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Bl OFUELS CROSS REFERENCE TO RELATED APPLI CATI ONS [ 0001] This application

cl ai s t hwohenefirt71of U. S. Provisional Application No. @thr3%2012881414i | ed
April 6, 2010, entitled Extraction with Fractionation of G| and

Pr ot ei naceous Material from QO eagi nous Material, and U S. Provisional

Appl i cation No.METHZHS PO AND S¥STAMS IFOR PRODUANG BIo#URIlg action Wth
Fractionation of OT and Co-Products from O eaginous Materral, the entire
contents of which are hereby incorporated by reference herein. FIELD OF THE
| NVENTI ON The invention is concerned with extracting and
fractionating algal products, including, but not limted to, oils and
proteins. Mre speCROSSREFERFNCE JL) &K AREDePRbHSATEONS bed her ei n
utilize step extraction and fractionation with a slightly nonpol ar sol vent
to pro wet Dl - | 02] Pet r ol eum
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process regu} - peit bl o such as
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recent Breducss fiomedicidimous Mitictialt thetcatiprcdtens dfivdiidsare \warebh imanpdrgtedbed t o
produce sustai nable biofuel. This ability can be exploited to produce

r enewadFETHGE S educe gl obal climate change, and treat wastewater

Al gae's superiority as a biofuel feedstock arises froma variety of
factors, including high per-aggim OTHEINVESTION ed to typical
terrestrial oil crop plants, non-food based feedstock resources, use of

ot herw se non-productive, non-arable land, utilization of a wide variety of
wat er sour cekhe(inyedinn ipeanekingt With gxirpetingang fingienanas etepl piedueisdnelodings bot h

bi of uel - b - o - ' 1. WO
2011/ 139 HRetPeBon s 680 oo BT ORI SRS LA SRS AR Ve
been sdicegnadlizngeséchcesh far fradtiohatidarwidh e slignlywnhbolat stevan & plobess past
several decades. O these, about 300 species rich in lipid production have
been i de% PIAES- The i pid conposition and content vary at different stages
of the life cycle and are affected by environnental and culture conditions.
The strategies and appr OaChg%ﬁeR(%NWFiquQ]E’ﬁm di fferent dependi ng
on individual algal species/strains enployed because of the considerable
variability in biochem cal conposition and the physical properties of the
al gae d@092]wal Pctradowrmena hanel roshyrse canpeset paiotarinofdiyscessdwss. Excirctiag
extrusig do n Kk Il with. al gae given.the thickness of,.the cell wall
and ¢ neUnistm Pt hsett b ctbindid MASaR e lFph SRS At ner ror e, "The
| arge anwuohise@f FRgh&moré, ekl Wite@atoiRiol oil age mmiaaﬁgeﬁhpm%.t aestt ¥Rbcal oi l

recovered fromseeds, lead to refining issues. [0005]Upon harvesting,
t ypi calacepgalptecysde ferternpRaitation apd progesingrraagecdrte am vebiorptrofeum qil gito

usable fuels such as gasoline and jet fuel.

[0003] Algae have gained a significant importance in recent years given their ability to
produce lipids, which can be used to produce sustainable biofuel. This ability can be
exploited to produce renewable fuels, reduce global climate change, and treat wastewater.
Algae’s superiority as a biofuel feedstock arises from a variety of factors, including high per-
acre productivity compared to typical terrestrial oil crop plants, non-food based feedstock
resources, use of otherwise non-productive, non-arable land, utilization of a wide variety of
water sources (fresh, brackish, saline, and wastewater), production of both biofuels and

valuable co-products such as carotenoids and chlorophyll.



% (W v). This means that as nmuch as 1000 tinmes the anmount of water per unit
wei ght of al gae nust be renoved before attenpting oil extraction.
Current | ywoeRriigi2rrig oi |l extracti on nmethods for ol eagi nor€Trst@n ioad439
strictly require alnost conpletely dry feed to inprove the yield and
quality t he _oi l tracted.. Dug to the anount of ener ulred to heat
the al d&&ﬂassS?%?f%lr@ownim@meép ﬂﬁ?fi/haVFWée%F‘d%ﬁnefié%@lsﬁugl% i process is

render ed,4ne6R Wd%@dle ovEY Pde%kﬂ %verhD&h&RI drshax! J%ﬁ?@'o(})%)e&@h@l@ uﬁﬁplﬁ ! 9 h
tenperatures to enhance the ‘extraction. These steps may not work with

exi st i ngodugptiop ey bagneddantificthe Thé hpgideonpbbition endemiternt caryadt drfecraft stiggae.

Furt her al il is very unst abl due to the pr.ese f doubl
bonded ety and ot Adkelediod RORR T shfub GPaB NGRS o s ArF ona
extr aCta‘fp ProaBRIs RSk tfaatisiCard @gthadafft Rt &pchdifg Oh linditiagdiemal kReigaghing t he
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dried aﬂngdq>yq¢d;§§alts9 of ﬁierﬁgnﬁés@ahlé Vagalahtydn\bmﬂlemml eomppastwapnddhener gy
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li es bﬁl%&%ﬂd@@bwﬂemﬁpf aléﬁzcy‘H«mF hermeige thed age gaeHB o PRBEHPIES 8Y upt i ve
met hods, L.e8H! i 40 rpgfea' ﬁ'tﬁ)en%{)lcﬁleéw#ecbv e@f}?ﬁ%@g&s |48 (Sl EAMIsREOCESS. Al gal

oils contain a e percentage of polar proteirns whi ch enhance
the enul sification of the neutral Iipids. The enuIS|f|cat|on is further
stabilHﬂ@Mﬂby Ubhehwwbﬁhgnnmamudgdkmn&mMpdmﬁhnsuhwksnmgeﬁMBlénmuﬂﬂehO The

| | t tral d ds,
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bi of uel . LOOOQ ] Non-di sruptive net hods provide | ow yi el ds. king is the
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ulture ile o] r act aI roduct s not
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difficult. Furthernmore, the valunes of solvents required would be

ast r onokresally difie Tecd 1s preirysed iorlakask at A ghaBMaciaBieseRcARrce he¥X tiaRdos ol vent i n
the medy Qé stélg’s%%} %&'&&E@ﬁﬁﬁh@% 1sﬁ1<rfé émé{}ﬂ%g td gléin rﬁf&fdr%{e%c
1 N cessli

distilla |ons ex so ur es mechani sns
for sohmﬁnéofdgaydhyﬂandm&eﬂgﬂkﬂhsVHWSHmuMRsh&m@ﬁquﬁmaaiMhnmbbﬁmmaai|ca

and unecononlc for u n algal oil te hnolo 011] Acc |ngI to
over coniig ﬂ&% faﬁweiﬁ? hg%h teRFratureS use E’e‘EPHIV ’c%‘él %ﬁaotﬁ fﬁlﬁg

et hpd%egfh@aéé&?(t)ﬁ!{@ oflother%ﬁ% FrRedas PP tl@é‘&bs{srd?%é%@ﬁﬂoﬂg al gal products, in
particular algal oil, algal proterns, al gal carotenoids. BRI EF SUNNARY

OF THE | NVENTI ON
[0006] It is known in the art to extract oil from dried algal mass by using hexane as a

solvent. This process is energy intensive. The use of heat to dry and hexane to extract
produces product of lower quality as this type of processing causes lipid and protein

degradation.

[0007] Algal oil extraction can be classified into two types: disruptive or non-disruptive

methods.

