acid, eicosenoic acid, homogamma

linoleic acid, arachidonic acid, eicosapenenoic acid, behenic, docosadienoic acid,

heneicosapentaenoic, docosatetraenoic acid. Fatty acids having 20 or more carbon atoms in

the backbone are generally referred to as “long chain fatty acids”. The fatty acids having 19

or fewer carbon atoms in the backbone are generally referred to as “short chain fatty acids”.

[0067] Unsaturated long chain fatty acids include, but are not limited to, omega-3 fatty

acids, omega-6 fatty acids, and omega-9 fatty acids. The term “omega-3 fatty acids” as used

herein refers to, but is not limited to the fatty acids listed in Table 1.

Clupanodonic acid




[ 0067] Unsaturated | ong chain fatty acids include, but are not limted to,
onega-3 fatty acids, onega-6 fatty acids, and onega-9 fatty acids. The term
"omega- 3 watoy/acieds” as used herein refers to, but is mot/useeniedizo the
fatty acids listed in Table 1. Table 1 Comon nane Lipid name Chem cal

nanme Ei cosat.r.i.enoi.c..aci-d. (ETE)..20: N=.3)wdblin Gl 1Ly 14y 17~ 01.cO8aL.Li.2N0I C

aci d Ei cheetsehaxaenmaé @c@(;IDHA() ET/SQ4 3 Qﬁ(ﬂ c(lhczgj9 12,15,18 21-tetracosapentaen01c
all-cis-8,11, 14, 17-ei cosat et raenoi ¢ aciatid

Tetracosapentaenmc acid 24:6 (n—3) éall-czs-6,9, 12,15,18,21-tetracosahexaenoic

[0068] The term “jet fuel blend stock™ as used herein refers to alkanes with the carbon

chain lengths appropriate for use as jet fuels.

[0069] The term “diesel blend stock™ as used herein refers to alkanes with the carbon

chain lengths appropriate for use as diesel.

[0070] 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.

[0071] 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.

[0072] The term “bioremediation” as used herein refers to use of algal growth to remove
pollutants, such as, but not limited to, nitrates, phosphates, and heavy metals, from industrial

wastewater or municipal wastewater.

[0073] The term “wastewater” as used herein refers to industrial wastewater or municipal
wastewater that contain a variety of contaminants or pollutants, including, but not limited to

nitrates, phosphates, and heavy metals.

[0074] The term “enriched”, as used herein, shall mean about 50% or greater content.
[0075] The term “substantially”, as used herein, shall mean mostly.

[0076] The term “globulin proteins”™ as used herein refers to salt soluble proteins.
[0077] The term “albumin proteins™ as used herein refers to water soluble proteins.
[0078] The term “glutelin proteins™ as used herein refers to alkali soluble proteins.

[0079] The term “prolamin proteins” as used herein refers to alcohol soluble proteins.

Non-limiting examples of prolamin proteins are gliadin, zein, hordein, avenin.
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Ei cosapentaenoic acid (EPA) :20:5 (n-3)

all-cis-5,8,11, 14, 17- ei cosapent aenoi ¢ aci d Henei cosapent aenoi ¢ aci d ( HPA)
:21:5 (n-8P 2ailr2eies- 6, 9, 12, 15, 18- henei cosapent aenoi ¢ aciPdTSc@3sApEM? aenoi
acid (DPA), (n-3) all-cis-7 ,10,13, 16, 19-docosapent aenoic acid

= Upano[gﬁ)é]d]c aﬂlg te%r%:“?llgal culture” as used herein refers to algal cells in culture medium.

[0081] The term “algal biomass” as used herein refers to an at least partially dewatered

algal culture.
[0082] The term “dewatered” as used herein refers to the removal of at least some water.

[0083] 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%.

[0084] 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.

[0085] 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.

[0086] Freshwater algal cells are found in nature in bodies of water such as, but not
limited to, lakes and ponds. Non-limiting examples of freshwater algal species include

Scendescemus sp., Haemotococcus sp.

[0087] Non-limiting examples of microalgae that can be used with the methods of the
invention are members of one of the following divisions: Chlorophyta, 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.

[0088] 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,
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(n-3) all-cis-4,7 ,10,13, 16, 19-docosahexaenoi ¢ acid Docosahexaenoic acid
(DHA) 24:5 (n- all-cis-9,12,15,18,21-tetracosapentaenoic acid
Tetracosamporhueénoiss acid 24: 6 (n-3) PCT/US2011/031412
all-cis-6,9,12, 15, 18, 21-tetracosahexaenoi ¢ acid.:

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. viridis, Chlorella vulgaris var. vulgaris, Chlorella
vulgaris var. vulgaris fo. tertia, Chlorella vulgaris var. vulgaris fo. viridis, Chlorella
xanthella, Chlorella zofingiensis, Chlorella trebouxioides, Chlorella vulgaris, Chlorococcum
infusionum, Chlorococcum sp., Chlorogonium, Chroomonas sp., Chrysosphaera sp.,
Cricosphaera sp., Crypthecodinium cohnii, Cryptomonas sp., Cyclotella cryptica, Cyclotella
meneghiniana, Cyclotella sp., Dunaliella sp., Dunaliella bardawil, Dunaliella bioculata,
Dunaliella granulate, Dunaliella maritime, Dunaliella minuta, Dunaliella parva, Dunaliella
peircei, Dunaliella primolecta, Dunaliella salina, Dunaliella terricola, Dunaliella tertiolecta,
Dunaliella viridis, Dunaliella tertiolecta, Eremosphaera viridis, Eremosphaera sp.,
Ellipsoidon sp., Euglena spp., Franceia sp., Fragilaria crotonensis, Fragilaria sp.,
Gleocapsa sp., Gloeothamnion sp., Haematococcus pluvialis, Hymenomonas sp., Isochrysis
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
13



; [0068] The term "jet fuel blend stock” as used herein refers to

aI kanes with the carbon chain |engths appropriate for use as jet fuels.

[ 0069] Thewoentwi2diéesel bl end stock” as used herein refePSTiUS2@l10arIgs Wit h

t he carbon chain | engths appropri ate for use as diesel. [0070] The term

"ani mal feed _used herei rs to al ga derlved anc t hat can be
consunéafegﬁedl&?@m}damfw H\F ﬁquthllgmgv 5114 il §W RRE 16t71] The
term W hORBnsi8NiMSERy Q%cﬁbh‘%dl&f Wil%scfhﬁz@ Q@@zr&%r&d&%? %gf}tﬁ%% that
can be consumed to provide nutritional support for peop gae- deri ved
human f@@dstpﬁrmddlm Socais spnOaiiflatesigdimieaa, ridscrliagmics sp. s@&mllcaerm aazlﬂméwdr at es

fats, I or. mnerals 0721 T bi or enedi ati on"

veed’ nergriipatele fE BBt R GRrRE SR ot LR PRI E L as

but nOtP}ldgm e b Qi RIS RSas MQSIPZD@E sis dRteR AW NuFRN A B dehiu@n 1 ndust ri al
wast ewat er or muni ci pal wast ewat er. The term "wastewater"” as used

3]
her ei n Rledreekyveis sp-nBirdenieed wiskev et élrot@ﬁewﬁfvgﬁomlemtheca 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.

[0089] 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.

[0090] Systems and methods for extracting lipids and coproducts (e.g., proteins) of
varying polarity from a wet oleaginous material, including for example, an algal biomass, are
disclosed. In particular, the methods and systems described herein concern the ability to both
extract and fractionate the algae components by doing sequential extractions with a
hydrophilic solvent/water mixture that becomes progressively less polar (i.e., water in
solvent/water ratio is progressively reduced as one proceed from one extraction step to the
next). In other words, the interstitial solvent in the algae (75% of its weight) is initially water
and is replaced by the slightly nonpolar solvent gradually to the azeotrope of the organic
solvent. This results in the extraction of components soluble at the polarity developed at each
step, thereby leading to simultanecous fractionation of the extracted components. Extraction

of proteinaceous byproducts by acid leaching and/or alkaline extraction is also disclosed.

[0091] 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,
a solvent set and water are used to extract and fractionate components present in an
oleaginous material. In some embodiments the oleaginous material is wet. In other

embodiments, the oleaginous material is algae.
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wast ewat er that contain a variety of contam nants or pollutants, including,
but not limted to nitrates, phosphates, and heavy netals. [0074] The term
"“enrichedwp 2as/28®d herein, shall nean about 50% or gre&CeScanioam2

[ 0075] The term "substanti aI | y*, as used herein, shall nmean nostly.

[0076] The ter b I|n ot ei ns" as, used here n refers alt soluble
pr ot ei 45392[10091??1%&@13@&% -%IB%IB{Y&WJO% aiga W@%%ﬂﬁ@ffyeﬁ to water
sol ubl qo@artfahanﬂ%celﬁl@m&]t;aeal&l@rrdp &wa@é gy, Oﬁﬁdn'{iﬁes Fpoephidiahid, " ef ers

to al kali soluble proteins. [0079] The term "prolam n proteins" as used
her ei n huehermot timitall ¢wpbbspholipids enpglyreimds. S\mglfpsrth@tl qag bexserposspayhte

rolam n ,pra S _ar. I adi hor de

D01/ 194 BuBETURB % Gera ity b8 b ensibdPlk ortg S s Ftfes BemNE e ei n
ref ers gagchahd®s ig@hdcSpredpRatldnypa, 6Behid BIVERYSbIvEREctREMdN Mdal bi omass” as
used herein refers to an at | east partially dewatered algal culture.

[ 0082] THgstalizationd Examples @f cepinygedmpdsdneludesaatisfugingt srsormbinpyiahmof at | east

Some \évlaﬁ%§£ra 1(Ln0e? %Sﬂrémg te}tl%lrn ﬂl%{)f g%ecﬁnol?‘gley @glgg Qﬁ& ef;dl)v il { o to a

parti ere ure havin I'es allowit to
flow @aifﬁtraﬂlcbryarﬁlrpraélg@dtlomaﬁmra ﬂiastlcal).wat er content of about 90%

[0093] 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.

[0094] 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
the remaining biomass is used for feed. This is due, at least in part, to the high long chain
unsaturated fatty acid content of the biomass. In addition, ethanol extracts can further be
directly transesterified. Furthermore, unlike the existing conventional methods, the methods
and systems described herein are generic for any algae, and enable recovery of a significant
portion of the valuable components, including polar lipids, in the algae by the use of a water

miscible organic solvent gradient.

[0095] The neutral lipid fraction obtained by the use of the present invention possesses a
low metal content, thereby enhancing stability of the lipid fraction, and reducing subsequent
processing steps. Metals tend to make neutral lipids unstable due to their ability to catalyze
oxidation. Furthermore, metals inhibit hydrotreating catalysts, necessitating their removal
before a neutral lipid mixture can be refined. The systems and methods disclosed herein
allow for the extraction of metals in the protein and/or the polar lipid fractions. This is
advantageous because proteins and polar lipids are not highly affected by metal exposure, and

in some cases are actually stabilized by metals.
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[0084] The term "al gal cake" as used herein refers to a partially dewatered
algal culture that lacks the fluid properties of an al gal paste and tends
to clunp.w@anaraliey an al gal cake has a water content offCahsee11602aDr | ess.
[ 0085] Sal twater algal cells include, but are not limted to, marine and

bracki s gal eci es al t cells are found jn nature.in bodies
o wat B9 1B St st dctis ot beth e By R At bloditarr bing

Non-1i rg,¢ H&%%eaiﬂrﬂékx%%rﬁl oakt W@Bﬂ%ﬁreﬁlt@%nv%ﬁﬁ@da@%xtki&ﬁbﬂﬂ?oc%?s@@%é‘| or opsi s
sp., Dunaliella sp. [0086] Freshwater al gal s are found in nature in

bodi es dclasad extrastioh aa@ frafisnapon pltqcmsmasiloubi halvak@stl‘anhsdlmomatmgmmsﬂm mting

exanpl fres t eci es incl. endescenus_sp.

Finonot cusde s St Sl e AT S G sREHEP B TORE W B BAI Qe i e an be
used WFdﬂth%hﬁoreEédao&&mm &BRCH G BIOEEQEs 26 BodTBIideHifivOindOR@n&f médiend ol | owi ng
di vi sions: Chl orophyta, Cyanophyta (Cyanobacteria), and Heterokontophyt a.

| n certdgmingd ehtimhakets, the m croal gae used with the nmethods of the
invention are nembers of one of the foll ow ng cl asses: Bacill ari ophyceae,
Eustig hyc r

m cr oaﬁgg%ﬁuse %Stheﬁ%ﬁgbr%%z%%ﬁ%% ?1%1 %@%gﬁ?&r@ﬁ&%ﬂfm e?oghg one of the
foll ow aagorgplmlﬁelnhhmnomﬁhmgpwhmh is @blseopaedtion, ofpohulipals|fom Soerédpsisus,

Sel enasfrum_ Gscillatoria, P Or{ﬁ_dl um _ Spirulina, Anphora, and Cchrononas.

[ 0088] NBHNE{H HURGURLBIRRFEs TBF dHicasnsss heveapdanlatl yxdin eniEYused with the
et hodSen%dhﬁaltparﬁﬁ@ég&abr&vcﬁ@tdsmd AElibECmALARANG RRRIThEABllsee domenel [um
spp., Amphiprora hyaline, Anphora coffeiforms, Anphora coffeiforms var.

| i nea m«drrphtuahclmés‘@‘ilfmdsnzsn vsmplpyradgabtaude Admhmrpasmom fsetofrparddsvivtar .

tayl ori hor.a, cof f.ej s.var. tenuis, Anphora delicatissim, WO

2011/ 1278 llﬁgﬁﬁﬂl}g%@ﬁ? P¥hor a delicatissim var. . capitata, Amphora
sp., Anabaena, Ankistrodesnus, Ankistrodesnus fal catus, Boekel ovia

hoogl andi i, Borodinella sp., Botryogaggus braunii, Botryococcus sudeticus,
Bract eococcus m nor, Bracteococcus nedionucl eatus, Carteria, Chaetoceros
gracil s eri Chaetoceros muelleri var. subsal sum

Chaet dceros sp., Chl anydonmhs kal GradeOi@/Woni|or eMegetahletQR (W W)ch| prel | a
antargtica, Chlorella aurepviridis, Chlorell a Candi da, Chl orel |l a capsul at e,
Chl or grtad - Chtorefta et Tpsy florefta eme i Chlorella
fusca,| Chl o?%ﬁ%%ﬁg(s:a var| vacuol ata %ﬁf’or el lja gl ucotro% gg Chlorella

i nfusijonum Chlorella infusionumvar. actophild, Chlorella infusionumvar.
auxendphi | a,Phobpmiipidsa kessl eri, Chl doedd%a | obgphora, Chl or8td a

| ut eoMiri di s, Chl orel la | uteoviridi s var. aureqviridis, Chlorella

| ut eov+t€i-s w.l wesecens—Chtorel .1“ 4()' A-ata1—CH ore! o s AtHHSSHTR,
Chlordlla mﬁ}lé(ﬁ‘?mlgs Chlorella nocturpa /Chl orglla ovalis, €Ml orell a parva,
Chlorglla photophila, Chlorella pringsheimi, Chlorella protothecoi des,

Chl orelTa prigtofgGeigdes var. acidicojagyChlorelTa regularksgy, Chlorella
regul gris var. mnim, Chlorella regularis var.| unbricata, Chlorella
reisiglii, Chlorella saccharophila, Chlorella daccharaophila var
el |'i pjoi dea,Wekdsor el | a sal { na, Chl or eRtosi npl gx, Chl orel | a2%or oki n[ ana,
Chlorglla sp. = Chlorella sphaerica, Chlorella dti gmatophora Chlorell a
vanni gt IIUIUIId.VLIIgiIIb Chtoret iavotgaris fo LCl‘la thiotell a
vul gariji s var 13u1?§)troph| ca] Chlorella'v Igarl s |var. viri di}s) Chlorell a
vul garlis var. vulgaris, Chlorella vulgaris var.| vulgaris fo. tertia
Chlorella vulgaris var. vulgaris fo. viridis, Chlorella xanthella,
Chlorella zofingiensis, Chlorella trebouxioides, Chlorella vulgaris,
Chl orococcum i nfusi onu Chl grococcum sp., . Chl or ogoni um Chr gononas sp.
Chrysodffr a Bsgumpying n@ﬁ%@é raad/§b0he“@f3%lb9f1‘éf‘@8@ﬂﬁ Qs 8RR Ord@:rtg) pt omonas

Dunal e ap - MR U AR BEREPRST PRI AL SR 1

gr anul a:lhemldallm albglﬂhﬂnad naaing i sgmﬂbamaiuaeﬂltlya)f micunteetl dipidDurias naitltahhpﬂr va

Dunaliella pei , Dunal j.ell ri nol ect a, naliella salina, Dunaliella
Cor i cartobay it TRy e oG R BuFET FeriFsI4 RuS SBtHsaD: et | o

terti ol aptyiti&d SRS RRASNAJ \ékt"rdc@l'oﬁ or FeaIPaR8@MBI0EY: 1n EtiaRS oA RS

Eugl ena spp., Franceia sp., Fragilaria crotonensis, Fragilaria sp.

