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[0007]1t is known in the art to extract oil fromdried algal mass by using
hexane as a solvent. This process is energy intensive. The use of heat to
dry and hwwane/i3gssextract produces product of |ower qualPcryusasiibiis2type of
processing causes |ipid and protein degradation. [0008] Al gal oil extraction
can be classified into two types: disruptive or non-disruptive nethods.
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[0008] Algal oil extraction can be classified into two types: disruptive or non-disruptive
methods.

[0009] Disruptive methods involve lysing cells 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 the
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WO 2012/ 138382PCT/ US2011/ 059152 [0014] I n sone enbodi nents, the nethods and
systens described herein are useful for extracting coproducts of |ipids
from ol eagoOrzolesi3smeeri al . Exanpl es of such coproducts i Rciraseq1imwsdieput

limtation, proteinaceous material, chlorophyll, and carotenoids.

Enbodi nent s of the present invention allow for the sinultaneous extraction
and fractronat of aI rod fro bi omass |n a.manner that
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fractionation of oil rotei naceous material from ol eagi nous material is
pr ovi dedfinihg @i@ksdestr 1se1n®ttheneté1rabbmdsrenltlch arerthe frod thoft isseinsentddvisiobiplebvi ng
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first ehbmasls t0RxiFhotli Erde frdoh @ ghdwisk aR4l £186ikd. OWhiTE XS b @b & Bierat dlighIst
substantially solid phase and a first |iquid phase; separating at |east a

por t i orPreductshanikingsmay pefuverkprifswnes sp@ﬁés of algac duettp selveriowtikt aidedllr om t he
first I foi r |
substaﬁ%@ﬁﬁgﬁ%g§+ ¥h%§ésgh&ﬁgﬁ§m¥%§g% %ﬁ get%k?%¥%8%%%g C%tsecond
ext r actHuptheithort Uhe voluhes 9€ ssinchtexlyuared W@ﬂldf‘ﬂe)ﬁklﬂdhﬁ)mll@ dud ité) hean semand
substantial%g solid ghase and a second |.iquid phase, wherein the second
ext r act3ti@RapC,eOpF@ iR mtggéeﬂﬁWﬁﬁltﬂﬁﬁnWH@ﬂfrrst extraction m xture;

separ atjppgyat A%@&H%n% f%{’] YRS ggbede?ﬁfe%fés, tk%l’é by &gﬁﬁ (0 art ﬁ)“r‘ 1 %‘@'
extractron ntxture mthe second substantially so phase; nrng t he
secondrnmhoénmn@nm&mbﬁn&mnaakmymﬁdhmdomhmgekﬁhﬁmﬂumnnn@aﬂmhMea@abﬁt, to

generat third extraction mxtuyre, the third extraction mxture including
2t hi r dEABIISY 80 |a[g E%ﬁr?faneﬂ%ts hlaﬁapcasst%rlrba%t%.ﬂapma% BY IRURSMENA 4t he
third Qﬁgm?%h %Bla%é%éﬁt% iR dxBasidAQySem BRRLY NS o RIBEONE c84 bF 8EdpoRRinGlakf ur €;
and separating at |east a portion of the thifd liquid phase of the third
extracﬂﬁﬁmhngﬂﬂuféwﬁpbnntMQdﬁhKﬁdagubstant|aIIy solid phase. [0017]1n some
aspects of the invention, the nethod further conprises renoving at |east a
portion of the first so rtion of the first

| i qui d phase to obtain iag I rsﬁﬁ%]\i‘éggégﬁrlﬁ)ﬁgmwyﬁﬁot her aspects, the
met hod further conprises renoving at |east a portion of the second sol vent
set frdootte SEpﬂ)béﬁMtsde’stﬂllmd heteit hdats gemdral ly iocayistﬂmplaa& enctimdelfisrai n a

second extractlon p oduct . S ot her . aspects, thod further
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separ at g BRJbds@N1 arﬁétﬁ'art BhbHitde A 'dgsoq)ﬁ‘)@é E?I%ﬁl QL@ x@adtlH rl%l@s)%;fr action
product.”[0018] I n yet oth er aspects, the solvent set conprrs a water
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conprises two ter m sci bl i | e solvents. In other
opbct Sncippne HRGS T EEe Sofpfneb R BEE i agPtUBEr miseibl e WO

2012/ 138687 PCTIHQARLIhRRhewrts %Pth‘é@ﬂ&e%n@ﬂ@h Qh8e @dilvémraﬁd VRt@hrd 15l $¢1 bl e
solvents. I'n still other aspects, the first, second and/or third extraction
m xt ur eextrgctraeétﬁesltlmtatfacqrepmen@tpmsentbe Iaowlqagemb@mlatengl doiother embodigrankser
aspect the extr ctr ture ress reater .t
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further asgects at |east one of the one or nore water mscible solvents is
sel ect et spivenis iwesedr 409 diselastdmnpthgdoilavefor sersratiosrand Asctionasigp obgnol |

aceton t I t one of
the fi ‘racso Pﬁ;tog%%%ﬁgﬁte %eg allg%f‘t‘}tgﬁ%?ﬁ %g#the{ llS?gthdgrtrper %g{aeg% (sad'E1 ﬁanolimlEbl deécgtt%?{ll ot her
aspect sherdiné thohbiéitt tosetormplishgdetninaryt lefininigpbaasseithe hydkoﬁhoto\m @itonwi thhbt
ratio. [0019]] n.other as the cells c i sing the a al bioppss are
not dris¥Hcr e{ﬂcerttw@&ratgw% atodyp frdier Jup Dl ap, ég%1t1 o f Be

unfr oz %ouhpopé}EPM?éthﬁ%e%ﬁt Rbd Wi fdbéb\ﬁﬁ Wl RO amb i1 om&?@n fildrs r@;&@ﬂh GAEPr | ses
adj usting th | east one o first, second, and third extraction
m Xt ur esndunot ofbltydmmwbr@rwt\@nmsemnmztd rrdéro seduck lamdzrrmoceas'pgta snofe thee
inventioB; the al gal biomass is sinultaneously at |east partially dewatered
whil e pPodlitts are selectively extracted fromthe algal biomass. In yet

ot her aspects of the invention, the first, second, and third extraction
substantially solid phases conprise substantially intact algal cells.

[ 0020] Enbodi ments of the instant invenfion include a method of separating
polar lipids fromintact algal cells, conprising providing a wet al gal

bi omass conprising intact algal cells which conprise polar I|ipids,

dewat ering the wet al gal biomass by renoving extracellular water to
|ncrease t he solrd content of the met aIgaI bronass to betmeen about 5% w w
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WD 2012/ 138382PCT/ US2011/ 059152 extraction m xture conprising a heavier

phase and a |ighter phase, wherein the heavier phase conprises the water,
anphi pat Wwo 202/n38332 set, partially dewatered wet al gal kpconsse,/oand2 al gal
proteins, and the |ighter phase conprises the hydrophobic solvent set and
pol ar lipids, separating the heavier phase of the extraction mxture from

the li phase of the.extractio i Xture, separati the partially
devat 0 e AR BRrELEn Wﬂl&g‘ﬁé% ?Yéfe“&fg?égﬂ&ﬁq‘g%n etipsed fn
M Xt Ur @xtAcERN@pASdRcR o 1RSI niTh KAM A sGRATBHALS IHREmMBIRLE L copRfdattsand

anphi pat hi ¢ sol vent set, and separating the proteins fromthe protein
m xt ur entlodgevidhoat kmgatpme pwitgindaeaes material, OWaRPBYil| dnd sateggnogdsbodi ment s

i ncl ud t hod separating. praoteins. fromintact algal cells,. ¢ ri sing
ot ovi a1 G RERe af v bias BB b FoPh AUt Ped P diin SRR RS Ror e
wat er, oFHagal pRidatteifids Apsl thethass ih b PdlSer tHhtdIBGs fhethwpfodab@s oottt W t h
an anphi pat hi ¢ sol vent set and a hydrophobi c solvent set to generate an
ext r actangrufritiongk modetipri si ng a heavi er phase and a |ighter phase, wherein
t he heayj ph C ' ter, . ' ' (S -al gal
bi ormaq PV Bila” P B iR andr 8o W B an BRI RALR G SRR B il
hydr ophdliilcand prateidhicedat matdiapfrbaroldgicds masefdhisgiroviged.he heavi er phase of
the extraction mxture fromthe |ighter phase of the extraction m xture,
separ atlPBHplt he Under anogsr cmpedisat prerthed e sslestivdy ropadee prodp¢e frem dhct i on
Xt ur ‘ halhe h oo ‘

amphi pathe SREBRS Bl A AifE ARl Ry P BRIl M e L P e L bl

m xt ur entla fgetnehantsey, tproteata affirsiotxiraction] BO2BT Rue fine exteadtiodinmetwrs of t he

i ncl ude net h of ., separating neutral Jipids fromintact algal cells,
oo Sy S S SRR e a PR E b a st Doy et e ML Sty b
whi ch CtHéTHH.t ﬁ@uiﬁrpﬁlﬁﬂ c]ﬂ_sthe et @)Etra!c.ﬁglil g_ﬁxtﬁ@ﬁ&ﬁ Whd Bdst Mb@ﬂ.agﬁall}{@.dﬁh 'f)ﬂaéjelf'e wet

al gal biomass with a first anphipathic solvent set and a first "hydrophobic
sol ventcogdtining thyeirst extractzonf substanteattyrsabid ipbascring tseeondenpyenisichdo gerfarats

heavi er_phase. and a first.lighter phase, .wherein the firs eav|. se
compr 1 Seborr AR e o oo GuPORRE iR eibs tebRln bl B350
vet al giblasdirnBssomiy i ghdse! wherbinghé dcond @sencEOMRTik(aRSs 1€ pblaf Bfan the

hydr ophobi ¢ sol vent set and the polar |ipids, separating the first lighter
phase dfrstar&agtiQny metirenscifigting at leass mperonfafitiag sohend/fiquid phassof e sepend
extractj ' r.aki 1.0 - f . heavi er
phase 5%3?ﬂ§h§§ﬁ%§8P?%ﬁ%ﬁ§§¥@?g5?§mggﬂg?Q?ﬂﬁggéégﬁﬁﬁwé%9&%%&§P§§P§tﬁghass
conpr i subganteliyrsalid phgsk dsd a @niet @lymote) to geharhtdrasthitd eptracsion gniptudd, ehathirdwat er
and the first anphipathj.c solvent set, mXxing the separate | gal . bi omass
with a SHeGHE BRYHE ﬁé&hrfil%g gmlméﬁ'ﬁastg@iaﬂmaﬁ%p BeShd aﬁ%c{ @%g Bﬁﬁseswh?fém set
Lo genehaihBEGRARnBXGE ACkLADITHIHEE SCOBIckEhdIn AL NEAKE, Rhase
and a second |1 ghter phase, erein the secon eavi er phase conprises the
second leasphippdioniof tlscthird mifjusigthasmel the pawrdatxédctivet mltgalfro tewlsisd and t he
second | jghter. phase conprises the second WO 2012/ 138382PCT/ US2011/ 059152
hydropﬁﬁb @“?’V&Bﬁfpg%?'and the neutral |ipids, separating the second

heavi erjppigse {d @md NBeae6LMd ihveahbeihPhessd faltr 6RFidsirBdoling anREdthal
lipids fromthe second |ighter phase to generate a neutral |iprds fraction.
[ 0024] Serioreefisbelfirse nolzertiset fivem tlioosepaiated poetie erthafrst §qeid mhissdo obtaithy
centrifugin filtering, settlin r float fractionating. Stil], other
rboat i e 8L S 4% sl LB beRPAs T Thh LsBhAr ¢ o

adj ust gofgorPet tae bdcpnd BelexntaEt fdie tiRxdcpaaicd PRrdIndfuh€sdcon DB phasteBbtafn 5 t O
6.7 prior to the addition of the hydrophobic solvent set. Yet other

enbodi feWEANLHHgEAEPRdEtn o stHEohHsppIts bhemsbod dwthes spmprisesicaapnadt t o

adj ust i ' t ' e - 5.9
arter thara g Rhth AR toRlnc e FRAATHhARdBaIOH & heuitefthy Gl

enbodi rabndis a thikke-arptibppdoldiet. sol vent set i s acetone, nethanol, ethanol

i soprop 8&%’ but anone, di nethyl ether, and. propi onal.dehyde. 2-propanol,
acet oni [ﬁ le, 10 Y¥RiOACT gercehothe sqly FHORLEAEIPIISGRT Srater RUsRiie OpPEICT BRI Rh e

gl ycol , so8) % &hlsBme AbpcdtsS HTRLARA{ s%f‘c&ﬁﬁ#s%@two WteY Hlis @IBSF nidhadi ment s, the
hydr ophobi ¢ sol vent set i s propane, butane, pentane, butene, propene,

napht hamnasciblelsalvents hé&xather, aspedis, dimesol veap s& wempustsame or awreshter migiliy|
acetate, butyl acetate), a ketone, nethyl ethyl ketone, nethyl isobutyl
ketone, an aromatic, toluene, benzene, 4cycl ohexane, tetrahydrofuran, a

hal oal kane, chloroform trichloroethylene, an ether, diethyl ether, diesel,
jet fuel, gasoline, or a conbination thereof. [0025]1n sonme enbodi nents,
separating the heavier phase fromthe |ighter phase includes decanting,
menbrane filtering or centrifuging. In other enbodi nents, separating the
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WO 2012/ 138382PCT/ US2011/ 059152 BRI EF DESCRI PTI ON OF THE DRAW NGS
[0029]FIG I Ais a flowhart of steps involved in a nethod according to an
exenpl ar ywerehrdizgasat of the present disclosure. [0030] FPGI/UsB 1185952
schemati c di agram of an exenpl ary enbodi ment of a dewatering process
according to the present disclosure. [0031]FIG 2 is a schematic di agram of

an exenp| ary enbodi nent of an extraction syste ccording,tqQ the present

di scl ossﬂl‘@?l%g_[a@ggﬁj’ PY BOTOIVRIET TR frsaiiepls. R Pl oBRERPRES bR iirtess Kr act i on
of freegg/HiiRfe-d086n RLAIRSS héRéd 9 ABmPElative _Qélows%m% OO TR @R EP t he
conplete polarity range show ng maxi num non-di sruptive algae oil extraction

ef fi ci empsctsatht axirectadf motturefis walear iptopswrn grdater ploinaatmaspdicnio nressirar Inl Sopieds
extraction. 33] FI 4 are graphi.c, representati ons show ng neutral
T e RSt ey Ot P R s it e b B bk B Bef P et o

pr oces sanyjshiipghiosdIRans! Il fRehéQspeti, @t Redt oat of e @ hopd @afer hfd¥Ras at ur es.
[ 0034] FI 5A&B are éraphs show ng neutr al Iifi ds (A) Purity and (B)

Recoversphicntstihecleaips! iseraghasgiovi aensesting ot medrnpk sthesel, isepienanarss@sc.mitiianol
and pet QJaF‘e“Qﬁf&J%?ogmﬁﬁe.tlﬁro‘a%r g%ﬁefcﬁr 1%t &E%Dc?f'tﬁé ﬁ?s‘?,ss-ecc[n%oé?éd t'tﬁirg‘sol@ehtsse?s
I pI y inmthe tw step solv [

’
gr aph Stiow ng recover ent extracti on process
usi Nng aPuReiyss dteindanDbl stidindhgrakpats thn sehker scals dddees tte biogiasnin 4 enper at ur es.
[0036]FIG 7 is, a graph showing the effect of solvents to solid biomass

ratio orcightpyGightdatRer v . [0037]FIG 8 is a graph showing the efficacy of
differ qﬁhlﬁqueﬂy&h%sﬁé’&&'tl?@céﬂ@ o ARG fgal biomass are not dried or disrupted.

In yet another aspect, the algal biomass is unfrozen. In another aspect of the invention, the
method further comprises adjusting the pH of at least one of the first, second, and third
extraction mixtures to optimize protein extraction. In still other aspects of the invention, the
algal biomass is simultancously at least partially dewatered while products are selectively
extracted from the algal biomass. In yet other aspects of the invention, the first, second, and
third extraction substantially solid phases comprise substantially intact algal cells.

[0020] Embodiments of the instant invention include a method of separating polar lipids
from intact algal cells, comprising providing a wet algal biomass comprising intact algal cells
which comprise polar lipids, dewatering the wet algal biomass by removing extracellular water
to increase the solid content of the wet algal biomass to between about 5% w/w and about 50%
w/w to result in a partially dewatered wet algal biomass, mixing the partially dewatered wet
algal biomass with an amphipathic solvent set and a hydrophobic solvent set to generate an
extraction mixture comprising a heavier phase and a lighter phase, wherein the heavier phase
comprises the amphipathic solvent set and partially dewatered wet algal biomass and the lighter
phase comprises the hydrophobic solvent set and polar lipids, separating the heavier phase of
the extraction mixture from the lighter phase of the extraction mixture, and separating the polar
lipids from the lighter phase to generate a polar lipids fraction.

[0021] Some embodiments of the invention include a method of separating proteins from
intact algal cells, comprising providing a wet algal biomass comprising intact algal cells which
comprise water, algal proteins and polar lipids, dewatering the wet algal biomass by removing
extracellular water to increase the solid content of the wet algal biomass to between 5% and
50% to result in a partially dewatered algal biomass, mixing the partially dewatered wet algal

biomass with an amphipathic solvent set and a hydrophobic solvent set to generate an
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single step extraction recovery of aqueous nethanol on dry bionass.
[0O038]FIG 9 is a graph showing the effect of nmultiple step nethanol
extracti owe 2o0re/i3882cunul ative total |ipid yield and thepogatseal/obdipt ds
purity. [O039]FIG 10 is a graph showi ng the cunul ative recovery of |ipids
usi ng wet biomass and ethanol. [0040]FIG 11 is a graph showing a

conparison of the extraction times of the m.crowave assi.sted extraction and
conventTIALIOTRITUE COPRISYS # O I RIS 18 et e e W S’?ts%ps

| nvol vednigisg MeLaed, ArarpdhidSolendRt, %}?ﬁﬁﬁ&z AEY 2 R PR TR bfahl&gsf]%gg ﬁt%ﬁlgnt

di scl osure which incorporates a step of protein extraction. Al
uni ts imoteinG antizhe hgltct phapo cerderiscs WO RdichhoBR 38 PRTTYCUSROINA0FY]E 2

[0042] FIG 12B.is a.fl owch of, _st.eps .involved in .an exe ry .extraction
br oc oS- RirEB T Jofati e rcbe A SR Pul o G By S, BE YR
and masfixbat aRpaathBGe poHRAES ceivbicRd wial@i bidhRserbmcheBvier hade tiy esent

I nvention wherein 1000 | bs. of algal biomss was processed through

ext r actdxgactEdnixiEe te sengrate A Pratcip msture eprBRpatapiotonEsy vater and pmpkipathis) ar

l'i pids, in. f . [ : F [ . f art
desor 1 BORTRE U P R oot GURR i, A Glabhort® o @il UERC ) 0
mass cgo0y pr 8k ssrdcinbodiatciisvaclidiis method we k&pardt@4bdtEinGirohbint &t algal

fl owmchart describing one of the enbodi nents of the present invention

wher ei rfclpgRBIPREREPEPVIfingpect aleal Pirpeescumprisyg igis arlicslis Wicdgepsise

[[:)?ggg]n'l[:vl]%]r\’/ é%’?fl %ﬁéiﬁsl a‘ﬂ%la?a'f tlipgﬁ,srﬁfpéiﬁg g v&%glggf bibREs ERE T %Bﬁi@atmc the
solvent set and a hydrophobic solvent set to generate an extraction mixture comprising a
heavier phase and a lighter phase, wherein the heavier phase comprises the water, amphipathic
solvent set, wet algal biomass, and algal proteins, and the lighter phase comprises the
hydrophobic solvent set and polar lipids, separating the heavier phase of the extraction mixture
from the lighter phase of the extraction mixture, separating the wet algal biomass from the
heavier phase of the extraction mixture to generate a protein mixture comprising proteins,
water and amphipathic solvent set, and separating the proteins from the protein mixture to
generate a protein fraction.
[0023] Further embodiments of the include a method of separating neutral lipids from
intact algal cells, comprising providing a wet algal biomass comprising intact algal cells which
comprise proteins, polar lipids and neutral lipids, mixing the wet algal biomass with a first
amphipathic solvent set and a first hydrophobic solvent set to generate a first extraction mixture
comprising a first heavier phase and a first lighter phase, wherein the first heavier phase
comprises the first amphipathic solvent set, neutral lipids, proteins, and wet algal biomass and
the first lighter phase comprises the first hydrophobic solvent set and the polar lipids,
separating the first lighter phase of the extraction mixture from the first heavier phase of the
extraction mixture, separating the wet algal biomass from the first heavier phase of the
extraction mixture to generate a separated wet algal biomass comprising neutral lipids; and a
protein mixture comprising proteins, water and the first amphipathic solvent set, mixing the
separated algal biomass with a second amphipathic solvent set and a second hydrophobic
solvent set to generate a second extraction mixture comprising a second heavier phase and a

second lighter phase, wherein the second heavier phase comprises the second amphipathic

solvent set and separated wet algal biomass and the second lighter phase comprises the second
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wherein al gae neutral |ipids are processed to formfuel products.
[0047]FIG 17 is a flowhart describing one of the enbodi nents of the
present iwoentziegssaherei n al gae proteins are sel ecti vel pcesise@atsddsi rom a
freshwater al gal biomass. [0048]FIG 18 is a flowhart describing one of
t he enbodi nents of the present invention wherein al gae proteins are

sel ectivel ted froma sal ter al onmass 0049 iIs a
7} ovehePEQRUBRICiBIVAG SHEKGE pRAT Bt 78 n%?‘etsﬁ%pnﬁr@é‘é‘ﬁlip s G B
wher ei rhe@orﬁﬁig%@ér%ﬂa@l &?@segﬁﬁhﬁ%ﬂle' RuBKLITAG 86 RO FREAUEIHAE: Brgencrate
freshwat er algal "bi omass. [0050] FIG 20'is a flowhart describing one of

t he enbU@WﬂEhM@dbﬁHMNm»present I nvention wherein a selected al gae protein

 phot dP&n <Kot Agoehdlrdur i i Bert e bR sl TR By el B Rct i on

usi ng tfierie! Radsg dﬁﬂ@dtlfﬁ@doﬁh@ﬁlgl Btill biRr e@bb&indne ulpsianddiat the i ntact both
before and after extraction 52] FIG 22 is a schematic of an exenplary

ext r actangmuipagite selvewsct lﬁeﬂneﬂmquam adwsbfhepvp@tﬂéy Hsleppf ﬁlewﬁgqt@ng@llxt}éﬁ fo
(anphi pnacttxpée%)aggé{tsé $ 8 6. 5&)91%? 0 thga (ﬁﬁoﬁ 8¥ ﬁe%& %&618 &Retﬁg e{ﬂ& LY
pro

extraction sc extrac Ion O S an erns by a

t wo- soleﬁ&mdnﬁaﬁpmm@ﬁdma@dimgdh@p;kmbplmblcsw\te@mm ﬁro&ﬁéldﬁuﬁto 2@ﬂ]u$t3h@p@l@ﬂ1@n’&t ic
of an exenplary extraction schene f he extraction of neutral .lipids and

pr ot ei rigd%sp dh¢ Rerasey BrtturcdRghePax ?ﬂOo? hotisidpratdition elthe amphipathisityat 25
s a Slcs fl il ﬁ f&fthfl%n%&fm & the ﬁ@ﬁ&ﬁ@@m%g*y}%@as a9étoﬁe{1ﬁle%%ﬁ%maﬁ& of

neutra Ipl proteil ns a two-solvent

(anphi psctphlopalnby dbutaphmﬂ; dul)lethy]stt}mn ar[dqO&Eipkdl@¢hy26. J-propasd heerthitale, t-butyl

dem)nStarléio Iopq Igrgganeotl rwar‘ggrl heea)%lr(BC(T) qu? %g% )%01 glycerin, or a combination thereof.
In yet other embodiments, the hydrophobic solvent set is propane, butane, pentane, butene,
propene, naphtha, an alkane, hexane, pentane, heptane, octane, an ester, ethyl acetate, butyl
acetate), a ketone, methyl ethyl ketone, methyl isobutyl ketone, an aromatic, toluene, benzene,
cyclohexane, tetrahydrofuran, a haloalkane, chloroform, trichloroethylene, an ether, diethyl
ether, diesel, jet fuel, gasoline, or a combination thereof.
[0025] In some embodiments, separating the heavier phase from the lighter phase includes
decanting, membrane filtering or centrifuging. In other embodiments, separating the polar
lipids from the lighter phase includes evaporation or distillation. In still other embodiments,
the hydrophobic solvent set is recovered. In still other embodiments, the hydrophobic solvent
set is condensed and recovered. On yet others, the amphipathic solvent set is recovered. In
still others, the amphipathic solvent set is condensed and recovered.
[0026] In yet other embodiments, the extraction mixture is heated. In further embodiments,
the extraction mixture is heated with microwaves, water, steam, hot oil or electricity. In some
embodiments, the extraction mixture is heated at atmospheric pressure. In still further
embodiments, the extraction mixture is heated in a pressurized reactor. In even further
embodiments, the pressurized reactor is a batch or a continuous reactor.
[0027] Further embodiments include a method of separating neutral lipids from intact algal
cells, comprising providing a wet algal biomass comprising intact algal cells which comprise
proteins, polar lipids and neutral lipids, dewatering the wet algal biomass by removing
extracellular water to increase the solid content of the wet algal biomass to between 5% and

50% to generate a partially dewatered wet algal biomass, mixing the partially dewatered wet
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WO 2012/ 138382PCT/ US2011/ 059152 DETAI LED DESCRI PTI ON Definitions [0057] The
term"conduit" or any variation thereof, as used herein, includes any

st ruct ur evolnuigkssahi ch a fluid nmay be conveyed. Non-|i rcriusgoiesoserpt es of
conduit include pipes, tubing, channels, or other enclosed structures.