[0008] Disruptive methods involve cell lies by mechanical, thermal, enzymatic or
chemical methods. Most disruptive methods result in emulsions, requiring an expensive
cleanup process. Algal oils contain a large percentage of polar lipids and proteins which

enhance the emulsification of the neutral lipids. The emulsification is further stabilized by
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[ 0012] Enbodi nents descri bed herein relate generally to systens and net hods
for extracting lipids of varying polarities froman ol eagi nous materi al,

i ncl udi ngwbaniierearrpl e, an al gal bi omass. I n particul ar, perhsdoimesitis9

descri bed herein concern extracting lipids of varying polarities from an

al gal bjomass usi,ng sol vents of .varyi olarity and/or a series of
menbr arféc piiiepiand S%lﬁ CRYRRNERYG i“h&ﬁtsgﬁl%f’ eTﬁ? ppElsiqngs acmﬁafmux%?,.

[ 0013] | fanBAMTRe RETRAY li?i%@,tp%_lé?fli m,epfo%(ﬁrg)ah@anhe@algmy&ﬁw%?bv&a?dﬂtex?éﬁgivwat er are
used to extract and fracti ongte conponents present 1 n an ol eagi nous

mat er i akfinihg poicesses srbboldicrtbaineytral hpide, wioniparecghe el tioit isdenventtd iate not

i m te&g%@,l proteins, polar lipids, and neutral lipids. In still other
enbodi §; more than one solvent is used. In still other enbodinents, a
m xture of solvents is used. [0014]1n sone enbodi nents, the nethods and
syst eng00@gCr i Ned-di@tpive métBodisblille Iav yRIds! AdlliNGisBO L QMFbEeafs ok i pi ds
from ol eagi nous material. Exanples of such coproducts include, wthout

| i mi t atahemicaprteeairad dipslsdrame aravang atesl eHphyWMhile spractémesorseA & erdract WO
2011/1 / 1/ ! -z r i i || ow for
t he si %kﬁ%ﬁgﬁgﬁlgﬁ%ﬁﬁgﬁgp %gﬁ ?%%g%fleosn&%}& Sﬁg‘gw ?)drlg%lﬁg%}g éag'raglr% al gal
bi omas<eellnwadl dimnpisn. t et ca@hplicasion araktdihe e cdomhém pf afgehaichprocss diffiadt.
nutritional products. [00&5] I n anot her emnbadi nent of t({‘}g invention, a

met hod TOFthEFRRIGCNAgOMMss b pAveds IsapyshwauldbsaeEpnamigaliqye ¢o B BRPBYMent of

the invghl, %’coﬁcéﬁﬁ%ﬁﬁgo%e%:@%ﬁgnMe% l. 1 ncl udes dewat eri ng

substantially intact algal cells to nmake an al gal bi omass, adding a first
et hanol fraction to the algal biomass in a ratio of about 1 part ethanol to

about 10pHHt aMydliptesoertsstipns weildn¢quitgredtesspadamtillagona, dsirgstonsplest anti al |y

solid bipmass.fraction froma first .substantially liquid fracti.on

compri SPRG PG ERREnT Pre s Re sty ST R Salksmesraicn: g eneTs i T8 ol i d

bi omas smileagld otk fidhsampreand agl DAsRhofiAL fdr @B inMalgal battbdnBfogaRout 1 part
et hanol to about 1 part solid biomass by wei ght, separating a second
substantially solid biomass fraction froma second substantially |iquid
fract i JAOEdnpr AsFergingbi. & ovargnmasthesgdpficimsicni theye ihenecdds e 4tifst antial |y
solid hj [ ' ird. et 50l ' e tio of
about DT SRR P for i chof ARG GRLHE Bhesl SBGheEI BRSO

f ur t heralgatollydgs psetpms atnidraficad cirbiendidsubst antial |y solid biomass fraction
froma third substantially liqguid fraction conmprisi neutral Iipids,
wherein the third subst 'Fa#sﬁMl%[éIR%%&T 3#&@?@3@16 conpri ses

carbohydrates and wherein the algal cells of the third solid bionmass
fractiqoopre SuRpbamtdn® décritidafetein difte EBARQM @ s§z§)teh@ ahydRmASES 1 fying the
neutral lipids wwth a catalyst in the presence of an al cohol, and

separ atdxtrgctanglatidy ofsaryibg poliritiet frem ap ofgaginounmatsirint érdludifg tmeaamplieean

i nsol uble.fractiopn conprising fuel esters.,The nethod still further

| ol udelEbleits Ty FRlor Pl SRR pdRR R DR GTA red ROIor shorter
fuel estagyifig holagtiéOoman @lhl Blonlagh@etig okdntLsit\RiEyihg ﬁ@ﬂaﬁ@zrhndﬁﬁd serieest due
conpri sing carotenoi ds and onega-3 fatty acids and hydrogenating and
deoxygenambigge ftters e ik sorphembgdipeytss the fiftepis grmistdiicer * f uel esters to obtain
a jet fuel blend stock and (ii) the C16 or |onger fuel esters to obtain a
di esel ds %‘\g}n e L i fon, a
met hod [g??ﬂaki %‘8 |eo(¥rgg(?dyl!3%(szlgg%ees e?\gé’earﬁ%ggﬂggﬁgﬁ{i @Wﬂkﬂst% gt(t:(% al gal
cel | s tatmetkaddncadbgat cdn@masts praxbtriaah oteggmeut materihi. gdnashdr covodinenss, gal

bi omass, and esterifyj the neutral lipids. with g catalyst ip.the presence
of “an_ dheEROmPoRdE HELHEP Y Feeg Herisdes Tedpiar aa gt vaedross e Bt act i on
CONMPI i SkiNGtHr BhiBoH M dnfO Mok Wah Bhe b5t HPLRAS TG QRCIMMIdiRERS, f HBkurgSt er s
and distilling the fuel esters under vacuumto obtain a Cl16 or shorter fuel

est er s dfsalventoms usedC16 or | onger fuel ester fraction, and a residue
conprising carotenoids and onega-3 fatty acids. The nethod further includes

[0014] In some embodiments, the methods and systems described herein are useful for
extracting coproducts of lipids from oleaginous material. Examples of such coproducts

include, without limitation, proteinaceous material, chlorophyll, and carotenoids.
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WO 2011/ 127171PCT/ US2011/ 031419 hydrogenati ng and deoxygenati ng at | east
one of (i) the Cl6 or shorter fuel esters to obtain a jet fuel blend stock
and (ii) wbeoGl®7on | onger fuel esters to obtain a di eselCThiseond/ostiozk.
[0018] In still a further enbodi nent of the invention, a nethod of naking
bi ofuels from plant matter. i ncl ud? dding.a first ethanol fraction to a
pl ant diBhRERCRt ofthedyressnignveine IQWffa]f e dimulieots B apdractiongtion:

bi omas g, My aBidalitts ﬁ%ﬁpagatul&gas@ ih b hRnSURSABWs 31 the PRIduEAH OrBvws ﬁfe[sact ion
froma first substantia liquid fraction conprising proteins, and

conbi niand nuhrdiohak pdsaih st ant| ally solid biomass fraction with a second

et hanol fraction in aratio of about 1 part ethanol to about 1 part solid
bi omas The method, alsa |nc udes s ti

oubst anPPEIy! BEhioq D EaRansy B AR s Flibh i SEREREM SR RERENY 11 qui o
fracti gitoeas@ri sing polar Iipids, conbining the second substantially solid
bi omass fraction with a third ethanol sol vent fraction in a ratio of about

1 part ethanol to _about 1(§art solid bi omass by weig and separating a
third J0B&lant fnd fuythsbembodimsperishe %néfe@tmnam%bﬁdapftrml%g @eﬁseé%«ﬁehuéw y

liquid JGagki gguﬁsqmanmgcmg;ﬁ t@ls b g&kg gg%lgﬁg%&dlh 'arfqi &ant' all'y

solid blonass raction” co es car ere ant cells
of the frdetionl tcslhbsatgahbloaiabymmliahd oﬁa‘mmms spaftredrahokm ahmet ]spdmsetlgzﬂthmhdtsy biynt act .