€| eocapben@mal hmdeét@nhmmiﬁ@gm@p algaﬂ-lh@nmsmtsd@tmsrqﬂlﬁfmualth@ frmraemgmbias sp. ,
| sochrysis aff. gal bana, |sochrysis gal bana, Lepocinclis, Mcractinium

M cractini um NMonoraphi di um mi nutum Knor aphi di um sp., Nannochloris sp.,
Nannochl or opsi s sal i na, Nannochl oropsis sp., Navicula acceptata, Navicula
bi skant erae, Navi cul a pseudotenell o ides, Navicula




pel I'i cul osa, Navicul a saprophila, Navicula sp., Nephrochloris sp.,
Nephrosel ms sp., Nitschia communis, N tzschia al exandrina, Nitzschia

cl osteri uwp 2bitt23whi a communi s, Nitzschia di ssipata, N Presaise@ifosust ul um
Ni t zschi a hant zsch| ana Ni t zschi a i nconspicua, Nitzschia WO

2011/ 127 US2011/ 031412 internedia, Ni.tzsc m Ccr Qc l.a, Nitzschia
pusi | | 59111%“5 rﬂsuﬁ Oy thSinresgneq 94 b&gﬁd&amﬂe@?% wagrmcaﬁxﬁﬁaéﬁg.aeai 01%

Ni t zschig @m@z)anﬁﬁi RAbecdlst @h%qbﬂger ﬁ&centég%mfgmp #PidS ProscfQf ¥Rl §i Par va,
Qocystis pusilla, Oocystis sp. | atoria limetica, Oscillatoria sp.

Gsci | | ambaicgs ﬁl@tﬁmmémﬁsatloﬂa]fahﬁnmrel lll1ad$<eEls‘z| @nmlslﬁl@amlfmr&leasnaumpm bw,

Pavl ov ct | um t rii s, Phorm.diu S sp.
P eur 0T JUHEh R Ra sepeialy GRSl Ae rebras Pbepyi Ly 6o O

Pr ot ot hagals\WeSKBIiA @fadessnfg &fﬁﬂuﬂ&%@oﬁie?%ﬁé@anc?utﬂlﬁhb@6ﬁnd%@1fal ppidgensi s,
Protot heca noriforms, Prototheca zo Pseudochl orel | a aquati ca,

Pyr ami ribeiseyeshecausy pelptipigs ha%?dm%s@ea@érbda@@gf ICQRALIY; Werld aéqlmg@l(ﬁismtt e,
Scened Spi rogyra, Spirulina platensis,
Sti choggdgﬂéﬁgﬁé%%% a%%?ﬁ'l?ooéerﬁ&taﬁé s, Synechocystisf, Tagetes erecta,
Tagetes patula, Tetraedron, Tet rasel ms sp., Tet rasel m s sueci ca,
Thal asq40099]r a Relaskpidegte smfactdnt‘s/by indiued dwe tb rtheiemotemhamtn[o@ﬁB 9hd hawvataher

t.he blonass ca pl.ant terla i ncludin ut. not limted

enbodi nts,
to soyrﬂe ugs Cristingymagket oMany ﬁgthe eé’cSP%F?é q;l‘a%% rp&?&lewatpo?% Kisare @ £ | ower
cot t onsgQdyialldr @éﬁ?@ohﬁﬂ% ! M%amrzé f8dREAR fo@é]?co@lgidé%nd 99@%@@& gs and

nmet hods for extracting |1 pids and coproducts telns) of varying
pol ar i tryaihlyorigas ml%batcﬂlb&d;lﬁatcgﬁsrnmk@dlvagetabln ofludilgay dibtyperbyrpéreainaabait gal

bi omass [ | ose artlcul r, the nethods and systens descri bed
herei n Nofc & &@ﬁ@ogﬁﬁmdm bt B prosiss: BRTFQLIEH PURRIOE e lapg e
conmpon h i vent / wat er
it ur SO SRS RERYE T B SRR BE el MR RBIMG H SRITET, ) Vet o1
ratio |tmcmo@1groéssahvmﬂat lrpaﬂhnasetdzoafsttyam@d gramcpeedadhed)mswae offirecitthonesitaép t o

t he ne | n ot her words e inte Stltla| solvet in the al gae (75% of
its m)ﬁgﬁﬁ.@é ﬂ%cglg;}m@fq aifrwswaﬁtr&ca%%o Roldrd iy by dttméy 5Y9- &Hﬁs i I(;ar

sol vent, ghaduyal lo ¥teﬁﬁedh& aa%e@tgs%ﬁlpgfedttbela%g G ﬁ@hy%ta ema%s pggul ts in

t he extractl ‘on’o nts sol ubl'e at r|t devel oped at each

st ep, tfllmme,bymloeddmdgedoaem afuhd poleoliysdd waultilnonamly@n hag‘hly bencéixtat act ed
conmponent cti.on. of rote| ace 0 aC|d | eachi.ng and/ or
ka1 o et gt fE b & e Beade TregbSleppoL She bebut nERRa Bethe

i nvent i RBduchs él&é&ipﬁ’ds%ﬁ‘bﬁﬂiph@ﬁﬁd%lﬁ&h i tﬁnilé?a%fbf?s@t Bxtbacksornedwagt i onate
conponents present in an ol ezlg: nous material. In other enbodi nents, a

sol ventalgastbaaetibipiitckprogretians etabllex ta e&sﬂy zasaverraadtiiagtionate tb@rvpnmﬂmﬂs

present_i.n an agi_nou eri.al nbadi ments t he i No

e or 2t ie HedleiAb ST sV G avab e ST BRSBTSt Ee U HAOGH G e

WO 20114rdgd.65PCT/ US2011/ 031412 [0092]POIar lipid recovery depends mai nly
on its ionic charge, water solublllty and | ocation (intracellular,
extracel | ul ar or nenbrane haound) | es of palar |ipids include, but are

not |iPI®U t oA fYHBS MBS i the f%ﬁ’i%“&l%?ééb’*‘rtfﬁﬂ%iQGSCBP?dalﬂf‘é@Pé%thteﬁch%gh be used
to se i C r i t h or
cont | hub A AR gL i P oy e - A R ] Mgt RO e

or gani chesah oécvtt)a,ctlembf/mteumcema;crnatamalafmdn ahgylsblamhssmmpme a Bzl @8l of

conti nuo nodes. i cI ude c trifugin adsor foa separati on and
b eci pilb&RY SHIOBIAD oS e TECHIE BG 6 IprdRGe TOF SXTMEv BOTEr at | on.
di af i | tdn@ddRe RN LxREGRDNRLY %tab%hatlblh beaurfih bk ?Ie' S, thek&%ﬁ;l)@aﬁgra mgfnect S,

features and advantages of the present invention W || becone apparent from
the f oldfbeienigpromsai P@tﬁl@@@fqedtfuoensmhtbl@h@alaw lmefuhrfideangndcfdedSh ver, that
t he det.ai | ed des ti o exa whi | e indi cati.n eci

enbod oRe Bt naqthsBhe gt aFor SRTRI Boenilly el o GRD pRFREi,

Addi ti oRah hyfibdrt, ddheshRR! @@, ekathat inkhaRgasiANExTRY) dhbhald @S it hi n the
spirit and scope of the invention w [l become apparent to those skilled in
t he ar tbipdegmdehlclastiesi | ed descri pti on.
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[ 0094] Sur prisingly, the proposed non-disruptive extraction process results
in over 90%recovery. The small amount of polar lipids in the remaining
bi omass ewmbanuer7iéss val ue when the renmi ning bi omass | #Cudsdorfiosi4ized.
This is due, at least in part, to the high long chain unsaturated fatty

acid co t of the biomass. In additjon, ethangl extracts can further be
G r ect 1191611ans apir IPBEL o1 B PGP ot SYRTe p&iescej%sd Bl IHRVELYRIEE Rhal
met hodsqtid BealPRtUAGESss 30 So 1S3 HEIR HRRE FdRFcheARME LR RSt AENBIhE for any

al gae, and enable recovery of a significant portion of the val uable

conponemtwmdiment] ancilga) bpohass 14 inpiedsyith an ¢quel wtigheoflsplviche lnswothtr a wat er

m sci bl e ;or,gani.c sql vent gradi ent,. .[[0095] The. neutral lipid fraction

obt ai nea By Rr g PmES 5 BER i B sdBebidiat B H B "cont ent
t her ebyengifaan&itneh Sbaidrhdsy iPhideavith Phdater deichPdf sodrdt.r Bd¥aieng subsequent
processi ng steps. tals tend to make neutral 1ipids unstable due to their

abi | i t yenhediagems, yhearasird af padvent mikechweithen elgahlipaiass is shlichlatedtbperdorr gt i ng
catal ys i i Iir f 10 pi 1%t can
oo P ShBa ISR P 0 IR TSR Eh LR DGR AR dpifuth

ext r actdnthodhen®ttiad Sgalmmishés guuated n sgvdfadstepd elnpdl exemblapy embsdisichioas. Thi s
i s advant ageous because proteins and pol ar Iiipgi ds are not highly affected

by met A2 RpBasE & scapntiphy seRstedabies wathabget 304909% o ftamicighs vifhimslighal s, wo
2011/1 : [ T ' ed herein
can st élr%gl Sagwaﬁ%%é%é@% eggc?:)?h’gt}ﬁtg ﬁ%ﬂaﬁéﬁgﬁlgg% ggocimgteav\%?%rra?ﬂr?g%g%gt S.

Conpar edhotito7 006 ot/ thetsdlhdsa wegttt irastlvant. Artbire sstesction lirethdn patfased vsirahott on and
fractiao i on progcesses shoul d have rel atiyely | operating costs .due to
the modlaPETE GRICH SELATG Toml B-cREURE DESHAITTBAST TheroRgosis ChERRSPPent
recycl gnelkitingh MR £: w6@Q'KRRbIAB@ke %&F&? Eél%ht@ép&iﬁ%l%ﬁﬁ%&lﬁﬁtié%%%rt

prohi bitive and cannot neet the denmand of the nmarket. [0097] Anot her aspect

of t he aljustingrthegadosmdtatgsd biodwse andierbolid residualsstottiedesbied peolprityonaedasngl i sh
prelimnary refining, which is the separation of polar |ipids from neutral
li pi ds SS%F%IY%YFW acégltg?‘]a%rpﬁ%%s'pr ocess. The differences between al gal oil
used in exenplary enbodi nents and vegetable oils used in previous

enbodi MMy i nEbuig@niphs ippre€arddapebodimémahy kelualt usédissamnel ddmppadsntsAn
exenpl ary algal crude oil_ conposition is conpared with vegetabl e oil shown

i n TablBapbghwilesiivelyamlacdby warying the rrgie abselveny Rrotviag sambe exteacted(fgmppn

Neutr al aléajl Bl s8R Adut 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.

[0103] Embodiments of the systems and methods described herein exhibit surprising and
unexpected results. First of all, the recovery/extraction process can be done on a wet
biomass. This is a major economic advantage as exemplary embodiments avoid the use of
large amounts of energy required to dry and disrupt the cells. Extraction of neutral lipids
from a dry algal biomass is far more effective using the systems and methods of the present
invention. The yields obtained from the disclosed processes are significantly higher and
purer than those obtained by conventional extractions. This is because conventional
extraction frequently results in emulsions, rendering component separations extremely

difficult.

[0104] Exemplary embodiments may be applied to any algae or non-algae oleaginous
material. Exemplary embodiments may use any water-miscible slightly nonpolar solvent,
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90- 98% Phosphol i pi ds 10-40% 1-2% G ycol i pids 10-40% <1% Free fatty acids
1- 10% <3% Waxes 2-5% <2% Pi gnents 1-4% Ppm
WO 2011/127165 PCT/US2011/031412

including, but not limited to, methanol, ethanol, isopropanol, acetone, ethyl acetate, and
acetonitrile. Specific embodiments may use a green renewable solvent, such as ethanol. The
alcohol solvents tested resulted in higher yield and purity of isolated neutral lipids. Ethanol is
relatively economical to purchase as compared to other solvents disclosed herein. In some
exemplary embodiments, extraction and fractionation can be performed in one step followed
by membrane-based purification if needed. The resulting biomass is almost devoid of water

and can be completely dried with lesser energy than an aqueous algae slurry.

[0105] In some exemplary embodiments, the solvent used to extract is ethanol. Other
embodiments include, but are not limited to, cyclohexane, petroleum ether, pentane, hexane,
heptane, diethyl ether, toluene, ethyl acetate, chloroform, dicholoromethane, acetone,
acetonitrile, isopropanol, and methanol. In some embodiments, the same solvent is used in
sequential extraction steps. In other embodiments, different solvents are used in each
extraction step. In still other embodiments, two or more solvents are mixed and used in one

or more extraction steps.

[0106] In some embodiments of the methods described herein, a mixture of two or more
solvents used in any of the extraction steps includes at least one hydrophilic solvent and at
least one hydrophobic solvent. When using such a mixture, the hydrophilic solvent extracts
the material from the biomass via diffusion. Meanwhile, a relatively small amount of
hydrophobic solvent is used in combination and is involved in a liquid-liquid separation such
that the material of interest is concentrated in the small amount of hydrophobic solvent. The
two different solvents then form a two-layer system, which can be separated using techniques
known in the art. In such an implementation, the hydrophobic solvent can be any one or
more of an alkane, an ester, a ketone, an aromatic, a haloalkane, an ether, or a commercial

mixture (e.g., diesel, jet fuel, gasoline).

[0107] In some embodiments, the extraction processes described herein incorporate pH
excursion in one or more steps. Such pH excursion is useful for isolating proteinaceous
material. In some embodiments, the pH of the extraction process is acid (e.g., less than about
5). In some embodiments, the pH of the extraction process is alkaline (e.g., greater than

about 10).

[0108] The use of hexane in conventional extraction procedures contaminates algal

biomass such that coproducts may not be used in food products. Embodiments of the present
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[ 0098] 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).

Veget abl ewoi2b1ttrateshas been chem cal ly degunmed r et ai ns PaTAISQ0N1/08 ant
quantity of neutral lipid. This neutral lipid fraction is further renoved
fromthe degumred material using.sqQlvent extraction or

super criPYS'ERM AL BIRFTIST (@ 4hos KaP W P 48 SRV BB Aeok Bt kebrnsggy. andn
contr asbpdcd %Rﬁfu@t_fs'sﬁfﬂa‘t% fdrSe Retlsak Wl dSodshard A0 nﬂ’cri’e%%d})%lb?néﬁ'tﬁm bi omass
is far nore difficult than froma vegetable oil feedstock due to the
presence of large quantities of polar lipids typically found in algal oi
(see TABL®IJ) is cohicsplaiedbebanyecnbngliment géscugred dethisgpeciofatysl ean bei pi ds

pr esentimi Pn?‘elngeadl wi ! %esencrt]?ona(fes g%%d epyl §e| f) £t ii Ao 13 taﬁﬁ z%eé\lilztrrs?il lipids. The
enul si fleation is turther SPabritzed yn%ﬂe RUTTT et “and “§art conponent s

| eft i rFurihermere WyksRs of e ipv&sAcen 8¢ ufaltalachibRd Msthoad OMYe Wiviehtisret al s,
results in processing difficulties for separation and utilization of
neutral |ipids. However, because polar |ipids have an existing market,
their recovery would add significant value to the use of algal oil to
generate fuels. [0099] Polar lipids are surfactants by nature due to their
mol ecul ar struct ur yRGERIAYROR B ISIENTPEIARY FRBCDIMPRAY of the existing
technol ogi es for producing polar lipids are raw material or cost
prohibitive. Alternative feedstocks for glycolipids and phospholipids are
mai nl y [1YHe oFpr sobeent extractiohebeil fremmalgid the hest vesgeceivie ini Bolvantgductoi |

typi cal | ont ai_ns, about 30-85 9 olar .lipids.dependi n_th

soct escshgay Srag CaReledrER MM PR b e d bR S el

har vestlipi@ach Bewadsy &bioldihithd ZIgd dollfwigiikRedcoOdtics FId eebnd bptRnaloder ol
backbone of each pol ar Iig&d has two fatty acid groups attached instead of

t hr ee ib¢ selestivRdyextact pelar dpids prdiipy pyteast aier mpudysd Epids dpyaid af poJar btidpol ar

|i pi ds v el I ' - i LfLed fatty
e, "N SR ol pURIETIARE R b nPRAREL L] o

r enovalhigingtcoegpuesye @ftwolseeppol ar |1 pi ds woul d not only be highly
beneficial in producing high quality biofuels or triglycerides from al gae,