[ 0058] The tern1"reservoir" or any variation t hereof, as used herein,

I ncl ude bod ctur abl e of ret imting
exanpl @igagg s W |ar 5§ %ﬂﬁﬂﬁ"éa}? SRyEnt s {Sé&g@oafq%bgsl\l?%ﬁnt Shxr sinilar
struct eﬁérate[ap@é%ﬁﬁ%n&@ﬁmt é%ﬁiﬁhsﬁﬁg ﬁQﬂﬁéﬂ’Hefrﬁﬁé%leﬁn @i%st@%ﬁfér Rigin, are
defined as being close to as understood by one of ordlnary Kill in the

art, andhdreindhefisbhcaviariphasegormbioch the fitst emphipethissodyaat skef nauedl idbe wi t hi n

10% preferabl 5% mpre er abl d nost preferably

ot i PG bt et B R TR Y e e PR R B T o o

t hese tfﬁ’éﬁ'[’érdr@}ﬁloﬁﬁ%dldéﬁtr £t fnd thepblad & 1d§rBé hllre I%ﬁt‘d% ﬁés%dfl‘checorfm ete

inhibition to achieve a desired result. ﬁ% 061] The term"effective," as used
§ic

her ei n,cxfragting fatiélqeélto@‘thé fiagthsmyien Rigsa0 K'@@Ptloé%@éﬁw%dep?’éﬂmgﬁh@nded _
result. ngzdem?er%y?e gié :%ﬁon?{\ﬁg gron?‘the ?frst a% VXE‘SQ%CH%&Q tIn %)eniiirlﬂ e;[asz% Wt h

t he ter nmay mean so consi s W th

t he rTEqmlaS’tgoﬁIﬁe CXtreRtion niiRnes, to geﬁéraﬂempar@fee Jpartafg d"ewa&r@lrwmngm bivamsone. "
[0063] The term"or" as used herein, means "and/or” unless explicitly
i ndi cat@EPrisngarrirallpidy, prd # RSB SYNIGCHIDTISHE RPE@snyeicyaxd Bedirttut ual | y

excl us! i BhliB9Y0 B 06 nLAERSUD S BURRALHS RudBH UL Hrhfielyifief §hond ©

only al T I ves an term"wet" as used

her ei n,anphipmled soloemsarmncdontcaomi ngragiiobic H08mt @t abgueraOa %dondteractomt ent .

Vet er Cn?&t erQ %onr{g sn?ge a lsgcco%Ei %Cejavel!crtpmase anrzitar sae%oelllcl lliléhé%érl I%ase w )éltrern? t eelslego%rd
heavier phase comprises the second amphipathic solvent set and separated partially dewatered
wet algal biomass and the second lighter phase comprises the second hydrophobic solvent set
and the neutral lipids, separating the second heavier phase from the second lighter phase, and
separating the neutral lipids from the second lighter phase.
[0028] In some embodiments, the second lighter phase is heated prior to separating the
neutral lipids from the second lighter phase. In some embodiments, the second hydrophobic
solvent set is removed from the second lighter phase by evaporation or distillation, thereby
generating a neutral lipid fraction. In other embodiments, at least one of the first and second
amphipathic solvent set is evaporated. In still other embodiments, at least one of the first and
second hydrophobic solvent set is recovered. In yet other embodiments, at least one of the first
and second hydrophobic solvent set is chilled and recovered. In still further embodiments, at
least one of the first and second amphipathic solvent set is chilled and recovered. In further
embodiments, at least one of the first and second amphipathic solvent set is recovered. In still
further embodiments, at least one of the first and second extraction mixture is heated. In yet
other embodiments, at least one of the first and second extraction mixture is heated with
microwaves, water, steam, or hot oil or electricity. In some embodiments, at least one of the
first and second extraction mixture is heated at atmospheric pressure. In still others, at least

one of the first and second extraction mixture is heated in a pressurized reactor. In some

embodiments, the pressurized reactor is a batch or a continuous reactor.



[ 0065] The use of the term "solvent set" as used herein, is used to nean a
conposition conprising one or nore solvents. These sol vents can be

anphi pat Wwo 20els838gnown as anphi pat hic or slightly nonpelcanjsothpsriephilic,
or hydrophobic (also known as lipophilic). In sone enbodi nents, these
solvents are water mscible and in others, they are imnmscible in water.
Non-limting exanple of solvents that may be used to practice the nethods

ctnyl “acetate, and acobBHPE AR IFRARLD R KRR WNER " hept ane.

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

ket one [0029() . FRE WA isi SOdMEHAL Jf8EPHMVONECBI ) metddRtddg(th @h Ue@iBplakl WO
2012/ 138382PCT/ US2011/ 059152 benzene, cycl ohexane, tetrahydrofuran),

hal oal I@éfﬁ?@éilf{l@ﬁloéﬂt?fM?’&Wt‘ﬂlﬁ‘ﬂ@W@roet hyl ene), ethers (diethyl et her) and
m xt ur Z[tﬁgéoj' es Ven . 1k 4 s‘éﬁ&ga&a&%}ﬂa&%ﬁ an[eg%%ﬁﬂa&&nﬁdd%%ﬁt”& aecfé%Pen‘t‘r‘l

anphi p S i nclude ano I Sopropanol, "ace et hyl
acet at qgro@@eﬁ@btdmgioethegftderﬁ(aufdald@altel ons thereof Food grade ethanols are

al so deS| rable for use jn the disclgsed nethods. [0067] Non-limting

exanpl d803K hy BFophisBi Sehegmtm\%&ramr?é pHGECEP &arré%quﬁ@%ar?éan FalEcking SYSH@Bt ane,

oct ane),, K&&qgﬂ&ﬁ%g%%t g butyl acetate), ketones (nethyl ethyl

ketone ketone (MBK)), aromatics (toluene, benzene,
cycl ohdaedy, tEﬂﬁahmdnmhmmamy¢gh@hmhbWu@ébhgbhbdnmﬁomufﬁtm&chdamﬁehyIene),
ethers (dieth et her m Xt ures i esel , jet asoline), .and

Conbi nalBRS eI 6 mmﬁnqogﬂﬂaﬁ%th&%a%f SR Tob ifover y

et hodsmiRmuHtRnENRBE AL 4198 oiPEXVRAGH afficRicy 8fd Beliésr PR bR heoldrhe

sol vent conponents, Steam'stripping, and conblnatlons t her eof Pervaporation

is thefmﬂa@eﬁmk@mpgbwéﬁmﬁmely renovi ng the vapors of a sol vent conponent

sol cot 9B Has P e i G EPIR Q88 CemRERL AR SRS TR MECPLTEDLS el

anount R&@bviglie thefthoMpGdBRUE@BBADprobss s MGing Rithdnd ardl |RABI Gt bhi A9 can be
used for non-tenperature sensitive operations. [0069] The term"interfaci al
| ayer" tbﬁeﬁﬁﬁﬂ@ﬁé@@P%aW§§ns the reglon conpr|5|ng and adj oi ni ng the phase

boundar t hi Jdcantly
differ e[ﬁ?ﬁf]r omﬁ (E\,(eqj%g}ggr y | n ano ﬁ%dg(&aﬂ!} %Iﬁcg?%)oﬁegc(av?ljygglttﬁ
[ 0070] Tihve steprsolvepod-aractiyn pmdm usmg aqﬁ@ﬁils Iertieinol znﬁiflmtmlemm ¢the aithreqsi onl ess

Snyner(ﬁgﬁarlty I ndex as descri bed by Snyder, L.R "Cd assification of the
Sol ventdBFIEPEFIPEEUEES: Common Li qui ds™ Journal of Chr omat ogr aphy, 92(2):

223-23Qp634Y 18H)6is [a%?z?ph] sEB@zlﬁgel:iQ% i o'vergaﬁ SR slf@'a%'l\rén{ nGlidss rocgss

conp05|t|ons cont al ni ng neutral d polar lrpids. The ter "al gae
oi | " andinpaqgedusondthares and padrdheme ctheoatehigs ddfdrentecropamgeabl y. [ 0072] The

AN T AR T R RS L 1
f||ter1@&“ggnbrane.
[0037] 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.
[0038] FIG. 9 is a graph showing the effect of multiple step methanol extractions on the
cumulative total lipid yield and the neutral lipids purity.
[0039] FIG. 10 is a graph showing the cumulative recovery of lipids using wet biomass and
ethanol.
[0040] FIG. 11 is a graph showing a comparison of the extraction times of the microwave
assisted extraction and conventional extraction systems.
[0041] 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.



[0073] The term"retentate” as used herein may refer to material that
remains after the diffusate has passed through a separation device.

[ 0074] As weedi2isszsen, the words "conprising” (and any f@ecmuskoiaosqs: sing,
such as "conprise" and "conprises”), "having” (and any form of having, such
as "have" and "has"), "including" (and any form of including, such as

"includes" and "inglude"), or "contajning’. WO 2012/138382PCT/ US2011/ 059152
(and aﬂ@a‘ﬂir m 8¥é léiarfior‘&f?la]’stﬁg ﬁteassm'vﬁléf%@}i} HSOXCHIRTY SERIAPAPIO e

i ncl usiykgodingQB e FRdaddRAEs#e. not exclude additional, unrecited el enents
or nmethod steps. [0075] The term "polar |ipids" or any variation thereof, as

used hdfP@43, i htG.uldas 2 flowtcharg ambmaky balansd diagranp Hosphwigione @€ thend

gl ycol i pi.ds,. 076] The term "neutral .1ipids" or any. variation thereof, as
sod hePuoRimees Che Sestyfim iy bhioin 1 @By Feidl¥pllh B Meiaf cor i dos,
nonogl WaukH estractioh @h& RattbhativRKes derSth 86 rte nb@EW TihiREpdIa 1ipids @hd Prophiase”
as used herein refers to a collection of material that is generally nore

sol i d tfrean theotlgal Hm4ss. not intended to nean that all of the material in the
phase i lid S: | t [ [ whil e
ret ai ni[ﬁgfﬁorreqcl{g%il § ioggﬁ%ﬁgg%ggl eogev%#%i eﬁoﬁ%ﬁerﬁ@%ﬂ% pg&{se@ﬁ}é%e%tﬁ &Fm

Meanwhiwigsreih g atgat masd dafbecprideasd o f@m usUs prydac, refers to a collection
of material that is generally nmore liquid than not, and such callection may

i ncl uddV8hli d Flé eloi iapdloviedery dpserBingenmot Bleontodenentygl the gErsprirBYtiPRf er s
to met Rylertih RLONbuEANRIE o ploBldd AYbHS vAREdiRGaldom al gae [007S] The term

"nutraceuti ca as use erein refers to a product that provides
heal t h [A04B]or FHGi Idab ablemehartt descNbmgldngriof thegenebodnpéres of the predentaavantiemoi ds,

carotenes, xanthophylls.such as zeaxant hi.n, astaxanthin, and |utein.
[ 0080] THIFTEIE A1H2 BEUT AP AL RoSe SHfRdPRT Wl @FAIUET. { uel derived from

o R A e B A T PR
"i mpur iwljiteesih alash @roteive drei salecovahe extrastedvikarh agesishiwvatet ggddiomessused her ei n,
[0048] 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.
[0049] 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.
[0050] 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.
[0051] 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.
[0052] FIG. 22 is a schematic of an exemplary extraction scheme for the extraction of
proteins by a single solvent (amphipathic) system.
[0053] FIG. 23 is a schematic of an exemplary extraction scheme for the extraction of polar
lipids and proteins by a two-solvent (amphipathic/hydrophobic) system.
[0054] FIG. 24 is a schematic of an exemplary extraction scheme for the extraction of
neutral lipids and proteins by a two-solvent (amphipathic/hydrophobic) system.
[0055] FIG. 25 is a schematic of an exemplary extraction scheme for the extraction of
neutral lipids, polar lipids, and proteins by a two-solvent (amphipathic/hydrophobic) system.

[0056] FIG. 26 is a schematic demonstrating the ethanol extraction concept.
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refers to all conponents other than the products of interest that are
coextracted or have the sane properties as the product of interest.

[ 0082] ThewDentwi3Basbri cant s, when used in connection w PhTmsk@n/0s41pt ds, as
used herein refers to hydrotreated al gal |ipids such as Cl6-C20 al kanes.

[ 0083] The term "detergents”, when used in connection with polar |ipids, as
used herein refers to glycolipi 1.0 and derivatives thereof.

[ 0084] The term "food additivzﬁiﬁguﬂﬁﬂgﬁﬁgﬁkiﬁi@ﬁﬂnection with polar |ipids,
as useddrsfigbss refers to soy lecithin substitutes or phospholipids derived
from al/gae. [0085] The term "non-glycerin matter" as used herein refers to
any i nd0057ily t Wat tesmpaoatie onah virdegiogltharesf, as dsed diticon incdudes b struatdrean up
step wi |l r Vi st, of what is present.in order t rooduc har maceuti ca
o o dPpLER NRICh TS ot R saReT NGBS S 1B cp BDRBIR S wR e

"unsat L{ﬁ@ih%dchfaﬁnﬁetlég oAb enddscdsesthesei n refers to fatty acids with at

| east one doubl e carbon bond. Non-limting exanples of unsaturated fatty
aci ds i[A838]de pht rermotrescrvoatiod anyrearipdion charedfdas wedheicn, awiutles ehebedyaci d,
oct adecenai ¢ acid, l.inoleic,aci anmm-Linoleig acid. alpha |linoleic acid,
ar aoh dracits Gk g of e MRF o Non SRETRR A Rl R SR RIS 2ci o
ei cosapgnsnN@bs, casttdr singhepirgsturd9@cosadi enoi ¢ aci d, henei cosapent aenoi c,
docosatetraenoi c acid. Fatty acids having 20 or nore carbon atonms in the
backborl80%He gdheteam| pbewt ef fappraxematsly:| srisee hatch. peprdofingd pyleing qlhee Pat ty

et err o Wp6bd 8, hPOER AP B N Ind B3P RARE SRR B ey
fatty agé dsfineded beeithilit0%) @efeedbly vithineddo morcqiefgabs; #ahinyl %acindsnosonega- 6

fatty aci ds, and ,OITE%?-9 fatty acids. The term "onega-3 fatty aci ds" as
used heVeferbherehia 4% but is not limted to the fatty acids listed in

rabl e LodiAb! e he (SRITRRIATE orSkeASAL LAY Gurifibflof FED ofhe AP AIAMATRO! ©

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

[0061] The term “effective,” as used herein, means adequate to accomplish a desired,
expected, or intended result.

[0062] The use of the word “a” or “an” when used in conjunction with the term
“comprising” herein may mean “one,” but it is also consistent with the meaning of “one or
more,” “at least one,” and “one or more than one.”

[0063] The term “or” as used herein, means “and/or” unless explicitly indicated to refer to
alternatives only or the alternatives are mutually exclusive, although the disclosure supports a
definition that refers to only alternatives and “and/or.”

[0064] The use of the term “wet” as used herein, is used to mean containing about 50% to
about 99.9% water content. Water content may be located either intracellularly or
extracelluarly.

[0065] The use of the term “solvent set” as used herein, is used to mean a composition
comprising one or more solvents. These solvents can be amphipathic (also known as
amphipathic or slightly nonpolar), hydrophilic, or hydrophobic (also known as lipophilic). In
some embodiments, 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,
11



Li pid:: Chem cal nanme nane 20:3 (n-3) :all-cis-11, 14, 17-eicosatrienoic acid
20:4 (n-3) :all-cis-8,11,14,17-ei cosatetraenoic acid Ei cosapent aenoi c
aci d ( EPAyoHerwi3gssgapent aenoic acid (HPA) 20:5 (n-3) PCT/US2011/059152
lall-cis-5,8,11,14,17-ei cosapentaenoic acid 21:5 (n-3)

rall-cis-6,9, 12,15, 18- henei cosapent aenoi ¢ aci d Docosapentaenoic acid

(oPA. egzelill%acr:]y% ek e S ny e R ) RS s {icTofory Wichfore el e ge ! ©
(diethyl ether), and mixtures (diesel, jet fuel, gasoline).
[0066] Non-limiting examples of amphipathic solvents include methanol, ethanol,
isopropanol, acetone, ethyl acetate, acetonitrile, and combinations thereof. Food grade ethanols
are also desirable for use in the disclosed methods.
[0067] Non-limiting examples of hydrophobic solvents include 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), mixtures (diesel, jet fuel,
gasoline), and combinations thereof.
[0068] Non-limiting examples of solvent recovery methods include evaporation,
pervaporation, selective adsorption of the solvent components, steam stripping, and
combinations thereof. Pervaporation is the process of selectively removing the vapors of a
solvent component through a polymeric membrane by creating vacuum on the permeate side.
Selective adsorption is used in the ethanol industry to remove small amounts of water from
aqueous ethanol using zeolite. Steam stripping can be used for non-temperature sensitive
operations.
[0069] The term “interfacial layer” as used herein means the region comprising and
adjoining the phase boundary within which the polarity index of a solvent set are significantly
different from the polarity index of another, adjoining solvent set.
[0070] The term “polarity index” as used herein refers to the dimensionless Snyner Polarity
Index as described by Snyder, L.R. “Classification of the Solvent Properties of Common
Liquids” Journal of Chromatography, 92(2): 223-230 (May 1974).

[0071] 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.
[0072] 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.

[0073] The term “retentate” as used herein may refer to material that remains after the
diffusate has passed through a separation device.