The net ha fur her i.ncl des ester] ng .t he n ut ral i.ds th a catal yst
in the W CBfraAS & g e a“élé tqg‘ﬂamas %C&Pnér&nﬂh figst 151?4; gy

conpri sifgy E’!léfﬁ)%rdoﬁl fn‘sfﬂg‘p?ot%\{%& efhé Hr%ﬂlo'd%'ls% ih&188ds| BMLERAPHe S G ofige! esters,
and distilling the fuel "esters under vacuumto obtain a Cl6 or shorter fuel

est er s Hiomessifoetiomwiha seeoridomigpapl fraglongs kentid olaaboubhparhptarol te ghané

conprisin oteno a omega-3 fatt cjd t hod ncl udes

o o oo R bR o Ry A A 1EhAd Rl RTRARE RS kBT °F e
est er s segorRuBitintaulliyelquid@ictidh @Bshpsitiag Ipoﬁmgidlsl andtdombinify M skepger fuel
esters to obtain a diesel blend stock. [001 yet a further enbodi nent of

t he i nwehstiitallyshbd kenresfragtion Wi ﬂu@seth@@y&qlvm fraetioreiagt ratig ef @J:out he first
subst a p tially
I i qui drha%tge(t: %ﬁgniog%nprféﬁ%dl rhl&grﬁ BB/I ght @%%%ﬁ?%l rﬁeiﬁg@?an al yé]sol id
bi omass ﬁlrra@ﬁbmwanyrpasllc‘sblﬁglassaﬂrémby(ﬁroart eﬂmtdrﬁubstaﬂmaal@i limmid freeidn a human

food, or a nutraceutical product. 0020% I n _anot her enbodi nent of .t he
i nvent i SOMPTISHE netwtnidh Maereinsthe dhijd subplentis[vaselid bigraass figgléqneconapsisconal |y,

t he pl

b031) 1 o TRRRG b8 yREAURNRY RS FBhISolid MBimass faction are substantially

i nvent iiofact. tThe mﬁhcbrbds@immdmedtmfgmgsthquamtail dpidy wstparastlysin theerdsenst
substant d fraction co S . protei.ns into.at. | east one of an
oL o bren gldbneh, S5 SphbBTE vk SRl SioB GBI NAe ERkeS DA GRECE or of aui n
fracti qRsoldfIOZAttdh RtprRNR A csRP o mBtho@btill Hﬁth’eflﬂl‘%ﬂfdbé)ﬂhstl@iﬂg 1R fubhe

above net hods al so |ncI ude recycling at |east one of the first
subst arestead Undet vepuiigh tb oktain @)ﬂlé@rrplmrw el p$t©tt8éranson taHel Gsardengemfucd lcbtyr second

liquid fractio risin ol ar |ds gp S R% antially solid
oi o e avd 4 TR0 fo R S e e el e R B oo
feed, ankdaBLydepsithg aar&sistaoﬂwfr(g@mwaﬂ shl@ft@ﬂﬁh@l estdrQR2tdin agéd fubl Beddur t her
enbodlnent of the invention, any of the above nethods al so

stock and (ii) the C16 or longer fuel esters to obtain a diesel blend stock.

[0017] In yet another embodiment of the invention, a method of making biofuels includes

dewatering substantially intact algal cells to make an algal biomass, extracting neutral lipids

from the algal biomass, and esterifying the neutral lipids with a catalyst in the presence of an

alcohol. The method also includes separating a water soluble fraction comprising glycerin

from a water insoluble fraction comprising fuel esters and distilling the fuel esters under

vacuum to obtain a C16 or shorter fuel esters fraction, a C16 or longer fuel ester fraction, and

a residue comprising carotenoids and omega-3 fatty acids. The method further includes
4



I nclude growing the algal cells to produce the neutral |ipids by providing
carbon dioxide to the algal cells as a carbon source. [0024]1n anot her
enbodi renwoabitthel7invent i on, any of the above nethods alpso/useaihiwsaigr owi ng
t he al gal ceIIs to produce the neutral |ipids during bi or enedi ati on of

wast e te t he gal cells. tional | reme tion is |ntegrated
into a nﬁ (EFOHEATINY 3 hast ERIGE r%@;%f@ b&’ Reterren

[0025] gétci‘ueﬂ lﬁeﬁdsst@ckf aln‘aVﬁi?é{etC l%for%r?g% fdeﬁ'%ﬁéﬁé%&'o&tﬁmaa di‘[%e'['gféné%ﬁ)%d' ng to an
exenpl ary enbodi nent of the present” disclosure. [0 1Bis a

schemati c di agram of an exenpl ary enbodi nent of dewater| ng process

accor di [ﬂ@lfﬂo t hrestgk zeﬁlgﬂnpr @tnh@dlmsmtré th¢ mEeytjon) Gmeﬂlqdyfanmlvmfueb fseragr am of
an exe ry.enbo m.accordin esent

i sci oa ey DB ITEM R o AE EARARTACRGR R RGN BRER L “LhSr kiUl Fact on
of freqae diidndbioalbgac pamgﬁﬁﬁbluﬁla@gayaﬂelgmr @apaﬁﬁtmg@l ﬂ/f@trshsst@mmwaﬁél ng the
conplete polarity rang maxi mum non-di sruptive al gae oil extraction

ef fi ci dneparienctipe fr@fnf plarst @fbsvetl%lm kiquidfragtian qeonIsIngICTEN- YUl @mbiRipe ds
t t I
T oa o AR o Rl R BP L L ERERARLAN haBaS e APa Y

pr ocessl pst ¢thanvtthaoat 1 pad spléd biohasybyetvbight. élhd hetked disd frehedt séparp@pat ur es.

WO 2011/ 12717 PCT/ US20 /03141 [0030] FI G 5A&B are. ¢graphs show ng neutral
i pi ds SG%)II q;tfu% o 10@51@% é(l‘,ty)nl Hom gaccond substantially liquid fraction

comprising polar lipids, combining the second substantially solid biomass fraction with a
third ethanol solvent fraction in a ratio of about 1 part ethanol to about 1 part solid biomass
by weight, and separating a third substantially solid biomass fraction from a third
substantially liquid fraction comprising neutral lipids, wherein the third substantially solid
biomass fraction comprises carbohydrates and wherein the plant cells of the third
substantially solid biomass fraction are substantially intact. The method further includes
esterifying the neutral lipids with a catalyst in the presence of an alcohol, separating a water
soluble fraction comprising glycerin from a water insoluble fraction comprising fuel esters,
and distilling the fuel esters under vacuum to obtain a C16 or shorter fuel esters fraction, a
C16 or longer fuel ester fraction, and a residue comprising carotenoids and omega-3 fatty
acids. The method also includes hydrogenating and deoxygenating at least one of (i) the C16
or shorter fuel esters to obtain a jet fuel blend stock and (i1) the C16 or longer fuel esters to

obtain a diesel blend stock.

[0019] In yet a further embodiment of the invention, the method also includes recycling
at least one of the first substantially liquid fraction comprising proteins, the second
substantially liquid fraction comprising polar lipids, and the third substantially solid biomass
fraction comprising carbohydrates into an animal feed, a human food, or a nutraceutical

product.