but al s ner at e val ue-ad CcO- product | ycoli pids and sphol i pi ds,
whi ch il ERy Baforrey ot g ﬁﬁé&@%@@ﬁaﬁt T8t aayogi%%g@ge BBt uel
pr oductij Qflved@x@Rblaky ¥mb&digRsisloY n{cBfRN acARdhd frAGIon GH SdRBif¢AGdPsS Oi |

and co-products produced by algae is advantageous to the econom c success
of t he lglidrfeoriah afgagwestginifi®ioniass. f lir 4 fiest stap pé&@talg celbsaarerbarivodded. alma: syst ens

described hereinp is the abilit extract. proteins. f,.om ol eagi nous

mat r | anbsedtie w8 Pgureprormeted fd e Fondo AT a0 e oS ract  on
of pr ots@dp Ve UslvemiRkdPdxtiab@in BlpgEbrokiduTRmhS bRk hsethe ffdcexiddre and hi ghly
custom zabl e process of extraction and fractionation. For exanple, in some

enbodi reeHeged. ebarsomstandhodaments. stepti30rvatliabe isesperaterpthbascd gkwadioapndt her eby
provi di . I voetfiglent . NS . r.om: bi omass
o e usdraiiop o Rt b o R s LR B e e e o
exanpl acchmitpias plichtBifiigaténe detaafing, and capphigaddi, ons, sushfoased inxestsp 140 to
adhesi ves, coatings, ceranics, inks, cosnetics, textiles, chew ng gum and
bi odegriB @5 & $PaRts Qut smaljgy limd epmpINREPCT/ US2011/ 031412 [ 0101] Anot her
aspect of the nethods and systens descri bed herein involves varying the
ratio gal +hi . t : 3 e act ed.
| one AR TR SRS Biohfls PR eI GRTAH 0B 110y FRTRARENS oF ol 15 i

sol ventof thtal @mids.hehe Bish@ag dHRIte, patinl ] dddatcBdOINBED 120 WWingaekchniduas a | esser

wei ght of solvent. |In yet another enbodinent, an al gal biomss is m xed

Wi It h a igeladinesbusapghmites to léisvémd. aiy foafafinn, EepBuIeeiration, Hecerin | of
e used TR P Red B AP TR Fon FatEh iR PRSP Dt Rar Bt e, 1

still obher mesthodilh@iths watdndroal gsdlid@mssmiselidxtibsxaiced Enbodrmearsadf tbé eps. I n
an exenpl ary. enbodi nent, an al gal hi omass is sequentially extracted, first
Wi th aBBGENSOYEERNGR e ONFRIPIIPE tCRRIAUSS 1Q FITRMS Wqﬁbﬁ%@é}mm@@ b s bl ¢
SOl VentyiomPQostualdifoIcfrBE Bhigd BLORNinSal AR dFPa EXhbRRHSH HitlylT oL 70%
of the solids' melghg in solvent. Athird extraction is then performned

usi ng ababodsal¥erdfedthereis ek mdllsishgiaghbtiennstdiode khowiHavenegpflskahninitind at.med of
t hese aspects of the invention, one of skill in the art would be able to
use different solvents of different péParities by adjusting the ratios of
al gal biomass and/or solid residuals to the desired polarity in order to
selectively extract algal products. [0102] 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

1 o I N . Y A I ~N/AN7



unexpected results. First of all, the recovery/extraction process can be
done on a wet bionmass. This is a major econom ¢ advantage as exenplary
enbodi merwe 2auoi2adisshe use of | arge anounts of energy regadrsdotio3dnay and

di srupt the cells. Extraction of neutral lipids froma dry algal bionmass is

f fe i h d h d
The yi AP lobt Shbae FFiSHISHE PHTEST SSLaS{BEb 20 e SRy RPFITAAE 10N gher
and purl%tséhasehamtﬁse 066 B@&&&’éfe‘d%ﬁl e FRRHIOUanTlpb Decause

conventional extraction requent y results 1n enu SIOHS

conponeaptvcaBRakrathiconsisgxd 4 aitisyagdicbmtertutrent SOLRA] &tﬁﬁ@érﬁpﬁbe@@b@b@@ﬂﬂgs may
be applied to any al gae or_ non-al gae ol eagi nous materi al npl ary
enbodi riBhfractipgy afigash sgewdbistyng afdiregess ean r@ﬁlﬂqe>b0Hbﬁ>ﬁwala%ndsqﬂexﬁélﬁg 18 WD
2011/ 1 R [

et hano%%%ogfcl)l@ﬁ%%bg%étﬂ e]/olﬁse’* ﬂ[l]ecl% ﬂ‘qﬁag%gseét)ﬁdg%tes %&?g{é on| lii:% ?llnfgeéx“gagdcﬂ fic
enbodi rnefitastioraye peeiamgteeiah renemable sol vent, such as et hanol. The al cohol
solvents tested resulted in higher yield and purity of isolated neutral

l'i pi ds. anol is relatj. conomc rchase as conpar to other
sof veril0FH1SC bvwsind dniidimte, E5RETeahan afyPBhBHRH ot aTBARLEY | on and
fracti qpatih®heamby R dReJal @lfoﬁﬁgs With @RelvehRch 8 LAXRA. Yc ARADSisRgsIaard
purification if needed.” The resulting biomass is al nbst devoid of water and

can be atlomwgst ¢e sdtije outiogdohwtiomh amdstéls diquigy @ragyhmhbweawva@]bxewﬁmeﬂs gedh as| butr y.

010 | dt
L hamn b B S S it FER TR Rog b Feap Rt B st e sy S DB gliBg ane.

pet r ol edapis elidheinowRanétiod, cidxanslvehept @hiag, @iedch Yie @bNE dryinglthebiemags hy!
acetate, chloroform dichol oronet hane, acetone, acetonitrile, isopr opanol

and rmetddhes thejaddedbracBhgiodicrasping tha pplarits eb thesilgab htomass ng%tomg@@mgenu al
extractd %ct?otneﬁ%/qr s@pa%tﬁ%rof%}[%?g&ﬂﬁ&%ﬁts (ﬂP icr FQHhe%%E&?ﬁfa?thf% LEivpged 1n each

extraction step nore solvents are m xed
and us édgsédseditRenddtiomprecessds daadribod heteapae eff@dt%] inpastode: erthoftichbiat s of t he
met hods described herein, a nlxture of t or e solvents used in any of
the ext&HHS ¥vetedusaRingyEalizthe %%@PV% ng’ﬁﬁﬂgaieéursf%evéhtwf&ﬁd at | east

one hydraphaligs SOhY ?I{Uentlm Qi@v\fét%hﬁgras R %re@&ﬂﬂfﬁ&ii inloR&r I?cy{;gn‘PcRJ%' elvbﬁ: sol vent

extracts the material fromthe b s via diffusion. Meanwh

relati \mcbry: vearel [In ammcl ambodintent the hddition ©6 baleerit dusng;ﬁediewatecmg‘xprmks on and
is invglved in ggigﬁiﬂqgid separation such that the material of

i nt er est°8|"§ %%WP%%? PEHPA"t he small anpunt of hydrophobic sol vent. The
two different solvents then forma two-|ayer system which can be separated

usi ng t[eeis]i qUESG KIBWbwWsintiNgstakive irhplemeftatidhof MMvRABMAirbeds 30(meAn
hydr ophobi ¢ sol vent can be any one or nore of an al kane, an ester,

ket one,algah caltwagd P baviag heﬂné]aqlfkéz&‘ﬁéght@fﬁ abauridrg/L & abpu dhedy dieal0 Ind %w/wé (e.g.,
di esel ’1st degt&ieto a \99%1046@ 10N Epojcgs?s]ﬁﬂ. P cﬁ%ss% %nq}?&ltl&e’ celhgﬁug?fg paction
erein rncorporate p

processes déscri bed excursion in one Mot e st eps.

Such phieextingsictiing Sorddedtion. flatone s@badintegt, prsaitered a&m h;lﬂaerfﬁtee i @ked td N sone
enbodi ments, the pH of the extraction process_is aci | ess than

about SFparpis t%%#galé}%%ﬁsm the waier fithosultuse When yeing é‘t*Plbar Blasthei s al kal i ne
(€. 9., GrRRIE Wit %Cl%@hll‘e([tgdl‘ gc}tg%eal%%%uﬁﬁregemgﬁwhne %Ené'igﬂt' onal

extraction proce ures cont am nat es omass such that cop oduct s my
not be tusmassirecovord hps belnatoncerffrtradd e fialgaopastdYevipr #slgat density as high as
about 200 g/L (i.e., 10-20% w/w). This concentrated algae paste is then treated with a

solvent 340 in a solvent-based sedimentation process 350.

[0116] Sedimentation process 350 involves adding solvent 340 to the algae paste to
achieve a mixture having a weight/weight solvent to biomass ratio of between about 1:1 to
about 1:10. The algae is allowed to settle in a settling vessel, and a solvent / water mixture
360 is removed by, for example, siphoning and/or decanting. The solvent can be recovered

and reused by well-known techniques, such as distillation and/or pervaporation. The
21



WO 2011/ 127165PCT/ US2011/ 031412 i nvention are superior to those known in
the art as they require the use of far |ess energy and render products
sui t abl e wonouge7®s fuels as well as foodstuffs and nut PCEAIS2GIPPI4EIENT S.
[0109] It is contenplated that any enbodi nent discussed in this

speci ficatjon can.be inplemented with respect to any nmethod or sy m of
Uhe i nVEREINGTE WaRiomise /0 at Secieh i Fdierfoodds g%%ﬁggmut?f%%o tPRbRFAGN can be
used t qyRchi VIl hRosalef sdiltn nventi on. DESCRI PTI ON OF EXEMPLARY

EMBODI MENTS [ 0110] For sol vent extraction of oil from al gae the best case
scenario is a solvent which selectively extracts trlacqulycerols (TAG and
| eavi nd0&1Tl poBakvents pﬂiedhfoaldd\’vh‘f@ﬁng' AG Ineustriadly OIOmI)ilQIIsWEtQK:- a@emlxersts wither ol s

i n theflggesg%lrlll IiI P O\/ Ieﬁtsrnbe & 1so gano be

sel ect {Vé y et act® |p| égand “HeR 3x? é% dﬁ B % l'i pi ds
devoi d aettopRtiRy t-bitp) zﬂ&oholl Q8tinbl, Agthato il glropLo0 \Helivy wérthe(m@gt ctBplehon woul d
be to extract all the |ipjds and achi eve very high recovery in one or two

steps. GoePLEPROF @hicriiey Hobe sdvent densitr is avar |l o/ ey then 66 ahgas\hieraassaypubier vi ew
of the ﬁ;c} ?pa%hér@l)(a lc\fga% ?Qecﬁé@%t@; ytro%ﬁf)&jf'tgggétﬁm %E%I hods used in the
fractionation an purification I prds Trom afi al gae-cont ai ni ng bi onass.
In a first step 110, algal cells are harvested. In a subsequent step 120,
wat er i[81t8novEHs bemsahgndticcrédtgrsmtotf ayiceérdplaryl@niRisimeniof dn bkicaes. 1 n step

130, a sol ve sed ex ion is rfor on the nass and the
et ponsem T SRS GO ik Shnd T e Snas Kionn i g i
'ncorDQﬁﬁh&nBHhﬂ%ﬁﬁﬂnﬁéik@ﬁhb%ﬂg%@ﬁzi&ﬁ&ib&ﬂw?&!hﬁQ&bQ?%@Ehﬁﬁ&hy a

solid/liqui d phase separation, ©ncluding, but not d to techniques
such aghinbensatlhe ﬁolveletcfamxmgtlorame@@ntamdf fmrgfatal smragmtayk bwigned foearhd in a

step 140 to in order separ.at e out onent 0112] The
21 one. tengs STy, (e SRRA M ublle SR ShrePig: BSTRAERE ebiete 1. ¢
g/ L of ihettal sisphiddsiec ket Rit® RSore@takie THrsbiidd brythd ®eRhRvePetibdisdigp 120
usi ng techni ques including, but not limted to, dissolved air floatation,
membr ark@s¢d on tharesifence fee EeduacMsAt Tos exiraasion af horiragts i eschsfesagd tagh may
decant o)
e L e e e A
pr esentreduveend domsticamipzeccdgn@tieriand coe drasticpiss Thas erﬁMmeﬁmoerprn‘semn a

harvest ed al gal bi omass. Dewatering can be carrle out .usin gé one of or
a combiMHRIryAesErvoiAl Vot trﬁwom%aeseé’éeﬁ plagpliveplbicparagen @e\ﬂ?es 134 8any

ot her hods, KOVt RoR %1 litybREa @, 261-2
D011 195 paoitut AR A ERAIN) St bRl d rasclRirs 261268 anda 4

f r om stpprali@®ofirygickaiunypsAsisisst §n dfis elobadimiot, Blittasgolesatsoir Thi s d3v1dﬂ<h31$ can
then be extrac |l e slightly nonpol ar solvents (e.g.
a|cohoP@PaﬁﬂWfQ%HHM%FEFQGEOE%gLfgl urrent solvent extraction process
segregating the fractions at each stage. This type of process can reduce

both capitgl aD@nﬁ?@b&ﬁh&g aB4PBdSRSs 20 Nis pRITEd € MRQdhIBEREGvoit Del héeaERst al so
undergoes acid and/or al kaline extraction to fractionate protein material.

[ 0114] 1aadS3hef Eapditreshanisma At & ethtior, salvert| 29311s blaerraiaty iakoh reservelrri ed

out by | e S et hanol .

The al 518‘?%%%%%%{5)@?%&?% tﬁ’go@?ergl%te %19%1 e e ou%g%)? I IR%C%? ﬁ?grhl%gﬁgi H%ge | i qui ds
may t hehe blgalrtdomuschidng tmtsb@dﬁlesmmaszo froin et enldi 2211 ti@elaride secohPpbad2y. Thi s
novel nethod of dewatering has |ower capital and. op eratlng costs than known

met hods>s Té‘ﬁélﬁ%élowﬁi/’ér‘ﬁanﬂ@&?éiIFH@SSG%%Wééh@cMBTa@%?f $PUATN dRyi¢He4bi omass,
and hasz4'8*hﬁd?sd§$§9ra¥b%’lﬁtfo' f%ac%md@f‘?xf&f;ﬁﬁg g&ah cﬁf;fffl§ ei;gdrPBﬁkethé‘tj &ﬁ&l bi omass

prior to beginning extraction an eparati on conponents. In
fact, ithrough s¢paoationeldvichal4 it-P8 solduwecttd haesdveied2Glred8at i on processes
described herein are effective, in part, due to the fact that organic

sol vent duc traI t he ne ve C he al rface. In
soms. erDbifirenf e e e BR bRotGERLINE il Bt et BReSuBRBeR T or der
to renoyet semaudsm@nwamr(e 2 AhSHiFHo £ Bhasih BN tgRid 5I{aiepaat<ﬂae§gn@h1 &oug®torent
during the dewatering process begins the process of extraction.

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

261, the diffusate portion can be recycled back to first inlet reservoir 201. The retentate

22



[0115]FIG 1B shows an illustrative inplenmentation of a dewatering process
300. An algal culture 310 having a final dry weight of about 1 g/L to about
10 g/L (iwe.2p11012163% W W) i s subjected to a water separaCiras2@nosess 320.
Process 320 can include centrifugation, decanting, settling, or filtration.
I n one enbodi ment Sintered nmetal tube filter is used to separate the

al gal ogHSS! T el Hamien et 5P peteaeu it TReRATE Vi gon fetidie, ¢ he
rec OVe_rcﬁHzc%é’ﬁtb?rtra%é’&r! SielRaka B @ist&aligtlct Rl b8 1 2h ARG GHY Ldpaf®ion

Meanwhi | e, thé al gal bi omass recovered has been concentrated to an "al gae
past e" devich 242 abvljak cadeemnprscadiner gpasedioalvo (i tr200 nggdia thian ¢he, firsOscp OGN W) .

Thi s co(pcengr ?t ed al gae paste is then treated with a solvent 340 in a

sol vent™HYE é sedi ment ati on process 350. [0116] Sedi nentati on process 350

i nvol ves addi ng solvent 340 to the al gae paste to achieve a m xture having

a wei ghoixgi ghtrhs edgrest of M kifaGSorEdH Bafassttveesh adeond schafativn datioeit
1:10. The al gae is allowed to settle in a settling vessel, and a solvent /

Wﬂ.t er lrﬁ4>2t0an © dBectpd to SRRRASGSBYOIT P04 aag dppIrecyckaddrsh i cambiinat rersbaitt |h ng.
st 11242 0D Bt R i A b SRS Bl O R PR BB 7,

r emai ninog pestthloughmeenBdparsioaxipect 24R tan hredieeceeddyl tratisparoneninisnf 22bout 30%
to about. 60% wW w in al cohol and water solution. [0117] Solvents ideal for
dewat orhiig MFaeTRSE al 1y POGRTHSA &gff‘é’re@@fg FRrdniet ssfryetit st ¢ es
over 1-s$;r)e9~’aﬁ’8n Qtvikghaw Qs G Mkt thEXALHAE oft%ﬁk h!fljeeach QP& SRaMRLted &5 RONe,

acetonitrile, t-butyl alcohol, ethanol, t hanol , 1-propanol, heavy water
(D20), sebsegherenigl gsoioiramdilothadiffosate portibhs arheirsgkd enthe denysletryscreiover 1.1
g/ m. the thelegl galg btilhomass v\@utl d float rather than create a sedinent at
the botPEATSEILPACK R TPF CHEH USRS 18] FIG 2 is a schematic di agram of

an exenpl ary enbodi nent of an extraction system 200. The wet or dry al gal

bi omas aoizsz]t I ansPRiripksy aiboginteRitd) edstikin@atioh Wil b eRfrdcted With U Highesbut not
limted to a noving belt, a screw conveyor, or through extraction chanbers.