[0074] As used herein, the words “comprising” (and any form of comprising, such as
“comprise” and “comprises”), “having” (and any form of having, such as “have” and “has”),

“including” (and any form of including, such as “includes” and “include”), or “containing”
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22:5 (n-3) lal//-cis-7,10,13, 16, 19-docosapentaenoi c acid 22:6 (n-3)
la//-cis-4,7,10, 13,16, 19- docosahexaenoi ¢ acid 24:5 (n-

cal |l -ci s-wpba121138388, 21-t et racosapent aenoi ¢ acid 24: 6 ( nP8X/US2011/059152
lall-cis-6,9,12, 15, 18, 21-tetracosahexaenoic WO

2012/138382PCT/ US2011/ 059152 :acid : : [0088] The term"jet fuel blend

stock" as,used herein refers to al kan th the car.bgn.chain | engths
appr opr(f3d @t igrm € gonfaining, sychasg Cortteléggﬁhéo ity o @g&rwweqmn-sepaﬁfﬂandas

used hecfoeﬂd't‘e&ﬁﬁ&ré‘ddﬁt‘ibrﬁl 'ﬁﬁf&%ﬁed"él&ﬁeﬁt@%rﬁﬁf%@%t@@a' n lengths appropriate for
use as diesel. [009 ]T e term "animal feed" as used herein refers to

al gae- d8078ed dhbsraripekr tinals” enanybearieoers Ungred f,am disedslediein oinpludes, Het is not
nutrltlon ort for a ni mal,. [0091] The term "human food" as used
her ei n ]?éirtg Sgﬁlodﬁ’é({saaéla'@y ETITIi}'ﬁiﬁstances_that can be consuned to provide
nutritijgoad] SUPREtdmi DEutREIPIR? ofhigoRrREbh WREITU¥BRd RQEinPIMRHIES, HUERN
contain essential nutrients, such as car bohydrat es, fats, proteins,

vi t ani ! lightegiio ériglyecrideaghgly qurics.arenogbicer dete aratcneids, waxcuseiolser ei n
r _ef ers O[hﬁ%‘ﬂse ?Le I'IgaJSO O@‘Q%Q Jlsouseg HQ Ig?éré y %tll%ctlc?rygﬂnﬁg al%l tlpot

limte nifrate at es, eavyrre omln rial

wast ewaic@érally nitd B(ﬂidﬁahn Wets arevg nef 1ntended 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.
[0078] The term “biodiesel” as used herein refers to methyl or ethyl esters of fatty acids
derived from algae
[0079] 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.
[0080] 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.
[0081] 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.
[0082] The term “lubricants”, when used in connection with polar lipids, as used herein
refers to hydrotreated algal lipids such as C16-C20 alkanes.
[0083] The term “detergents”, when used in connection with polar lipids, as used herein
refers to glycolipids, phospholipids and derivatives thereof.
[0084] The term “food additives”, when used in connection with polar lipids, as used
herein refers to soy lecithin substitutes or phospholipids derived from algae.
[0085] The term “non-glycerin matter” as used herein refers to any impurity that separates
with the glycerin fraction. A further clean up step will remove most of what is present in order

to produce pharmaceutical grade glycerin.
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[ 0093] The term "wastewater" as used herein refers to industrial wastewater
or nunici pal wastewater that contain a variety of contam nants or

pol | ut antwo 2oreci3saseng, but not |imted to nitrates, phogphatses,i/oaand2 heavy
metals. [0094] The term "enriched”, as used herein, shall nmean about 50% or
greater content. [0095] The term "substantially", as used herein, shall nean

nostly 96] term ob ein as .used herein r fers to salt
sol ubl éﬂﬁ%t ol 18¢ te[f@oy?ia%ﬁéteﬂ Sy f%?%&ﬁ]uﬁedpl}%?l@. SRR TR S
to wat gfneBlibiRlcerHBh 8bRA. nﬁon-[lﬂggﬁé dhenfI&y qungitlﬁta?éd' fﬂttf ﬁaﬁﬁin@ﬁlde paImigRdc

herein refers to al kali sol ubl e proteins. erm"prolamn
pr ot ei ristd, amrgpsmdichiesteime aced,elgc ta@dacbqtztd@oftnosmqmbllmotﬁnmced rwmnmehmblﬁlm ting

exanpl es otejns ar | i adin i hor d aveni n. 00] The
SR, GRisR B PRl SRR B cfob Sioid teid FoRioghR i bleif NS, actidpnne”
medi umacld) HRddapbgerofy 4vid, dkBéic, kioBFFagRN0R Scids BéhchBk M chtabRiiel docbtdicadic | east
partlally dewat er ed algal cul ture. [0102] The term "dewat ered" as used

her ei n acek dradtytagids havipg rdd e meye caltbon@ms igdhabagkbenc arp gaosyliphistaredrie 2al gal

past e” of r I Vi ng

Prui d proue? IRy BB LPHERed il PRGN RPN PLELERo M S o HAE g

wat er qent@ny refbrrédbouds 9%t chal ﬂl&iz%/ciﬂ3’8382PCT/ U82011/ 059152 [ 0104] The term
"al gal cake" as used herein refers to.a partially dewatered al gal culture

that | d0R&7lt heUFlﬁfHW@teﬁrl%%?liaiﬂéga“&ac% inglyss) byfpee BotdHpiteddAgaMess-¢ faltp.

CGener al h t n b ]

01051 Sl G R e e e B P S P e, g

br acki slterahg@fbrsstqnémt sot Balitedéd the fathygadidcledtddsindrablef bund in nature in bodies
of water such as, but not limted to é?% oceans, and estuari es.

Non- I|n1t|ng exanples of sal twater aTﬁ speci es |nclude hbnnochlorop5|s

sp. Duna (}Iglin|0%nsa e ............................................. LlpldChemlcalname .....................................................................

:name

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

Heneicosapentaenoic acid

(HPA) a01d

;ac1d




[ 0106] Freshwat er algal cells are found in nature in bodies of water such
as, but not limted to, |akes and ponds. Non-limting exanpl es of

f r eshwat ewoabaissmpeci es i ncl ude Scendescenus sp., HaenpCoaseCAHSHP2

[0107] Non-limting exanples of mcroal gae that can be used with the nethods
of the invention are nmenbers of one of the follow ng divisions:

Chl or ophyt.a;.-Qyanophyt.a..{-.Cyanobact.eri.a),.and..Het.-er.okont-ophyta...l.n..cert ai n
enbodi ments, the microal gae used wth theldnet hods of the invention are
menbers of one of the follow ng classes: Bacill ari ophyceae,

Eust i gn‘at @phyceae =g e-Eh A s@phyceae oo n ~GeFt-ai-f-erhoti- n‘entS,the

m cr oal gae used with the nethods of the invention are nenbers of one of t he
fol |l ow ene n » C

Sol enadi Ve "ot (P i iR LAl o) R B R SRR e s

[ 0108] I\khamllemgths xlg)r@rajta)foeas@ésmﬁueksal gae speci es that can be used with the
met hods of the resent .inv on i nclude: Achnant heﬁ%orl entalis, nel | um

spp., AM¥Iprofae fyan idiec! ok’ @s bpest hesgipreiers Apgikancs widh Ih@.%mc aifar .
i nea, punct ata, Anphora coffeiform s var.

tayl or |1é@ﬁgo£ %Effogﬁgﬁssrglés@gar tenui s, Anphora delicatissim, Anphora
del i cat[DQ%]]ma The termdphinet dedAnap hendshesqn refidn db algaa derivekli ssbstabes thas can be

Anki strodesnus fal c oekel ovi a hoogl.andi i orodinel la sp.,
Bot r yoc BRI °I§8Y‘5§886E‘88%1 %laa%f?lfog&g shigglct cocoocus nor,
Bract eqo%s TREiRRUGLBRA BSod @R UEES hfein FHRAUE 6 BRI AT RCIubstEncLHBRLAC er 0S

nmuel | eri aetoceros nuelleri var. subsal sum aetoceros sp., Chlanydomas
per i gr dioasumeddnipse il auteitipral stpporicior peaslle. aA kpae-dedvedcumanhiood erddacts

aureovi ridis sul.ate, .Chlorell a desiccate,
o or el h S ELA At P GRYBlAE. ARPIENE v PILRLS! eebiS a
fusca \vag92]vac llfﬁé alr@, “bidrbatdhtich gl weed idgihacfetshb asebf Agilphersthad uéhove
Chlorella infusionumvar. actophila, Chlorella infusionumvar. auxenophl | a,

Chi or elnoduatss sushias, b nek linited fopBisigtesr Bhosphitess and heavymsgls o dugiibr el | a
| ut eovi Chlorella luteoviridis var. |utescens,

Chl orelvpéigénv‘?art]élégoﬁg}lﬂlg]ﬁ%\r%ﬂeg) r%i’rnutl ssinma, Chlorella nutabilis, Chl oreI | a
noct ur r[ag93Thl omat teamowalsics/ateChhsoused hareiWleBd Y m&&%ﬁﬂl%ﬁﬁtekd&% bihﬂﬁ&ﬂ;ﬁ[
parva, Chlorell a photophila, lorella I‘Ianhelml

[la. .
pr ot ot FESHIHEE t eﬁ%ﬁae Wﬂ&%@ RNy oy R utants, &I%‘&ﬂl%g %eﬁwﬁeinre& to

regul ardiSate ChhOBhicd m8ILAS hstasdr . m ni ma, Chlorella regul aris var.
unbr i catlaa e%l orpzll Iea’ rei S|‘§; : Chl orell a saccharophila, Chlorella
sacchar[0pi]l a ¥ h@ teril ‘Iehlp@mdd,w us@hhaeig| $lallswnab0®ﬁ0% et graatst oxpitant.,

Chl or el oro ana, Ila sp., rica, Chlorella
st i gmat[hg%sj WeISF]%tgt/‘I}]glﬁﬁ Y el P?ed eI”E)’r gle\%%t?é I Chlorella vulgaris

fo. teroge) Ch'rﬁé &Inlna‘gwyugﬁ@t&elﬁaras B3 ﬁ&éﬁﬂ’@fe@@m s%'s@lh@ie'lﬁ‘oﬁéﬁﬂsga“ s var.
viridis, ChI orella vul 8qy“ s var. vulgaris, Chlorella vulgaris var. vulgaris

fo. terl00%]] ChiThe tring'a ngeprogemeras uml bereingefees towwaterdiolblagpotinest | a

xant hel I Ia‘ e SIS bouxi.oi d lorell a

vul gar l[hﬁgscl:hl o(rﬂéecoccu utel%'%%rop nu as Elgﬂﬁ oreeeé%{:ec%m% gkt &lpﬁlseé;roqéms

Chr oorrqnaw]sp :rhé:twmseapmy@oems aﬁlse@Qﬁ:fﬁiﬁﬁdff&sWamo@%@mbwdﬂeﬁisum

cohni i, }/ pt ononas sp., Cyclotella cryptica, Cyclatella nmeneghiniana,

Oycl ot AVersliging amalcs&f Peolaipin prejgiaieresliagin eidal@ndcingwisain. el | a bi ocul at a,
Dunal i gra « , liella
parva, I CPHe R aRPaUEL R R bR AR Tl iR

Dunal i g01@1]t er The aira, “al@ahbiloimakd astused hatiactfars tbunat leeI;tIpartwillyldeIwatered

Dunal i el Iai tertiolecta, Erenosphaera viridis, Erenpbsphaera sp., Ellipsoidon
sp., EFERY™WEp. . Franceia sp., Fragilaria crotonensis, Fragi laria sp. ,

G eocapgpoAP. . T REQL ﬂ@%@ﬂeﬁb’&”%@uged“ﬂéﬁ‘é@?&g@%% BhdVAIdbfleadiioBBUTRRAS SP. ,
| sochrysis aff gal bana, |sochrysis gal bana, Lepocinclis, Mcractinium

M cr act[Dmiﬂm Wbﬂtmmﬁ‘la.lgal mste’ﬁamwsmwlnerMm@ﬁe&gmadlaUmllsmewaNmmwiIcultms sp.

Na I Na I
G Bt S AR SIS e SRR PRt

sapr ophibbas og¥avi cul a sp., Nephrochloris sp., Nephroselm s sp., N tschia
communi s, Nitzschia alexandrina, N tzschia closterium N tzschi a communi s,
Ni t zschia dissipata, Nitzschia frustulum Nitzschia hantzschiana, Nitzschia
i nconspicua, N tzschia internedia, Nitzschia mcrocephala, N tzschia
pusilla, Ntzschia pusilla elliptica, Ntzschia pusilla nonoensis,

Ni t zschi a quadrangul ar, Nitzschia sp., Ochrononas sp., Oocystis parva,
Qocystis pusilla, Oocystis sp., Oscillatoria limetica, Gscillatoria sp.,
Oscill atoria subbrevis, Parachlorella kessleri, Pascheria aci dophil a,

Pavl ova sp. , Phaeodactyl um t r| corrut um Phagus, Phorm dium Pl atynonas sp.,

o . a



[0113] Pol ar lipid recovery depends mainly on its ionic charge, water
solubility, and location (intracellular, extracellular or nmenbrane bound).
Exanpl es wb 2pml3838ki pi ds i ncl ude, but are not |imted tecTasesplostispi ds and
glycolipids. Strategies that can be used to separate and purify polar

|'i pids can roughly be divided into batch or continuous nodes. Exanples of

bat ch include precipitation (pH. organic solyent), sqlyent extraction
and cr 5_@?@@ 230y b E%&_L%kés PR SR t%a@@aﬁhg?‘%ﬁereﬁé‘y&apwlw? ng,
adsor ptthanacks WM S8 PASREHQDL AR glgaV)iQs?eQa]t%/ 138 RGN, UsafdlallyOnAl R cake has

preci pitation, and nmenbrane technol ogies (tangential flow filtration,

di af i | taeteoeongand opalegit p0%oatriless, ultra filtration). [0114] Ot her objects,
feat ur d advantages .of .the present invention will becone. apparent from
the T onPbiing SHPSHPEHEEN PEBETTRe AREM5E Phne s R AR er . ¢ hat
the detgpidied SigsaidrpidaPelRNEe fdiad eXAMMean bodidl bewhidfiehtab it BOEEFtETto,
enbodi nents of the invention, are given by way of illustration only.

Addi t i ogal Pgeanp.tand gstgamnese Mmatimgingrzemples of e tverter ahgdspdcesatindvde wi t hin t he
spirit ft i ion will become apparent to those skilled in
the ar tﬁ@?lg‘%/?ﬁa gg%'t’ gb?{rl‘ééé?%g%bri ption. [0115] Surprisingly, the proposed
non- di JouEd]i veFexshwaet algal dqetloaRToundEiaiatige imbaNarof9errsacloNe byt not higniedal |
anount of polar lipids in the remaining bi onass enhances its val ue when the
remai nitfgakissRd Pends Neshmitge qxew.l%ﬂ#%@swatwégalépeq@dg%luii%&ﬁaflﬂcew the

hi gh | %Qﬁ&ﬁ}o%c%é&ts rated fatty acid content of the biomass. In addition,
et hanol " éxtracts can further be directly transesterified. Furthernore,

unl i ke [Dh&7]exi donAdgnitiogerabplonaf miveddhgrdshattche beresdulowlish thednahaedserfshadescri bed

h in. . ' \ d bl i gnifi t
port 1 orinRtER AT AP DRGP 8T BB A TR EN U NaC BETAEI TS BPEEITH the al gae by
the usqQhindbaWRES), afd BelcPbiSnRpaam! h SahMEMboAIAE Mhe miPddSlcIi8d Remithal
lipid fraction obtai ned by the use of the present inventionh possesses a | ow

met al cuethedstof thhmvetsionentraeoibaty oftoabiof theyolbdwinbeldssqsi Badil@devocaeand
r educi .ubs ent pr ssing steps. Mt al end, to make neutral |ipids
unst abl S BRES AN Rer PrdE T Pel i B8 s SnRodiEihisn e M RRERARSE wik 'S
i nhi bi tm&iedssMeainyegtichadréhiéaibsrs oTRRE 85 tHedblld\gink Rehdral EyDMvakioRgkgr e a
neutral |ipid mxture can be refined. The systens and net hods discl osed

her ei n @pisfias BrnaligaeSaeredesiish Setengeran Oschlaieiéa. fhetisidiunanairefinghe pol ar

lipidf i ONns. i s 1s advantageous because proteins and polar |ipids are
not hi g‘{{%’%aﬁ?f@é’tée[%}@”ib’?fést al exposure, and in sonme cases are actually

st abi | i[oeeB]by Nehdlmsiting Oddntgldhef micsdatgmr spadcbbivadbedisstik et hethedsofcan
start wjth wet bionass, reducing the dryjng and dewatering costs. Conpared
to convBhPIceHsInvERtiPC|UdR: F/elidee ieniyls deuerdean et HERR s z)f?dma

fractio i e I : 1 yel - At ue to
e oduI B8 cBIARERRCanBROM dp0RiSul FuSHh AR kN ORREBHRDaC BRha RS |
recycl edmphart heffaitoreis vooreentii émphorexoffaigimonyqr ceessésplarre debattissima,

prohi bitive and.cannot neet the demand of {he nmarket. 118] Anot her aspect
of t_he_’i’%lloé eléﬁ?&s“?@f’ﬁ’ﬁﬁscad?étgfﬁ’ B O’Ff’eipei’%f’agge’fahg”&ﬁir {”?etg(/”“%o acconpl i sh
prel i m Nasyrouslmhi AR andhBEMReloSiat B RARATBYrb @] s POBAF yokbbRiuESrfilngm neutr al
i pids during the extraction process. The differences between algal oil

used i Banenplcas yuded@is2 1Rt a883 82 PETYISPO 140595 FRdémyoltiirent @ e
veget a cent age of

!l v dulir P S B8 R R PR P e ot SR S pos ¢ Pon 1 s
conpar athaskdcBros 88 e Calimy doinas pbyosvaniiatal @nldeRa brivravi, ChadrbRa dntarctica,
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
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Algal Crude Ol (ww Vegetable QI (ww Neutral |ipids 30-90% 90-98%
Phosphol i pids 10-40% 1-2% d ycol i pids 10-40% <1% Free fatty acids 1-10% <3%
Waxes 2- 5%o<atBszgeents 1- 4% Ppm PCT/US2011/059152

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

Stichococcus sp., Synechococcus sp., Synechocystisf, Tagetes erecta, Tagetes patula,
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[ 0119] 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 ewoi2b1#138382has been chem cal |y degunmed r et ai ns paT4isgoiifosoant
quantity of neutral lipid. This neutral lipid fraction is further renoved
fromthe degunmed material using solvent extraction or

supercrjtical /sybcritical fluid extracti or .nmenbrane technology, In

cont r askerraédigay it Slf-h@@ﬂf?éaéf’v&fmcai Belgssisiran grleg ﬁB@ug)”é‘%@[éﬁ bi onass
is far pmrgeghdficult than froma vegetable oil feedstock due to the
presence of large quantities of polar lipids typically found in algal oi
(see TdB1@]2) . Inrpther ¢rgbdsements,ghe Eiemaas crar beppdard emtergpd, in€lugiok dut hotdingecd
presen% in alﬁgl pil enhances %he emul sification of..the neitral .igigs. The
emul si 1P ERPiBH" P& FPPREPS QBN BEA AL DY HEPHE SHTTORRY Caimseeh iBsitdnt s

I eft i nuhhewsolivé b@R, antingiver esence of polar lipids, along with netals,
results in processing difficulties for separation and utilization of

neut r al [011Yi ds Systeme gt methedales exipedtiag hrmei agld cRprPdueh (e RIOTOHE) RAFREINg

thei ey | ‘ v ol
gener e ierem T HeuPRar el M SEL Rl Bl e B Phiofhdl bt e
mol ecullapagiculagtthe teehivds Bay ey seenbiudscribed Sietding cormekethe ablinytodoth faragxarkt i ng

t echnol ogi es faor producing polar lipids are raw material or cost
pr ohi biffaciignatathealgpgicopwonaiy Ry deiRg sspienit BRI R phosphol i pi ds are

WO 201 Hﬁﬁ@%@% : | i ol oi
and veééta e gﬁ&@gﬁﬁgééégggﬁgéggggﬁP%XE%%?gyﬁgbg%gg%%%%bggwgg%&fgfE%%1ar
| i pi ds wependblvgntdmatthetis pegogsssiptly s¢dncabjascale pso@tdsirom oanhextadtion sepl t ur e

conditions, ti of harvest, .and the solvent utilized faqr extraction.
Fur t her!® gk YR 8HST VBEEK ﬁ%teml_ﬂaa%ﬁerﬁa}taﬁly PrpPY l{ﬁﬂge aﬁ% R erdjeaici d
groups (@bsrasinasly '7§%9(5'%Qts%ei§}ﬁf BSridhall SRl bhgkhd rﬂ#lﬁpétﬁﬂc%ﬁf@hb‘ﬁ@r ol .
Transesterification of polar lipids nay yield only two-thirds of the end
pr oductsolvieneto, theszcetrppd eldthé amply paibiaydrephobmmoicat! Tlys tdsalts wftheexitactipn

i pi ds S4aarRo RS BRRDe AERk Pol T ESnapRIRAReh SO5 EERY Rnlon ARARR

bi of uelfsacBibndtion@ryiEesitdesd compv@ngae, but al so generat e val ue- added

co- products glécplipids and phospholipids, which in turn can offset the
cost ad8bthlat edhiriprorest lgads baseirtust eprfaining hembesesnonciightesnd pngheayicsasi | y
recover - Y LS. P - gae
o advarFAGEE B A e B iR ol AP RO E B i, PR E e 551 A
f ur t heralaspeeht ofthisiphagee tThedsavtdpisys ta@nprige sior dnygdpdileic 8olvents white, aabithd ty

to extract, proteins froman ol eagi nous materjal, such as al gal biomass. The
met hoddSHpEMEAE b#f@%ﬁﬁnTg? p@ﬁ%@ﬁ@? FWY&fOPE‘Pi%FéPWSE@g@éYSrf% %??‘?C&IV@ from al gal
bi omas i foliexi [ ' ion
R Gt A B A S S
fract i dfias resultsooqurerilipidaprsilng Ivathstlmpst tohoebyorprae wilubde alghl pgbduyct edrfteti ent
proces oteins sourced fro uch bi.omass are useful for ani mal feeds,
Pood s M entbsomcetmiine i & T Bepe. s wort suiigiegd el ARHBRER ne. ar e
usef ul dxita@ilife@tibRS coisoheAS phdsbRrif an JHAEMoMEMatcFRP L Th Mifor cABHAMEGSs, al NKS,

cosnetics, textiles, chew ng gum and bi odegradabl e plastics. 50122]Another
aspect sofvenhsst ad welgs argnded ipstxanst and Jtactipeate pampingnisyveskvias anlepgmgus he

rati o of .al.gal_bi omas .0 splvent based gn.the conponents.to be, extracted.
o e B AR Badi RN R ARE i id 5 B TR ORER SR R T
sol ventoledgihoal atdferal dd@di ment, an al gal biomass is mixed with a | esser

wei ght of solvent. In yet another enbodi nent, an al gal biomass is m xed
with a [§1E}t er Polar Bpid ragovey depatds mankgpeitdnpis dhaieas water spdubiiyumd of

sol vent; m.xed. w L YBSSlSn s he . to
be usec}oég}l?éﬁgﬁga%w’e t%g%lg}r? %rt y o%ﬂ{r e 'Z‘i“gfg* )i?ao rﬁg&g&g}c??%éﬁkﬁ rhﬁ%’%eﬁgpt In
still airbest enisidiongintssholipids aaldgdycolipils. Saategics tat eah baussé wesephrasd @ds. | n
an exenpl ary enmpodi nent, an al gal pi omass is sequentially extracted, first
Wi th BB B@laggpﬁwq ToYg ibarsiﬂVlelﬁthbaéfrh wvg}n%ﬁaeﬂdls?-, ERpnRles o Bt e
sol ventmodaitdtic HriGpAAMRIBHNG:3hI3b M) AR i uGKlSARIRG Yipgiabout 70%
of the solids’ melghF In solvent. Athifrd extraction is then performned

usi ng dboutpl@ttcoftituoes swidedinslude cgtitifiigmes odlsogption, Mawi sepataem andf or med of
t hese aspects of the invention, one of skill in the art would be able to
use different solvents of different polfarities by adjusting the ratios of
al gal biomass and/or solid residuals to the desired polarity in order to
sel ectively extract algal products. WD 2012/138382PCT/ US2011/ 059152
[0123] For exanple, in preferred enbodi nent, the solvent used is ethanol.
Conmponents may be selectively isolated by varying the ratio of solvent.
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[0126] I n sonme exenpl ary enbodi nents, the solvent used to extract is