[0020] In another embodiment of the invention, the plant matter is recyclable plant matter

waste. Optionally, the plant matter is oleaginous plant matter.



two step solvent extraction process using aqueous nethanol and petrol eum
ether at three different tenperatures. [0031]FIG 6 is a graph show ng
lipidrecwoeny/izmmtihe two step sol vent extracti on proce®STOSRMQ/03GULOUS
met hanol and petrol eumether at three different tenperatures. [0032]FIG 7

s a gr showi ng the effect of solvents to solid biomss ratio.on |ipid
recover@@{loosg] F?l@heseméocﬁwﬁmaﬁfﬁﬁ%%ﬁﬁlw, fh?éfl%tlﬂw? elaR {PeordcypIarerEnY aqueous
extracty.pira H%%ﬁﬁ%u%ﬁmﬁﬁﬁ%ﬂ%hﬁiﬁkﬁ@nE&kﬁﬁ&ﬁgBRn&E&EMﬁ&MGB{m%HH%BUS

met hanol " on dry biomass. [0034]FIG 9 is a graph show ng the effect of

mul t i plabwhiggractomargobut fractivn.ongushn thhetiournd atprolemindiradtiohi pi d yi el d and
the neutral lipids purity. [0035]FIG 10 is a graph show ng the cunul ati ve

recover i pids usin t,.bi s .and et hanol 036]FIG .11 is a graph
how ng 00 oy B bR eB e R A R ARt SRS st Mot st e

ext r actih@od@rdy €l p\uwe NMabtandlof e firdCiubotanS B 1R1Rd frb &3 ChpasinkPoteis Ahe
flowhart of steps involved in a nethod according to an exenplary

enbodi rshttagfally wecqnd disiaist frafition |compFisingirplen hplrﬁiémngdh%&he@ sabgeigllyBolid ot ei n

1 30100 Al oS RG AL LI ELS P MIBL Pl B0UHR LOOTRLEL R | S 3

steps i nvo I'n”’an éxenplary extraction process
and a nutraceutical product.

[0023] In still a further embodiment of the invention, any of the above methods also
include growing the algal cells to produce the neutral lipids by providing carbon dioxide to

the algal cells as a carbon source.

[0024] In another embodiment of the invention, any of the above methods also include
growing the algal cells to produce the neutral lipids during bioremediation of wastewater by

the algal cells. Optionally, the bioremediation is integrated into a wastewater treatment plant.
BRIEF DESCRIPTION OF THE DRAWINGS

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

embodiment of the present disclosure.

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

process according to the present disclosure.

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

system according to the present disclosure.

[0028] FIG. 3 is a comparative graph showing Sohxlet extraction of freeze dried algae
biomass using an array of solvents encompassing the complete polarity range showing
maximum non-disruptive algae oil extraction efficiency and the effect of polarity on the polar

and non-polar lipids extraction.

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

three different temperatures.



according to the present disclosure. [0039]FIG 13 is a flowhart and nass
bal ance di agram descri bing one of the enbodi nents of the present invention
wher ei n IWOQoli7170f al gal bi omass was processed t hrouglrCeAtSe@atosam and
fractionation in order to separate neutral | i pids, polar lipids, and

o "t e 12HIICH b o D B P Bl el BPIONASPRITHY 4R OF QLA coNgaan i be
processed 4@ AT éé@fa'cf?&i?pt%ﬁ@sg hs o V.2 M&%i&%@%é&%&ﬂ&@%@@

[0041]FIG 15 is a flowhart desc I ng one of the enbodi nents of the
pr esentdifferesintcinperatires. ei n al gae neutral | i pids are processed to form
various products. [0042]FIG 16 is a flowhart describing one of t he

enbodi of prese |nve n_wher ei I ar e

o oces SR, 1 Bl Bt R R B g el b ch B e ARt RS g
one of {she RUBORIBRAMDI] ehd I IAINESABE atithée diff@ntwhiep&htirsd| gae proteins are
sel ectively extracted fronra freshmater al gal biomass. [0044]FIG 18 is a

flomchart descri bi ng one e enbodi nents of the present invention
wher ei {0 7dae Br%ﬂerms%r%nhesh@erlé’cﬁwﬁw ob R lveRit eusorlrd&rwraa%értr%& Bpida| gal
bi onass, gAS]FIG. 19 is a flowhart describing one of the enbodi nents of

t he present nventi on wherein a selected algae protein is extracted froma
saltwater or freshwater al gal bionass.
[0033] FIG. 8 is a graph showing the efficacy of different aqueous extraction solutions in

a single step extraction recovery of aqueous methanol on dry biomass.

[0034] FIG. 9 is a graph showing the effect of multiple step methanol extractions on the
cumulative total lipid yield and the neutral lipids purity.

[0035] FIG. 10 is a graph showing the cumulative recovery of lipids using wet biomass

and ethanol.

[0036] FIG. 11 is a graph showing a comparison of the extraction times of the microwave

assisted extraction and conventional extraction systems.

[0037] 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.

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

according to the present disclosure.

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

protein from the algal biomass.

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

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



[0046] FIG 20 is a flowhart describing one of the enbodi nents of the
present invention wherein a selected algae protein is extracted froma
sal t wat erwonofwesimnat er al gal bi omass. [0047] FI G 21 i sPpaTalisetioqgssph
show ng Scenedescenus sp. cells before and after extraction using the

nmet hods Cri herein. The cells are bstanti al | intact bath before
and af t[ggf]jxt rﬁffg-i lons A e AN IEELISESERI0BT PERRCsET Oﬁirf%%g% e OHSIHRYEP

" conduiifier@h af3¥ n @tﬂl"l’i%d@%réﬂ%ﬁ@s%dto%rrﬂ%@ﬁlo&%{rgél&ts.i ncludes any structure
t hrough whicha fluid y be conveyed. Non-I1mting exanples of conduit

i ncl ude pipes, tubing, channels, or other enclosed structures. [0049] The

t er m " rl88&Xvoi FIG .ot ianylonghidessnbingeme of theaunhodedeigeitha praseglindmgonny
body struct.ure capabl.e. of retaining fluid. Non-ljmting exanpl es of

7 osor voV SR HERTY Tl A EhRLCN M odolh R REL: her P51 Bt st uct ur es.

[ 0050] The term "about” or "approximately," as used herein, are defined as
bei ng qbo43 t OFES. UNdearrkieaskt dysceibighe f eicnamiyodikerdts of the phBe@ribivential i n
one non-limting enbodinent the terns are defined to be within 10%

pr ef er aBISFCIAALIE RTEoRNS pisrselepii e v e difampires by atghl S shddempsef er abl y wit hin
0.5% WD 2011/127171PCT/ US2011/ 031419 [0051] The terns "inhibiting" or

"reduciingiq)or Ry Ak L aHowRa®tedcRBHE dn€lofthe e%?oo‘daﬁéhé‘@f‘ t‘ﬁ;bj grcs-blﬁgh%ﬁélll any

nmeasur abl e ‘'decrease or conplete inhibition to achieve a desired result.
[ 0052] Thieer¢ierabgat pfdteios arcesclectasclyisgchchmelrfedm a satbwatsr dddduernasst o acconpl i sh a
desired,

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

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

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

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

[0047] FIG. 21 is a photograph showing Scenedescemus sp. cells before and after
extraction using the methods described herein. The cells are substantially intact both before

and after extraction.
DETAILED DESCRIPTION
Definitions

[0048] The term “conduit” or any variation thereof, as used herein, includes any structure
through which a fluid may be conveyed. Non-limiting examples of conduit include pipes,

tubing, channels, or other enclosed structures.

[0049] The term “reservoir” or any variation thereof, as used herein, includes any body
structure capable of retaining fluid. Non-limiting examples of reservoirs include ponds,

tanks, lakes, tubs, or other similar structures.