The solwaeri toshghtbsmanpetar selveny raties ii.e ¢ glost RAaFRigHre, whidy thg dast Bagtioassilldiwed to
each bi . L . [ 1 Fe .| J dsn L et urni ng
the bi craead STAYPRBKAPE iR SBESRN AR T bl ot IR T O e

t ank. ThecssothettSorerexirhes bahportnisan ey ordel dfaletiadims pelaity witethe ésicdence ti me
requi renent for extrgction, The extracts i.n each storagf tank nay either be

r epl eni Sifddngtonahs Hist BActin it remeye e rgsideprataanpyadiesihenlivant . This
woul d aéxﬁ%ctfo‘?ﬂ%‘&i@esﬁ.hl%eqpa\e’ﬂéﬁsrtﬁ%%@%‘?éﬁéﬂ‘& Ogonm mgwﬁﬁéthecmﬁhla&?dnky- Thi s
enbodi ment conprises a primary reservoir 210, a tpransport mechani sm 220, a
pl ur al iargriof irsegparblipidn devi ces 241-248 (e.g., nenbrane filtration
devices), a plurality of extraction reservoirs 261-268, and a plurality of

recycl s 1-287. .1 n this ermbodi nment rijary. r.eservoir i s divided
up- 1ot SRR, 3RF o Bprion e BereabBRGE 0 b P R Y TP Fd et on,
al gal briereassicfids dndl 19h@ERGh @nshivigtd Fadlyelkids @8ebY Mparadtddlfrtv@ake &l hingt end
221 of transport nmechanism 220. In addition, solvent 205 is Eﬂ!taced into

i nl et riseessyasisEcipasgmeleeylandistdisging i penj prpion vith pnspeleeulppdipakition 2200t
Transp C [ i l.gal . bi: LORg. I . _mechani sm
2201 by PO SL PR ATH S EE AR 0GB AR s BB RRIn A AN 4 LR sl o

t r anspafitidficsichn pasaetonatedaidily o shdplel distilatibly celtimaepasmtitothedevecadain?4l- 248
and is separated into fractions, of varying polarity. The diffusate portions
that pdaly pddoiogrefeunnlReilone deln wisatugiad 1%&8 agids rgngipas Bightdeilingderidus r s

261- 26§, 4O, For exanple, the diffusate portion of the algal bionmass that
passes through the first separation device 241 (e.g., the portion
containing liquid and particles small enough to pass through separation

devi ce [9424] i sImdsanecihadlimginghentfodisents, dlseexeictio2g/stenFamhmethpds dasesleadv oi r

261, the diffusat gorti on can be. rF?é/cI d back. ) fi [ St inlet reservoir
501 T rqnéftgmpg{rege ne or more steps to isolate protein material from the oleaginous material
(e.g., algal biomass). Such protein extraction steps employ pH adjustment(s) to achieve
isolation and extraction of protein. For example, in one non-limiting embodiment, the pH of

the solvent in the first separation device is optimized for protein extraction, resulting in a first
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WO 2011/ 127165PCT/ US2011/ 031412 portion of the algal biomass that does not
pass through first separation device 241 can then be directed by transport
mechani srw@2011te7sécond i nl et reservoir 212 and second ®epasatliiodi4devi ce
242, which can conprise a finer separation or filtration nmedia than the
first se aratlo vrce 241. ment .of the diffusa ortion
that pdSahent hrt 8 PEQIRE rgaétraagl ﬁooefttg OB BE SaP AU B o second
reser VQie e&ﬁ%o@ﬂf@ 1&[&%? th&ph ’t"én%dof{%ﬁ‘t%l%si Wl%%ﬁ@e[‘&jf d ﬂloﬁ‘etm Sﬁ%ﬁ‘e"ré/s@h{ay%%z via
recycl e punp he retentate or extracted portion of the algal bionass
t hat dcaesertwtedpamg mﬁhmﬂsdﬁno,wedo nde eémm at fhoprtdemeludmg et Iwahnbtedm nseg ed by
transpqrt t hird. seryoi 13, . can be
epoat it PESPRFE8 ¢aBidre chbisi L oundS Blal@uly Ay b el SI58.67C o
t hat t hge (@iEMiAatien pevts OoNs at each stage are directed to the subsequent
inlet reservoirs, while the diffusate portions are directed to the recycle
reservoirs and recycled back to the current inlet reservoir. [0122]In
exenmpl P28 mbokn sk embadimentsrthe sqlyept pHols alljalipe. porexamales BSOS h t he

hi ghest I S xture,
whil o (Rt Ehghe (et HIPORaleBtnan a0, TRy ehoBsimelRC o Bphate it
nonpolaangnﬂhmmhhnﬁl@ﬂaﬂh&ﬁHEaBtmphh&mmmdnhuﬁethahﬂv@npﬁbsabmheﬂeﬂmme

extracts co ts IF t he order of decrea5|ng Qolarlty th the fraction.
The f uride PHH0H | £ 9thsrmizodiEete s Y PRribdeidt Re' PRI U8R er and

fact I 1 taiRalrig.s Qte/men%isﬁr@est B0 RbARSS Sn ofaf chbBGHARStHE B AQH OW ar e
rich in polar |ipid l'e the final fractions are rich in neutral |ipids.
[ 0123] Thegosiftoni akxsit 2 dm aloan Sbén ﬁstler ﬁmbedinteotSJ thbeolat® ntthe abowt, ebauitrd,

unsat ur at ed f tty Cld n chain unsaturgted fatty
e ds cntish Bt Sesa0e om ke GGt B bedid S St SR Bl ar

di stillfaflrn té ﬁ;&@@eﬁf‘ﬁﬂét@&eﬂdoﬁr’ﬁ t@@dhléﬂé'e&ﬁh'étﬂih A Fralclib@ltioRaseldn Oof the
fatty acids can be separated fromthe carotenoids using the nol ecul ar

di sti | Inpldrdyn. Immnetheir spidlinyties cobediment; pmtmmr@él isusspergted s thepinal
dlstllla C rat the | ) tty acids for refining.
The Ion ar%ﬁ%&ﬂ%s ura?glp a%tv ¥§ nI%%nﬁrgh boiling residue in
t he colunn [0124] I n sone non Ilnltlng enbodlnents the extraction system
and net[bo2ly deadjushecht b€rs@Eientiphicio apa@ngilBhahi a@torderce vsltlemsthbds kisodratoe
protein materjal fromthe oleaglnous material (e. gal biomass).. Such

pr ot ei rihesetaf akyliig thesrg poreyamply. pid aH; la§t%\rﬂd(b§)mtxtﬁraeﬁrléwr?ereﬂt%&tl%n and
ext raCtthQhQBOI%IRtsﬁ%a{?n EQUmAAMRI R ust I R leh; éxrrgtttdnngcrﬁ&r@%tﬂaﬁm the pH
of the solvent 1nt first séparation ice is optimzed for protein
extracﬂumumongdumpMHgnwniauﬁmm@amdvmnh@mmbm2ﬂ¢659C$hm$ﬁQ&mmﬁﬁmﬂﬁﬂ1§ractlon
that is ich in otein erial. The f the extr step is
bl st P b SRR 0B pRopRE BrsdmBrRy SGHE o RSt o

pr ot ei MyaQds UsBlug F SrottRYexREc@NCRELAE, REhous i Retati®, ?@Q§su|frﬁq’1‘9’ﬂrotxiﬁeoﬁlﬁi of skill
inthe art, including, but not limted to using the Poisson-Boltzmann
equatr@néuen@wh0@d¢ met hods, ol ecul ar dynami cs based net hods, or the use
of t|trat|on curves. [0125]In sonme enbodi ments, the solvent pH is alkaline.
For ex i i I r r ut 10.
In oth r e odlﬂlrr"ée0 erﬁﬁa%{ 'WI;’GD Stem %?ragt(rit%nel‘sg fg‘lrfg%léa S%tsg%%tseb uw In

f ur t herthe stiedtioRpid fradthaatsel et @éslchbecﬂtwﬂh EOr e;@hqﬂlé iddomer about 12. In
ot her enmbodi nents, the solvent pH.is acid. For exanple, in sone

embodi rREodimeHs a8 glgpbhonss tsssorleéién@méhaca%@é safvenf migpire folloRs9dyment s, t he

sol vent: t he
solventl(H Kﬁgﬂg ﬁaﬁ&%ﬂh&%@ﬂ%w%u%@ out h(ggbg§¥ﬁﬁ&%hﬁ{0?§Eoutﬁgnh%h

extr actrenhammg dobid 1ofheh herddurst insegrasatacioon deh/ﬁrmOhaldImuenhl asod @d to
subsequ i nl et voirs..to chieve ex ction and fractionatlion based
Rt AR R S SRS A R R G e A S

separ at&atibnldd@ ffdcﬂ@tllatﬁ)ﬁ%&'&d PRcd 61‘{ b&8rilYis %kf)‘@sk@'fo é‘?ﬁfh%ﬂfs’tedesolveﬁpl vent pH
adj ustment ). [0126] Adj ust nent of solvent pH is acco shed i n accordance

wi t h nmehhxods tkisolate firotein material at the end of the extraction process.
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those of skill in the art. For exanple, acid pHis achieved by m xture of
an appropriate acid into the solvent stream Exenplary acids useful for
protei n exoraci2oresi ncl ude, without limtation, phosphoPCg/tseid/o3sutfuric
acid, and hydrochloric acid. Simlarly, alkaline pHis achieved by addition

coet il DEor onamhOBRT Bt Roffeabruc ccipt e Ry &t FoRon Bt nar i
hy dr oXigdfaris Aidr o Qe iORLEBA L Qh R arDARDr'sBIERNTENE MRAHATPSH SurdRfidh Blifly

extraction is perforned 1n a system separate fromthe extraction and

fracti chaboloictexgremndusess.yddcthdieisthe F@araewarqﬁ lipidsifrons o nedicembisdialrent s, an
al gal bj,0 s, is soaked in a oI vent re, ..f. owed by

a0 at 1 0 S ERRPE R e S BB R AR R e S G B el Ugat T on, or
filtratdeRBfivityl 1R re€RRIN SivaRd ermlx&nbﬂ@éhdnﬁ&dl@t&lds‘e@@nbd}hﬁhsﬁﬁg Xfit@fdnkon and

fractionation system based on polarity, as described herein. Simlarly, in

sone eridelambias suchial elkenermrylemdkane: allpkhafidemederselatonest Wers teptdl. Prior to

fracti %%‘&tt?a’}upﬁ ‘%ﬁeeﬁ]'?ld%ﬁt%ﬁt 81 %Eﬂn%)){ Eﬁlee&‘%%@ h@ e%r Raagiusligfsol vent
m xture elrn rra Ll ? ractlon process

WO 201 1tipRoatEaRE ﬂlUS%&lé:ﬂQﬁékHd(& tbﬂailg&] &b eﬁffﬁﬁaﬁi@nlsﬂclﬂs@le Bhghimres hbnde nt

sel ection and the theory of fractionation based on polarity were devel oped
by ext sFERGHEONIRENL; Eh%%!log@ﬁwaén% t6ve tetnklgud. obyhash $%he i/ AP ISHSHHY t he
Sohx| e:’nf%(t racti on process, which allows the separation of lipids froma
solid terial. The Sohxl et extraction systemwas utilized for rapid
screening solvents for lipid class selectivity and recovery. Solvents from
vari oud0t2m cHIGJ Iasm tbnd@tmga&lstadg)yaaxwmct@nr@fmghfy@fgabmlawustﬂmrisush as

al kanes ycl, oal ket ones sted. Prior to

e o okt Ao o n A comso R S St S o oD B e 5 b

ext r act@dinessth ﬁﬁih%qtlkaﬁe Tstl'v@ﬂt' G(ﬁt]@%l{ﬁﬂrl oft t@traf @dash MeLmds tcftﬁ)lrhp'idl gae oi |
estimation such as the | i'pid extraction nmethod. The bi omass

cont ai rre@ibvzw depdpetaghighed wpﬁ@t déﬁfumﬂn@tliddinVSlzt%X\‘WiasUQﬂe tithedongqsmmm flearz9] FI G
3 presenj t er X a o/al sihg

vart ousdanbit s fd RuiBorah S e LR LOR R A e R IR 2 P o

pr ocessEIGD8 RRéW, ig: @Bultsh ceftadtionlofdey dlgdifmish@siak Isalﬁents ahd esttventdéhal 0% purity

of neutral |ipids and 15-45% of total |ipid recovery can be achi eved

wi t houtexreiangnethedsasvgh dpherene awinefiistenb sxperpere; BWgestlt igpapnyigldiadBe sol vent

tested the total

B AR ol R URE R R pad B REY A h ALy AMARER cs Lsi ng

s o I v e n tmopmdom: ofuthtly anapolaxsotveat foorterh lvadts (6 suphraasoltexmpenareof

ineffic g_ ﬁ%ensw and result in poor yields. The systems and methods

di scl ostemg palpriuggaridwimpmaklesy POPEMEi es by controlling the proportion

of slightly nonpolar solvent to water in order to separate out conponents

of di ffig13¢19 PPh&ldvidrR8rbvh hltoRdINtbMRhtsRES ndke &IEBHOR e pdlarll td%olﬂiee | ower
car bon al cohol solvents were nore selective for Eol ar 'lipids. The neutral

lipid pl@ntrﬁlyllmésum%ﬁfsd’ﬂ‘ynﬁlrhmﬁhﬂmhm UB%f dronthasp a]ﬁglbropj’lsté@hobgdld ngf cohol

di d not ,show a bet wee and onpo 0 ids sul ting
2" e ou B e R i Py S BT AL RS IBRDES Sl B BB

l'i pi ds peghcONRtHaRaN 8% af 6Toh ef peltetl lipips S mdRahf 90% of R gvIAlpidss an
excel l ent candi date for an enbodi nent of the present i nventi on wherein

met hanolhesfprepmethanel ip an sxqellentj cpadidatefor ancambasigent|of ghegyesenbvania®) eagi nous
mat er i t ane.
The- ot R e e ol ARk R  t el ' Bher B M HAP o EPRA ARSI 1 o
cl ass giriveéo tteactiegithealeutraldipddspusingt heptuas oc hecdet hd8ifer silvinit arasste@tetstw l'ipid
conposi t.i on esent in. the orl nal biomass. Furt the total lipid
recover‘{} Wé’&‘y\ﬁflteﬁ“‘flﬁ’et%(a IWE‘]n‘Eléssrséﬂ?ﬁé]éP RGUs ]élb‘gv TS asgesiander i ng

these 549'%’ %ﬂﬁﬁarqa%ﬁlﬁ@k@m?@ﬁtl&hﬁe&%'t BCthk tSﬁ &5t biBmhsO Tyt RRSE | Mutqs 11 pid
cl asses or total I'd extraction. WO 2011 127165PCT/ US2011/ 031412

[ 0131] Tiped reeswdry schu:mtﬂt witlethSedhsdl eintsamagadsiremwbow 16edH0h,rramdbringitinge t he

st andard, bench s e. bagtch sol vent extraction ratus de |bed bel ow in
st coensERYhT Bese et tete M R B ol PRI Tiily (o
recoverexpatttgn | 1 pi ds, and petrol eumether in the second step for recovery
of neutral |ipids. Al of the extractions were performed with a 1:10
solid:solvent ratio. Each extraction step in this experinent was 1 hour

l ong. Cther experinents done (data no23shown) indicate that about 45

m nutes or longer is |ong enough for the extraction to be successful. This
retention tinme is dependent on the heat and nass transfer of the system



[ 0132] The net hanol extractions were perforned at different tenperatures,
40C, 50C, and 65 C, in order to determ ne which was optinmal. The petrol eum
et her extweacbilon7wwas perforned at 35C, close to the boi lPcmgispaitnsi4ei t he
solvent. Petrol eum ether was chosen because of its high selectivity for

neutral lipids,. low boilin oi nt, and the praoduc uality observed after
extractPBHl | oIé%ﬁﬂP@ ﬁglﬂ tg%g%q?tﬁ&t?lyﬁlﬁ iR e e e fpngh
pet r ol e ShithkoR¥ht &EhéRIh a?p%ﬁfah%‘ﬁe%ﬁbeéfb%%v i) Eﬁ%ﬁiﬁ?&?' Tﬁ&oﬁ@&ft& Qkciigep at

65C is over 80% denonstrating that the conbination of these two extraction
st eps entransghnpher theuinsadter foptebveopelentipids, ahth petiolpah cthrendethoistcopdsttnct .