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

pet r ol eurwvet2heri3sment ane, hexane, heptane, diethyl ethercTiusbmuansyiset hyl
acetate, chloroform dichol oronethane, acetone, acetonitrile, isopropanol,
and nethanol. In sone enbodi nents, the sane solvent is used in sequential
extraction steps. In ofher eﬁquLne ts, di&{er t.sol.%@ts.are sed in each
ext r actA"gAPEAtRY. andmemprape greppplogiphisraitidlon dragpn B idradeiaitt s are ni xed
and usegedipitRdg, Afra MHQioRXt raction steps. [0127]1n sonme enbodi ments of the
met hods described herein, a mxture of two or nore solvents used in any of
t he ext[fphtdli onOshespbjcciclicadiess aatl aleansages néthisydesepthinvéngiogovilidaecorand at | east

one hydrophobi c _sol yvent . n, usj ng. such.a. m xture, the drophi.l i ¢ sol vent
o o e 5 P e et Mot o S p8t B soSe P R st Bmcs o1
di ff usieuilelaaspptibe and@th@kahpMelwhikBlicatdipipatifieenibydinePRattithe BREMRIH, | S

used in conbination and is involved in a liquid-liquid separation such that

t he natase BaFn by waptoé ilistratien edic ddditianaldy. iit's portcmniatad tharsbiamecskndy dr ophobi ¢
sol vent,,, Tiﬁga&o‘ﬁ@ \xﬁith At ?Pﬁrit 3 %:c%gé 3 RSN R WAL F%ﬂea%%ﬁreﬁyﬁ)ttﬁ&ée WMilegh can
be separated using techniques known in the art. ['n such an 1| nplementation,

t he hydnephabiromabis\deniled deschiptieny one or nore of an al kane, an ester, a
ket one, an_aromatic, a hal oal kane, an ether, or, a commercial m xture (e.qg.,

di esel ,[01RRI f uekrprigagh theeyrorqsed Det-HisryBkys CEHIHAN REGRCES et HEs IBRY Pt on
processgg,d .Gfﬂebs%uhﬁﬁe EPfﬁQJm&ﬁ%Q%M&H $ioAhsh BniRREesAfs e‘%lwﬁénep&

Such pH excursion I's us r 1'solating prot@inaceous material. In some
enbodi nbatemaitihg bpithass istused &octfealc t Thonispluoca dsasi m padi o the hggh, lohgedmint han

about 5). In sone enhodi ment he pH of the exiraction process is al kaline
(o e . punbu TRy A ouET e peTsb) THadian ot B BHE BN B onal

ext r actdiRpPHaceddrifsd COHRIhOR! 3idltHabxit Sertidnhll hB@bd S ARIAsHEdsS MRy
not be used in food products. Enbodi ments of the present invention are

super i ondispstemhe desckiheertin arhgengric fersany ldgaer agluinpleletreevearyeofafsigraficanes s

energy and r er products suitable.for use.as.fuels a |1 as foodstuffs
and mucerde SOk BRER EESordloPRM S ostR G i 5 ofaBy IR s s Ene
di scussfidcible drharfic SRe&ititLladnkon can be inplemented with respect to any
met hod or system of the invention, and vice versa. Furthernore, systens of

t he i nM8htGlon dhangsralfpd frastige Rpeined bytthouss adthe presanh wAREGIPOSBESERI PTI ON

OF EXENBL AR ENRRRL MEMS, %é&{«g\%biﬁﬁl é/fetpé nﬁf&%q%%h,%t%d?&%u%h{grs%? (gae the
best case scenario’is a S(ﬂ ven I C selectively extracts | ac glycer ol s
(TAG gidcdseay ktops. aViktapakad tol gitedscuanidipidnunbABGlnduet to aheit alplitgso sualyzas

waxes, sterols_in the algal cell wth high recoveries, The second option
woul d BEIdEeR o Fraphgrinoss, ppcials pdithydrotsiagae spalysiaerrcasettpting thelir&roYaut r al

i pi ds &%Q'a%e&&alﬁ@h@ﬁ;lthlﬁ' ﬁ?oe Eﬁﬂéh? g s{dterfid %&%ﬁ&@{}i&lo%ﬁ%&&%&ll&?“ on
woul d be to extract all the lipids and achieve very high recovery In one or
two st dpsthe[e@i32ioReff exatalng thowrdtan Bh@or tha potar flipalmtidions. 10is pr alviactegecan
overview of the ste i.nvol.yed i n exenpl.ar nmbodi nents of nethods used in
Che f r JEETHRETTTA® AMLPQI I o E MBI A5 B PR LA Do an B G
bi omas syire hdtuatlyf didbitizRAtgmdid@, al gal cells are harvested. In a subsequent
step 120, water is renpved fron1ag3al cells to yield a 10-25% solid

e

bi omasd011H st épe $B30:mwanslohstbods- b d dgrermaenn; st with pest bommassl redctrigethe

0 oS bRe HEFALER 2o B SRR P 17620,
extraction and fractionation processes should have relatively low operating costs due to the
moderate temperature and pressure conditions, along with the solvent recycle. Furthermore,
conventional extraction processes are cost prohibitive and cannot meet the demand of the
market.
[0118] Another aspect of the systems and methods described herein is the ability to
accomplish preliminary refining, which is the separation of polar lipids from neutral lipids

during the extraction process. The differences between algal oil used in exemplary
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fraction collection. Finally, a solid/liquid phase separation, including,
but not limted to techniques such as filtration, decanting, and

cent ri f ugaDi2ory/138a8g be performed in a step 140 to in ora@em/useoigppasat e out
smal ler |ipid conponents. [0133] The al gae bi onass when harvested in step
110 typically consists of about 1-5 g/L of total solids. The bi omass can be
120, usi ng tec but not limted
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end 221 of transport mechani sm 220. In addition, solvent 205 is placed into
inlet reservoir 218 near a second end 222 of transport nechani sm 220.

Tr anspor twoeetearssmm 220 directs the algal WO 2012/ 138382PTBL0isA132 059152
bi omass al ong transport mechani sm 220 fromfirst end 221 towards second end
222. As the algal biomass is transported, |t passes through the plurality

of separatjon devices 248 an se into.fractjons aof varying
pol ari trpamlwéga&.ql A8l éﬁ?&%@&ﬁ o S50e éd%%? 0§L afcally sontgayf
241- 248,08 Lo div/&§ b&Er Hifids 3&%&1& groﬁ tg@%egl@g phklg)iefojglde:lpgta@%%me%ellté?ﬁure

di ffusate portion of the al i omass that passes through the first
separ atdoogitideyitioee c2f41:ar\(eet gnd therselvs@trutﬂtmd twrextrpetiong Huithen, theagiyeepelr ti cl es

smal | h t S h separati.on devi 2 rect to t
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The | o chai.n at ed fatt ci.ds rema 0|I|n i.due in
Che col T iy oa a4 53t peistheb i s 515 poasy i Bares. AEHER ity
enmbodi MeRfiged WilEa gi%tafe@wehgm oS YL &Mm ﬁ[‘ﬁbn’%ﬁérﬂﬁ&ﬁm@ﬁ§ Cthé bﬁ@iuﬂft@ff%weﬁtﬂﬁﬁwor ate
one or nore steps to isolate protein nateri al fromthe ol eagi nous materi al

(e.q. valltlgen algpldnemeys.is &J@Hatpd besidonghe sadvanit @mbslmégne el deyirgshpolarity of

adj ust S)..t 0 ae and extractio xanmpl e,
" one OHER bib R RECLRA G Rt 18 PO SHDIABCAG DEHER] RhfiSey s

separ atsedtrald@dfisC én b ei&hﬁplﬂﬂy@%oﬂﬁﬁe@raﬁiaﬂ%ﬂ beoth4sa 64 deqllentialty Wkfradd@l, ifilsta first
fraction that is rich in protein materia The pH of the ‘oroteln extraction
step i sViduphesit é@r@émfnmVh@gleﬁfvlttmeslpﬂhély@pnpmn Wéﬁféﬁllﬁ@blﬁfso V@kler @egond ﬁhe pKa
of a prg 0 e 1A o e of
skill i ?ﬁglgagrl%élg?ﬁ% %%Ifng,d%ﬁi ﬁ%aﬁ) Pﬁ%@fggﬁéggg%&?‘ﬂ% églgéﬂs?on ol't zmann
equat i aixtraetigm is tiealperfotrhabisingaioac 9% rof dmhtitssNéaglsteﬁl soieeitodhyvimrbethe use
of tltraloncrves [0146] I n sone enbodi the s Ivet pH | kal i ne.
For exd hewp%efgﬁlﬁﬁeﬁeeﬂmt weeegﬁl{}@ ﬁ*ﬁﬁrﬁ\go Bafble t H%encf f80t 10

| n ot hesrolv%ﬁg%qhdﬁ?é?&ﬁ ola%e§%¥ﬁﬂ§tlr%h‘hé ARPE D ALk erﬂléggéétana%rrs&uf‘il%%ha@?o I'n
further enbodi nents, 'the sol I's about 0 about 11, or about 12. In
ot her ehd:)dchlmémbhmty imeoréﬂltvedbctp/ieﬂy xtiach a:lgallﬁmdwtsanpl e, |n sonme

enbodi nents, the solvent pHis |less than about 5. In other enbodinents, the
sol vent pH ranges from about 2 to about! 5. In further enbodiments, the

sol vent pH is about 2, about 3, about 4, about 4.5, or about 5. The
extracted portion of the first separation device is then directed to
subsequent inlet reservoirs to achieve extraction and fractionation based
on poI ar| ty I n an_other non- i mt| ng enbodl rrent prote| n materl al is

o s o, o o o, o o o a



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
prot ei n eworarti3ess2i ncl ude, without |limtation, phosphorct/usesd/iosastfuric
acid, and hydrochloric acid. Simlarly, alkaline pHis achieved by addition
and m xture of an appropriate base into the solvent stream Exenplary bases

useful f protein extractian include, without limtation, potassium
hydroxi[8g£,3]andi:§’bﬁ‘iaﬂwﬁ%%13@%r’é?§.e t@%ﬁ%ﬁﬁtﬁh% O BT FEIRPRL (ATORIR'
ext racthgd KIREVEQI R By darSHDRETRBRALEN Bntl PRGN e LALLM @R N
fractionation systém described herein. For exanple, in sone enbodi nents, an

al gal bilgakhasnass withaked SO0 ethpirelaphlearslieds wish veaitt 8AYaxethane], ahd ket dipids

i sol ation via appropriate aration techni qu e.qg., centrifugation, or
{1t rary OnyPob AR AR Bt TR B REN it Po G A Gt ana
fracti aRahttQroins iRm Basigsl emRRIAld Be aBsut FERC HIRL diphtRIvedudd ragiulfe laBédty, 1N
sone enbodi nents, the renmaining extract froman extraction an

fract i SWat msthangipamxbnoutreBBEids poTldusponc1sbosd 1Yo pregwass based on polarity is
ot or 10181E, P BBl Ero AR SRl i Rod SichSteBeRedt GUibifaMBlifhe Bha &t 11

sel ect immexpaetdirbsulish&aktyofall, fheaedoveradxitattidiaseckse Barpbd ddricton aetehioyus| oped

by extensive analysis of solvents and the effect on extraction using the
Sohx| et TEXISRABYUPHIFOBP B aNtRES dhexempiky ciredigisniyayeidoie gpe of lajeganousih a
solid i,al t%@fﬁ?r RN (P r '

scr eenirgr?geﬁéﬂg?\%%tysggft ogglt}ﬁngid C téggééslfegl g%ﬁ%/t?dtﬂyd@gﬁgﬂﬂéléﬁ)%s%%ggg ?/%hlss from
var i oushiahassiic fir noirasfesive nsingplassistegisandintehadand ¢hegfreseot mvettions Bwch as

al kanes,. cl oal kane, al ky] halides, ester ket ones, re tested. Prior to
he- exDhsiEy PeiRiacq ABT P EA oo RRE S MBS DoREB G SdEFo be
ext r acthiN@Shy &l eftidnal ExthaRlidiRa i bREhubE Borve RSN Bk iPRIBL B3 i Qflyal gae oi |
estimation such as the Bligh-Dyer lipid extraction nethod. Theé bi Oonass

cont ai rreshl32n aeHstans.aknddripgdompbnethiseiirat®ns 284 wagly defticulal | pi d. [0150] FI G
3 pres t he dat at hered by extraction of a dry algal mass .using

vart oudiBilar ERANRREGTEIeRY ol T 2hifhedry b Bl HealBERePE Ton

pr oces snatBiegle Wicmela@ cibedisRads indyangtahy dfatdr eis@bleanightsohopotar s6@em0% purity
of neutral |ipids and 15-45% of total ?,_i pid recovery can be achi eved

wi t houtinglpdinggiut oat limted o psHanely etharali sepromnel.| sspigaetetioh a¢qtatal #dne sol vent
tested, e, L 609 { {1 Pl 9 th ot al

| pi o, REORER" SoERRCKRRGRIRAL By G A LRty B blper e bR nb i R
sol ventacoanbsatemeenitcdralltekintagier givldmidndiy sfizblaasl eaalpidy: €thanol is

inefficient, expensive, and result in poor vyi ?I ds. .The a%stems and net hods
di scl odeRUKely &FoNoRYeR! 2 BUiChRsS @S coapice fepree Pt sH inFisy t REOPEopor ti on
of sli I : L or den at ts
of di f R RLROEPBACIE (bGP alh R R B RRAL Al K SRR
car bon ra¢rcltant-bsed\penfisatwariénemlce. $h¢ mstlting bfconasp ol dmostideivolid .of Waternedt r al
l'ipid puriI]?ty wa %2%.f(fr .Fﬁt hanol azlcli 45% for e hangl. | sopropyl al cohol

di d not®§ S\RP%?Hf?t LAHg W_ PSP " Pot RGNS hgtpof & 11 pi ds, resulting
in a S3ymyre Hﬁéﬂrﬁ@éxeﬁopmdr? cRibediacdnts, WRIBARAI usc@ ePMaFRHis@ivmef. Gie: t ot al

| i pids and nore than 90% of the polar i EI ds. Therefore, nethanol is an
excel | embodanditsimchide drut are matibodicdéntcyolohexrac prasobmm ¢thereperitare, itranei n

met hangl _can S to,selectively extract polar, Lipids froman ol eagi nous
et or 1 AP ERF o pE e QT Eotor i B fara Bifbirai il ARBE Pexanc.
The ot heetos@tideRbprop @t emdintdhad] dindofRtenfivannainy, theleed Jowdnyist@v@inds | i pi d
class since the neutral lipid purita( was close to 49% simlar to the lipid
conposisefentiah ediagtion sienshdn gticy pmbhedipicatradisierant pelynithee ased Meagbt al 1 pid
recover j.eved Wt vent -35% : i ng
{hose <SRN JhisHl e R EpORIRL, fud SMER ol PR EREbch U it SRS T,
cl assesmork ckh@lonlstgpsd extraction. WO 2012/ 138382PCT/ US2011/ 059152
[0152] The . results fromthe Sohxlet apalysis were confirmed using the

st andarld Blneh Rl W%%Pé%ﬁtmﬁg?‘]rsé%ﬁqr&\%ﬁélﬁﬁ&}’ét%“%g P OEdM#El ow i n
Exanpl &ofventhSefal a%?@f%hese%ltﬁgﬁcﬁfljstﬁ ifcl&Lshanakt Jkmh H\gﬁ(ljlflfcrséfveﬁtt &R dt Roast

recover polar lipid and petrole ether 1n the séc step for recovery
of neutanalhybiophdisic s@lventofWhdneuseng suak tinorsirevehehyeofhonoedvanit thtractsithé 0 sol i d:
solvent ratio. Each extraction step in this experinment was 1 hour |ong.

Ot her experinents done (data not show®2indicate that about 45 minutes or

| onger is |long enough for the extraction to be successful. This retention
time is dependent on the heat and mass transfer of the system [0153] The
met hanol extractions were performed at different tenperatures, 40C, 50C,

and 65 C, in order to determ ne which was optimal. The petrol eum ether

Y o, 7~ o~ o b Y M o g



[0155] To m nim ze the loss of neutral lipids in the nmethanol extraction
step, the polarity of the solvent can be increased by adding water to the
sol vent. WDG012588mad 5B show the results of extracting trhe/tstanesanti oned

bi omass with 70% v/v aqueous net hanol followed by extraction with petrol eum
ether. FIG 5A shows that the neutral lipid purity was nuch higher in the

petrol eum et her extraction than was, achieved py the use of pure nethanol.

NVor covaritegidiars ¢ Bemips ?f%ﬁlpﬁi E@wbﬁ@%a%elwéa@@@almp o euoRe

aqueousoRhIRRGL intohdbthativh 3hd RXhVAGEd BN BhSR1iqlR séfﬁaidﬂku'éh @at @R net hanol
d neutral lTipid purity but

extraction at higher tenperatures inprove '
sl i ght Inpatdaa rof sigendsttik eontcgntaited inpthe smeld emenyt dafhytipphgbibselyorn{lhstep.

[ 0156] | one exe ary enbodinents the temperature of the extr.action

br oces TEREERTV SIS rPar aeroa sasth whGPRRar Saratrd 15k Grf
conponesbnih @ett. Infuthgn fhgeheRbh@iR$ife hydrgobRreh@hngn tean9banet fdre and
chl orophyl | are exanples of algal conponents that exhibit tenperature

sensi t iafiapyalkang, agtaist, advebowi preprogatie Hehalesdme gangther; er § erinmgsed HRWET ¢ he

t enper gt ur e.. sensi t:i ye conponents have been extracted fromthe al gal
bionass?%rgfgg&ﬁ%%¥¥ia%h%?her exenpl ary enbodi nents, the tenperature of the
ext r act[0028]pr otessind Smialjiimsiitedhé Bxtedceief ptcecapt descdBed hdeiy iitdodpadhte e
desired product. Extractions can bhe run from anbient tenperature up to, but
bel ow, SRESHBIN PRGOHBPISIG. SHeh Bcxawsionis wicktl fprasolptingsprofqinaseqsy 29 WO
2012/ 1 ' : : 0 action
procesgﬁégggﬁzég@ﬁgééégﬁﬁ%ﬁéjggg?ﬂ% sg%ﬂﬁ?ﬁpﬁﬁﬁﬁggﬁﬁgaggg?f%ﬁ§g§%§§%?. I n
still dbhér senbadbobmests, thh@Hextthacttrashion propessas alkaliney e@ptgrertaeblhndependi ng
on the %hgal strain of the biomass to be extracted. El evated extraction
tenper&t'res increase the solubility of desired conpounds and reduce the

vi scosifpy29)f t T8e 83 &k in ToXddHEiBn ARRARGIAPrEciRS bhRABMIRERUEY- [0158] In
sone enbodinents, the extraction is run under pressure to elevate the

boi | i ndipoistsudf thaheopeoductsoniyomotibicxserd o, fodpdiptodeete. Emblodimeantsaafithepresante

pressur.e is. increasedtt%%%h% degre&lneceiﬁar Lo1@reven b&%lin ile
mai nt ai AYHHORAS TRRPYr SIS KB VE HE DS T8 R IRIM S G P Dbl 2 1B at ur e
at whi abn@nyrafuctsReitdes forede i RELGE SveliayfdoBeFFshnt QuERGF agplentt@nat ur e,
deconpose, or be destroyed. [0159]In sone exenplary enbodi nents, the
extractl0&¥]i s Hes caniomplaivd dbatenes chbpdimegt gissussedon t%flﬁép%ﬁl%ml cgseRI, at the

condi ti: r [ gxg i I ; spheric or
el evat elﬁﬁgernégshg%rvg‘gkgﬁ%&gf Her é%%%é?%}gﬁ%,gﬁ%égﬂ@ ?I%%P ?gﬁe?)%;%érformd near
t he boiHRurthgrrpedyseinstofieéheexit ¢miohicam benusddus echiagamsthadcofitht imgnfi@r. ot her
extraction conditions. At such tenperatures, vapor phase penetration of the

solvent into the al |s 1s § ransf er

resi stance. If the @ﬁiﬁ%ﬁ&@mﬁﬁwgwﬁ%&wgégm ficantly
exceed the boiling point of the solvent, the solvent-water systemcan form
an azeqpiPne. FhuplvdmrbhtRtBh BPoll R8nSHSLERE BEst QhscNB8&arfb§a BOVEAtREiPPI Nt Of
sol vent woul d generate enough vapors to enhance the extraction, while

r educi rigleeitpdnsxractsirigeidilyrerals (Thé)swof igsivingtafl peflardipids andinesrlsg edutaal hi gher
temper qf i in LG C At HRUREn ST SaRey bR SELAS! hirenessy Slagitdghion at
tenperagh S LFOEE o e 'So veﬁ%(ﬁo?Ylnggp0|ﬂt.(§l B SHoWE e al
lipid reekenedy ektfact PelablipieOusd fheh bk ppet haltel bk devoi@st palet liglds,schene.

Al t hough perform ng the nethanol extraction near its boiling tenperature

sl i ght [Tgsudfdg BAdgsroepecrnelicrlagt optipn wopkddwvie eytras all gheclinidgandachicge veiy, i t
enhanc i hid very. [0160] I n other enbodinents, the
extrac?ﬁ%%ﬂﬁgé% ?ﬂ?ﬁf 3%Psﬁﬁ'er anbi ent |ighting conditions. In other
enbodi O3y, t Refeeritg awt k@RIG.9 Acarflowetiamud0 provades ap agereicsoof the Bteps such as,

but not, limied to, a steel. tube or casing,. i rder to protect ligh
sensi t g%olawfféu CXEBRISBHER PR B o S A O t&&mt@ﬁaﬁl%fn&@ru fegn o
sensi tifd 8l GRADAOAANng bBAAL | T PEREGeHX FIRIAN LoIRMBORLABALE, nlne

extraction takes place under nornal atnospheric conditions. In still other
enbodi rebscgperttsepel2lr weter snemakakirphatg] aellde yeeldi 10-3¢&nsoddrboapérsr én i n

order t t ect, al.gal conponents one, to.oxidation, . In still other
ombodi i B0 ¢ vy frsed RCE S BPRAE arebiams b b tugtonsaner t gas in
order tQI1Béted. et soWR otbb SRS 8BABH WA Alsh/ iR étc B Bhsca RRRAIRALAJI Pr ONe to

oxi dation. Al gal conponents th%? m ght be prone to oxidation include
carotenoi ds, chlorophyll, and lipids. 23



[0162] I n exenpl ary enbodi nents, the solvent-to-solid ratio for the
extraction is between 3-5 based on the dry weight of the solids in the

bi omass. Wbeoresgzsaal al gal bionmass is rich in carbohydraras2qie/os152 st ar ch)
and can be used as a feed stock to produce the solvent used for extraction.
[0163]FIG 7 shoms t he effect of the solvent to solid ratio on the total

i pi oIve lid rati.o was increased, there was a

lipidr cover

cor r esgGIHPRG SiSr BGeIE 4 sop tiadic s wrdetipn pheufagoRHe gt e & pel T eved
that thignass maddstﬁtréﬁont H@cahﬁﬂ‘g ran§ eédiRtdghation, Qlflayl BeciorinBd B fignelo @S
conpared to other commonly used ©il extraction solvents such as hexane.