[0050] The term “about” or “approximately,” as used herein, are defined as being close to
as understood by one of ordinary skill in the art, and in one non-limiting embodiment the
terms are defined to be within 10%, preferably within 5%, more preferably within 1%, and

most preferably within 0.5%.



expected, or intended result. [0053] The use of the word "a" or "an" when
used in conjunction with the term"conprising” herein may nean "one," but
it is al swocongi2gt7ent with the neani ng of "one or nore, PCTAS201@@3t41DNE, "
and "one or nore than one."” [0054] The term "or" as used herein, neans

"and/ or' less explicitly.indicated tgo refer tq alfernatives only or the
al ter nd0P3Ws a&@ﬁ?ﬁ%aﬁ‘&bﬂé@&lq}isf%?m& Phwgwrkaﬁ%naft@e%eo@ﬂ%a%w&ons a

def i ni tephn LiRALdEShG habRaBRldéci@hdc®r @éﬁlialé@éinﬁ{?)‘{‘tio'}?te(ycﬁi_"evé' a l00Raldne use of

the term"wet"” as uSed herein, is used to nmean containing about 50%to
about 99. 9% water content. Water content may be | ocated either

i nt racd00W]ar | Yhetermx effaetsicl Lasrusgd hfronsslaseadagentofo achempkshm desoedient set”
as used herqin 0 mean conposition conprising one or nore

X PO é)gn{te(‘s)t}(%éﬁgs }t. . ; o
sol vent's: e S S$'can be anphi pat hi ¢ (al so known as anphi philic or

slightly nonpol ar), hydrophilic, or hydrophobic. In sone enbodi nent, these

sol vent[g0s3]e Waheusdafihd Worl arfdr ion ok her $sed theyhj@ictioh Withsie i@ 1 N wat er .
hbn-liqjting‘exgnple of solvents that may be used to practice_the nmethods
of the CARPHNNZT hoemmanhmedtiwige hrbitHaplsp consis aiith themspypanbioncgéet one,

et hyl Qﬁ&%ahﬁtb%ﬂg?%§%59n$&i&%ﬁmeﬁ ahgs: (hexane, pentane, heptane,

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

ket one (MEK), nethyl isobutyl ketone (MBK)), aromatics (toluene, benzene,
cycl ohd?05d, t @he shmypdiodt asraad heraal, owbisafrad/of Cimblossafkphiertly indiciddotoaefichy | ene)
et hers (dj.ethyl ether nd m xtures iesel, .jet fuel, gasqline).

005 7] thalteamoscronte HiSaTes By it npiEh SRS b ng

neut r algyppdttsdsd@metidothal referPlodhly diRendtREeyBnd @ngae>oi I " and "al gal oil" as
used herein are used interchangeably. [0058] The term "diffusate" or

“perneate” as used herein may refer to naterial that has passed through a

separ atl08¥ldevilbeusq efcheigrmgwebuas uved hereim tsatged tp medn qonginigg abgHisPEne.

[ 0059] T, " e " ' - : ial that

Fermi netogpt SF o ni R RRpahE, AR S AN BB LS T BB B2, (o™
extracelluarly.

[0056] The use of the term “solvent set” as used herein, is used to mean composition
comprising one or more solvents. These solvents can be amphipathic (also known as
amphiphilic or slightly nonpolar), hydrophilic, or hydrophobic. In some embodiment, these
solvents are water miscible and in others, they are immiscible in water. Non-limiting
example of solvents that may be used to practice the methods of the instant invention include
methanol, ethanol, isopropanol, acetone, ethyl acetate, and acetonitrile, alkanes (hexane,
pentane, heptane, octane), esters (ethyl acetate, butyl acetate), ketones (methyl ethyl ketone
(MEK), methyl isobutyl ketone (MIBK)), aromatics (toluene, benzene, cyclohexane,
tetrahydrofuran), haloalkanes (chloroform, trichloroethylene), ethers (diethyl ether), and

mixtures (diesel, jet fuel, gasoline).

[0057] 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.

[0058] 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.

[0059] The term “retentate” as used herein may refer to material that remains after the

diffusate has passed through a separation device.

9



WO 2011/ 127171PCT/ US2011/ 031419 [ 0060] As used herein, the words
"conprising" (and any form of conprising, such as "conprise" and

"conpri sesO1/Raviing” (and any form of havi ng, such asPthﬂMﬁdummdlﬂhas"),
"including" (and any form of including, such as includes and "incl ude"),

or "con |n|ng" (and any form of contajnjn h as_"contai ns" and
"cont ai lh 8015y oA HesLRGTB, 1BF “696‘2%1 C@H@élamgn&an&&nﬁ P QLS UM ISl YN Gital |

unr eci t. %gm?h%”ea!ﬂﬂs‘c&hpﬁﬁrst}o%a%ﬁfgp%an({ ARG RE pb RSB hal pérfélsj[hgé"), any

varratrcn hereof, as used herein, includes, iI's not limted ,
phosphdlinghidisg afadd glhyyﬁmnr qﬁlm@udlpg@@@} Th éndzledem’ ’ 'ane tincllde)i i &shtaunngny
vari ation the eof used r inclu

[ t,
Ur1 oty 8 Hctong oG Rei e PG Gty Ber fegon Gl BBt GhSril- iy o 5.

[ 0063] Tha doslotxci®ld £dRIvAGE unRSitdBEEmBRS 8 MeihBli8lcpst 0 a col l ection of
material that is generally nore solid than not, and is not intended to mean

that all of the materjal in the phase is solid. Thus, a phase having a
subst arl0P@ll andbateraf pelor figsls” apanyerarigtion Hicrrgf.oemsed hegeindaciufes, Budsnpassed

“‘th'”I{?ﬁnﬁEQ goﬁ%o §ﬁ~ +fé@%r ghwhile, the term"liquid phase”, as

used herern n of material that is generally nore
l'iquid than not, and such collection may include solid materials. [0064] The
t erm " D06l ] esellhe aesmunedtrdl dipedsii or eriyevaiation ﬁmrrévf asorsecehdflyin, estudes bof isf att y

aci ds derj.ved from al [ 0065 e ter raceuti c. as used herein
rof er s RO ITEAR raglésa%tfi% ﬁ%ﬁr%rdgrp.ra%o NI e A N
Non-limting exanples include carotenoids, carotenes, xanthophylls such as

zeaxant[ppés] astraxanihislid pdet 1 Rl heQOBRETIE ERIcBlabbQhaelAl (RS itised
her ei n refers to fuel derived from biological source. Non-limting exanples

i ncl udegebprely ewee sol}dethari el anddis @gkintenyled tof rnean thieatdfghonkrtcaintingheskdse bl end

st ock. 1L q ]"I-Ihh s,n Ir) [l haVnRgng alsabs?antlal a\llmoeur}lt 9F & 1ds A ek a%llng rs]or\rll\'ic Elqulaol i

l'i pids, BN use
encompassed within thc 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.

[0064] The term “biodiesel” as used herein refers to methyl or ethyl esters of fatty acids

derived from algae

[0065] 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.

[0066] 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.

[0067] 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.