FIG 4B shows that the,.taotal ..neutral |ipid recovery was | and,there was a
1 oni 1 TeLRedSorh AR beubT b ¢ AN Siesti@isindes Ry o I oRgHadelfet

M ni M zgti$ hBadhQssra®fon@df ahislek pdritSert fvak heolBIoAaN Vth @k p@ahés dSicq@atat he
polarity of the solvent can be i1 ncreased by adding water to the solvent.

FI G 5A04pPvEB iededte thababas df nynges exdopgerts logs cheugdffor Bwertrrgivado bromass
with 709 ol foll [ -t et um et her.
Fl G AoVl THEP o R ARy o Rong e Y P phd Bl Rt A R e

petrol eum et her extraction than was achi eved by the use of pure nethanol.
Mor eovdfl32lhe [Ths medfanolextmaationsivpirel perfi@aegrae diffeyent eshysedutzy, 407€, 68 &C,0f
aqueous t hanol in the first extraction step. As seen in FIG 5B, nethanol
ext r act3"8f at- HiGHEHO B@ﬁﬁ”@ﬁnamémw&ﬂt%d Tﬁj%a?tf%lﬁumiegﬁea@ﬁtﬁcm Mot

sLi 9Nt Xr@RAEPASSUC ARG bifi] (bR EAINEIOVR. PRRISHRSAAHRAL ciEP

[0135] I'n sonme exenpl ary enbodi ments the tenperature of the extraction

pr oces secause ohtts bighedlertmvity fdencutel Epslsylewdptlingapoist ai thie pyoduft q@ladigl
conponent s &;e ent in.the algal biomass. Al gal proteins, carotenoids, and
chi or ophyfivedf ereefégﬁ%}oéls of algal components that exhibit tenperature
sensitivity. In other enbodinents, the tenperature is increased after the

t enper qOU3x SERRGI4A ehowsGBht tROANAAE H%i%l fm&v;einbﬁmro@@afrﬂ aatesk b daieedl gal
1412 10136]In still other exenplary

bi omass. WD 2011/ 127165PCT/ US2011/ 03141 &4 i Xer

enbodi reheler a methpralsatragtignstapfat OAE Brovea b atemnnsEes that thepensbidatiam or der
to optiyp iel: i t i . r from
anbi onton S IS Y&t g’ O HBGLHE R ES conleit S FRMGGRPRRHD. 1 O
m Xt ur &E1Gl. ABshow that the rtotehidihigpit secovtig wariperaat] tiicee oks b bignichfitact i on
process i s changed depending on the solubility of the desired product. In
still c?tn%‘ﬂlt%ﬁ”tﬁb‘&?h]élﬁfiio,sst% editSi i on tenperature is optim zed depending
on the algal strain of the biomss to be extracted. Elevated extraction

tenper gpysfs | PELERRS-E IR 18Q1dRkhidiYipRis iHaR! heHafN ARRINEE sRRdME pd1EE t he
viscosity of the extraction m xture enhancing extraction recovery. [0137]In

sonme erdidlli sodvens cart hreinercasca dtyi addinigswatento timdsdvapt. eBKU S argl B3 shaat thet he
boilin i nt. of the _extraction m.xture. .n these inplenentati.ons, the
pr essurEnits of ferulBE o R AP a3 s EBrr BeR o ¥t | e
mai nt aiyyi d@ratish WRNPpEkGbuh ethef. FIE sexdhoagtthAmhdeutidl BpiBuaY Rad @OEELr at ur e
at which any of the desired products would begin to ggrade, denat ure,

deconpdsgher ¢ thsecelsumayleay cx{ractRg|than warchwvedpy doyuse pbpeticregibanol.t he
extracty i nfar r.1h i J f | vent at the
condi t i%ﬁ%oﬁ%dglg l\él\%%iogﬁgltltﬂag% %(C{Srvgaég%aﬁlyiqu%géri B %rtﬁr)r@e%% ? g _a%_?e,o ugﬁrertohg ﬁﬁ)ﬁlepi c or

el evat able firsessiticeidN stehN AStsb&@r ineHTGO 8B NBthsnol tetk@a@iohradaighontcinpepeartor med near
the boiling point of the extraction m xture, again accounting for other

ext r actiMpFO e mar 3! dinid pusity Syt Highdndesraissd & tovgbaltd REYSE Hehetubsequsht of t he
solvent inhto the algal cells is faster due to | ower nmass transfer
resistance. If the extraction tenperature is allowed to significantly

exceed the boiling point of the solvent, the solvent-water systemcan form
an azedfitde. Trhsmne ereimplay embgdinfeatssths teameadturerof nleagxtiabiorbiobésags poi nt  of

sol vent woul d, gener at e enough vapor,s tp enhance the extractio whi | e

> oduer g BN SO S oidinat SRBNEy bLuE EDTERSS PN Ae el "ot ®hi gher
t enper Hiskh®s, AMMIGRotes, datdtédiRds, bREEIRGDBhYID @(eeé&ﬁﬁgteis VeRgascoMpodits @k i on at
tenperatures close to the solvent boiling point. FIG 6 shows the total

lipid rexbbiteempenaturhecnaidiyépubn etbeihemisidipents.dhe tempstatere ieiacreasad adier §shene.
Al t hough performng th t hanal, extracti o e It i{d.ng.tenperature
1§ gt rom g Bs Sl M EiANe it b8 Re 8 ol PR PPRer @ 5, 1

enhances the total |ipid recovery. Y



[0139] I n other enbodi nents, the extraction is carried out under anbient
lighting conditions. In other enbodinents, the extraction is carried out in
an opaquewoantiainss such as, but not limted to, a steelPCraiseoion3wasi ng, in
order to protect |ight sensi ti ve al gal conponent s from degradati on.

Carote | sen5| conpponen

2011/ ﬁgtgép Itféﬂgﬁ?rc?ﬁ@f @f?lrrﬁnet ﬁeresﬁéﬁarea(yf\o he PHBWHAR ATOSCSStihe

extr aCtddﬁI&ter% Srdcl 't@é‘rﬁhrﬂﬁ@ﬁ{e ﬁélﬂ%@'thea&egi‘?&f)ﬂ%ﬂh& EQHQ&t{an R%h bd Anskdrh | ot her
enbodi nents, the extraction t'akes place under a nitrogen atnosphere in

or der tamtpt:mtt@nperamgraup t@ohlpdntmt §h€plvcuh% panoxi tttatezxtmtlon mistuid. | Instiler

enbodi nts e extraction ace under nospher e ,of |n rt gas in
et TG S R St S e AR S o A R R e
m ght tsehmtlggaefue R¥ir&pproaict] NedtlbgheR b RINALALS, ,th@&ttfarca@[mélnt eraame iy i pids.
[0141] I n exenpl ary enbodi nents, the sol vent-to- 'solid ratio fpor t he

ext r actapsimized dspendiegontls aieal stain of thediemyssie by Rtrasted: Hdewid exdraption he
bi oras Ste%ggt%t [&Shdual. Al %)qul%lméﬁ&?d%?lrédsc(?rﬂcp(e\on{l%snan%ar BRRYAL 91%@ t St starch)

and can as a fee vent use r extraction.

[0142] Exﬁ:act?on&hﬁmﬁebﬂl@n@frﬁg&&tra@fontrbébx&@t vent to solid ratio on the total
| ipid recovery. As the solvent to solid ratio was increased, there was a
correspﬁggl ng and drasti c increase in total i p| d recove[ i s .believed

that tH s Bromsembadipgads, thgertrasgpn b nup up dgpresspieds © eﬁatﬁélt%‘%ﬂttblilg as
conpar nt A AN & ra S RN Ve U the@l tmlﬁeatl&ﬁatdn@ Nhe gte»gaﬁt $ kehcaso NRxane.

[ 0143] The solubility of conponents is affected by the polarity of sol vent
used i nlegreecextesamyitoprepegdedsg, Whde stallruilmingttb!e Eryeatiic ef theantbetiansed t o

determne the ratio of Ss t or exg 40% \N/W\/\et
bi onms <AL 70 4psaliTacvBER gl ek el s Bo R been e G mes. I 1
100 g qfengit2@&donposadd®d de@rdyBils m xture, the ratio of ethanol to wet
biomass is 1 part wet bionmass to 1 part ethanol and the concentration of

et hanol [0138]t helnrsmqmsmpéari@M@imwne@}he@qtrau@nabo@nforew%nmwhefooeimgano| in
the |1 11% 0? r‘hae,ss%lve%? 101A) a\tltléﬁ)e ol ﬂ? %er W%lala&lgleiit pakah i a3 %o%need?%) Iﬁgesmmds

to a polarity index o ate ¥agi g

pol ar i tau@ssphbrit bﬁel@@aﬁ&Dﬁl@EﬁuﬁeS) Etdta;n@t emtmvthms ahd)@itﬁblléﬂlslpédﬁﬁn&f ndar 2, and
water, having a polarity index of 9, in a mxture containing 62% et hanol
and 3899%APIERE PREP Beichiraction InkiuS, s agcaymtipg fg pilsr pxtragiogcondians. 6. 6.

nout ol 5 YeF S G M} R SEESF AT P RIS, | gy
of the tohstamasd mnstfexsnemet,anm df dfe es:hacttionl tarnpétettmas ts aNowled t(bﬁgﬁllﬁlcmttyo

formul at e 0 nt set hat can selectively extract these conponents.
[ 0144] |%C%F?&F%E?lﬁe&a%re the poly il thespHERY BHYEBFENEAY 19T 48 24500REur & of

i sopr oppiys %agta%ln§% SRR Lr n&ﬁ'@heq%ﬁﬁg %dﬁn@(ﬁf sbtveﬁt wOhM@Rherh® cnough

((3.945.4)72) which is about 4.65. The ratio of solvent to wet biomass
woul d bepealte shlenedtheextratton, whde poluaing tekpsise. T giditica, tetopiblldy iof gil i§ ndex,

m em?gll}qg\%f%ﬁa gﬁiég%lﬁglingerg (y%‘st IWgHD%fcalll Ff)t'fftﬁl\e@&n%ltease ﬁt[eljeltfeect(l:\éien%éjs oaflexgracqyon a?l ving
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.

[0139] 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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X*4.65+(1-x)*9=6.6 |i x = (9-6.6)1(9-4.65) = 0.55 |i 55% w wtof sol vent m x
In solvent mx-water For a 40% w w wet bionass, the wet biomass to | PA
ratio i s WO-201158y668. 6 - 0.75 [0145]Wth a 40% w w wet biporasgotiiosstizvoul d
correspond to a ratio of 100 parts wet bionmass to 75 parts solvent m xture.

A 40% t biomass has 40 | omass and 60 r for every 100 g of
wet bi %ﬁ%‘ﬁe F ol CIFXGHD 9@%95)1%}6%{8 the Ftachpadake |u§d%rm}¥le t he
COncentaﬂtﬁBéﬁB@rlQEoﬁQﬂld&%nqn ht'ﬂl bih8r Fh¥ddifBnis Sthé Zp?t%a{czlgﬁ@e@egl‘])_a%e gyt 55% w w of
solvent m xture in the solvent m xture-water solution his cal cul ati on can

be useditregenbitmpspheteansodey mprolmcmlggbcornaiomontapmmactch oslxlammtlmnllyﬂmge and
for each rod A few.no |mt|n exa | es ,of s nt set
Tobl o SRR 1Atk A U R
Extr aCtdl%T' cORpbFenBirofd @VB?(%‘atloﬁaVAtlgal %@ﬂnwﬁe:nts BhoIBHsbepine sSoHadttcn Dry
Bi onass arts Wat er

include carotenoids, chlorophyll, and lipids.

[0141] 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.

[0142] 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.

[0143] 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.

[0144] 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
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Sol vent-water ratio Extraction solvent polarity index Ethanol
100994094 0600. 625. 2 | PA1005240% 40600. 463. 9 MeOH1009340%0600. 615. 1
Pr opanol WO24408600. 474 1:1 | PA Et OH mi xture 1006840%#06032&343652 95%
et hanol water m xture 100115 40%10600. 665. 39 95% et hanol 5% net hanol
1 40%} 2 % 9 9
m xtur e egcggve%vo ?c? gged@co?na ca SS%WO/vstopﬁpA-wa?eﬁ)nlngﬁ\lrem caﬁmﬂated %ggolg?ng tR /640 60

following algebraic equation:

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

[0145] 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 cach extraction stage and for each product. A few nonlimiting examples of

solvent sets appear in Table 3.
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0.61 5.135 One step Polar lipids Extraction Et hanol 100 320 40% 40

60

WO 2011/127165 PCT/US2011/031412

Table 3

g Extraction
:Solvent- solvent

.parts wet parts ‘Biomass :Parts Dry Parts ‘water ‘polarity
; biomass solvent dryness Biomass ‘Water ratio ‘index
:One step Protein Extraction ? '
Ethanol 100 929 40% 40 60 0.62 5.2
A e o e i s 35
MeOH . 100 93  40% 40 60 061 5.1
:Propanol 100 54 40%: 40 60 0.47 . 4
A1 IPAEtOHmiture 100 68  40% 40 60 053 4.55
:95% ethanol water mixture 100 115 40%: 40 60 0.66 : 5.39:
95% ethanol 5% methanol miture 100 99  40% 40 60 062 5195
195% ethanol 5% IPA mixture 100 95 . 40%: 40 60 061  5.135
Onestep Polarlipids Extraction T |
‘Ethanol ‘ ‘ ‘
PA 100 101  40% 40 60 063 39
:MeOH : :
‘Propanol

1:1 IPA EtOH mixture
:195% ethanol water mixture

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

SOne step Neutral lipids Extraction
‘Ethanol :

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

[0146] 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.

[0147] 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% DMSQO increases the lipid recovery 3-
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0.84 5.2 I PA 100 101 40% 40 60 0.63 3.9 MeOH 100 274 40% 40 60

WO 2011/127165 PCT/US2011/031412

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.

[0148] 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.

[0149] 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 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..

[0150] 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

Proccess.

[0151] Another embodiment of the current invention utilizes microwaves to assist

extraction. Based on previously gathered data disclosed in this application, it is shown that
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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.

[0152] 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.

[0153] 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.

[0154] 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

32



0.72 4.55 95% et hanol water m xture 100 468 40% 40 60 0.89 5.39 95% et hanol
5% met hanol m xture 100 317 40% 40 60
WO 2011/127165 PCT/US2011/031412

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.

[0155] 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.

[0156] 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.

[0157] 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.

[0158] 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
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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.

[0159] 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.

[0160] 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 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.

[0161] 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
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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.

[0163] 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
being hydrotreated, thereby improving the performance of the hydrotreating process 620.
Further still, it is advantageous to retain the fuel esters from the distillation process 625 to be

hydrotreated in a vaporous form, as doing so reduces the energy needed for hydrotreating.