[ 0164] 'Iiher@@Itmmphraltq/omfsmﬂmi@mémmm@nwfect ed by the polarity of solvent

used i extraction proc The so | it roperties, of s'r d

br oduct VLR e BE U™ BRABSER Rttt A fop S Yaforiionideot o
sol venttoiaNsdHdd € Thé Biosls€6dn Beehayti ANt dedtiterbd ' ksl Joadiny teehitdues lintlddige,i Nst ant
two sol vent extraction system the hydrophobic sol vent anount is ca “cul at ed

based dnt tlwehrem%tm flisgajvaskait ﬂeatthmmbm@ fdptian floggdationpsedemeratiare
hyd 7
ot 1 oot P S Abanb B ARRUALR Y oAy BEUREM BP R Bucky Rl

sal ts. dfthdwastebfem  @liddr mﬁisolad wbrstahhe EmbodialenBfof sccmrtieeht mventnaitizes
fromsuch an extraction m xtures, the remainjng material_ is an excellent
f er mentdspiatsingdeshniaues gy apetey fiopeRaryestedal Zaliiarasss. Psvatking sk Pon of
pol ar | i I u to
B0 and B g S O o iy R o h B PR ELRETNER b Ref
conponemwsamyoﬂmrn&ﬂumﬂkamwnuhexpﬁkkﬂ]myh©mithe extraction m xture by

varyin nts of hydrophobic an thic sol yents

e coundP e or ThngSvdrr Hf e Biress st SRaans phtalis oty oG 1t
known W/@ﬁdﬁdﬁ 'T'Hﬁediorﬁﬁss%au@ ﬂle‘ﬂ%@textrﬁaé‘d @ﬁﬁ%er%lsélb% sﬁghﬂ'}eﬂ&ﬁ)o%@olbgnts
adjusted to achieve the desired extraction m xture polarity. [0166] For
exanpl de.ga aliobelw), W aetultiitageeosntoesridat sylusnberdstiamprogess gegragamefthe ever y
100 g of ethanol, is ded. to this mXxture

rart o drclBhdl PO e Tt GRa 0 Plos®y AR pOH B 8nd BDG MU efiesnor and
t he congepink akibedin®ntse tHeaiGhadsldonm deigstdidced hid/SO0k Q%8R 0B dd ElaSticHaRUt
62% w w of ethanol in the liquid phase 62% w w of ethanol in ethanol water
m xt ur reisiyeatsemlds to a polarity index of 6.6, calculated by weight and
aver agi he Vv

dex dPPaloe B Suiln M ARIRINT I Sl biaRG cag WAL LB Rbk,

cont ai ﬁhﬂbarﬁé’%chﬁl@ﬂﬂﬁ)d»mﬁ@dwﬂﬂ%d&ﬁ&mSudh&&ld:ﬂta&ol Mg 4d@dl didniass isnttexaltfwed
(0.62*5. 2+. 38*9) about 6.6. The polarity index t he xture for

ext r actt? 6?fﬂef>utqu 59 utuorlap%healmmﬁéw then }FI)P b%evef@wéaﬁrth%{n sapelat Subtapout 5. 8
and 5. AuseppClishie, 1R BNIRIASIIAARCTARRO A AR SR LPIGTIE XamRl o, 2
40% wW w wet as 40 I omass an wat er for eve g of wet
bi omasghan ltnoizﬁﬂmgthoﬂs endctaescﬂolveat sdydthgt I:edutnssthemost of dryintgitbe b@imaes ahd éahanol

to wet is.l part wet bio r.t et hanol nd t.he

concent R E90H PP ARGFat R 1R @S of e AR bmErunRe 6y DaguARE cxstion 6206

W w of fHRARYardtdntdT@ldal S3thsbiRRAS &n fR2%P Wit eLhhAme |sol'v9nt95a|§&f‘0| wat er

m xture corresponds to a polarity i ndex of 6.6, calculated by we ight and
aver agi sn@lmematlpn Ipserdessce de&@flbcmeercmrap@ﬁféqrﬁtls'e iEphendle, to hlm/ﬁanfghet Cpf@fllm ity

i ndex of dex

cont ai nehenEssARE LRt B a i BReRse ot AR uPstabl Ry kit

(0. 62* s iﬁaélﬂionﬁ@@i&dtelﬁl nefhbes aelcaﬁlbtn)éd imeekr @fretnbee meﬁtrmsle Wwaér. In
extraction of polar |ipi and neutral ids is calculated to be about 5.8
and 5. AEOFI@s?]B@@Ei imgeattsy the 4dd&mqfﬁpkvrem @rmg tﬁ%ewaéemmeowab%%me@r@@mefm
the amy 9% acetonitrile would be between about 2% and 4% of the anount
of ethano écause there would be an interfacial |ayer volune al nost tw ce
t he am:[ﬂlﬁ6]of WG €IB shovisha iBtdianot imglemontation bfd W&en@zlﬁowssﬁe(). Mhich is
about 2% [0168 anot her exanpl e, 40% w w wet bi g, hi.omass
and 60 %Aafﬂefre%é& ha\iag 9?%{0‘1@ Wrelifed abubiels @tfouiégnﬁ G- gtlhaﬁ’oW/“Bés added
to thi gufjceiCa V&Ia&‘? séltﬁtrétﬂ)ngjro&ts;bgml Pb€es¥8b0 @étpf‘ﬁ@ﬁﬁe 'c@nn]x L%%ﬁ(t)n \WetarhQmass
to 1 part” ethanol and ncentration of ethanol 1 n the xture Is

100/ ( 160tkip, oefiitedtionaboone GAB6dhentod siptcnethimktal tubt Hidtet isqueditopleparete th2% w w
of ethanol in ethanol water m xture corresponds to a polarity index of 6.6,
cal cul ated by wei ght and averagi ng theZdol arities of the conponents.

Et hanol, having a polarity index of 5.2, and water, having a polarity index
of 9, in a mxture containing 62% et hanol and 38% water results in a
polarity index of (0.62*5.2+. 38*9) about 6.6. The polarity index of the
nlxture for extractlon of polar |IpIdS and neutral |IpIdS |s calculated to

- I T . o o o o o "



X*4,65+(1-x)*9=6.6 |1, x = (9-6.6)1(9-4.65) = 0.55 11, 55% w w of sol vent
mx in solvent mx-water [0170] Therefore, for a 40% w w wet bionass, the
wet bi omewe 20/iI382ratio is (1-0.55)10.6 - 0.75. [0171] Wirhusao14089182 w wet
bi omass this would correspond to a ratio of 100 parts wet biomass to 75
parts sol vent mxture. A 40% w w wet biomass has 40 g biomass and 60 g
wat er f

ver bi omass f 75 ¢ t m xtu ded
Vo thi ot Bids Tomae St ol R B orVhe vanfsulh afish by pegprerpd wate? 35

(751(75¢ %réledi Airdheito ARV cﬁftm%@l NRBAw R ki éﬁgdl%l&tﬂ@ss $QoVERH has been
m xt ur e-wa sol utlon These cal cul ations can bé used to obtain the

sol ventcobtantiated te an i “dlgat pastalhwidxa rlget dowits palighandbduw20@ gdh(ipr.d0kdle A few
SonL) MHANS RAATRL S SOLE 518 SRR Lol PRSI e
parts %ﬂlmfg&@n@%c\émsoa omass dryness Parts Dry Biomass Parts Water
ol vent[- g\% te 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 remaining wet biomass 370 is
expected to have a solids content of about 30% to about 60% w/w in an alcohol and water
solution.
[0138] Solvents ideal for dewatering are industrially common water-soluble solvents with
densities over 1.1 g/mL or below 0.9 g/mL. Examples include isopropanol, acetone,
acetonitrile, t-butyl alcohol, ethanol, methanol, 1-propanol, heavy water (D,0), ethylene
glycol, and/or glycerin. If the solvent density is over 1.1 g/mL then the algae biomass would
float rather than create a sediment at the bottom of the settling vessel.
[0139] FIG. 2 is a schematic diagram of an exemplary embodiment of an extraction system
200. The wet or dry algal biomass is transported using methods known in the art, including,
but not limited to a moving belt, a screw conveyor, or through extraction chambers. The
solvent for extraction is recirculated from a storage tank assigned to each biomass slot position.
The extraction mixture is filtered, returning the biomass solids back into the slot and the extract
into the storage tank. The solids on the belt move periodically based on the residence time
requirement for extraction. The extracts in each storage tank may either be replenished at
saturation or continuously replaced by fresh solvent. This would also reduce the downstream
processing time and cost drastically. This embodiment comprises a primary reservoir 210, a
transport mechanism 220, a plurality of separation devices 241-248 (e.g., membrane filtration
devices), a plurality of extraction reservoirs 261-268, and a plurality of recycle pumps 281-287.
In this embodiment, primary reservoir 210 is divided up into a plurality of inlet reservoirs 211-
218.
[0140] During operation, algal biomass 201 is placed a first inlet reservoir 211 near a first
end 221 of transport mechanism 220. In addition, solvent 205 is placed into inlet reservoir 218

near a second end 222 of transport mechanism 220. Transport mechanism 220 directs the algal

25



rati o Extraction solvent polarity index Ethanol 100 99 40% 40 60 0.62 5.2
| PA 100 52 40% 40 60 0.46 3.9 M:OH1009340%10600. 615. 1 Propanol
10054409 600124134382 PCT/US2011/059152

biomass along transport mechanism 220 from first end 221 towards second end 222. As the
algal biomass is transported, it passes through the plurality of separation devices 241-248 and
is separated into fractions of varying polarity. The diffusate portions that pass through
separation devices 241-248 are directed to reservoirs 261-268.

[0141] For example, the diffusate portion of the algal biomass that passes through the first
separation device 241 (e.g., the portion containing liquid and particles small enough to pass
through separation device 241) is directed to the first reservoir 261. From first reservoir 261,
the diffusate portion can be recycled back to first inlet reservoir 201. The retentate portion of
the algal biomass that does not pass through first separation device 241 can then be directed by
transport mechanism 220 to second inlet reservoir 212 and second separation device 242,
which can comprise a finer separation or filtration media than the first separation device 241.
[0142] The segment of the diffusate portion that passes through second separation device
242 can be directed to second reservoir 262, and then recycled back to second inlet reservoir
212 via recycle pump 282. The retentate or extracted portion of the algal biomass that does not
pass through second separation device 242 can be directed by transport mechanism 220 to third
inlet reservoir 213. This process can be repeated for inlet reservoirs 213-218 and separation
devices 243-248 such that the retentate portions at each stage are directed to the subsequent
inlet reservoirs, while the diffusate portions are directed to the recycle reservoirs and recycled
back to the current inlet reservoir.

[0143] In exemplary embodiments, the first fraction will be extracted with the highest
water to slightly nonpolar solvent ratio, i.c., most polar mixture, while the last fraction will be
extracted with the most pure slightly nonpolar solvent, i.e. the least polar mixture. The process
therefore extracts components in the order of decreasing polarity with the fraction. The
function of the first fraction is to remove the residual water and facilitate the solvent extraction
process. The fractions that follow are rich in polar lipids, while the final fractions are rich in
neutral lipids.

[0144] The oil fraction can be esterified to liberate the long chain unsaturated fatty acids.
The carotenoids and long chain unsaturated fatty acids can be separated from the oil using
processes such as molecular distillation in conjunction with non-molecular distillation. All of
the fatty acids can be separated from the carotenoids using the molecular distillation. The
distillates can be fractionated using a simple distillation column to separate the lower chain
fatty acids for refining. The long chain unsaturated fatty acids remain as high boiling residue in

the column.
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herein incorporate one 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
fraction that is rich in protein material. The pH of the protein extraction step is adjusted
depending on the pKa of the proteins of interest. The pKa of a protein of interest may be
ascertained using methods known to one of skill in the art, including, but not limited to using
the Poisson-Boltzmann equation, empirical methods, molecular dynamics based methods, or
the use of titration curves.

[0146] In some embodiments, the solvent pH is alkaline. For example, in some
embodiments, the solvent pH is greater than about 10. In other embodiments, the solvent pH
ranges from about 10 to about 12. In further embodiments, the solvent pH is about 10, about
11, or about 12. In other embodiments, the solvent pH is acid. For example, in some
embodiments, the solvent pH is less than about 5. In other embodiments, the solvent pH ranges
from about 2 to about 5. In further embodiments, the solvent pH is about 2, about 3, about 4,
about 4.5, or about 5. The extracted portion of the first separation device is then directed to
subsequent inlet reservoirs to achieve extraction and fractionation based on polarity. In another
non-limiting embodiment, protein material is separated in the final separation device by similar
means (i.e., solvent pH adjustment).

[0147] Adjustment of solvent pH is accomplished in accordance with methods known to
those of skill in the art. For example, acid pH is achieved by mixture of an appropriate acid
into the solvent stream. Exemplary acids useful for protein extraction include, without
limitation, phosphoric acid, sulfuric acid, and hydrochloric acid. Similarly, alkaline pH is
achieved by addition and mixture of an appropriate base into the solvent stream. Exemplary
bases useful for protein extraction include, without limitation, potassium hydroxide, and
sodium hydroxide.

[0148] In some embodiments, protein extraction is performed in a system separate from the
extraction and fractionation system described herein. For example, in some embodiments, an
algal biomass is soaked in a pH-adjusted solvent mixture, followed by isolation via an
appropriate separation technique (e.g., centrifugation, or filtration). The remaining solid is then
introduced into an extraction and fractionation system based on polarity, as described herein.

Similarly, in some embodiments, the remaining extract from an extraction and fractionation
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process based on polarity is exposed to a pH-adjusted solvent mixture to isolate protein
material at the end of the extraction process.

[0149] As shown in FIG. 3, the solvent selection and the theory of fractionation based on
polarity were developed by extensive analysis of solvents and the effect on extraction using the
Sohxlet extraction process, which allows the separation of lipids from a solid material. The
Sohxlet extraction system was utilized for rapid screening solvents for lipid class selectivity
and recovery. Solvents from various chemical classes encompassing a wide range of polarities
such as alkanes, cycloalkane, alkyl halides, esters, ketones, were tested. Prior to the extraction,
the lipid content and composition of the biomass to be extracted was tested in triplicate using
the standard methods for algae oil estimation such as the Bligh-Dyer lipid extraction method.
The biomass contained 22.16% total lipid, of which 49.52% was neutral lipid.

[0150] FIG. 3 presents the data gathered by extraction of a dry algal mass using various
polar and nonpolar solvents combined with a Sohxlet extraction process. Depending on the
chain length of the alkane solvent, 60-70% purity of neutral lipids and 15-45% of total lipid
recovery can be achieved without disruption and solvent extraction. The longest chain alkane
solvent tested, heptane, recovered 60% of the neutral lipids and 42% of the total lipid. As FIG.
3 shows, the results of extraction of dry algal mass using solvents and conventional extraction
methods such as hexane are inefficient, expensive, and result in poor yields. The systems and
methods discloses herein address these inefficiencies by controlling the proportion of slightly
nonpolar solvent to water in order to separate out components of differing polarities with
minimal loss of components.

[0151] The lower carbon alcohol solvents were more selective for polar lipids. The neutral
lipid purity was 22% for methanol and 45% for ethanol. Isopropyl alcohol did not show any
selectivity between polar and nonpolar lipids, resulting in a 52% pure neutral lipid product.
Methanol recovered 67% of the total lipids and more than 90% of the polar lipids. Therefore,
methanol is an excellent candidate for an embodiment of the present invention wherein
methanol can be used to selectively extract polar lipids from an oleaginous material prior to
extracting the neutral lipids using heptane or hexane. The other solvent classes tested did not
show any selectivity towards lipid class since the neutral lipid purity was close to 49%, similar
to the lipid composition present in the original biomass. Furthermore, the total lipid recovery
achieved with these solvents ranged from about 15-35%, rendering these solvents unsuitable

for the selective extraction of particular lipid classes or total lipid extraction.
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[0152] The results from the Sohxlet analysis were confirmed using the standard bench scale
batch solvent extraction apparatus described below in Example 1. The solvents selected were
methanol for the first step to recover polar lipids, and petroleum ether in the second step for
recovery of neutral lipids. All of the extractions were performed with a 1:10 solid:solvent
ratio. Each extraction step in this experiment was 1 hour long. Other experiments done (data
not shown) indicate that about 45 minutes or longer is long enough for the extraction to be
successful. This retention time is dependent on the heat and mass transfer of the system.
[0153] The methanol extractions were performed at different temperatures, 40 °C, 50 °C,
and 65 °C, in order to determine which was optimal. The petroleum ether extraction was
performed at 35°C, close to the boiling point of the solvent. Petroleum ether was chosen
because of its high selectivity for neutral lipids, low boiling point, and the product quality
observed after extraction.

[0154] FIG. 4A shows that the neutral lipid purity in a petroleum ether extraction carried
out after a methanol extraction step at 65°C is over 80%, demonstrating that the combination of
these two extraction steps enhanced the neutral lipid content of the final crude oil product.
FIG. 4B shows that the total neutral lipid recovery was low and there was a significant amount
of neutral lipid loss in the first step.

[0155] To minimize the loss of neutral lipids in the methanol extraction step, the polarity of
the solvent can be increased by adding water to the solvent. FIG. 5A and 5B show the results
of extracting the aforementioned biomass with 70% v/v aqueous methanol followed by
extraction with petroleum ether. FIG. SA shows that the neutral lipid purity was much higher
in the petroleum ether extraction than was achieved by the use of pure methanol. Moreover,
the loss of neutral lipids was greatly reduced by the use of aqueous methanol in the first
extraction step. As seen in FIG. 5B, methanol extraction at higher temperatures improved
neutral lipid purity but slightly decreased the total lipid recovery in the subsequent step.

[0156] In some exemplary embodiments the temperature of the extraction process is
controlled in order to ensure optimal stability of algal components present in the algal biomass.
Algal proteins, carotenoids, and chlorophyll are examples of algal components that exhibit
temperature sensitivity. In other embodiments, the temperature is increased after the
temperature sensitive algal components have been extracted from the algal biomass.

[0157] In still other exemplary embodiments, the temperature of the extraction process is
adjusted in order to optimize the yield of the desired product. Extractions can be run from

ambient temperature up to, but below, the boiling point of the extraction mixture. In still other
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embodiments, the temperature of the extraction process is changed depending on the solubility
of the desired product. In still other embodiments, the extraction temperature is optimized
depending on the algal strain of the biomass to be extracted. Elevated extraction temperatures
increase the solubility of desired compounds and reduce the viscosity of the extraction mixture
enhancing extraction recovery.

[0158] In some embodiments, the extraction is run under pressure to elevate the boiling
point of the extraction mixture. In these implementations, the pressure is increased to the
degree necessary to prevent boiling, while maintaining the temperature of the extraction
mixture below a temperature at which any of the desired products would begin to degrade,
denature, decompose, or be destroyed.

[0159] In some exemplary embodiments, the extraction is performed near the boiling point
of the solvent used, at the conditions under which the extraction is performed (e.g., atmospheric
or elevated pressures). In other embodiments, the extraction is performed near the boiling
point of the extraction mixture, again accounting for other extraction conditions. At such
temperatures, vapor phase penetration of the solvent into the algal cells is faster due to lower
mass transfer resistance. If the extraction temperature is allowed to significantly exceed the
boiling point of the solvent, the solvent-water system can form an azeotrope. Thus,
maintaining the system at or near the boiling point of solvent would generate enough vapors to
enhance the extraction, while reducing expense. In addition, the solubility of oil is increased at
higher temperatures, which can further increase the effectiveness of extraction at temperatures
close to the solvent boiling point. FIG. 6 shows the total lipid recovery in the aqueous
methanol-petroleum ether extraction scheme. Although performing the methanol extraction
near its boiling temperature slightly decreases the neutral lipid recovery as observed in FIG.
5B, it enhances the total lipid recovery.

[0160] 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.

[0161] In other exemplary embodiments, the extraction takes place under normal
atmospheric conditions. In still other embodiments, the extraction takes place under a nitrogen
atmosphere in order to protect algal components prone to oxidation. In still other

embodiments, the extraction takes place under an atmosphere of inert gas in order to protect
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algal components prone to oxidation. Algal components that might be prone to oxidation
include carotenoids, chlorophyll, and lipids.

[0162] 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.

[0163] 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.

[0164] The solubility of components is affected by the polarity of solvent used in an
extraction process. The solubility properties of a desired product can be used to determine the
appropriate ratio of wet biomass to solvent in order to selectively extract the desired product.
In the instant two solvent extraction system, the hydrophobic solvent amount is calculated
based on the solubility of the amphipathic solvent and lipids in the hydrophobic solvent.
[0165] A polarity index of between about 6.5 to 6.7 extracts proteins and other alcohol
soluble materials such sugars and salts. It has been found that after the removal of alcohol and
proteins from such an extraction mixtures, the remaining material is an excellent fermentation
medium. The polarity index of the mixture for extraction of polar lipids and neutral lipids is
calculated to be between about 5.6 to 5.9 and 5.3 to 5.5 respectively. The key to extracting the
desired components is to manipulate the polarity of the extraction mixture by varying the
amounts of hydrophobic and amphipathic solvents, always accounting for the water present in
the wet algal biomass. By using the known polarity index of a solvent, the amount of the
solvents can be adjusted to achieve the desired extraction mixture polarity.

[0166] 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.
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[0167] 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. If
acetonitrile is used as the hydrophobic solvent, the amount of acetonitrile would be between
about 2% and 4% of the amount of ethanol, because there would be an interfacial layer volume
almost twice the amount of water in the ethanol/acetonitrile/water azeotrope, which is about
2%.

[0168] In another 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. If
hexane is used as the hydrophobic solvent, the amount of hexane would be between about 6%
and 12% of the amount of ethanol, because there would be an interfacial layer volume almost
twice the amount of water in the ethanol/hexane/water azeotrope, which is about 6%. This is
because the size of the interfacial layer is related to the miscibility of the two solvents used in
the system, and is further affected by the detergent-like effects of the proteins and various
lipids present in the extraction mixture. The size of the interfacial layer is also related to the
temperature of the mixture. As the temperature is increased, the two solvents become more
miscible, thereby increasing the size of the interfacial layer.