[0068] The term “lubricants”, when used in connection with polar lipids, as used herein

refers to hydrotreated algal lipids such as C16-C20 alkanes.
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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.
[ 0068] Thewbentwi2iisior i cant s”, when used in connection w PhTmsk@n/0Bi4pe ds, as

used herein refers to hydrotreated al gal |ipids such as Cl6-C20 al kanes.
WO 201 7171P /USZOll/ 031419 0069] The term "detergents”, when used in
connectﬁ’éﬁz? Iwi tﬁg defepgeats, - glrh@nélﬁﬁ%\wéb golﬁ%h@fiww% hggemn

phosphat R @%mﬁ fa@rls NRblI BRI ahard%mamLQ&%Pe]oThe term "food additives”,

when used 1 n conn ctlon W th polar |ipids, as used herein refers to soy
| ecithin substitutes ‘;@Phosphol i pi ds der| ved from al gae. [0071] The term
" non- gl[ﬂ)@'é}]l n rhe tesm™ eherwshenuS@Cfl@rOS)ntl@tlanyvlthrmlﬁrlltpdet hawsedepar at es

What | e KGR REIR Dbt DR o R WP R Rotialdaey BTV, TOST O

[0072] The term"unsaturated fatty aci ds" as used herein refers to fatty

aci ds vponjat reasrmonen-@dublie neaebaR ehkkreiNatfeld tlahy Mgpexkanipdtes of
unsaturated fatty acids include palmtoleic acid, margaric acid, stearic
aci d, éﬁ@@rétewﬂa theghy seTeciErsios- é\:f”éthell leva e %f%mlaren@éfwr phwhaiis aci d,

al pha éjrrgg%hfia)cor&x&ltggrogﬁl@gﬁﬁﬂfngc&l@lcg cﬁrgde %?%Qﬁ)ll c acid, honogamma |inoleic

aci d, onirc a cosapenen beheni ¢, docosadi enoi ¢ aci d,
henei cosapent aenoi ¢, docosatetraenoic acid. Fatty acids having 20 or nore
carbon [80Bts i ihhe taernbaQMmHEdafatgf gedsEraalubed hreedierefedt to datgsacidsonigh etHedsh fatty

aci ds" atty acid 19 or fe tons.in e backbone are
o nor aiay doub B chbgt anE  NOU B i Sy S A B gSeheE e e od T ong
chain gﬁlrhbfoléi%l AR, hAsd v QcidObbardd £iMAMeit aaut&féade@enom 1Rofedd 4dd,aci ds,
onega-6 fatty aci ds, and orrega-9 fatty acids. The term "omega- 3 fatty

aci ds" gasmnesbiolhisragidnalpbs Enelcicacidoatachidiorstd, keicabanetd aces., thhwmoammy aci ds

listed ﬁn%le-{c‘?l etl)cllg alrachldgl t1)1|1ceac]1'd eicosapenenoic acid, behenic, docosadienoic acid,

heneicosapentaenoic, docosatetraenoic acid. Fatty acids having 20 or more carbon atoms in
the backbone are generally referred to as “long chain fatty acids”. The fatty acids having 19
or fewer carbon atoms in the backbone are generally referred to as “short chain fatty acids”.
[0073] Unsaturated long chain fatty acids include, but are not limited to, omega-3 fatty

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

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

Table 1

Common name

Tetracosapentaenoic acid



Ei cosatrienoic acid (ETE) Eicosatetraenoic acid (ETA) Ei cosapentaenoic acid
(EPA) Henei cosapent aenoi c acid (HPA) Docosapent aenoi ¢ aci d ( DPA)

Cl upanodomoconci2ai7Docosahexaenoi ¢ acid (DHA) 20: 3 (n-3) PRO/US2¢INA314120: 5
(n-3) 21:5 (n-3) all-cis-11, 14,17-eicosatrienoic acid
all-cis-8,11, 14, 17-ei cosatetraenoic acid
all-cis-5,8,11, 14, 17- ei cosapent aenoi c acid

all-cis-6,9, 12,15, 18- henei cosapentaenoic acid all-cis-7

, 10, 13,[867449- dq’ﬁ@%e%ﬁ&e 136 Yl datdl” @b bsc@iRrdn Feferlt@o ARadR Wi leeasshexaenoi c
aC|d aII-C|s 9,12, 15,18, 21-tetracosapent aenoi ¢ aci d
chain lengths approprlate for use as jet fuels.

[0075] The term “diesel blend stock™ as used herein refers to alkanes with the carbon

chain lengths appropriate for use as diesel.

[0076] The term “animal feed” as used herein refers to algae-derived substances that can

be consumed and used to provide nutritional support for an animal.

[0077] The term “human food” as used herein refers to algae-derived substances that can
be consumed to provide nutritional support for people. Algae-derived human food products

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

[0078] The term “bioremediation” as used herein refers to use of algal growth to remove
pollutants, such as, but not limited to, nitrates, phosphates, and heavy metals, from industrial

wastewater or municipal wastewater.

[0079] The term “wastewater” as used herein refers to industrial wastewater or municipal
wastewater that contain a variety of contaminants or pollutants, including, but not limited to

nitrates, phosphates, and heavy metals.

[0080] The term “enriched”, as used herein, shall mean about 50% or greater content.
[0081] The term “substantially”, as used herein, shall mean mostly.

[0082] The term “globulin proteins”™ as used herein refers to salt soluble proteins.
[0083] The term “albumin proteins™ as used herein refers to water soluble proteins.
[0084] The term “glutelin proteins™ as used herein refers to alkali soluble proteins.

[0085] The term “prolamin proteins” as used herein refers to alcohol soluble proteins.

Non-limiting examples of prolamin proteins are gliadin, zein, hordein, avenin.

[0086] The term “algal culture” as used herein refers to algal cells in culture medium.
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Tetracosapent aenoi ¢ aci d24: 6 (n-3)
all-cis-6,9,12,15, 18, 21-tetracosahexaenoi ¢ acid. WO

2011/ 127wWORGT/1282011/ 031419 [0074] The term "jet fuel blpemaSstomki4ias used
herein refers to al kanes with the carbon chain | engths appropriate for use

as jet fuels. 075] Th erm"djesel blend stock" as used. herein refers to
al kanedOUSHIh ¢ ﬁge %bal%ath@msqdéﬁ@ﬁ%h%ﬁa%%m 9B af @ﬁstlpé@lalgg dgpatseqd

algal culture.
[0088] The term “dewatered” as used herein refers to the removal of at least some water.

[0089] The term “algal paste” as used herein refers to a partially dewatered algal culture
having fluid properties that allow it to flow. Generally an algal paste has a water content of

about 90%.

[0090] The term “algal cake” as used herein refers to a partially dewatered algal culture
that lacks the fluid properties of an algal paste and tends to clump. Generally an algal cake

has a water content of about 60% or less.

[0091] Saltwater algal cells include, but are not limited to, marine and brackish algal
species. Saltwater algal cells are found in nature in bodies of water such as, but not limited
to, seas, oceans, and estuaries. Non-limiting examples of saltwater algal species include

Nannochloropsis sp., Dunaliella sp.

[0092] Freshwater algal cells are found in nature in bodies of water such as, but not
limited to, lakes and ponds. Non-limiting examples of freshwater algal species include

Scendescemus sp., Haemotococcus sp.

[0093] Non-limiting examples of microalgae that can be used with the methods of the
invention are members of one of the following divisions: Chlorophyta, Cyanophyta
(Cyanobacteria), and Heterokontophyta. In certain embodiments, the microalgae used with
the methods of the invention are members of one of the following classes: Bacillariophyceae,
Eustigmatophyceae, and Chrysophyceae. In certain embodiments, the microalgae used with
the methods of the invention are members of one of the following genera: Nannochloropsis,
Chlorella, Dunaliella, Scenedesmus, Selenastrum, Oscillatoria, Phormidium, Spirulina,

Amphora, and Ochromonas.

[0094] Non-limiting examples of microalgae species that can be used with the methods of
the present invention include: Achnanthes orientalis, Agmenellum spp., Amphiprora hyaline,
Amphora coffeiformis, Amphora coffeiformis var. linea, Amphora coffeiformis var. punctata,
Amphora coffeiformis var. taylori, Amphora coffeiformis var. tenuis, Amphora delicatissima,

Amphora delicatissima var. . capitata, Amphora sp., Anabaena, Ankistrodesmus,
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[0076] The term "ani mal feed" as used herein refers to al gae-derived

subst ances that can be consuned and used to provide nutritional support for
an ani malwo2007i2yifhe term "human food" as used herei n r eCENS2410/031419

al gae-derived substances that can be consumed to provide nutritional
support for eople gae-derived h n foo oducts can contain essenti al
nutri erﬁ’g‘lmé’d a%of@ﬁz?[gflé&oog pdil, Byg l@?lp&sp ﬁq%’rﬂ@us Bfauiiner al s.