[0164] 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
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after s@bwanh tieFPMah abSut ABLIRAG foY stirBAS SBeafiéh, ané RItkIngf TR R8ess ANY

solids remaining in the solvent renoval system are recycled or discarded.
Cent ri faggerae 3 fystdicglcd cxifactiopaniatirqer slwey.desipriset! of yiarst proswndally lequd |

pr ot ei [, 1 pg fr ny.:f i / ' ' liquid
Phase. TBRet RS dp GRSy R 0 5P Gt A BhasBB s e Rek e &gl
mass c&ephatipi oaessadoinglified by vatiegafahcthod owith ehedrgakludimdbgtme | n
this exanple, an algal biomass is extracted in a step-w se manner in a

f r ont - dHAISSY B cEBE 1fgations dergniaHan.riiatains syligentaiseny aﬁ%ﬁ&f%ﬁwnﬂéméﬂ& action
and se i - fal. RYinfh erification process 610, a
hydro|5@?@5%%@32§@9@¥@I@3fﬁ%é@%@?éat|ngpgﬁ%ggss 620, and/or a distillation
process 625 to further isolate conponents and products. The conponents and
product[g176]cl uttae ak@alibstankinilts solal [Gake BrRdreih&d vathya e, and degtefoi ds,
nutraceutical s Iong‘chain‘unsaturated oils and/or esters), fuel

esters geg@rﬁ@raa&eggé(? hastedeesfTagtionHRIIHE OF NAITH- GosRRyisRd obt second sybsiangakier ) |
fool s vy e | : |
pfgfZr#%@ﬁgwggg?%%%§§°?ﬂ%H?E@Pa%@?gﬁﬂﬁg%éq@%%ﬁ@ﬁ%#ﬁ*ﬁ%ﬁ%fﬁ%@%I%ﬁ%? érs? t he

fuel edtretay twram dgh8owshait solutoigt As exdmplstoif klichat dodutiomndadd nempsse dboet esters
are a m xture of chain. | engths, 0. or shorter. . [0161] The esterification
proces stymII,Iy W ST NG RaR ﬁ%ﬂ s eid @]éItII‘I]Ing 5@%_&%@5 t@éﬁpﬁﬁﬁg-

di sti | I'phii QRoRs ARHSHSRPIALIE pRREIONR chath SabuIke,BRgf i n various orders.
The dashed arrows and dotted arrows indicate some, but not all, of the
options for when the hydrolysis, hydrotreating, and/or distillation
procesd0s7Huay boae peohdsuscntially fdidypbases shangnixied twhith Wwatgd ahd Hentedtto ons.  For
exanmpl e, in some enbodi nents of. the invention, after extracti.o nd/ or
separ at%eaﬁa%agtheaﬁﬁﬁtsg CHLACHIOP RUX HELRT A ™Y iCB’InBE‘S?%rOi(?ttI”(S_ Sg@%ﬁnﬂéﬂﬁﬁﬂ@& ly
hydr ot nfalethd xRt dbsthiiaTRKSd bieke PYACHE P 1ANMHQIcxBALId HRSure or slurry
Alternatively, in other enbodi nents, the neutral lipid fraction can be
passed it theastieed thiabauti bor geace suridig the GHigR]ubstannalfy logpid pmspmothedstcBl 0 can

i ncl ude_t echni . i.n th h i,d .cat.al ysi.s, d
ol uddnEEe B St FEtfifohorty 6 bion BEca R RS il W B0 Bl irlise T or "
pr oduciyecheSMRh& BAMEEEn predis.cat al ysis is preferred as those techniques

avoi d the soaps that are fornmed during base catalysis, which can
conplicated downstream processin Enzymatic esterification techni ques can

al so bd0lEHd. iEhe mdr%a@méﬁhlyéahg phase esthion prsedawitth asplyenpeand hspgdpat er i al

(over 75%.J 1 pj -ej n). f 1L i I bypr oduct
can be é%%%g%gu?ﬁéﬁééfgyggpg%HIPB@’g @gﬁikﬁéhﬁﬁﬁ’efggmﬁgbgﬁu ggﬁénd/or
nonnol daplidphade siid & Failrthonb{tprtatiesslidéghgse] n ondaticired sepadiaicat,elsd exlvdnt ed
| i pi ds of different(ghain | engths.as wel |l as caro&gnoids present in the

lipid fFREATRIRCS FHanQls {upihes Rap-imFingcbodimefth hiesqiuad s CPBPHYGHBECEat i ng
process,§20rhR BRI BeALs: &B@Ianolpisgﬁlogé?dl; ac%ﬂe,gattmrac thigl afar oducts.  Any
hydrotreating process known i1 n the ar an be used; "such a process adds
hydr ogexctooittilee Thie poldd amd qpud pbasanarertiemsepsrady Jars fovite sulisemtialixBaptar y
conditions for hydrotreating conprise reacting the triglycerides, fatty
acids, fatty acid esters with hydrogeA8under high pressure in the range of
600 psi and tenperature in the range of 600F. Commonly used catal ysts are
Ni Mo or CoMb. [0163]Hydrotreating the fuel esters rather than the raw

| i pids has several advantages. First, the esterification process 610
reduces the |l evels of certain phosphorus and netal s conpounds present in

1 —yr e o o o . T T a



WO 2011/ 127165PCT/ US2011/ 031412 distillation techni ques known in the art.
For exanple, the distillates can be fractionated using a sinple

di still atworrotigi2oxen to separate the | ower chain fatty aecaaStan/ossfl ni ng.
The I ong chain unsaturated fatty acids remain as high boiling residue in

t he col ym.. I n _sonme enhodj nents, e remmj ning vapor cap then be sent to

the hy ferléﬁfﬁlﬂ&gg’il BERgan Tris Fnéer%%}(}’élﬁtf%g‘gbSl@’ﬁtaflﬁgg’pﬁoé@é’ﬁﬁsq H¥ent i on
are thafe dnticHddGhdHiRUEShERE oA IhpRTicA o\f%lﬂb%arﬁhg(é%ﬁf bioWRich favors the
energy intensive hydrotreating reaction, as described above. [0165]In sone

enbodi nents of the invention, polar lipids (and, optionally, neutral
|'i pi ds)[0&TH hy @t ainyzedbédimbiytdratysicn @ippeess vhbsdiefatireldattelly ipassed to the

esterification ocess. i ng so unbi he fatty acids of the al gal
1 pi ds, SEHBPIERSD L@éheélodﬁgﬁrpeqss ARV e tlgegélit‘ﬁ%%/ #edicss Po* M ned i nto
usef ul - PAHEERs alcdE8RH BhEmilR. I Mixdnd éa@i"l&‘eh&%m? ' d'B9 a%aREQESRAHIR for

produci ng nutraceutical products fromneutral Tipids: In one inplenentation

of pr odeewniodc aresichab, Hut podenigedetof gring, agrfataats engprachmgpridesemece5 t hat

t tenqi ds . f EPA-rjch oil. The n L liend e
21 Gac. SBUPEE qanarried sy T Re urecprplSEl ot By GalAl it 0" "
di scl oggdsdveidai st htmaﬁﬁéui/ Jofig gﬁ@é& e sblid® hﬂtsh@lﬁg 81@&.&@ RRMh&H §¥Phraf@Ur CES,

such as plant sources. [0167] Adsorption process 5 includes contacting the

neut r al Sephigrias cyi bhacgamabishsetherit varistyaefsuethodsHaowarin thawst msludngebutawt bet a
PR R T N e N

HP2(OSS (‘commet Ci a aval .). The
neut r alsubstpitth$ly dRunidoshat@Btentibieedad gtobadintpréteing bat ch-type process, in which
the neutral |ipid and adsorbent are held in a vessel for a selected anount

of tine. After the contact tinme, the absorbent and liquid are separated
usi ng tI8t¥Hi québe kirrdwrbstantipthesalrd phaphisdhdnanixedpiidmestenanddivgted g gengaior bent
is held jn or. bed t he t i Pl r ed t.hr h the
dsor barie B ARl GRS, R oL e B RS o T hBiNES
cont entandfa sebshdnabiti@lallyispiidiphdss. madusiaandt kgiephasey dtednngpantedi Thisi ch in
EPA. [0168] The carotenoids can be recovered fromthe adsorbent nmaterial by
treati ri§caieubsiariabadiquid Rhesals capphesipiatiusnis prafeins i ncl udi ng, but not

limted to, alcohols such as ethanol, isopropyl alcohol , butanol, esters

such azpﬁ%gi’ '6 g?ﬁf sl QﬁbsPa‘f'Jﬁ%!}lyo Qi Mol is gll}ﬁ%anr{&%d S A ag@ RE8d d

pent an 'S a WC ng a process or produci ng

fuel preduatesa B30 hbstedenedttivalmikiupd S8R cohPasdiedftar tBird kiittaSiakatiqlia from
an al gae source generated by any of WO 2011/ 127165PCT/ US2011/ 031412 the
sel ect iRfese3ndraahird spbstandiiHy selekphsise cTospid of Brethird oupagtinsymixty{e opgytry al

| i pids : r : : : - al |ipids
aro tr aarien s COPLED BEreal g Yfin AT AR AP HOGTR SRR, othea
t o r edyreteinie Thevaidamaf liquid phasesaard thpnos pdreted pthd shirdsubktentiediytliqaid phase ds. I n
sone | lenenig%ioni, F relatively dilute solution of phosphoric acid is
added MBI PHUPIBHPCNS NG the mixture i s heated and agitated. The
preci pitated phospholipids and netals are then separated fromthe remaining

oi |, fqu184anpirge tHidd «®GhsitidllydBlid phase is then mixed with a solvent set and heated to
generate a fourth heated extraction mixture or slurry, comprised of a fourth substantially
liquid phase and a fourth substantially solid phase. In one preferred embodiment, the solvent
set comprises ethanol. In other non-limiting embodiments, the solvent set comprises one or
more of the following solvents: methanol, isopropanol, acetone, ethyl acetate, and
acetonitrile. The solid and liquid phases are then separated. This fourth substantially liquid
phase is enriched in prolamin proteins. The remaining fourth substantially solid phase may

be enriched in lipids, depending on the composition of the starting algal biomass.
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[0170] The treated oil is then passed to bl eaching process 815 to renove
chl orophylI's and ot her col or conpounds. In sone inplenentations, bleaching
process 8%0620ne¢i2aés contacting the oil with clay and oPCotuseriiassar bent
mat erial such as bleaching clay (i.e. bentonite or fuller's earth), which

d he. | of ch| hyl | th I dn th il. Th
{reat odVBRI' ¢ nahe (SclssbBa Hymar it det B 5§ P bE<S THREN ARG HyiDgenat oo
and_deqyryaapales shiven HOPRRNTNS Afy 4o Obbs $ant efoRthdifloAebaAaLS . for

exanpl e, 'jet fuel mxtures, diesel” fuel additive, and propane. In addition,
t he hydrotaseedn begpapionmed scr8iclaliom hause of hemteps irneikdcny saledtivdie cxtrasati on of
smal | er .chain. co und such as and na - ~AN f the hydrotreating
ot oces SR BB e ST 0 AP TRERT 7B i B st s 820,

[0171] 'Héﬁloﬂkti(z_ltét[?%/ﬂi‘e RV dSomdRR/trctiontdphr. hydrotreating process 820 are
passed to a distillation process 825 to separate theminto various fuel
products 830. Distillation process 825 can include any of the nol ecular and
non- ol [8&841ar i & pen-imdtingexapmpih iglpbubin geseips prndbastestively extadethiTom & he art
for se I . : : i i nst ant
| nvent | RaveRPe (MRS bidhAs it SR RTRAFAIRRE o SnchitEe oo,

Ext r acthcated ektripgtoheningireist sigrry,engirised osedibsehtidtsliqfid phise anhy advant ages.
In particular, algal cells do.pot need to be |ysed prior to extracting the
desi r ecﬁugﬂmt@{llﬁgs’g@%has%_s? P‘?lf‘{] wd I Pt tﬁ%‘ffsse_aﬁra% rTél_EthiqB‘raﬁli. The

met Nodspiafe §RArHLRAADIabhAY BRALIAN SEYRIQ! 17, biactiBh URplIRt Y profiles of
different classes of "'proteins in order to selectively extract and
fractionate themfroman algal culture, biomass, paste, or cake. [0173] For
exanpl 40180 al fuinothesmasdinntiye beanenid)jdipmed prascine st bgscdevd velyxextrgeted ext r act
wat er d salt soluble.proteins called.al bum.ns and bulins. This m xture
can t haibnd Shy@dtey Hgh g SRy Bt PN MlE A LA Rb T ol Pl o

pr ot ei Niagdlek@setionenighud 6t 41y, chhipsised 6Pa GdBtahhiary IRfiid phdsevwedaby a _

sol vent - based separation of the al cohol soluble proteins called prol am ns.

The r ertibsipnitplisehdslasgo dhel seled #riddifuichpleae ey bienalesspaiated) Thie diguid wo
2011/1 SPCT/. 4 . tal : tracted from both
cal tvatr ang gt it bourg 56 F1G. . BB AR e *17 %ang 16, The
presence of salt in the saltwater algal culture or biomass affects the
extract[0b8o]of & 4 fiethenhorclimsteasexammppy, ptdamin foateirtsiven besdlods el sxtdacied d

herein enable one to selectively extract proteins o] i.they fresh or
sal t wat 8™ &1, ré[SBw@I PR Wﬁ@réwﬁﬁw}?@ﬁ% & ReRorRELG ol ﬁﬁheﬁﬁ[s‘f%‘f%s_ from
fr eshwactx%ct?dng@hc&%}ﬂlﬁhéldlsbﬁ&ﬁgﬁ@#ﬂe%'f%ﬁb%a‘ép@dtﬁg\é@iveﬁﬁ QESRhSAML I N FI G

17. Freshwater algal cells or a freshwater algal biomass are heated and

m xed. gvhstiatep laredixstractommplxitgh edsloyry aconarised 9f @fubstnholdsligundwhaseranthe art
such as ut. not limted.to, stirrin agi tation,, and rocki Thi rocess
coror et soli BhdsEo The sor k4t iR pE Al R u e R RSB PR OT T e

subst arghiagd is ¥ntitidiifl pRhasm podind. first substantially solid phase. The solid
and |iquid phases are then separated. Separation can be acconplished by a
vari ety of methods known in the art including, but not limted to,

cent ri fl0&&i onIn yré @aethat pasnlimitingtexample, 2 BEGTREIHEEQT e, beasbpcyaly exfracérd Thi s
first Sﬁiﬁﬁ [ e[Vl ' ' in - ' e [0176] The
first su s%gﬂ%iaﬁ%sgwé{gﬁwd&&%}aag%g}ég%lﬁg%k%&%abv@wn?ﬁﬁgg@ 1\%{/5% tgfe'cgﬁed heated to
gener atextractimcio actongriskel exiixang theralgal kiourass @ith alsalvieyt sec @ngememedarof a
second substantjally |iquid, phase an seconq]ﬁsu,bstan,t]iégl ly salid phase.
The sal TUREHW MBS BESIHEY Ghd PSRRI clpngryy hednixfirg o LoBENLIt sol uti on.

An exarghfrREq §M&b§taﬁN§‘%ﬂl lii%d }Qﬁ’éélk dn&Q @Msita,%%aﬁ%) ch{hd S4RE Cahd %h@l%n&"liguid

conprising mainly o e solid and |1 quit ases are then separated.
Thi s seghessd csubehdetsepdratgd.| Theliguip phsse i snrenhed ohewtdims gl obul i n pr ot ei ns.
[0188] Having been informed of these aspects of the invention, one of skill in the art
would be able to selectively extract a desired protein from either a freshwater or saltwater
algal biomass by either a single step extraction process, or a multi-step extraction process. In

light of the instant disclosure, one of skill in the art would be able to interchange the order of
40



[0177] The second substantially solid phase is then m xed wth water and
heated to generate a third heated extraction m xture or slurry, conprised
of a thirootigearssi al |y |iquid phase and a third subst aomitské/osaht d
phase. The pH of this third extraction m xture or slurry is then raised to
about 9 or greater, enriching the third substantially |iguid phase with

gl ut el ithe bbogf@é#?%&sedrﬁléﬁ%tﬁp gzgeon s spifR¥idsd Hiak therpeofcleonicat ebfic he
third Sdi'é)ﬁhﬁl_% hid dhy sJ)l'quFMd &B@i%i%s BEIRYrKBILE 6PRekrEd ol HES! ihid REOLRI NS.

[0178] The third substantlaFIy solid phase 1s then mxed wth a sol vent set
and heddthdr ¢robagementapéthy dissinsthmectmde thagninqoaadriion waskistepeeoreeslcaeh y

conpri se qf a fourth substantially liquid phase and a fourth substantially
solid 6%’3%@%$?Qme preferred enbodi nent, the solvent set conprises
ethanol. In other non-limting enbodi nents, the solvent set conprises one
or mor g0e89]t he FooddyitRadiSelbyeadproteinBxtraaisy meth6@R tiRp&Rattiorf@ @B lurst hy!
acetate, and acetonitrile. The solid and |liquid phases are then separated.
Thi s f dugt be @améringd at aihegted teppegatusgdonp pariabottgsedy soseemyodanents thihase i s
enrich L0 or 1. E i {0l i: solid
phase oy ALATL & Bh kil o HOel KRR O Bl bl e

st art i rapoad YWadninutemds som¢ BbEOk | the sxnEtionogiuneis nsaintexted acd heamedof pr ot ei ns
fromsaltwater algal cel]s Bﬁ acconpl i shed &y.the novel process shown in

FI G 1€§?m8%r?¥%$°é cly oG R0 |20 nigHtcs ard phayh PR mintes | Innthrrasrecty @‘eheat ed and
mi xed. Mo SRR AGHOIRI 3 19y @npdthi@tidr Ml RIS KRNI @ the art
such as, but not limted to, stirring, ‘agitation, and rocking This process
gener atabsutD(inmstesheat ed extraction mixture or slurry, conprised of a first
substantially |iquid phase and a first substantially solid phase. The solid
and liquid phases are then separated. Separation can be acconplished by a
vari et jﬂb?olmet Frospangcerabgdimant ﬁE@ g¥tfactipg Pﬂé‘iuff‘és,lu%wlaﬁé‘ﬁ?lﬁi“ﬁ& {ed to,

cent ri fgalh Qs ISQGRI AohPFoect TREGE ApecREML TRIILA] ABbulANGhd bilfciat i on. This
first substantially Iiquid phase is enriched in gl'obulin’ proteins.