[0169] In another example, if the extraction solvent is a 1:1 mixture of isopropyl alcohol
and ethanol, the polarity of this solvent is ((3.9+5.4)/2) which is about 4.65. The ratio of

solvent to wet biomass would be calculated to match the polarities. To get a 6.6 polarity index,
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we would need to make a 55% w/w of IPA-water mixture calculated by solving the following
algebraic equation:

x*4.65+(1-x)*¥*9=6.6

X = (9-6.6)*/(9-4.65) =0.55

55% w/w :f solvent mix in solvent mix-water
[0170] Therefore, for a 40% w/w wet biomass, the wet biomass to IPA ratio is (1-0.55)/0.6
~0.75.
[0171] 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. These calculations 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 3A and 3B.
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Table 3A

e
: : : : : ‘Solvent- solvent
.parts wet parts  Biomass Parts Dry Parts  water  polarity
‘biomass solvent dryness Biomass Water ratio ‘index

:One step Protein Extraction

‘MeOH
-Propanol

11:1 IPA EtOH mixture
:95% ethanol water mixture

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

‘One step Polar lipids Extraction

Ethanol 100 320 40% 40 60 084 5.2
IPA : 100 101 40%: 40 60 0.63 3.9
MeOH 1000 274 . 40% 400 60 . 0.82 .. 5.1
‘Propanol 100 107 : 40%: 40 60 0.64 : 4:
11 IPAEtOHmixture ....too 154 40% 40 60 072 4.55
195% ethanol water mixture 100 468 . 40%: 40 60 0.89 . 5.39.
95% ethanol 5% methanol mixture 100 317 40% 40 60 084 5195
:95% ethanol 5% IPA mixture 100 289 : 40%: 40 60 0.83: 5135

‘One step Neutral lipids Extraction
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Table 3B

: : Extraction : :
: : : PartsDry :Parts  :Solvent-water solvent polarity :Solution polarity :
‘parts wet biomass _parts solvent :Biomass dryness Biomass Water ratio index ‘index :

Propanol
1:11PA EtOH mixture

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

:95% ethanol 5% IPA mixture :
One step Neutral lipids Extraction :

:95% ethanol 5% IPA mixture

[0172] 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.
[0173] It was theorized that treatment of the algal biomass prior to extraction would
enhance the productivity and efficiency of lipid extraction. In this direction an experiment was
done comparing the effect of adding a base or another organic solvent to an algal biomass to
change the surface properties and enhance extraction. A variety of treatments including
aqueous methanol, aqueous sodium hydroxide, and aqueous DMSO were attempted. As FIG. 8
demonstrates, the addition of 5% DMSO increases the lipid recovery 3-fold. These extraction
steps may be exploited to dramatically reduce the methanol extraction steps. However, the
solutions used in the above experiments may not be ideal for use on larger scales due to the

high cost, viscosity, and ability to recover and recycle DMSO.
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[0174] 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.

[0175] 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.

[0176] Further, FIG. 10 demonstrates that the initial fractions are non-lipid rich, containing
proteins and other highly polar molecules, followed by the polar lipid rich fractions and finally
the neutral lipid fractions. Hence with a proper design of the extraction apparatus, one can
recover all the three products in a single extraction and fractionation process.

[0177] Another embodiment of the current invention utilizes microwaves to assist
extraction. Based on previously gathered data disclosed in this application, it is shown that
methanol is the best single solvent for extraction of all lipids from algae. Hence, a single
solvent multiple step extraction, as described in Example 1 of the instant application, was
performed in order to gather data on the efficacy of a one solvent microwave extraction system.
[0178] 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
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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.

[0179] 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.

[0180] FIG. 12A shows an illustrative process 400 for a step-wise extraction of products
from an algae biomass. All units in FIG. 12A are in pounds. FIG. 12A shows a mass balance
of the process 400, while the details of the equipment and/or systems for performing the
process are described elsewhere herein. A biomass containing 5 pounds of algae has about
0.63 pounds of polar lipids, 1.87 pounds neutral lipids, 1 pound protein, and 1.5 pounds
carbohydrates. The biomass and 1000 pounds of water is processed in a dewatering step 405,
which separates 950 pounds of water from the mixture and passes 5 pounds of algae in 45
pounds of water to a first extraction step 410. Any of the dewatering techniques disclosed
herein can be used tin dewatering step 405. In the first extraction step 410, 238 pounds of
ethanol and 12 pounds of water are combined with the algae and water from the previous step.
The first extraction step 410 has a liquid phase of about 80.9% w/w ethanol. A first liquid
phase of 231 pounds of ethanol, 53 pounds of water, and 0.5 pounds of algal proteins are
recovered, from which water and ethanol are removed by, e.g., evaporation, leaving a protein-
rich product 415. Solvent recovered from the evaporation can be recycled to the first extraction
step 410.

[0181] 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
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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.

[0182] 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.

[0183] 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.

[0184] When algal mass with higher moisture content was used, the ethanol concentration
in the aqueous ethanol mixture was much lower, and consequently the neutral lipid percentage
in the crude extract was also lower. It has been reported that dewatering an algae paste with
90% water is a very energy intensive process. The methods described herein unexpectedly can
be used to successfully extract and fractionate an algal mass containing mostly water. As
overall lipid recovery was not significantly influenced by starting from an algae paste
containing 90% water (10% algal solids), unlike conventional extraction methods, the methods
disclosed herein do not require the use of an energy intensive drying step.

[0185] 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
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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.

[0186] 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.

[0187] The esterification process 610, hydrolysis process 615, hydrotreating process 620,
and distillation process 625 are optional and can be used in various orders. The dashed arrows
and dotted arrows indicate some, but not all, of the options for when the hydrolysis,
hydrotreating, and/or distillation processes may be performed in the processing of the lipid
fractions. For example, in some embodiments of the invention, after extraction and/or
separation are carried out, the neutral lipids fraction can be directly hydrotreated in order to
make fuel products and/or additives. Alternatively, in other embodiments, the neutral lipid
fraction can be passed to esterification process 610.

[0188] Esterification process 610 can include techniques known in the art, such as acid /
base catalysis, and can include transesterification. Although base catalysis is not excluded for
producing some products, acid catalysis is preferred as those techniques avoid the soaps that
are formed during base catalysis, which can complicated downstream processing. Enzymatic
esterification techniques can also be used. Esterification can process substantially pure lipid
material (over 75% lipid, as used herein). After esterification, glycerine byproduct can be
removed. The esterified lipids can then undergo molecular and/or nonmolecular distillation

(process 625) in order to separate esterified lipids of different chain lengths as well as
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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.

[0189] 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.
[0190] In some embodiments of the invention, the neutral algal lipids are directly
hydrotreated in order to convert the lipids into fuel products and additives. While in other
implementations, the neutral lipids are esterified and separated into carotenoids, long chain
unsaturated esters, eicosapentacnoic acid (EPA) esters, and/or fuel esters via distillation
process 625. Distillation process 625 can include molecular distillation as well as any of the
distillation techniques known in the art. For example, the distillates can be fractionated using a
simple distillation column to separate the lower chain fatty acids for refining. The long chain
unsaturated fatty acids remain as high boiling residue in the column. In some embodiments,
the remaining vapor can then be sent to the hydrotreating process. Two of the advantages of
the present invention are that it yields pure feed as well as a vapor product, which favors the
energy intensive hydrotreating reaction, as described above.

[0191] In some embodiments of the invention, polar lipids (and, optionally, neutral lipids)
are hydrolyzed in hydrolysis process 615 before being passed to the esterification process.
Doing so unbinds the fatty acids of the algal lipids, and enables a greater amount of the algal
lipids to be formed into useful products.

[0192] FIG. 15 is a flowchart showing a process 700 for producing nutraceutical products
from neutral lipids. In one implementation of process 700, neutral lipids are fed to an

adsorption process 705 that separates carotenoids from EPA-rich oil. The neutral lipids can be
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from an algae source generated by any of the selective extraction techniques disclosed herein.
However, the neutral lipids can be from other sources, such as plant sources.

[0193] Adsorption process 705 includes contacting the neutral lipids with an adsorbent to
adsorb the carotenoids, such as beta carotene and xanthophylls. In one implementation, the
adsorbent is Diaion HP20SS (commercially available from ITOCHU Chemicals America,
Inc.). The neutral lipids can contact the adsorbent in a batch-type process, in which the neutral
lipid and adsorbent are held in a vessel for a selected amount of time. After the contact time,
the absorbent and liquid are separated using techniques known in the art. In other
implementations, the adsorbent is held in an adsorbent bed, and the neutral lipids are passed
through the adsorbent bed. Upon passing through the adsorbent bed, the carotenoids content of
the neutral lipids is reduced, thereby producing an oil rich in EPA.

[0194] The carotenoids can be recovered from the adsorbent material by treating the
adsorbent with an appropriate solvent, including, but not limited to, alcohols such as ethanol,
isopropyl alcohol , butanol, esters such as ethyl acetate or butyl acetate, alkanes such as
hexane, and pentane.

[0195] FIG. 16 is a flowchart showing a process 800 for producing fuel products 830 from
neutral lipids 805. The neutral lipids can be from an algae source generated by any of the
selective extraction techniques disclosed herein. However, the neutral lipids can be from other
sources, such as plant sources. The neutral lipids are treated in a degumming process 810, in
which the lipids are acid washed to reduce the levels of metals and phospholipids in the neutral
lipids. In some implementations, a relatively dilute solution of phosphoric acid is added to the
neutral lipids, and the mixture is heated and agitated. The precipitated phospholipids and
metals are then separated from the remaining oil, for example, by centrifuge.

[0196] The treated oil is then passed to bleaching process 815 to remove chlorophylls and
other color compounds. In some implementations, bleaching process 815 includes contacting
the oil with clay and or other adsorbent material such as bleaching clay (i.e. bentonite or
fuller’s earth), which reduce the levels of chlorophylls and other color compounds in the oil.
The treated oil then is passed to hydrotreating process 820, which hydrogenates and
deoxygenates the components of the oil to form fuels products, for example, jet fuel mixtures,
diesel fuel additive, and propane. In addition, the hydrotreating process 820 also causes some
cracking and the creation of smaller chain compounds, such as LPG and naptha. Any of the

hydrotreating processes described herein can be used for hydrotreating process 820.
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(over 75 'p'ﬂl mﬁ%ﬁﬂl %@%m?#ﬁ é%hn%ﬁ Stkink € Bé%bbdﬁk¥?%ﬁh&ﬁe@§?ﬁpdUCt
can be re ved e esterr ds can en undergo nol e ar an
nonnDIecmhawﬁma@pﬂhbammdnn@pnm;eﬂébﬁﬁﬁ&swnham&emndbeaemaogmﬁxasmdmmkded

pids of differ ai n | engt S | . MO . .
2072 15358 IEITORIB 94 N8 TG b ot Bt F S Y phesead propbytiaie spith. The
esteri finagh 1T @6d GAD LG HMaBhRRs rageﬁeﬂ bk QoY AE@T TRAKNE pRELGESHiBaPirt O
generate jet fuel, biodiesel, and other fuel products. Any hydrotreating
processﬂwmﬁmnﬂomneﬁ%wéﬂﬁ’é&ﬁmheMume@n>buch a process adds hydrogen to the

nyor ot nB&CAIng  RukRrEERRE Ry PR HEReTT praHp oGS o B FREN R aci o

esters fydrh Butwdrmﬁwmﬂ gedaltRiafdn aaEBIBHAEs Adkhbha ifi aNG elmemele@ﬁve and
tenperature_in the ran of 6Q0F. Commpnly used catalysts are N Mo or CoM.
[ 0189] %ﬁ@t%&ﬁf%@lﬁlﬁgﬂdr pemixdag thealgahblogtass With arspbyepiigt prdhdng s sever al
advant of
cerai Eennahieled SR AphbLEEAED, RRE 0P NS AMER O BT

mat er i alubstmtmllpcsblsd)pﬁaseoThats@licye&tdshctudej)lméd sanub@dbd seplvpakotihe diquitigphase
processes. %%g erlfrcatron prior to hydrotreating prolongs the life of
t he hyd? 614 Ph@r lal PJRFINS.A| 50, esterrfrcatron reduces the nol ecul ar

wei ght 1gh14jhe W???%H@tﬂ@r REL Mt I%aﬁ Brbtcih REEELY cdn’ﬂ%%@té'cﬁ@el% B&iracted
perfornance of e hydrotreatin pro eSs 620. Further stil

advant dgeoughdre frehwater bheltfwaelr akst kiomaty oshvive id FEG. 20, a"lthe@nlepMm: ess 625 to
be hydrotreated in a vaporous form as doing so reduces the energy needed
for hydrotreating. [0190]1n some enbodtdrents of the invention, the neutral
algal lipids are directly hydrotreated in order to convert the lipids into
fuel products and additives. While in other inplenmentations, the neutral
lipids are esterified and separated into carotenoids, |ong chain
unsaturated esters ercosapentaenorc acrd (EPA) esters and/ or fuel esters

-, = o, . o o ~ N - ~ 4 o o P — o R 1



WO 2012/ 138382PCT/ US2011/ 059152 from an al gae source generated by any of
the selective extraction techni ques disclosed herein. However, the neutral
| i pi ds cawmoke1df13gsseot her sources, such as plant sourcesPCrAB2BIASE6S? pti on
process 705 includes contacting the neutral lipids with an adsorbent to
adsorb the carotenoids, such as beta carotene and xant hophylls. In one

i npl enentation, the adsorbent .is D ai on. HP20SS (co rcially available from
| TOOHL CHATH P acRmaTRcd o) mExing thyglzah Bigrass WFtP%isag’ggta%’?tE? S§HC e

adsor DeAtradtorPnBine Br LIRS oY 8By o SH VAU if IHe RHE 2ihd hbitgheagd adsor bent

are held in a vessel for a selectéed anbunt of time. After the contact tine,

t he abswonipeised aefwisubsigoiialyaigid pivee andd sustangatle stlivd phaes Kimosetidiand diqeidar t .

I n ot her_inplenen ation%, tﬁg Fdsgrgent is.held in an adsorbent bed, and

the nedtP Y ﬂfea CarRpEd s Le PAPd RRRCR IS bR ed.  Upon passi ng

thr ouggonm adss ent a@@l&bmdtila%f@ﬁl"e%rﬁlf]l@b@: u@@tﬁurﬁgg@teﬁffom%dmu&ﬁcaﬂ offipids is
, ch in EPA. [01

reduce thereby‘producingﬁgn‘oil‘ri 94] The carotenoi ds can be
r ecoverigetefns matsezla s vert éxnphipatbic) aistasy Theatcnmdary Keste sembeps apialgrcan

appr opr.i ent; i i . imted . .

et hanold,uﬁ%l%é%?%%yﬁhtac}léﬁo%d‘%&%fi %Ftﬁl}p{;ensérer tgeusé%r%géﬂéﬁ ﬁl;gl%%(iété g e@l?gre but yl
acet at g226d)kanesrastee (2208, hevoidescpantop €iltea(2204), @ h8&itH2E5)]1 6 solsed rédovae har t
showi ng a process 800 for Eroduci ng fuel products 830 fromneutral |ipids
805. THSRBULLHD): 19n ehillerdA20R. Prews &7 1) bt duewae isnpdid ot BEhathp Bf t he
sel ectit}{gngﬁts{e?_cti on techni ques disclosed herein. However, the neutral

| i pi ds can be from other sources, such as plant sources. The neutral |ipids
are trda2Ey i nFEG.dBghows ag eperoglesssysit, for oxtwitkiop ptdians anl pdadipedsaftord washed
to reduce lﬁg’ﬁ | evel s ofd.rret al s and %osg@olﬁi ds.jn the neutral Iig}g)i.ds. In
some i nPT'EHhPRMaSHECCUdINg (QPRS SSPRETY GIEOLBITH i HA° GIeHNYE SHIFT COTBIES s
added t:9 45 AR Fhichinlydso piibdidd@ctly ¥ diay B 163K 8la BOK (RN ({2@0?}}'51 The
preci pitated phospholipids and netals are théen separated fromthe remaining

oi |, foeneiegq(2802)oyn extractari2yB), { GLeGFTRE04), edtadr @B0S) & selkient rpepysed t o

bl eachi n r s. 815 t noye, chl.o l'ls.and oth | or  coppounds. In
s 1 e ATaD; umet 3l BF KGRI 1 aSif NP ot Akl LlecRBTRANC!

wi th cl@yl®nds@bn®td1eént 2ED0ESREtcHBL ST I)ahd als@ébnas;hhleeeg:jmmgmhﬁyﬁ(m)e.
bentonite or fuller's earth), which reduce the | evels of chlorophylls and
ot her c$igrin EaYHRANE HTaduCt ¢fecaph ptep Fhidenesatad oi | then is passed to

hydrotr {Ng j S
comonditidlo? ThESERS R sMIiFhap s pRRRREL TR IR ERANXISRHAR il ank.

m xt ur €830 hiiesaitrifuged (2308) foi obeain ardngehop@d @asté whathds puped toled dxyrdetot r eat i ng
process_820 al so causes sq racki pg and e creation of smaller chain
conpou r{ag(,ngs Jég C%ﬂf@@%ﬁ&%ﬁ%ﬁw ﬂwplﬂce@ﬁ Elé a ﬁ%cf%ﬁpﬁ@é&ri SHeP By brgedEde
descri i f QF [ DG

20121 135350001 DB T PELEIES Bl ikt iadl RanRE AR e YR 24 i e
hydr ot reatiragf pnpicipsthic8d hydeppalsis sdlvti inadiedtto keaixiractopr Bloesdra8db ntixes

separate .them.nto vari ous fuel roducts, 830. . Di,stillati.gn ocess 825 can
o e N e SR e d Gna BRI e poUetror T af e SEFRTYTEs
descri bgg Hé@ﬁﬁ‘g' EhnMe AR izvﬂhtvﬁﬁo@rﬁlethﬁdls sueRas ﬁéaiti‘ﬁ@ vath &L&%www@gs .
[0198] I n sonme enbodi nents of the instant invention, proteins may be

sel ect istaany hekeif, &t cledirfcrtpmlan cxragaion ayrhgsione BExatmasplicon pofssyreor ehd usi ng

t he disclosed nethods offers ny..advant a o articular, algal cells do
ot neddeu e PyEaT P shedes BV rEY AR Ihe shBrBBE ot el ns- i s

si npl i fogE7]and The dxueRs isah&t purfipedeiXior ddch @Br to MapariRttholghtef anldheavigst ant
invention exploit the solubility profiles of different classes of proteins

i n or dethases. Elip stepico phjo bg periermed igingragrabrgpafibirating g by sentafgiiegalihecul tur e,
bi , | '
DS Sip R 3h e Bk IOREARAL AL 0 301190 DR ACE

cal | ed m@hhistgiofisn amghighthiodolveat, wdraindiakdasr Fhe apdroplesbidbRysub jpecipedithrough
change in pHto _recover the al kali sol ubl oteins called the glutelins.
Thi s stla é%ﬁiﬁn Big ypelsdk dewyer Sgﬁp%ﬁ%%g Vs%aﬁ%ﬁnaé%?gdhw%w cohol
sol ubl epRIL{ LI aﬁ*@fe'c&%%r@d R)r 28By0R: ThRGedi@RIMEL BlcBtcRi-ATREZpHSHE SR8y HbRP 1N

car bohydrates and |1 pids.
lipids. The heavier phase is collected in a hold tank (2308) and pumped through a solid liquid
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[ 0200] Prot ei ns can be extracted from both saltwater and freshwater al gal
cells, as shown in FIGS. 17 and 18. The presence of salt in the saltwater
al gal culwonei123siscomass affects the extraction of diffecents2ahasaes of
protein, but the nethods disclosed herein enable one to selectively extract
proteins fromeither fresh or saltwater algae [0201] I n sone enbodi nents,

extraction of te romfreshwater alg ells is.acconplished by the
novel pFBYBYS RS spipeorptethe EﬁWéfﬁ‘éirﬁ%ﬁegﬁ‘PmﬁséIWﬁEa'b Bt o
al gal hizgaBss o@&ﬁe&eﬁ{eqmu?&ﬁorﬁbff?s%ast%hﬂ&ggEa@e&%d%&@ln@hﬂ@)hd%@ iR 2 variety

of methods known in the art such as, but limted stirring,
agi t at iseeqndaotventiskovegy Jysitem p%ddbs@heg@amrsaﬁr@s this ‘sysrt@n at@amsm throughat i on

m xture or sI rised of a first subst nt| UId ase and a
T Sobndiitidy CBP iRt a8l v Ry o BHAR Rl s RIFERN
separaueﬁnﬂ§Q@§ﬂa§quegﬂamb@a@e@@ﬁﬁMjshed by a varlety of nethods known in
the art |nclud|ﬂg but not limted to, centrifugation, decantation

f1 ot at i[8318]sedFHemdds pophcraaiig of i exerplary, cxiaptonf scheme &rbh% axitacEen 97 | i qui d

h lid
PDae | RuFRAE D ol RO RN P hARRRL IR ghhRh SHERC M AL
ext r actsyememndoxipuises ar algdairultyire @A0DY ivh&t rﬁziy 53 Ia&ﬁlwalcm&ubys hﬁdi’ttrh@g} bystbiedui d
phase and a second substantlally sol i e. The s G%Qbe nat ur a

seawat dP 2Pl seccatifugr edls), §%F¥tf%08rfd5‘i1% sée?a%%@ﬁ%) 6fhe§tﬁ’€: Skal uti on
woul d - cgRRA} %@o@%e%%&%ﬁi%ﬁ?mw&%% é@%@é%&mm ?dhée)réaéﬁorgf L

conprising malnly of ses are separ at ed.
Thi s sd2é0f), ssdesthdheated (R410)i aqsﬂcdnthrds@ltm:oemsysﬂeedzﬁhl)gindtawlecandpmdteel ns.