[ 0078] TG e5dPus m&fzsurge@y@&é&a CRSHSCB-NGE S B SubRalS ECHher), 98
growth to remove pol [utants, such as, but not limted to, nitrates,
phosphdﬂé&ﬂwandgMeahyCHBP@b@@Sﬁmeﬂwﬁdﬂuguwbamimaékémﬂtewhmﬁununicipa

wast e r. [0079] er m " wast ewa sed. he ers to industrial
st ondt G Rt A ey Boa ab i LGB A, St Grrpa nant
or pol | WhigFlB auk- QLS ThioRll CaRlidu] OhbeAit@pMikikat BB relRNRSREALES, and
heavy netal s. ;0080 The term "enriched", as used herein, shall nean about

50% or ilellarellgyo échtChl{N@dsf]mfh@ntle@lﬂprd@b‘wan€hlgzr’¢l§ﬂfusqqtsvans\él@ud?{éfae| n,
shal | r@ﬁore tluc%tro l%) %%z]lorfgﬁtgg?% LgVE %gzliloregfzg JI?.;IZOGI’IW%V 7 actosﬁzga I&%l ref ers

to sal t solUBIEE proteins erm el AsH s ~Us€d her ei n

ref ers ihfusiomlmvas Qi ophpl, igbHa kbOQBA TS -ell@ Idbo Ig&mt ehlbnelpzrlateevmzshs as
used herein refers to alkali sol ubl e proteins. [0085 ] The tern1" rol amn

pr ot ei fdvlorgdlaigeepiridis aun ausgasfridiy, & horelp dirednidinre. frerernshiawhe | i niti ng
exanpl %n?ﬁfm RERb R, %?w%&%d‘%h%@ﬂ@ln%g i, c%f?)'ré‘z ﬂﬁ%ﬂ% NIV il 0086] The

term"al ture used herein refers I'n culture
medi umChlorella parva, Chlorella photophila, Chlorella przngshezmzz Chlorella protothecozdes,

Chlorella protothecoides var. acidicola, Chlorella regularis, Chlorella regularis var.
minima, Chlorella regularis var. umbricata, Chlorella reisiglii, Chlorella saccharophila,
Chlorella saccharophila var. ellipsoidea, Chlorella salina, Chlorella simplex, Chlorella
sorokiniana, Chlorella sp., Chlorella sphaerica, Chlorella stigmatophora, Chlorella
vanniellii, Chlorella vulgaris, Chlorella vulgaris fo. tertia, Chlorella vulgaris var.
autotrophica, Chlorella vulgaris var. viridis, Chlorella vulgaris var. vulgaris, Chlorella
vulgaris var. vulgaris fo. tertia, Chlorella vulgaris var. vulgaris fo. viridis, Chlorella
xanthella, Chlorella zofingiensis, Chlorella trebouxioides, Chlorella vulgaris, Chlorococcum
infusionum, Chlorococcum sp., Chlorogonium, Chroomonas sp., Chrysosphaera sp.,
Cricosphaera sp., Crypthecodinium cohnii, Cryptomonas sp., Cyclotella cryptica, Cyclotella
meneghiniana, Cyclotella sp., Dunaliella sp., Dunaliella bardawil, Dunaliella bioculata,
Dunaliella granulate, Dunaliella maritime, Dunaliella minuta, Dunaliella parva, Dunaliella
peircei, Dunaliella primolecta, Dunaliella salina, Dunaliella terricola, Dunaliella tertiolecta,
Dunaliella viridis, Dunaliella tertiolecta, Eremosphaera viridis, Eremosphaera sp.,
Ellipsoidon sp., Euglena spp., Franceia sp., Fragilaria crotonensis, Fragilaria sp.,
Gleocapsa sp., Gloeothamnion sp., Haematococcus pluvialis, Hymenomonas sp., Isochrysis
aff. galbana, Isochrysis galbana, Lepocinclis, Micractinium, Micractinium, Monoraphidium
minutum, Monoraphidium sp., Nannochloris sp., Nannochloropsis salina, Nannochloropsis
sp., Navicula acceptata, Navicula biskanterae, Navicula pseudotenelloides, Navicula
pelliculosa, Navicula saprophila, Navicula sp., Nephrochloris sp., Nephroselmis sp., Nitschia
communis, Nitzschia alexandrina, Nitzschia closterium, Nitzschia communis, Nitzschia
dissipata, Nitzschia frustulum, Nitzschia hantzschiana, Nitzschia inconspicua, Nitzschia

intermedia, Nitzschia microcephala, Nitzschia pusilla, Nitzschia pusilla elliptica, Nitzschia
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WO 2011/ 127171PCT/ US2011/ 031419 [0087] The term "al gal bi omass" as used
herein refers to an at |least partially dewatered al gal culture. [0088] The
term " devwDenadi27e93 used herein refers to the renoval ofPcatusk@assissone
wat er. [0089] The term "al gal paste"” as used herein refers to a partially

dewatered_al gal culture having fluid properties that allowit to flow
eeneramuw@ﬁn%ogwl& ?fféﬂl%&%aﬂga%?@r A@a&?w; C@%%“SQB%%OFB%@F% term
"al gal Gaker s ARiINS BB NS @b.,nO&&flﬁfo?iatlﬁm?elt@&'}r@s’c?[[’dt&'ri&j Veh &Rk 9alpreMl t ur e

that |acks the fluid properties of an algal paste and tends to cl unp.
Cener alRaradoradg&bssteak Eabadmria asidophila dtaybmt spf Phloduc8wn wiconegsn,

[0091] Sal twater algal cells include, but are not Llimted to, marine and

br ack sl diioepulied auppinyer gl P Ok Ba P Ral e - bodi es
of wat eplebeh9s sp.PREorBBbcd WithdB8mtiOPrS6M8ua VEHRNE Profhes YUAbIEsis,
Non-limting exanpl es of saltwater algal species include nnochl or opsi s

sp., DJfraldtkdchanasfformio0d|dhessramtiie Psanlgellonsdp laguaiics, Powhdmprassat.ure in

bodi es Ipf ter uach as. hut grol Jirgted 4] lakes, and ongs. Non-limting
FQUOLEYS, Rho OFOCCLlSP aCiLlS, arcingol ChWSPﬁthe, ceneqgesnius drmaltils,

exanpl es of "Freshwater a 6a species inc e ’'Scendescemus sp: ,

Haenot oencous s, §RRISIINSpHLiing plurgsiexsurpbescaf spishambeaeus hat can be

used with the nethods of the invention are nenbers of one of the follow ng

di vi si oW8echoRY G0 pHSAES, eresfantiss(es #a(ulsy B edvar Tanaselyriasmetedidsant ophyt a.
In certai J [P od.- W t he net hods of the
i nvent is?)l%\&g?g% ?rfeyﬁgggéfgflggﬁgmo&fﬁzgﬁlﬂﬁ%gﬁegb% ‘asses: Baci isl ari ophyceae,

Eusti gmat ophyceae, and Chrysophyceae. In certain enbodi nents, the
m cr oal [§825]us e th ethethentielimeith dbis biofmasheani evpdatt inoreraal ancheding bst wdét lomeedof t he

foll ow.n ener a:, Nannochl oropsi s, |l orella, Dunali.ella, Scenedesnus,

5ol et ROThCOBE Bl SpaR R SRR T, et et SIS NeE 4ot ety oonas.