[ 0180] Tiwetefnis ast cxgabst] antengiectapursobf ldsgthars ebdus 5096 Ninmithes dmbotimonét tbe and

heat ed t ener at e second heated extractjon m xture or.slurry, .conprised
of o sECTATEBOTIREIERI ) DS SRSENARGo3 SULOANICEROFRAL PHIYSSol | d
phase. nfRersRQhukd. andorhé BipettsPRaPRIaAMDrHRAR HEPaFR LB Rt tehtPePatHRS BIBE to
substantially Iiquid phase is enriched in albumn proteins. [0181] The
second tBubeiiagppiar piths gkirabtioh agiaturg/slien Impthederpbadimepis.che aredsuiest ed t o
generat.e_a third heated extraction Jm xtur r ur.ry, . c ised of a third
Jubet arr By PrsUFRO S PG Pt il S0k iR EEaR e oH o
t hi s t hhixthgesépsas bhl@mceextdetienor slurry is then raised to pH 9 or greater,
enriching the third substantially |iquid phase with glutelin proteins. The
solid and |iquid phases are then separated, the third substantially liquid
phase being enriched in glutelin proteins. [0182] The third substantially
solid phase is then m xed wwth a solvent set and heated to generate a
fourth heated extraction m xture or slurry, conprised of a fourth
substantially |iquid phase and a fourth substantially solid phase. In one

preferred enbodi nent, the solvent set conprises ethanol. In other
non-limting enbodi nents, the solvent set conprises one or nore of the
foll ow ng sol vents: nethanol, isopropanol, acetone, ethyl acetate, and

acetonitrile. The solid and liquid phases are then separated. This fourth
substantially liquid phase is enriched in prolamn proteins. The remaining
fourth substantially solid phase may be enriched in |ipids, depending on
the conposition of the starting al gal bionass.
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WO 2011/ 127165PCT/ US2011/ 031412 [0183] The di scl osed net hods al so provide
for the selective extraction of different types of proteins, as shown in
FI G 17- 280 20ny120f65t he st eps of the af orementi oned extr @CTIUSAIPHOBEEES can
be perforned separately fromthe rest of the steps in order to selectively
extract a single protein product. Two exanples of this appear in FIG 17
and 18, as the as denonstrated by Examileghed box around extraction step |a.
[0184]In a non-limting exanple, globulin proteins can be selectively
extract fir o r r j L ' ' fth salt
vt e diPHlear Doy B o Al Dl PR s DTSSRy BBt

conpr i ghdtabioreacsarbs SBrshmaldsyf varguigdipd asec@ndere IsubstalntAfedriiymewll bl phase.

The solid and |iquid.phases can then be separated._ The liquid is
enr i ondt AT labgmtﬁf%%%it%ﬁg%é@ﬂpleéaweiez§9@3taﬁ Jox o g%@f&? -k@?ﬁss] In
anot NeruRPplsd | At file R8T Gunt WAL B B 84195 GOy SRLEGIdR! Y extract ed

froma saltwater al gal biomass by m Xing said biomass”with water and
heat i ngquoatpehemnd 8 nal. heethawbl esdvertordscudded dtar threr-nagkiftasky cquppglwisled of a

substantially |iquid phase an substantially solid phase.. The solid and
aai d haud el BEReand» TRl | Rt aX il B Bitered o

gl obul iBflPEQLBE NG miseRd hikrohBve Riddiaaet. | B Sleed, it mbQdB&lds ReRuxcdrbher
non-limting exanple, prolamn proteins can be selectively extracted from
ei t her & witleslsolganse hepting g Afigay ads.dhgymixtpiconsssooled te Feswm tanipeRt@e and.  The

sel ecti Eact i ' o |1 she i xing the algal biomass wth a
soIvenf%ggﬁégﬁﬁgﬁégg?%guﬁgrg%ﬁg#%3%H%Bﬁ%gled extraction mxture or slurry,
conprised of a substantially Iiquid phase and a substantially solid phase.
The sol[0#9Hnd Thetita lipidsgalghpamplenwbe aaelyachistty a dlerdforguintttiphhate i s
enriched in prolamn proteins. [0187]In yet another non-linting exanple, a
pr ot ei MHFaRPICBIRAC e iselo R ibcand\bicy s divit Giason Pgifodi o Risrto 3l ]rlPlgé’ﬁW_ﬁt er or
sal t watyef, BLOR! rodrOERSE: S 1RO Icy Bl Glaiklh. 101 ISRCELE YEuRY Lo ACkEPN 1S
acconplished by mxing the algal bionass wth a solvent set to generate an
ext r actinomenirxltlymds avd mlard pydsarydstaidaelotolurgn ehrpratigsapde mathadesimg 6-208. The

i xt i i sed of bstantial ly. 1iguid ph d a.substantiall
Sol i d prabeTtel &R Cofiy Praia phibd i i freH e BpR R A Prerhe 11 qui d
phase igeigiyd ﬁﬂ?ﬂlitﬁdllyl%%&hﬂé? la{ 8088 Likay h RetaRe8Rpb IR (BREh HwilRessdashect s

of the invention, oné of ski in the art would be able to selectively

ext r actthen dressh ynalgr bigh ve¢unnt.r bim driqdretentatdsrvessppkiced uster stogamerd than gal

bi omass_ b i t-her si.ngl e. st xtraction. pr S r [{irste

oy aotrand LR PABIE e AR WS RS 0O 8 s B Rion, 1 ¢ e

art wouhw fbey akill enctigylicittBrshhangptai@noicdeld @f1 7:0h he thalianeat stasdes.ed
mul ti-step extraction schenes, provided that the protein content of the
al gal mass._ and_the solubility properties o roteins of interest are

er fth
taken il laccdbntesulty (e narbsthendisatedt ﬂxah%{wdg‘gg\reo@@ateér@m@d@nm best
| nCor pabALenRal'GiShe 261%011@8& neGe fﬁ%ﬁ?ﬁ&‘cﬁf%@%ﬁe&ft MY ShRRvhat RISFHEAL f’d?¥hé’f the

di scl osed protein extraction net raction m xture/slurr
separation of neutral lipids. Electronic heating is more consistent in extraction effectiveness.

The final yield is comparable between microwave assisted extraction and electronic heating

assisted extraction, but, microwave assisted extraction is significantly faster.
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may be maintained at a heated tenperature for a period of tine. In sone
enbodi nents, the extraction mxture is nmaintained at a heated tenperature
for bet wewo 2at101271620 m nutes to about 90 mi nutes. |n soMETASPEAN31412 he
extraction mxture is nmaintained at a heated tenperature for between about
20 m nutes and about 60 m nutes. In other_aspects, the extraction m xture
is maintai ned at a heated tenperat Gréamp 2hetween about 45 ninutes to about
90 minutes. [0190] I n sone enbodj nents, the extraction m xture/slurry nmay be
heated to tenperatures | essPreshR exastiondrom plgal Bipmasspects, the al bunin,

gl obulin, and glutelin proteins are extracted at tenperatures of |ess than
about 39f54)! n piHNesid BERAHITANES bldHRasE Wb 8GdK@ T Whoeh B 1 315UoF Y hbsr. PERt ed to
a tenperature close to the boiling point of extraction mxture/slurry. In
sone aspewtes warhthepcottafiiged pt 0 e fr threxmirateseandathe seprgpeatatt ueregvasl ose to
t he boiJ,in oint of the extracgtion m.xture/slurry...In other, enbodi nents,
the pr UisTPRRE solis OETA50 el A LY 0 P BoPS afd el wd no,
50psi, during the heating and m xi ng steps to enhance extraction WO

2011/ 176195 PCT(2y92041i Q3 drddtdonExagan beondash Q49 dgdkee anwhice aqil g aforScignges nus

di mor phus (SD) were cul tured in outdoor panel photobioreactors. SD sanples

of var yiPHgVIngpheaddsirmeeftH-idivated atess The samplesyeied hey eantiyuged ptd0RRA IR by
centrif 1.Qn; e, al I - - at -80C
A R G i R
wei ght (pHU. ¥abdow )ngahe cGrifigatidn. efHeanmhingg) sodids wesswastidéd tinndsavith dihntee- neck
flask e &{&@ﬁ W th condenser, nechanical stirring and a thernocouple. In
one exﬁg ) T AUPE was refluxed for 10 m n under nicrowave
irradiance. In a second, the mxture was refluxed for Ih with electronic
heat i nqo19¢|t er was fSultd Heacil KheHiSy MaBalkARRAtrhQioh @M HRIPRIG! Ul Batiod.
separated into a diffusate and retentate by filtration. [0192] The tot al

| i pids of al gal sanples were anal yzed using a chl orof or m net hanol - wat er
system according to Bligh and Dyer' dabled d extracti on method. This total
lipid val ue was used as reference for the |lipid recovery cal cul ati on. Tot al
i pids were further separated int l'ipid : |'i pi ds by
standard colunnlgﬁfgﬁatography ne?ﬁgﬁﬂtgﬁ%% 60- 2 63%g§ﬁ9éﬁ%ica gel (Merck
Corp., Germany). Each lipid fraction was transferred into a pre-wei ghed
vial, initially evaporated at 30 (%sweight rot ar W% wegightaifor (Biichi,
Switzerland) and then dried under high vacuum The dried retentates were

pl aced under nitrogen and then wei ghed. The fattﬂ“ﬁﬂ?ﬂyﬁhbfile of each
sanple was quantified by GC-Ms after derivatization into fatty acid nethyl
esters using hepigpdesamraidctigel d (CL7: Q) as the interngl standard. [0193] The
results (data not shown) indicated that m crowave assisted extraction was
best for renoval of the polar lipids in the first extraction step, and
sonewhat | ess effdddicodiipr the separd®ion of neutrab2-$ipids. Electronic
heating is nore consistent in extraction effectiveness. The final yield is
conpar abl e between m crowave assi sted extraction and el ectronic heating
assi sted extraction, but, mcrowave assisted extraction is significantly
faster, WD 2011/127165PCT/US2011/ 031412 Exanple 2 Protein extraction from
al gal HO®9¥Hss Protein yield was calculated on a weight basis, comparing the weight of the freeze

dried solids to the weight of the algal biomass prior to soaking in pH-adjusted water. Protein
purity was determined by the Official Method of the American Oil Chemists' Society (Ba-2a-
38), measuring the amount of nitrogen in the freeze dried solids of each process. As proteins
are an important product that adds to the value of algal product extraction, this information
allows for the use of feedstocks with varying levels of protein in the systems and methods

disclosed herein.
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[0194] (1) Acid Leaching: Al gal biomass was soaked in water at pH 4.5 for 1
hour. The sanples were then centrifuged at 3000 rpmfor three m nutes, and
t he superwiatant12rssoved. The remai ni ng sol i ds were washedTASRémm®31402 t h
dilute acid (pH 4.5) and freeze dried. [0195] (2) Al kal i ne extraction: Al gal
bi omass was soaked in water at pH 11 I'E’&:Wé@g? followi ng the addition of
pH adj usted water. The sanples were t ri fuged at 3000 rpmfor three
m nutes, and the supernat ant rem)ved The suernat ant was neutralized with
acid (pH 4.5) fol | owi X Hihroteins, yater Al ALBIomAass,| i ds were
washed3t|rres with dilute aC|d pH 4. ndfreeze dried. [0196] The

resul t J0¥8laci dhe é%@?ﬁt?{qll%aulé}}fw}ltlﬁé’ @ﬁ@lerlab?ﬁ BRubF-40%hunstES v i n Tabl e
4. Tabl

pr ot ei ns%l%glpf %iﬁiﬁ§%?0§xg {rlglég?{g%%%%S tfi\g :;[ éJL eéétg/ GY%%% 8'\[/‘%61189% ein
yield mo@alrrfulgealttedepmmatathmehcgﬂrd pltmsfmm iho wplad phrge.t ke h@ughktrm‘t vxtalse freeze

dried lids to the weight of the rior to soaki.n

H ad) JEETRR PE Tt Gt PhuLriolg A BSt AP Th Re e RS SRR ERAR et hod of
the AneS{ged afdal bibhgd)St s’ Society (Ba-2a38), neasuring the amount of
nitrogen 1n the freeze dried solids of each process. As proteins are an

i nportant product that adds to the value of algal product extraction, this

i nfor nd01¥H al ITbV\BOHd@qufhélen§ésp@fld¢deié®§bw@r\ﬂm heaged tpi abgut @Velasd of prot ei n
|2(r)] 12??2@%{1@%&%@ /t?}gag)@ﬁ; gg er le 1rgsu?t§negdshr11 / \?vagl centr\ﬁgged 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).

[0200] 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
was determined to be rich in albumin proteins (about 30% of the total proteins present in the

original biomass).

[0201] The solids were then suspended in alkali solution (aqueous NaOH, pH 9) and
heated to about 50°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 was
determined to be rich in glutelin proteins (about 50% of the total proteins present in the

original biomass).
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Exanple 3 Extraction of Proteins from Saltwater Al gal Biomass [0198] The
saltwater algal culture initially made up of about 1-10% w w solids in

sal t wat erwoasitfieatséd t o 50C and nmi ntai ned at this tenpecatuse@ifosr41d hr.
The resulting slurry was centrifuged to separate the liquid phase fromthe
solid phase. The liquid extract wa?%det m ned to be rich in globulin
proteins (about 10% of the total present in the original algal

bi omass). [0199] The solids were then suspended in fresh water and heated to

about 50C and Mgl Bi-4t€nhA6N ah@mixtrlache%fATgm BiShiss By Bthangl 'y Was
centrifuged again to separate the liquid fromthe solid phase. The |iquid

phase wggoxlet eORk ARFsiRl RRnAY Gﬂ“N&r{ho%}zlg%Bsﬂ REMLRI(BAk PN kAP0 ¢, he total

proteins present in the original algal biomass). [0200] The solids were then
suspendehingd fsorhayrolons Stade Wnoewity, Zastratpny for Adgac ResFhehsand Riotacknalagy.heat ed

resul t i AECC Py KR TRr Bink N nEFUFL FL e IR e o eI T o

phase. abbet 315064/ dphasH Mgy (i@,tzeﬁm ned to be rich in al bum n proteins
(about 30% of the total pr ot eins present in the original bionass).

[0201]The solids were then suspended in_alkali solution (aguequs Na

H
9) and (A2 ed tBe aﬁ&tﬁlose@%warer?&rﬁwa%w%ﬁ garlxlatutctfﬁtﬁékattlervethlepg%out 1

hour . id fromthe
solid pR]g Ebv@?et?é g{o%ase \?\g@g&é erm nethSﬁl%ge rllgehgy%ﬂ%%gtjel in
pr ot ei rmn(aataﬂmtmﬁ:@%vuh ame;rtapbazler pddsddmgropf @e@ntvithra ttwh:eblmda diaftalThbi omass) .

WO 2011/ 127165PCT/ US2011/ 031 anpl e Step Fracti tion and Extraction
of Alg Ozspafeagelaw PHARGPE lfcée@zqhe%w%egﬁaa ?S%aMWWSps. s

bi omas sy, (Gih @bt OfRuRt Fiith Alf PRZmQteriOlh A s@ﬁfédff&ofﬁ fﬁ'[ﬂu%é%%d% b8k et _

Uni versity, Laboratory for gae Research and Bi ot echnol ogy, CC Deposi t

Nunber Hedtad widvsyam Wazbteharthﬁecmefdd tenpedewatabeatl enmradtionatapadl healepréidsed about

0
35% w Vt/er?ilr)]gra u?ee 18 nfearn %lela 1n];g "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.

[0204] 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 pressure gradient of 40 psi. The membrane system was backwashed about every
15 minutes with compressed air to maintain the flux. The permeate collected from the
membrane system was free of any particulate matter. The retentate was collected and

recycled to the decanter.