0203 ond antiall solijd ase.i s then xed with water and
oot on 51 DCEaR e LEI3) A nlly B8 s PRGE S6 hoch Py s Ao Ay " b erpe ved
of a thrzpb]subFI@mtst i3k ls¥hdnh A1t aR RRSBp1BRL YRt ok @xt%laﬁg BRjudial, Ipmmbidg

phase he pH his third extractlon m xture or slurry is then raised to
about S®ndmeyiraddipéds, framn mict hllgﬁ]dﬁlt)lmésst itoodlisgitesargrexmblayy tmmmmephélél@ W| t h
glutelin proteins. The solid and liqgui ases, are.then separ

Phi'ra SUBBPER PAy PTG Ra pABRE Wi RGeS oy aRerT AT TR PR &S

[ 0204] Theatdrbd s BelBSirkNtal o@hﬂrﬁfu%@%wz)pb@smacsort(bﬁm 1A &ednted 2304, sobment set
and heated to generate a fourt eated extraction mxture or slurry

conpr i d8e0Df 2 solyenireceveruySea o) y chillgii?a0phaseldiaek @5Pbl latshh%h%ﬂant ially
solid ph 8’<fr§tor t%o@?% sBéq dq{egat%%z%ﬁ'angq 3&3&1% soRJ% 1%8(%% 9;2 gzeétﬁqg%d 2 §&ond

et hanol . I ment’s, onprises one
or nor ehdfer{2&2.0l | ow ng solvents nethanol |sopropanol acet one, ethyl
acetate nd acetonitrile. SO|Id a iguid phases are then separat ed.
Thi's fdﬂna‘H suggf’ algas gyliupe %58 H%ﬁf&é%gqgé %&S%ﬂ@alm TeFBNEIhPasicoY s

The rer{?g&gﬁ&l@t {?%r&ﬂaétklpfz:s g‘?b lc% tﬁﬁl@%@ﬁé@ép?ﬁb@ﬁe [ac&ngz 8&]‘& I pi ds,

dependin e conposi e sta bl o In sone
enbodlnepﬂamraxmna@nn@nbmﬁeﬂﬁ&m@DM$dﬁﬂﬂwxbatﬂMaUGImatqaiﬂmEmkmons

acconpl i shed rocess own in FIG 18 t wat er al cells
o B RO g SO S R B b SRR i grebiet petded
acconplihsBashcRy. Bho/dtialoy ntkcs it hests tﬁ@”s@mmhrfoﬁ HBx& im8 uﬁcmegsstha@leﬁe not
limted to, stirring, agitation, and rocking This process generates a first

heat ed l@xlmgawmtmf tlm sodmnénmxtuyl lihe 9eatmgr¢pm be echiofedavifli yagtous atsdtodn suchl 4sy

| i quid . ph ubst ant i nd |.iquid
phases RPRISRNRLS ST Mot bR el rBlgo oy ARty Wene ' o
met hOdSatﬂﬁBQ)NBrlt prebfige of tindch ptadelirpgd condtitidiBtio bhlﬁﬂnt@dletdffecﬁ%teﬁsl dfugat i on,
decantation, flotation, sedinentation, and filtration. This first

subst arrastap. | Thgeraaghaten pymend ko adesantey R BRIAE the dighichand hop e8] The
first ted to
generaﬁgQ%%gg%gg%b%gz Sbgegg%ggFﬁgﬁhlqﬂlﬁ§%ﬁgg %g?ﬁggﬁé%ﬁgﬂgs d of a
second [82bHt anThalightet plqnse dorppasee ofithd hydsphobid sslvbsttaad thepdlyr 1§odd. Thphase.
The solid and |iquid phases are then separat Thi substantial ly
i qui d HSRYSEPhase goRsin Wlapmlﬁﬁﬂ&ﬁ%weﬁ %nf tlgav 7 fh?ﬁl@ﬁ@@ ehig layer is

subst a uhﬂJthhr%Réﬂ #nPRase565 ahliGho Wsﬁﬁi@nﬁ%&&e $&m m@%te%]p&@ afienerate a
third heated extfaction m xture or slurry, conprlsed of

subst antassedIthrobglyaickillph@$67 pand racavkiaddosebgtlanthcatdigusislaicdngméste. The pH of
this third extraction m xture or sIurL¥ is then raised to pH 9 or greater,
enriching the third substantially |iquitd phase with glutelin



WO 2012/ 138382PCT/ US2011/ 059152 proteins. The solid and |iquid phases are
then separated, the third substantially |liquid phase being enriched in

gl ut el i n Woab /138382 0208] The third substantially solid poaas2eig/osfqien m xed
with 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 soli hase, | n one preferred enbodi nent so] vent
set corfPIREEEedRera A thy il ?EB%E?W&PBW lé%@&f%ﬂ@%%@k dtfaitd se
conpri SRenRABLHPEQRiPliqulidSephlid: by, PR YRk SomPBINANRE extiRRRIQRRANO! ,
acetone, ethyl acetate, and acetonitrile. The solid and liquid phases are
t hen sdpemassedhichTéinsbef fottherrexsratted andiied. The liuidi ripdmais @asssd swpugihestcpmd

| am ins.,.T i f th b iall lid . ) b
et andtieRh isThl i RS ARERL P i HR HRERESTH B¢ iRk iR SRy,
bi onas as{cd2RBl1dine sebiose LRisiel 23 L edscovks thdeeydisiticlaaiphigachis SdIe&it M
extraction of different types of proteins, as shown in FIG 17-20. Any of

t he st epyeromdiietcts deanistpsadiedn dha yodeant engopip val sThcagxtigeted splidsripang the

separ atel.y £ t i ‘ e i V. @X a
S i A A R S A

t he as tdeinowsitr attkespyent ethdasdoad cheact@r@QBIE). Axkc@etrhturs bepmplipathR2hd] I n a
non-1limti r;)gl | obulin proteins can_be selectively extracted froma

| e,
f r eshwdtydfo Pgi)é%g@iegtﬁagédwo SRS gCtsT-othessoamid F raetpt Mives apd erds teat i ng
to ge”%ﬁﬁll%P o{@ﬁi&ﬁirﬁﬁ LiPRtd @Qn Eﬂeﬂo‘ﬂ'i@ n}%Hintsdf‘ﬂﬁJ %cm&?@%n% Gflxfe. &
y |1 dp t 1all

h
substanti a qui ase and a subs y sol1d phase. The sofid and
| i qui d spbaslextraans tHeepubgped apapat@dd dEbmtdri(QuiNY tpbapamtd thedighicc hwedlhdavier

| obulin proteins. See FIG 17, extracti .St | a. [0211]1n.another
non-1 | N as iispates s Ee G opibib e Set ot Fd et nBg 1 rom a
sal t watihyial Sitlsc BhRIRSSE ManPripdibic §§l'v€lnt,b{)v|9ﬂ3?§1§d Mbid Tﬂ_@h?%rog%woai‘@?a%%ﬂ 9 to

gener ate a heated extraction m Xt ure or siturry, conprise
subst amuingied yhrbiighui Hegstrd 882 Airrdd ante aisstvant iced ey systdn (R @A hslde viberssod i d and

l'iquid pha can_then eparated. The |iqui.d phase is enriched in

ol abul impagtefifls YEEEr ReS PR A ieg P ) ¥ el S sPRHnFARL 1 her
non- | i riohipRigin@Xadslly @ thy uaal Iihifd. ahe hBsviedthakeis sedyerdity el x@xttbacises) d om
either a freshwater or saltwater algal biomass as shown in FIG 19. The

sel ect idfde Rumae (3973) pssishEcoaping dleaeropyct of R3chgtarte the gxlt stsPonass with a
sol vent an | : | 1.Xt u r ry,
corpr i J0570: *aF IR L ARl R L h Graird R Sl R AGRLDAR il APl CY
The soldfdttanal ik icharigdd phpeesrtioaro tHeeimduat separairichydisphobicgolvdnpihake i s
enriched in ﬁr%l amn proteins. [0213]1n yet gnot her non-limting exanple, a
pr ot ei YR iflsEeN¢ SAMpRncaty @abe velegt ek $4Ectsd: from ei ther a freshwater or

sal t wat | ga i : j : | ect e 1é
2015/ 11885 e g TROT iR ThD alplli ofthe iMURE GRINEIAA B woutd

bi ormas ewabtdtoaclsotivedntxteet a tiosigd pelaaiipidan peotemafedr ertheriadreshwaer osl urry and
e mxture is coggri sed of.a

effecting a change in the mxture. T
subst s efigip SRR TAL 'S TRAHET M RSP0 # PRANS PARESHN d and
i qui d phase SInCl?gllht bheR iR@art ARAI0RLR Jonc T8k HUALaP RASRI BcSab®tol ifldRSPah gt
proteins. [0214]FIG 22 is a schematic of an exenplary extraction system
f or t hehegtdenef thoabefe disclosed multi-step extraction schemes, provided that the protein

content of the algal mass and the solubility properties of the proteins of interest are taken into

account. Other embodiments of the disclosed methods may incorporate a wash step between

each extraction step.

[0224] For any of the disclosed protein extraction methods, the extraction mixture/slurry

may be maintained at a heated temperature for a period of time. In some embodiments, the

extraction mixture is maintained at a heated temperature for between about 20 minutes to about

90 minutes. In some aspects, the extraction mixture is maintained at a heated temperature for
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proteins by a single solvent (anphipathic) system The exenplary system
conprises an algae culture (2201), which may be punped directly in or may
be storedwvonor/isedsd t ank, a centrifuge (2202), an extraeCoUSe@2039152 a
solids separation filter (2204), a heater (2205), a solvent recover system
(2206), and a chiller (2207). Punps (2213) assist in aning t he product of

each ste ext ste ]JEIG 2 OWsS an exe stem for
ext 1 actih eeﬁraﬁa%ﬁ gﬁa{;wt}t%ﬁ.%m@? o Gl Pt Ui o Bl it ng to
one eX%ﬂHhﬁh%d%F@ﬁ@h&P&hquﬁ@e%%ﬁﬂ%k&%Mﬁ%ﬁﬁif%ﬂﬂﬁ%%ﬁBh&ﬁﬁ9@@mﬁh&§e culture,

whi ch may be punped directly in or may be stored in a hold taffl( (2301), a
centri f[ﬁé%ﬁ]( 23bpjomeagmieodimants.ghe e@wapn nmaxtgerdnte may 8 0udted &o hmmurészs%)

| 5t 2306 hII | d tank (2308),
2oi o SBpdbET T YBLh SeE Bg: wlafiy gt L BB riest R Fecovery
syst eme(x?r@étéd aﬂeﬂlparaa@@mme@hhdﬂ ouf 2BE2)In o{?iémb&caﬁﬂeﬁas tRS&ltRictibd NMovi ng

t he product of each step to the next steg [ 0216] The al gae culture, which
may be piripeslugirisbedtsd torp tomparaiurpeloss Grtaeboiing phisk af exdrktion magule/ shyry.

ot 1 actrons 8945 o drBaH e R BT SR BRRER R Ele PR UIREE by O, |

separ atgihseghcasn mixterhane Byslie rémbbdmdﬂm sl preduriis ickkat dbeReuni t or a
floccul ation sedinentation unit, or the like. A mxture of anphipathic and
hydr opHEBPEPISHE DESAIUTE.AIP4A dBA Nciding SQRSLI’I‘ %tﬂ@rthe hepsing 2p¢ BU¥IBE SH¥PXEs and
heats thg.sQlyihapfor a fixed time and at |ess than the boiling point of
t he sof%éﬁ?gﬁgxtﬁgk The heating can be achieved with various nethods such
as heat[022p]wi t Whersleal O wéE sn algal Bbmast mrhe ilhmtased by ranowl efintdrstittay andrhe

extracti on be done.at atnospheric ess r under .pre ized

condi t i Bfecs BlassTod s il pusroull gpvihe eaniapnnith o Bokiefirms

ext r actovefa hOed HUREAThi LS Be Q&a@@@a 8y nhsamgeaﬁ%@thepamg sdw&htvﬁfh a&ﬂﬂ f1eavi er
phases This step can al so be perforned using nenbrane filtration or by

cent ri faudfirecpr bidreass ugéeremhpted eonditrams b@sorodwtwampa‘mwt@m veerss.ant t he
pol ar | jpids..The heavier ase consists | vent, water
Pa” ol dhE MR i ey G LO PRDEC Pt Ghoud eRPefORL AR b pt 153885 and +nt o
a sol vesmibodahents i sotedne fop(a23980-90TNT tNaRatcs intdhe a@asaﬂﬂré o siv@bssa 1ghi | | er
(2307) and recovered for recycle. The residue is a concentrate conpri sing
nost | y sgBlcambodpnetds thegemphwathiepolpemd secthanod sicptete. aarcthanol ispprepapahk (2308)

d 2 2,
22paP;E%fQ?E§6®¥&m¥ﬁgﬁ§L?ﬁggngEQME%ﬁi %éa%%ﬁraG%fgm&ﬂggga 1%%&%2 whi ch can
be f ur tprepanek twaasat echvo(DeD), ethylchbglylcoly glydepmrdria@onibsapias stetedfh ioswghe a
second heaterﬁ&éﬁéO) nd intg a sec ﬁnd sol vent r%Fovery sgsten1(2311). The

vapor s SeediH rﬁa&%%&@géﬂe b dgtrtercd addrspreptanpkrin@g®i2) to
recovere uﬁ&ﬁé’ (ﬂlleesotl rOFBL. CnSA R Bg?uﬂ&?se{he%ﬂ«eﬂf QueidRsfarm
t he reS| I'n the so ent ecovery unit. [02 I's a schematic of

an exenpﬂahyh@xmﬂ@dnn@msﬂﬁh@nevﬂaﬂthsnaMUmd@kﬁmmﬂohrMeumnswmﬁnmmdsnand
protein ven anphi thlc/h rophobi.c), system The ex | ary
Cyot emQUlRdPaiilions bR En B Sageptin R BR R o5k T sl e BTy
or may |gg stored in a hold tank, a centrlfuge (2402), an extractor (2403),
a decanter (2404), a heater (2405), a solvent recover system (2406), a
chiller (2407), a hold taffl( (2408), a solid liquid separator (2409), a

second heater (2410), a second sol vExdmpkdover system (2411) and a second
chiller (2412). Punps (2413) assist in noving the product of each step to

ext r act DB oF oParaniufaze SrpidkaluSinate 1sP) pRf LR AiEYEIEE |
bi omas hotbEELdE. 5D aRB1R%E Vﬂ?ﬁfg&’lqﬁd{f@&ﬁbﬂf@%re M eestoxe rmte%wmm beBUlk
conprises an algae culture ( whi ch may be punped dlrectl% n_or may

be st orveaer by eenfibgatioanthe, al&ﬂ é?émlﬁf’r Wegetqrod api-> canaléa@t ades or-80 M usey

chi 11 ors path o R pERYipPa S UK R NG A3 S pBRNg B0,

second fhEaf ethafd330knt Wasseided thts @ Ithte@hedlmaskeqmyed Qf’fh eaﬁﬂehheraﬂndclanmp ond
chiller (2512) t_'[.10220]The al gae culture (2501) is centrlfung (2502) to
obt ai n SHTERNFER thaiereopRls: & QR SCTIBCPh HisaRIxtwe 313s 8stuxsd {Q (rglswfier The
centri fﬂf%wavg HrbaibFRO%) o TBonACNE AREAREH DX RGOl n SERA BRI SHGHAS 2
menbr ane system or di ssorved arr otation unit or a f occul ati o

sedi nentation unit, or the like. A mxure of anphipathic and hydrophobic
sol vent is added to the extractor. The extractor m xes and heats the
solution for a fixed tine and | ess than the boiling point of the solvent
m xture. The heating can be achieved with various nmethods such as heated
mnth nlcromaves mater stean1 or hot 0|I or electr|0|ty The extractlon

I o,

o o - v



conprising nostly of the polar lipids. The heavier phase is collected in a
hol d tank (2508) and punped through a solid liquid separator (2509). The
sol i ds cownproeei3sds2t he extracted al gae bi omass whi ch camrcCharstanobes2
extracted or dried. The liquid portion is passed through a second heater
(2510) and into a second sol vent recover system (2511). The vapors from
this u are, passed through a, second chiller (2512) to recpyver and recycle
t he anpt*f KT HEFISC NG R ™o PRD SO AP e pTEES AR Bt PR T | he

sol ventef-8GRAVIYS NitdAbh.. The extracted solids fromthe solid Iiquid separator

(2509) are further extracted again with a ratio of the anphi pathic sol vent
to the [#228r i Whe tgaldipidserfaigal Sdt@lsfeweﬂ@dmeb?ifmchm@aQ@E@?Hﬂ—m@bﬁmhdvml’xt ure

of a athrc nd .h IS add t extrac
ThesecsRam e e HHeb a9 thr R IRl e PP en T S TS E N AT | ess
than t hg réRidnt thrRRd Mpid col B c%féﬁialﬂrdnsq’bté@ﬁf)ldﬂw&dliﬁlﬁhef@’é@a@%m nemtrtrract is
then punped into a second decanter (2519) to separate the Ibghter and

heavi erllpmlﬁaaétésoolarrheldSﬁWVériarptr@eéneehrgma@egap@ry maieodysinotthadBy eeskbpilisnt and
th | | vent ,
o APPSR, TR S Lo PO e ansloa oL el vors

and i ntigitiallg ebapemtted SQOVET usSySE BIMArgy %52;io)ratoﬂ' (Bickh rswl&eﬁrrei) paséged diled ough a
chiller (2522% and recovered for recycle. The residue is a concentrate
b

conpr i SdgT HeBvpgrusr Theedrirdyetentatas .Vﬁreglacqﬁh@dﬁéawérn pitben peighedyEhed to

t he ext uct of
each sﬁé%§%§apﬁéﬁ%§§?gggepbgqm?C@?FIG. 6 ngg%Q%tgﬁgmﬁgﬁgB%%%Q??§%§§g t he
et hanolmekylratts mnng:hnpmaete‘canoﬁcsadldhécHn@)mﬁha)ﬁltmetiamdarm changed in

proport.i to t ter and h ophobic solvent in the s stem
OO TR 1 PSR M R G R de i A S AR S 8
i nf or negy etnotvapéﬁh@ﬁ&ept@dptn thB€irdt @Xﬁéﬁtfoﬁ@telpoﬂﬁi s%tne%ma{ lesd &ttdchi®e Britheavoul d

be able to selectively extract a desired lipid or protein fromeither
a fr esaparetioroef rwatralatids. l%ileqmmcbh@rtmsss myreetonhetrentan@Kﬁgttengffeptlmﬁrsact i on

proces ti-ste traction process

i o ostkdin gLy bR R P RE PRt A Bucd Sttt il IR EE TR or der
of the ke ctirstibpsRd, rﬁutdwmtaeﬁsted(tit@réhb@m sehfeesly fata@yi ded that the
protein content of t he al gal mass and the solubility propertres of the
proteins of interest are taken |ntQE§ﬁﬁﬁMQt. Gt her enbodi nents of the

di scl osed nethods may i ncorporate a wash step between each extraction step.
[ 0224] For any of the di schpsefh R&Qhﬂlﬁ%ﬁrgﬁﬁbﬂﬁnﬂﬁthOds the extraction
m xture/slurry may be naintai ne at a heated tenperature for a period of
time. In some enbodi nents, the extraction mxture is maintained at a heated
t enper 0230 f o(l)b’etidvéeachlatgamlgaﬂ(biqmawtx(as seaked mowhated 6t pH Adtfes 1 hbwr. Slhwe

aspects, e extraction.m xt i S i Nt ai ned  at eat ed te er at e for
Ve 501 TS aec R st ot A Bl e i S Bt o B S e drare

M nut eSthel BRI soBP /et Swadhb® 3 tdsaetH @NMitdThosd We 4i aﬁ@ﬁ@&%&ﬂﬁﬁ at a heated
tenperature for between about 45 mnutes to about 90 m nutes. [0225]In sone
embodi M8A3H, t KD Adkelingcxireetian: Ydgal biophass mps reakepén watat etcpft &1 femiplauat ur es

| ess t abo bum. n, lutelin
e L R R T e T R
enbodi nenthsed MBues! ariahe QupcRaxing F@@led! Mhe @ﬁpm@&/ats@teatretlee@aﬁmmme(pﬂ ose
to the boiling point of extraction mxture/slurry. In _sone aspects, the

pr ol ani$delewingshaetiafigption ekhegempmgetokdy et wathed 3tionashatihdiyty agd poi nt
of the ?éltzf%%n' QR gLy e/ slurry. I'n other enbodi ments, the pressure is

i ncreas ove atnDsp eéric pressure, up to and including, 50psi, during
the heating and m xi ng steps to enhance extraction. [0226] The shelf |ife of
an al gal bionmass can be increased by renoval of interstitial and

extracel lular water. This results in | ess mcrobial growh and

contam nation of the biomass over a period of tinme. This can be achi eved by
m xi ng an anphi pathic solvent with an algal culture or biomass under
unheated conditions. No products are extracted by this process, but the
water is renoved fromthe biomass or culture and replaced wth the solvent.
I n sonme enbodi nents, the solvent replaces 50-90% of the water in the al gal
culture or bionmass. In sone enbodi nents the anphipathic solvent is ethanol,
acet one, nethanol, isopropanol, butanone, dinethyl ether, and
propi onal dehyde. 2-propanol, acetonitr4de, t-butyl alcohol, 1- propanol,
wat er, heavy (D20), ethylene glycol, glycerin, or a conbination thereof. In
sonme enbodi nents the anphi pathic solvent is ethanol denatured with

i sopropanol . In other enbodi nents, the solvent is isopropanol. In stil
other enbodrnents t he solvent |s agueous. In strII further enbodrnents

oy . o " I I 1 . Y




[0228] The total |ipids of algal sanples were analyzed using a
chl or of or m net hanol -wat er system according to Bligh and Dyer's lipid

extracti onormetuge3s2This total |ipid val ue was used as reCenseaae/ofas2t he
i pid recovery calculation. Total |ipids were further separated into
neutral |ipids and polar lipids by standard col um chromat ography net hod

usi ng - 200 h silic ((Merck rp., CGermany). Each lipid fraction
was or ANEFAY ¢ cdny FﬁSB'It%O%Fg‘ﬂ%‘?h@%ﬂ“\ﬁ?gﬁlﬁleieﬁFi“?t%anl%}g ot S0183°C e ng
a rotary evaporator (Biichi, Swtzeriggpdy and then dried under high vacuum
The dried retentates were placed under nitrogen and then wei ghed. The fatty
acid profile of ®astessanpl e was quBruteihiddldoy GC-RfdteihtRauritgeri vati zati on
into fatty acid nethyl esters using heptadecanoic acid (Cl7:0) as the

i nternal standard. [0229] The result data not sh i ndi cated that
m crowave assisted extraction was §t("ef%3) rermval?}%;%"egﬁgogol ar lipids in

the first extraction step, and somewhat |ess effegppdtémh yiewa)t he separation
of neutral lipids. Electronic heating is nore consistent in extraction
effectiveness. The final yield is conparabl e between m crowave assi sted
extraction and elAdkalingdixgapiécat i ng assiKted extraction45but, nicrowave
assi sted extraction is significantly faster. Exanple 2 Protein extraction

from al gal bi onmass.; 1) Acid Leac}y ng: Al gal bi s was soaked in
water at pH 4.5 ?%}(H%g%mﬁl% The sanpl (jsvwere t hen ce%?ﬁsfuged at 3000 rpm

for three mnutes, and the supernatant renoved. The renmaining solids were
washed 3 tinmes with dilute acid (pH 4.5) and freeze dried. [0231](2)
Al kal i ne extraction: Algal bionass was soaked in water at pH 11 for 1 hour.

f ol | owi he addi.ti on,of pH adj usted water.. The sanpl.es re the

bont o1 118", PEfth SR fes P Sh 8L Pasindorme R et e esvea. The
super nafradtsoM@sto B HvEiRht @@fle Wighfbiamhsh dri tétsdakidgh lpPmbdi@stéd®ater. Protein
centrifugation. The remaining solids were washed 3 tinmes with dilute acid

(pH 4. Burignyas deterenett pethe OffigabYiephorag 3o parriepOil Ghesusts Sopigp3®atiie

resul t f ' ' ine r [ r el ' abl e

1 Tab Rl B S B R N R R e S B!

pr ot ei rury hielriorBhkpdodne tizttatd éciol theAdSoPulpal predieheignlOaR . this [fXddndtlmot ei n

yield was cal cul ated. on a wei ght basis, conparing the weight of the freeze
allows for the use of feedstocks with varying levels of protein in the systems and methods

disclosed herein.

Example 3

Extraction of Proteins from Saltwater Algal Biomass

[0234] The saltwater algal culture initially made up of about 1-10% w/w solids in saltwater
was heated to 50°C and maintained at this temperature for 1 hr. The resulting slurry was
centrifuged to separate the liquid phase from the solid phase. The liquid extract was
determined to be rich in globulin proteins (about 10% of the total proteins present in the
original algal biomass).