[0205] This extraction and fractionation is due to the change in polarity of the solvent

through the process in each extraction. In the extraction shown in FIG. 13, the process began

45



[ 0203] The extraction steps were perfornmed in a 400 gallon jacketed kettle
with hinged lids. The lids were tied down with straps and sealed with

si | i cone.wOhe11gp3teém al so contai ned a mxer with a 2 hoPseEpsasn/ogwpt osi on
proof notor with a two bl ade shaft. The frozen al gae material was enptied

into the tank n equal i ght of ethano ,punped i [

pneunat'Viéh i ﬁms ol ﬁlﬁfﬁ@aasmtaﬂmg Shorteor L e ang 2@% j acket
heat ed gifd). ThEANALAIREWAHNBANEs. d€abaBttcd BIFRESID Y & ko BARIE %6 KidiRmb])ON
step. The desired tenperature is near, nmeaning wthin 3C of the boiling

poi nt ofsultieg miamxtee chuthinmyg aboot $3% gquebub sthdesli rldd soledsranddiqurds wege
different at ,each extraction ste s t boi l i.n int o 1 Xt ure
changes b tbd BGR g SEHRG b S ErR AT dReRGh e BibR e Bhet Pre B ics e
t enper atairao, HRemSKS ealas 534 ibsr &th 509 tHel RRHAURIdtRBbOwaS addee talesisbedk,
tenperature for 60 mnutes to ensure that the contents of the kettle were

uni f or resplieeainedmixtye T e of 8baws P % asfucesectianot.| Bhowolids ernehqpdnpyel out of

t he extr i Vess i . pl . t i i a
pneumat bR ES I A B B I8RO BSR4 0

cent ri f409ediyohays. Jpakd nuas, aaethet POEIDOLIT dBOOredRMandheasaldedsendiig: ©al | ect ed
in an encl osed plastic drum and consi sted of .about 50% w w salids to

| i qui ddnixfie ebalayt Pofe agaequsciianph ebherselighanddiquidsevergsenasatedasing dr enent i oned
extractj e 3 iUl of I e 2 was

col | ectdggﬁ}t%t%mgs%?gg a?%%kait\/\hgge%%g% Oggy%ﬁb% ﬁ;@ej’ g tragshe'lqﬁlg tB %I%%Si on

syst emredqiiees dbblcssameused dnpsabkulbit@itmséd @ GBS laremibhreate wacuhdcthaned by

Graver Technol ogi es. The operating conditions were 60C 5C and with an

aver ag ssure gradient of 40 psji. The menbrane. syste s pbackwashed
About Cd9204)° 3 8 s oS fine s ity Retad e Mol Qb Rt R R RS HREY
per meatera@lrbesththl toRBmilpe 396 elhaAcand ¥9t REp\BSI JIER] Rbs 8t iRanticul ate
matter. The retentate was collected and recycled to the decanter.

[ 0205] Tairectin bulcrisonurdhebtite ke v effieativens PEYodtfnpband ¥o atealrege!. i Uspofi arity of

t he sol.ven hr ough t r S h_extr.action.,. l.n th xtraction shown
o 0938 e B o Rl B e o R S BB e MBS RR S Wt
about 1Re0aH18uc @fcovEdonakgads. bi omass cont ai ni ng about 65% pure water (35%

w w algal solids). This was m xed with 860 | bs. of denatured ethanol (95%

et hanol and 5% nmet hanol ), resulting in a m xture containi ng. about 55%

aqueoud V&8 Hanollhe perancats) stigamArm theguelrape sstarpar SYaaid Whsadcant er as
descri T i i el . % dry
mas | At eABKEycd BRCIBIL. 5P bRl BRINELINES B8R SO0 duRRE AR 1T
sol i ds,distBktibt.i Aldjof the athmhaltinrtlee pamcheatapvasfevaivoatd 8bhosagueationstdpamete The

2o 3 R e SaTFR Bl SRR et PSR o T
anot herwi?@@ach@tra&fon@%@?fﬂér}ﬁ)‘ﬂlr§§7 Bl@dhgbd Wwath tRASRGk onf GSktéd Bdhd Mixdurdl xt ure of

about 95% aqueous et hanol. The solids and |iquids were separated using a
decant exlossngifes e dy¢rdctamovalifidieat qosznenentp yithohristemeProdagioutontdneddhy mass.

hi s bi . i %. | S d I d b d h
IR ENETAEN e N I

shown) pidBEthe by@etn@ordetval U Pastiuet DediRdin¥ehe pblar Giflids Derslubt BeoreiiRanok
cont ai ni ng 95% et hanol and 5% i sopropyl al cohol was used in an extraction,
but wasepBeliidrotFinglvp8rogyciet Wé&fhie\f@ékal Hugast KaR@IniRhePteviakeeniaselts Use of
100% et j preferred enbodi mrent of the present invention, but is
generaﬁpép%%?ﬁgsgppgble due to cost constraints. [0207] The perneate stream
fromthe nmenbrane system was evaporated using an in- house fabricated batch
still. The operating conditions were about 80C during the vacuum
distillation. Al of the ethanol in the perneate was evaporated. These
extraction steps were repeated three tines, 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 m xture, allow ng for
the extraction of different conponents 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 |ipids.
Finally, Product 4 was the residual biomass, containing potenti al
coproducts such as carotenoi ds. 46



WO 2011/ 127165PCT/ US2011/ 031412 Exanple 5 Dewatering and Extraction of

Al gal Bi omass by Ethanol [0208] Upon harvesting, algal biomass typically
cont ai ns wetesaen7wbout 0.1 to 0.5 % (W w solids. This eam/useodesstzer ed
usi ng any of the methods known in the al gae industry, including, but not
limted to nenbrane filtration, %trlf gation, heating, sedinentation or
flotation. Flocculation can either EX88P&Si n fiotation or sedinentation..
The typical result of such methods is an algae slurry containing about 10%
ww solids. To devpéwiteftinit I ExAaolidieor ARMRBRIMANI byaidiadoinay be used to
remove sone of the remaining free water to get the concentration of solids
closer to 40% w w. However, the cost of dewatering increases exponent| ally

af ter tIA208]i r sUpaeviaresiing algal bigmaseepisally copaing beiear abar Otlhe 0%t ens and
met hOdg(W? gdh%ﬁ eq‘hﬂ%r ﬁ 'bQ ldé%attel%% {‘n?eaﬁg ok%h d%&ﬁo&sn&o%tl{l @ﬁ:et Alg& 1ﬁ§&ist1i,y

fracti on of an mass t S undergone only one roun

dewat ermagdm[goaﬁabﬁﬁmewmphanbﬂans ﬂﬁfat@nme@&ﬁsgatanHeatlbg, stehﬁﬁenlta’ilohh)e first
extractjion round, followi ng the protocaol described, in mal e 3, 1000 | bs.
of wet Ht¥ipasd %H%agpmc%el Gt & Uelplon antedimcnitiond Ilsiettm%@@uit@ of

de”aturgggﬁ%ehﬁ‘,ﬂ? gﬁ?ﬁgs;l&h&r thirie M5 1004 Wk&ﬁ% e@vsa'ﬁe?lfyr‘?ﬂgr mxture of

about SS aqueous et e res It| ng bl onass is 40%dry. The
sol ventanothepdsidtermne mEthbt ey beatsed l ictheve sorbOSS thg mﬂnmmngtfftarw_ﬂter toeth

anot her, 350 | bs. . of denatured e nal , he conposi the m xture woul d
o e hedhS B Eiion SR alrr e ks Hebiry SRRt s larlel T LS 05, iy

The 50'e&?@ﬁem‘ﬁ@ﬂ@Qﬁértthé)ﬂrs@ﬁe&zﬁgﬁﬁ%]ié’%farr&@du@SAh%dﬁa]tﬁ/ﬂg%W@l%’s%rsﬁhﬁ%H@| Wth
anot her of denat ured anol, the conposition of the m xture woul d

be abounetbmchsplr@@dbe@tmlammt the’l’cr‘ibw@sdlethﬁt@ctm anddragbahationedf40%adt y wit h
about 95% Z%rtl%nol PRSI t bi oma(f fd;? qu |res 60% | ess energy to dry based
on the TP ekt "l 653011\%/3 A9V EL RS ™ this case, 100 Ibs. of al gae
woul d have been extracted using 1820 | bs. ethanol. Wen conpared with

Exanpl g0309]wheneiokambr oftsast 4 p@coRtgiphebe thasin40biat gatacton taiad, BHOwiNS.
the dry_ al gae e%§§ i val ent was extracted wth 2085 I bs. ethanol. WO
2011/ 12haBitecy} despuhad odpampleblOPE el wathiomass confaing &9 BIISFCRAChr o

her o1 hSORRKAAN B0 LT PHENRELRILRAIGIENERPLN AR ORRLElid 48, 360

Rhodes, CI ence rogr ess, eric revi on using al gae
to pr ochubenbmodmesﬁ Iabﬂsut§()% aq‘ﬁcoﬁsZ@lﬁhh)ol Bhoabesag bionoss (ﬁSOrlbm) igd0% dry.

Bi ot ec dv 25, 29 6. - J’I C i ew on g.al duce
bi od ool At wan@gmﬁé? yet il @Sego%y L mersnathanly Wiggep IR T evi ew
on usi '}Qd@hagﬁi%dteﬁlaﬁﬁloq{é% QiftlHﬁ bf ?H%ingﬁﬁe %hﬁi%oe{b%uﬁgl"/ﬁlaqueoﬁs e@hnol.

Supercritical Fluids, 47:591-597, CF CO2 based extraction of
speci althe rbs@nlmgblsma@(ES tbS& 15)9@% cw JThdxscrlaqnt domposioeh of thesstvadt spligyiid

extr actélgfl aqueousp &B&ﬁo‘lc%’th another IZ170 I]bs oBtl c?enatured etﬂa}/noll (%!16 comﬁos%l'o%l 0 JﬂZé 1959.
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 lbs. of algae would have been extracted using
1820 1bs. 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 lbs. ethanol.
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Christie, W W Lipid Analysis, 3rd ed., Oly Press, Bridgewater, UK 2003,
416. Approved Methods of the AACC, 9th ed., Anerican Association of Cereal
Chem st s.wetn11Raaiés MN, 1995 AACC Met hod 58-19. CLAI MSPCT/UA20matobad2 of
selectively extracting proteins froman al gal bionass conprised of
substantially intact algal cells, the qpthod conprising: a. conbining the
al gal biomass with a solvent set, co et hanol, to generate an
extraction mxture, the extraction m xture conprising a substantially solid
phase ang BlIswRSraRtdndd atc hb@H fchpotesd B reRidgiimthelR@tifdg:r action mxture
to a tenperature wherein the viscosity of the extraction mxture is reduced
and the tenperature is below the boiling point of the extraction m xture;
and c. WepBatanti mtf%ai66 east a portion of the substantially |iquid phase from
the substantially solid phase, wherein the substantially liquid phase of

t he ext L o m IS A dhd r I ns. - laim1
furthe#ﬂggh%??gﬁﬁépﬁﬁfﬁgh%g253%E@’%%Eggﬁ@%ﬁg%§$ﬁ§ngéﬁﬁ%é§%%@qﬁ?&?gre

bef ore, duioditgelChistiak't @00Dy. Biglicsg! frhm raictaadgici Biordanna/utdr 250294 804.enper at ur e
wherein the viscosity of the extraction mxture is reduced and the

t enper at uPENFEC IGXCHAT gy g@qtﬁgﬂwﬁm ighesthe extraction nixture. 3. The
nmet hod of claim1 further conprising renoving the solvent set fromthe

separ at &¢iis @héﬁg?@d'n%ﬂsymh | Sophpae] §49, oBER & R¥ kA& ﬁ&ﬁg ﬂ?@@ﬂéﬁ .4
The method of claim1, further conprising adjusting the pHo he
extracti on miredugediafoclopticas ze protein extraction. 5. The method of claim
1, wherein the algal bionass is at |least partially dewatered during the
separ at i en.., 6 e el f. . claig 1 i cel |. nprise
Fr oanaer arnidi et ol SR PR ST o Sk SR B s Gy SEeT T
conpri se at dpedslty bpids of Scendescenus sp. and Haenotococcus sp. al ga
cells. 8. The nethod of claim1 wherein the algal cells conprise saltwater
algal cells. 9, The nethod . of claim1l erein the algal _cells conprise at
| east ot ONaAMsERY Jnfg 5@1@ H@B%Oaéﬁ? @tﬁfﬁpaqi FEfqcHor gnd pyrifigationy Gan. J.

Biochem. Physiol. 37: 911-917, 1959.

Christie, W. W., Lipid Analysis, 3rd ed., Oily Press, Bridgewater, UK, 2003, 416.

Approved Methods of the AACC, 9th ed., American Association of Cereal Chemists. St.
Paul, MN, 1995 AACC Method 58-19.
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10. A method of selectively extracting glutelin proteins froma freshwater
or saltwater algal biomass or algal culture conprised of substantially

i ntact alweal2oooel2rss t he met hod conprising: a. heating tireTfusesihinatier or
saltwater algal biomass or algal culture to generate a heated slurry
containing a substantially liquid ph&fﬁéﬁﬁj a substantially solid phase; b.
raising the pH of the heated slurry ch the substantially liquid
phase in glutelin proteins; and c. separating at |east a portion of the
substantially liquid phase enriched in glutelin proteins fromthe

subst ant i &l |4 nethdddiphlastecly dxtratheg metdiosirom apladdarbibmashesrepmsetiiogé al gal

cells conprise freshwater  al ells 2. The method of claim 10 wherein
t he al gal cegluﬁita tt?i}ﬁ\ﬁ/‘i?’[g%t aé\%al?gliiss e&ﬂ%th% BRI s cenmus sp. and Haenot ococcus
sp. algal cells. 13. The nethod of claim 10 wherein the algal cells

conprise sal t wat &ondigad tHeellgds bickdhss Wit an@tatscdfcodlpaisife kehanbgtei n t he
al gal cells conprise at |east one of Nannochl oropsis sp. and Dunaliella sp.

al gal cells. 15. g&n%ﬁ?@ﬁxﬁﬁcw@E‘ﬁﬂ@@?e@ﬂqﬂaéﬁl?ﬁ@r%‘?%nm’ﬂ% proteins from
a freshwater or Ss%%t%faﬂg s@fi@?ﬁs@'aﬂﬂ%ﬁbs?@ti hgﬁ uiPhhdys € conprised of
al gal cetls, the nmetho 0

substantially intac rising: a. heating and
m xi ng the freshwater or saltwater algal biomass or algal culture with
et hanol to genbr dirmgmgtbatedicsiobstizmtd talal tympegturd whbi@sethe emscogtyerd tha

prolam n proteins, and a heated substantially solid ase; b. .separating at
oSt o por £ 1 on GRUBHOTTLT S SiSORd A GPpaih SRS el (4
prol am n prot ei Nghe EXRIRbRAMiILEAL g6 substantially solid phase. 16. The
met hod of claim 15 wherein the algal cells conprise freshwater al gal cells.

50 17. The nmethod of claim 15 wherein the algal cells conprise at |east one
of Scendescenu$ spbaraies #deasbe pewien 9 thepubgprgiilly dignidsphag@tromibe net hod of

claim 15 wherein tggt\%rﬁla%alsoﬁ%gh%leg vgﬁggiinst e ?u%ls%a%i}tl sy;li(gulticgsﬂlasg%lfthse 19. The

met hod of clai m 5 Wherern celT's conpr east one of
Nannochl oropsi s sftra&ivsh blxaat iddrzhedin @bgals. cel | s.

2. The method of claim 1 further comprising increasing the pressure of the extraction
mixture before, during, or after bringing the extraction mixture to the temperature
wherein the viscosity of the extraction mixture is reduced and the temperature is

below the boiling point of the extraction mixture.

3. The method of claim 1 further comprising removing the solvent set from the separated

substantially liquid phase to obtain an extraction product.

4. The method of claim 1, further comprising adjusting the pH of the extraction mixture

to optimize protein extraction.

5. The method of claim 1, wherein the algal biomass is at least partially dewatered

during the separating step.
6. The method of claim 1 wherein the algal cells comprise freshwater algal cells.

7. The method of claim 1 wherein the algal cells comprise at least one of Scendescemus

sp. and Haemotococcus sp. algal cells.

8. The method of claim 1 wherein the algal cells comprise saltwater algal cells.
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10.

11.

12.

13.

14.

15.

16.

The method of claim 1 wherein the algal cells comprise at least one of

Nannochloropsis sp. and Dunaliella sp. algal cells.

A method of selectively extracting glutelin proteins from a freshwater or saltwater
algal biomass or algal culture comprised of substantially intact algal cells, the method

comprising:

a. heating the freshwater or saltwater algal biomass or algal culture to generate a
heated slurry containing a substantially liquid phase and a substantially solid

phase;

b. raising the pH of the heated slurry to enrich the substantially liquid phase in

glutelin proteins; and

c. separating at least a portion of the substantially liquid phase enriched in

glutelin proteins from the substantially solid phase.
The method of claim 10 wherein the algal cells comprise freshwater algal cells.

The method of claim 10 wherein the algal cells comprise at least one of Scendescemus

sp. and Haemotococcus sp. algal cells.
The method of claim 10 wherein the algal cells comprise saltwater algal cells.

The method of claim 10 wherein the algal cells comprise at least one of

Nannochloropsis sp. and Dunaliella sp. algal cells.

A method of selectively extracting prolamin proteins from a freshwater or saltwater
algal biomass or algal culture comprised of substantially intact algal cells, the method

comprising:

a. heating and mixing the freshwater or saltwater algal biomass or algal culture
with ethanol to generate a heated substantially liquid phase, enriched in

prolamin proteins, and a heated substantially solid phase;

b. separating at least a portion of the heated substantially liquid phase, enriched

in prolamin proteins, from the heated substantially solid phase.

The method of claim 15 wherein the algal cells comprise freshwater algal cells.
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17. The method of claim 15 wherein the algal cells comprise at least one of Scendescemus

sp. and Haemotococcus sp. algal cells.
18. The method of claim 15 wherein the algal cells comprise saltwater algal cells

19. The method of claim 15 wherein the algal cells comprise at least one of

Nannochloropsis sp. and Dunaliella sp. algal cells.
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