[0235] The solids were then suspended in fresh water and heated to about 50°C and
maintained for about 1 hour. The resulting slurry was centrifuged again to separate the liquid
from the solid phase. The liquid phase was determined to be rich in albumin proteins (about
10% of the total proteins present in the original algal biomass).

[0236] The solids were then suspended in ethanol to achieve a 70% w/w mixture. This
mixture was heated to about 75°C and maintained at that temperature for about 1 hour. The

resulting slurry was centrifuged to separate the liquid from the solid phase. The liquid phase
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dried solids to the weight of the algal biomass prior to soaking in

pH adjusted water. Protein purity was determ ned by the Oficial Mthod of
t he Ameriwernoyi3sg8hem sts' Soci ety (Ba-2a38), neasuri ngPChasanmosd1spf
nitrogen in the freeze dried solids of each process. As proteins are an

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

informatiopn allo or. the use. of feedstocks w varying. | evel s .of protein
in the wsﬁ{é&%m&ﬁi%m G5 PG ot 4D /@féﬂw%al@r%gw BESFEAN e
Pr ot ei npidik@Boadsiwat er Al gal Biomass [0234] The saltwater algal culture

initially made up ‘of about 1-10% w w solids in saltwater was heated to 50C
and mailA23TInedThe salfdssvare thee saspgndedfioralkplirsolutivh éaquesud Na@l, ) pyd heaged

trifuged ta, te.the |liquid f h i d .. The liquid
ot 1 act® A8 o8 AT iy bl e BAGRCG AR pABE B BRS¢ he
total peptBuge tBReseaE thoidulefremi tBé Béld Hagal TR 1{BS Bhasc [+d Iskihimes @ bels

were then suspended in fresh water and heated to about 50C and nai nt ai ned

f or abdifh in ghtselm proteensr(abent S0Mopighetotal prgising erpsentfiy fedrigdl hiommssepar at e
the liquid fromthe solid phase. The |iquid phase was determ ned to be rich
in albumn proteins (about 10% of tBwampleal proteins present in the

original algal bio s),. [0236]T sol | ds e then sus ded in ethanol to
achi eve a 70% w/ e&}&irtaﬁpéatm i“ﬁ&?ﬁ?@'\/\%@ﬁ%hﬁ@&“ﬁé é{ﬁ'ﬁﬁ?“ 5C and
mai ntai ned at that tenperature for about 1 hour. The resulting slurry was

centrifpy t 00RE A udARI ﬂdﬂlﬁdi bﬂN&ﬁzoEﬁB%ﬁsB%i&ﬁhésQClﬂHﬁ*&?froﬂ!;%aﬁli 21)2'(}3' phase
WO 2012/ 138382PCT/ US2011/ 059152 was detérmned to be rich in al bumn

pr ot ei redtivgsoliomA0izont StateUniyeesity pkajtository for AdgaatReserrethanddBioticheglogy.onass) .

757 5 e 58 BHOPRRAR D AR,

hour . Tdbeut B9/ WwnRgd shadrfinalivaiozeent ri fuged to separate the liquid fromthe
solid phase. The liquid phase was determned to be rich in glutelin
pr ot ei 823U bout hsouiastion Keps e Pepiorned s Hilezrdlan Jackeicp keleivgningdt onass) .

[0236] G e RS A S SRl TR SR s P o
202. 0, mixtawitkd 2flioosapdivez epostinagreoinbtoe mathtaytwol ldider shtifhr Thé oz gase
Research and Bi ot echnol ogy, ATCC Deposjt Number PTA-11048), was. harvested
and devBiEHYaVas ﬁmﬂtwaFﬁagtyectaﬁ%wds@ug%twwgﬁs%wawﬁw P NRAIMEY £ r ozen.
\[Motzﬁg]hl-lﬂri:lgg%éﬁé &%hl RSt ERSMARESI W& SRFdA8Er | P AQUing3hd ABKdt ACkES Retnket tl e

steam to obtain the desired temperature at each extraction step. The desired temperature is

near, meaning within 3°C of the boiling point of the mixture, but not boiling. This desired

temperature is different at each extraction step as the boiling point of the mixture changes as

the proportion of ethanol is changed. Upon reaching the desired temperature, the system was

stirred continuously held at the desired temperature for 60 minutes to ensure that the contents

of the kettle were uniformly heated.

[0240] 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
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lids. The lids were tied down with straps and sealed with silicone. The
system al so contained a m xer with a 2 horsepower expl osion proof notor
with a twobkbedeszshaft. The frozen al gae material was emptriusdoiiosast he tank
and an equal weight of ethanol was punped in using a pneumatic drum punp.
The material was stirred for 15 mnutes and the jacket heated with steamto

obtain the desired tenperature at each extractjon ep., The desired

t enper aY{ft EOTRCHEGAIT tﬁ@&mtﬁa 1 n%%meitﬁéof_&ﬁt?f g s memrane Rt ur e,
but notyAGtdd JTeny PRHRuBRShEERS. TREREERAM WsicalI il d £108REyRld AN IL%AEACT i ON
step as the boiling point of the m xture changes as tHhe proportion of

et hanol[024l]chalhbedxtraigion and dshiieonptiohes desp tleachaspparpalarite of thesobygst em was
stirred, conti,nuously. hel t the desired tenperatur r, 60 m nutes to
ensur o PFaEh RS iieh Rt B fra e BN Ph 1P HaalBa o fo o e
cont entitipAbdul @0dEIbLE | F We bRzl BighaRtieAniaN bb&ft ENEMEY WabGl(3 PR WSSl and
into a Sharples decanter centrifu using a pneunatic Viklng vane punp at

e,
about Boldy)| dhispess mixed math 8pRdby @g denasyred eengliBife othwnel anpde maglepgiobet to
about - i ds . 0 i I I i um and
consi s?r gsgl(l)tgggo gbao%p%gg%#%lﬁ%@&g%%%ﬁlltlegog'ig 8@? ﬁ(ﬁlh gs%g Sés?%fslda @ h\%ﬁdescixf%% urned to
t he ketsepgratcsing atdeeanddrais esenibed alesl ce Athe aad kelid sdreps woekihed 5ep st adl washe
liquid streamfromthe decanter was collected into a feed tank was and then

|
fed to tHedighprandetotd ol P2 [bsreislrst indempuradeifinghwatakiad idicgoldss7s 12 ss
renbr ar}@sdﬁgﬁ%%taah%{%&&g e Qi’g%‘f%ouT%%%”&Jru%%see?haanegl?&ﬂiﬂk h%g&lﬁngéj klcons were

60C 5C an an average pressure gradient o 0 psi. rane
syst emsepsatfed oking shiedaradrag tdesvibey alidsemThatselsd pdiion weighed 354.5 Ibs. and was

2012/ 13 PCT/ US2011/ 059152 wit d ai t i i the fl . Th
e Y A Rt od ot P ha e foif B Y R R el b Sy SRy T i o
mat t er . mikhge bELSIE 85 a‘ﬁﬁ%od@%ltﬂaﬁﬁﬂ efheadfldd Sy B %&e%@ﬁaaéi@&ﬁﬂh@ﬁ decanter

[0241] This extraction and fractionation is due to the change in polarity of
t he solasascribhd abyls. tThe rpruineswlidhwerscdboakdPVadty wass. IThis biemesst icaeitdson shown

in FIG_.1 t he process began, w th ahout 1000 |bs. of t algal biomass
cont ai 108G s S BLao e RRRL e da SR e oLBie i Hhorl Shas i wed wi t h
860 | by0244] denaidmiceskpetiman@l(d4t90d6 dbRanethcaiyfedIPdvabthsddthanol @6t tticdg 1N a
m xt ure cont ai ni ng about 55% aqueous ethanol. The solids and |iquids were
separ atldpagsphefhancl sertainéns 2o ggeeliand & aisenepyimechpbvas Bigddn pp extrasiion,

Vel ghedoug%z% h&&ld n%P%B’ga% ‘%1%%/{’1%' e%ls J585 Sharkdl bRY 3% E;th%ﬁ. Re 'of%(%"/%%%f?ahgles
denat ur ed et hanol was added to the solids, Fesu ingin a mxture nmade up
of about pr8fe¥ted gdodisncat bfthe Ipresditansmtibasbuaiskdneily dst availebls dpataisd usi ng a
decanter as .described above. The solid portion weighed 354.5 | bs. and was
40% dr yYOR¥EINSTo this mass, another 700 Ibs. of denatured ethanol was
added, [HEgH! U1 Ble bEnfbaftl Hebihidh (RARUNLARISAMPQUS RIHARO] usifthsh AOldyds and
| i qui ds were sepa at ed using a decanter as “descri bed above. e resulting
sol i ds faei@taiimith A6 Theywpomssg cdititgorsivaaragbout 80T desngsievhess disellaipnt o
dry, caJculated based on the | atent hea wat er and et hanol . [0242]1n
Some exoLP! RRETO R PSTIeE ) BHREF L Bt SOR iR S OeRSDT T o
tried. tpeaatddiedg et RaReltodetidiNhdhodamettanm! TR Ribsanaipaxh al cohol
was used in an extraction, but was found not to be as effective as 95%

et hanolexaadicdosiere theapoddrity bhanged withobs eddiaerod watentoghemextnesdalbavbodiferghe  of

t he present..invention, but i eneral |y ngt .availabl.e e to cost

const r areioT S Seoptionils SFEEALMG Bl st bl ERRlnagond
evapor afs@dedist, Rgaiaed éxtetboMger haks §yeahethabasitdnstbelaporlvd el tAt bp&rating
condi ti ons, were about 80C during the vacuumdistillation. Al of the

et hanolcopditiohe BredniZteoniieddhapolanhinids. Aredud esentaseditbhnattapbpider e

r epeat ' ding: | - in FIG 13.
T s 1 & IR, PP Rn LERb N !, WhaBi ALK BR S ipa R SR i the
addi ti aaraénoidt er to the m xture, allowng for the extraction of different
conponents with each step. Product 1 contained the algal proteins, and as a
result, retained excess water in the systemthat could not be vaporized
under the operating conditions. Product 2 contained the polar |ipids.
Product 3 contained the neutral lipids. Finally, Product 4 was the residual
bi omass, containing potential coproducts such as carotenoids. WO

2012/ 138382PCT/ US2011/ 059152 Exanpl e 5 Dewatering and Extraction of Al gal

Bi omass by Et hanol [0244] Upon harvesti¥y, al gal biomass typically contains
bet ween about 0.1 to 0.5 % (ww) solids. This can be dewatered using any of
t he net hods known in the al gae industry, including, but not limted to
menbrane filtration, centrifugation, heating, sedinmentation or flotation.

Fl occul ation can either assist in flotation or sedinentation. The typical

L, - o . I A NN



t he protocol described in Exanple 3, 1000 | bs. of wet biomass containing
90% pure water and is mxed with 1000 | bs. of denatured ethanol (95% EtOH
and 5% Ma®b2o1rB83sLti ng in a solvent m xture of about 5S5@eeaAsE@0SI162 hanol .
The resulting biomass (350 Ibs.) is 40%dry. The sol vent conposition of
these wet solids is 50% aqueous ethanol. Wth another 350 | bs. of denatured
et hanol, the conposition of the m xture woul d be about 81% aqueous et hanol .
The resulting biomass (235 I bs.) i ’&‘H@P‘&r%/. The sol vent conposition of

t hese wet solids i I bs. of denatured
et hanol , the como?ﬁaggw%ﬁﬂe%%}é}?ﬁg Owa%{ﬂggggﬁggﬁ%Fﬁg Ilaqueous et hanol .
The resul ting solids would be 40% dry with about 95% et hanol. This wet

bi orrass[()%ﬂui rUyoﬁd%”‘l’eeésg afgi Gipntass typy:abasedaimbetheem ab@n®.lhedrS ¥ wat er
and et In 100 | bs. of have .been ex cted

o ng. 1890 jobi. afisiaBPe Swaedunpin B T el SR e N I SReT e S ar ¢ ng
mat er i ghciwaisg A¥mal ﬁﬁlte@@ thétfbrad®@ltkon, &fntrlﬁlgatﬂ)ﬁ% %%eseﬁﬂﬁﬁn‘{ﬁioﬁfbtr was
extracted w ?h 2085 | bs. ethanol. WD 2012/13838 2011/ 059152

Ref er erftadafionh & loasilagan ngn pidfee pasir énsflafeiother @dnnmﬁ@mnpérﬁlattﬂucaéye&uéfoéﬁme in
their en 7,14 e Pr S

an (1) - 6o Bp et el ool PG SrigRe T BE G BEARESS Srother

bi odi eskihakirikimetiod mapeéhsede @&h@sﬁeedonfermhdﬁeﬁfaﬁﬁhgﬁee whiceteghinid Adv 25,
294-306. - Ceneric review on using al gae to produce bi odi esel Am n, Energy
Conyer sconsaigtien of sbids gloserg 467 wiyo oHoweyrar the cpewf éqviaring ingEpasisgae t o

pr oduc J i ds

47: 59196%81}%“%%‘{9%%6&@%8@%5 e’g‘l'@fc%gic%ltd?’% %ngva?g%glot%&ﬁﬁt %Y%t.%h" EF gh E G &
Dyer Wndethdds dlﬁ:ﬂlbsdd iveteivod tiodt theodlboiw foir etk xevat tic@cdnddimcainthtipurdffan abgal mlassf Can.
. Bi Oﬁ % siol. 37: 911- 9&3 1959. Christie, W W, Lipid Analysis,
3rd ed.that aP}}n %@?0@9%@%@8 SHLTINE 03, 416. Approved Met hods of the

AACC, Qpbysd. ’Aﬁr&ﬁﬁlﬁ%rbf%ﬁa%g%%é@@m%ﬁt femeah dhemt éiusdctl&i roulﬁa%qu}& 1995
AACC Met hod 58-19. Snyde Classification of the Sol vent Propertl es

of Conmtbapioitapol d®6r1Berﬁdanme I:Hr()@%bsogf wptrhlpm%(@)ltauﬁag‘,)%@u(mwerlm) VO
2012/ 138382PCT/ .U /05915 a t ho ) rating
ol ar I BIGS TEORNNESCR Ergurctend. OBt ps MEaE R n VBR A gai
bi onas smx@ae bf shdnd 509t RGE0R | cithnoC €T cSreWHigbie AARY (356 11RO @no%l @y d¥he
dewatering the wet algal biomass by renmoving extracel lular water to

i ncr eaﬁlmh@%@pqsuloea thase wst salide i} aflepaius bihangls Vitlhansheiad lawolit 5% w w
a_nd_ ab O(téh tu e%) € dce\%%ﬂosn of tlfeai{l th%l ! ouflcf'\lg%aéb%ru? g]hyveatﬂu&ug% hag{)lh MRS

mi xi ng The part ar e I ONBsS'S

sol ve ntreﬁﬁﬂingamdmasmes 0habueYesdy. vmé scieént b@mg@m@dsla(bfethase veotlspladutis @MYem Xt ur e
conprising a heavier Bhase and a ht er phase, wherein the heavier phase

conpr i ssEcQussthanphi With apetheiod Phs- Oé naéW&d 6%&9%111%03@%%1@19 abthgepixargal
bi onas chﬁpg g_& Bout 999 ffucBRAESP P 265 tihd So ¥ WRRIOLEG, 30 ¥eltabS&tosand

polar lip
cthanol. This wet biomass requires 60% less energy to dry based on the latent heat of water

and ethanol. In this case, 100 Ibs. of algae would have been extracted using 1820 Ibs. ethanol.
When compared with Example 3, wherein the starting material was 40% algal solids, 350 Ibs.
of the dry algae equivalent was extracted with 2085 Ibs. ethanol.

53



separating the heavi er phase of the extraction mxture fromthe |lighter
phase of the extraction m xture; and separating the polar |ipids fromthe

| i ght er phaeizsigenerate a polar lipids fraction. 2. TireTrasthomdsas2cl aim 1
wherein dewatering is carried out by centrifuging, filtering, settling or
float fractionating. 3. The nethod of claim1 wherein the anphipathic

sol vent set is added in an anpunt to agie#st the polarity index of the
extraction mxture to between about 6. 34YB? prior to the addition of the
hydr ophobi ¢ sol vent set. 4. The nethod of claim 3 wherein the hydrophobic
sol ventTirabllbwinddeRebncss 4B hardRtiRtorpOradd Bislefdr&ifRe PRHRI dn¥rdtytdex of the
extraction mxture to between about 5.7 to 5.9 after the addition of the
anphi pat hi ¢ solvent set. 5. The nethod of claim1 wherein the anphipathic
sol ventUSePatpat a4 ¥We, net hanol, et hanol, isopropanol, butanone, dinethyl
et her, and propi onal dehyde. 2-propanol, acetonitrile, t-butyl alcohol,

1- prop it e ] cer r nmbi nati on
t her eomde%’\ﬁg}eﬁ% ﬁ{)b%?%% %—()gﬁn% fgv\%bed r9é?i§n%L%&ﬁ1§gr%{p%§g%gaseotp\%ﬁdfu%get is
propane, bistdanedChpenya@®07hBictiescl fromperealgapBivhain@dl28ap4-30@xane,

pent ane, E%Ft ane, . oct ane, aIn esterd eﬁjh . WO 2012/ 138382PCT/ US2011/ 059152
acet at e, GFIC IGESPRNY SNl R 9 pEodysE Ff%}/iﬂesélt hyl ketone, methyl isobutyl

ket one, an aromatic, toluene, benzene, cycl ohexane, tetrahydrofuran, a

hal oal kemgh, FzBrRIQREM Mahhgh 30r maubydenegonatetielovicl & A Sbhel, di esel,
jet fuel, gasoline, or a conbination thereof 7. The nethod o% claim1,

wher ei n separedicadiathel andges er phase fromthe |ighter phase includes
decanting, menbrane filtering or centrifuging. 8 The nethod of claim1
wher ei at.ing;t EbEREAS B rgmdabesdqd I i

evapor arlgaﬁgﬁ)%oerét&ﬂ’s{' iOFSIé ff(%%%.l Caﬁ)ﬂﬁ%é“?r‘é?g]osgbb%ddg I gl&rﬁncld? ﬁafst% %ggt%:cggg?)ifsi ng
recovering tdpecihlydlipighobi ¢ sol vent set. 10. The nethod of claim1 further
conpri sing condensi ng and recovering the hydrophobic solvent set. 11. The

met hod of claimJl, wherein the extracti M xture is heated, 12. The nethod
of ol aifhebit Cigrddisr Vg eAé?(Iflig smathospiptel pid okiasiionsad P iretioncrGades,

wat er, steam;ofigin ¥inksigl 38! @plt_gj(}cilpyg' 13. The nmethod of claim1, wherein
the extraction mxture is heated’in a pressurized reactor. 14. The met hod

of claim 13, wherein the pressurized reactor is a batch or a continuous
r eact orChrise, WhaV.nkiphbdnalfsic 3ad ed.1Qily Riess.dindgeivetesxXd Ka2d03ohl i xt ure i s
heated with m crowaves, water, steam hot oil or electricity.

Approved Methods of the AACC, 9th ed., American Association of Cereal Chemists. St. Paul,
MN, 1995 AACC Method 58-19.

Snyder, L.R. “Classification of the Solvent Properties of Common Liquids” Journal of

Chromatography, 92(2): 223-230 (May 1974)
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16. The method of claim 1, wherein the extraction mxture is heated at
at nospheric pressure. 17. The nethod of claim 16, wherein the extraction
m xture iwohemyBsssai t h m crowaves, water, steam hot oi [PCOrUSedI@OSTIBTI LY.

What 1s claimed is:

1. A method of separating polar lipids from intact algal cells, comprising:

providing a wet algal biomass comprising intact algal cells which comprise polar
lipids;

dewatering the wet algal biomass by removing extracellular water to increase the
solid content of the wet algal biomass to between about 5% w/w and about 50% w/w to
result in a partially dewatered wet algal biomass;

mixing the partially dewatered wet algal biomass with an amphipathic solvent set
and a hydrophobic solvent set to generate an extraction mixture comprising a heavier
phase and a lighter phase, wherein the heavier phase comprises the amphipathic solvent
set and partially dewatered wet algal biomass and the lighter phase comprises the
hydrophobic solvent set and polar lipids;

separating the heavier phase of the extraction mixture from the lighter phase of the
extraction mixture; and

separating the polar lipids from the lighter phase to generate a polar lipids fraction.

2. The method of claim 1 wherein dewatering is carried out by centrifuging, filtering, settling

or float fractionating.

3. The method of claim 1 wherein the amphipathic solvent set is added in an amount to adjust
the polarity index of the extraction mixture to between about 6.5 to 6.7 prior to the addition

of the hydrophobic solvent set.

4. The method of claim 3 wherein the hydrophobic solvent set is added in an amount to adjust
the polarity index of the extraction mixture to between about 5.7 to 5.9 after the addition of

the amphipathic solvent set.

5. The method of claim 1 wherein the amphipathic solvent set is acetone, methanol, ethanol,
isopropanol, butanone, dimethyl ether, and propionaldehyde. 2-propanol, acetonitrile, t-
butyl alcohol, 1-propanol, water, heavy (D;0), ethylene glycol, glycerin, or a combination
thereof.

6. The method of claim 1 wherein the hydrophobic solvent set is propane, butane, pentane,

butene, propene, naphtha, an alkane, hexane, pentane, heptane, octane, an ester, ethyl
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10.

11.

12.

13.

14.

15.

16.

17.

WO 2012/138382 PCT/US2011/059152

acetate, butyl acetate), a ketone, methyl ethyl ketone, methyl isobutyl ketone, an aromatic,
toluene, benzene, cyclohexane, tetrahydrofuran, a haloalkane, chloroform,

trichloroethylene, an ether, diethyl ether, diesel, jet fuel, gasoline, or a combination thereof.

The method of claim 1, wherein separating the heavier phase from the lighter phase

includes decanting, membrane filtering or centrifuging.

The method of claim 1 wherein separating the polar lipids from the lighter phase includes

evaporation or distillation.
The method of claim 1 further comprising recovering the hydrophobic solvent set.

The method of claim 1 further comprising condensing and recovering the hydrophobic

solvent set.
The method of claim 1, wherein the extraction mixture is heated.

The method of claim 11, wherein the extraction mixture is heated with microwaves, water,

steam, hot oil or electricity.
The method of claim 1, wherein the extraction mixture is heated in a pressurized reactor.
The method of claim 13, wherein the pressurized reactor is a batch or a continuous reactor.

The method of claim 14, wherein the extraction mixture is heated with microwaves, water,

steam, hot oil or electricity.
The method of claim 1, wherein the extraction mixture is heated at atmospheric pressure.

The method of claim 16, wherein the extraction mixture is heated with microwaves, water,

steam, hot oil or electricity.
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