[ 0094] NaRedd, Sidflovetr SXRMRLE an@blivd. cr oal gae species that can be used with the
nmet hods of

[0096] Systems and methods for extracting lipids and coproducts (e.g., proteins) of
varying polarity from a wet oleaginous material, including for example, an algal biomass, are
disclosed. In particular, the methods and systems described herein concern the ability to both
extract and fractionate the algae components by doing sequential extractions with a
hydrophilic solvent/water mixture that becomes progressively less polar (i.e., water in
solvent/water ratio is progressively reduced as one proceed from one extraction step to the
next). In other words, the interstitial solvent in the algae (75% of its weight) is initially water
and is replaced by the slightly nonpolar solvent gradually to the azeotrope of the organic
solvent. This results in the extraction of components soluble at the polarity developed at each
step, thereby leading to simultanecous fractionation of the extracted components. Extraction

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

[0097] In some embodiments of the invention, a single solvent and water are used to
extract and fractionate components present in an oleaginous material. In other embodiments,
a solvent set and water are used to extract and fractionate components present in an
oleaginous material. In some embodiments the oleaginous material is wet. In other

embodiments, the oleaginous material is algae.

[0098] Polar lipid recovery depends mainly on its ionic charge, water solubility, and

location (intracellular, extracellular or membrane bound). Examples of polar lipids include,
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t he present invention include: Achnanthes orientalis, Agnmenellum spp.,
Amphi prora hyal i ne, Anphora coffeiform s, Anphora coffeiform s var. |inea,
Amphor a cwbfeiffartris var. punctata, Anphora cof fei form #crams2oitiayidoy i,
Amphora coffeiform s var. tenuis, Anphora delicatissinm, Anmphora

delicatissima yar. .. capitata, Anphora.sp., Anabaepa, Ankistyodesnus, WO
2011/ 1297{1&@@?)’%261%/939@951% 3 glﬁ&@é&ﬁ%sswaéﬁrg@ﬁtﬁgt,cawewéq isgparate
hoog! angdijipuriBPpQS 1154{ GinSBugh!PBE HXIERGRIHRIARohtin 0l MEAEO CEAFAUAS! | cus,

Bract eococcus m nor, Bracteococcus nedionucleatus, Carteria, Chaetoceros
gr aci | itsfchGhedsts sndwdespraeipitdteni (PHOetio selvost),mobichegxtragon arglubsal sum

Chaet ocer 0sS,.Sp- | anydonas perigranul.ata, Chlorella anitrat Chlorella
ant ar CrrESiggoB: Er B PLOVI PN Smow B 695 S earan CRBPERIE capsul ate,
Chl or e's%ﬁar@ﬁ'@ﬂ &feqir8eipfdtlonl fld BeBblanPsRhASBgicth Btk RItR@BhI , Chlorella
fusca, | orella fusca var. vacuol ata, Chlorella glucotropha, Chlorella

i nf usi chaftfra@n swdairpeipitafonsilomdiirateon). act ophila, Chlorel |l a i nf usi onum var.
auxenophila, Chlorella kessleri, Chlorella | obophora, Chlorella

uteovigtys, SMALEILR. el EQUG L SHRL or MUEAUN hlidion SABLELRE
| uteoviridi's var. lutestens, ore m ni at'a, orella mnutlssi ma,

Chl or eldpaarenit fadri lthesfollChiy ddtdikdriesdriptioa, 1tChbwid éklvadayv@bd showevktiel tie par va,
Chlorel | a photophila, Chlorella pringsheimi, | orel | a protothecoi des,

chl or elqetpilse destinbenprbdieeapmplss; vt condicattyy Beel 1Paff$e6meélﬁ S thenlorell a
regul arihsen¥igh . arl L | iRdsh BRIy AN ARG Hy, YR FREB|at e Glah

reisi glli ?e,n l?lm ag?‘gﬁeg%g@ hdgrllgl!bshi Pg, Sﬁéfk{l orclglllt}ﬁgll s}z,icgﬁr%gpoph' Iazgeq\}lgr .&la ges

el | i psaindeaqdiftdtionevithinstht smat ardhdcopedf the siveptiex wilOhocone! dpparsot tokheseana,
Chl or el p.,. Chlorel].a sphaerica, . Chlorella stigmtophora, Chlorella
vanni els:kfhe,a lﬁhecﬂr!eﬁ?rgt%ﬁa’gﬂ?i?esﬁﬁ?%%l la vulgaris fo. tertia, Chlorella
vul garis var. autotrophica, Chlorella vulgaris var. viridis, Chlorella

vul gari[910|" - Suipdisiihs, tHePropakbd aondlsB@ftive eX@dctiod PYr&tEd @sdlB-in beEt 908,
Chlorella vulgaris var. vulgaris fo. viridis, Chlorella xanthella,

Chl or elTPePVEBF. |th,9 sardli nounh pbp@p lipidy wbexinsiiziag biogrss patanecsvits gaici when

Chl oro i reQC SP.., |_or nj I sp. ,
i ysoa Pt SRR M R PR TR o SRR o e SRR o
sp., Oumbatteltddafaty y@iticomtent@fchobiehlass. mandgdiiion) @hdnol Sytedcot @hlfartisdy be
Dunaliella sp., Dunaliella bardawi |, Dunaliella bioculata, Dunaliella

gr anul gtiecthpiagepterifigd. iyrthermere, wide theeyisting souventiopgaethads, theaethads

Dunal i ' Jpi i 1 t Lelk I 34, o fella
torri col o BERE AP R ARty Buh TR, £ ookl o i !

t erti olpectien offhe msgHaesmpanentsdins|udireepdadpady; & thp algaEby ithpswic dda veyer,

Eugl ena sgg , Francei a %ﬁir Fragilaria crotonensis, Fragilaria sp.,

G eocap@istiels orsain Y @Y tsp. , Haemat ococcus pluvialis, Hymenomonas sp.,
| sochrysis aff. gal bana, |sochrysis gal bana, Lepocinclis, Mcractinium

M cractippaym rheasarhiigiduaciibh bldied MonRs aRiyfahdipfeSdat invhiROsdibRkdss SP. |
Nannochl oropsi s salina, Nannochloropsis sp., Navicula acceptata, Navicula
bi skantlewaectalNgnicatiterghyeindonang bthbilifytelsthe Npidi fragtian el rpdngingsabsaqaentcul a
saprophi | Nav,_cul . hr.ochl oris .sp. [ | M S..80. it schia
conmuniuo 8P et AR n AN AL i oy SRR B D R .
Ni t zschixadation s Fpah@mold, nZs41h inhilit hisdrotkdaming bhth BS6 @ chantizshbir agiaovaNi t zschi a
i nconspicua, Nitzschia intermedia, N tzschia mcrocephala, N tzschia

pusi | | Pefoe pasutsaldinidigiytuze can be petined; TRe sysierns and mgshods disclosed herein

2011/1 ] 4 N { i 1 i ugfr.angul ar,
Nitzsc%ﬁ%%éﬁgakggﬁgéﬁgggimégé?P%%gbg?ggﬂgﬁgggﬁx%%% §?ﬁ%hgﬂgiﬁﬁg%900cystis
sp., Osdvhitagcons bedausm@bicts, an@polar lipidsarandg pighlosftdtddalbyomeal stfobureyarsl,
Parachl.orel | a kessl eri PagﬁherLa aci dophil a, Pavlova sp., Phaeodactyl um
triconﬂPﬁWPepﬁﬁﬁﬁ?fwﬁﬁgyﬁ?/}ﬁﬁ? PIetdltonas sp., Pleurochrysis carterae,

Pl eurochrysis dentate, Pleurochrysis sp., Prototheca w ckerhami,

Pr ot ot heege|St aGROEFteriy MIAhOBER ARNELRH hERNBES, stdef KRR BRNMS, iréRicigS .
Prot ot heca zopfii, Pseudochlorella aquatica, Pyram nonas sp., Pyrobotrys,
Rhodoc dbe ey ingrnsldswagaingicasss.d Compgrsd it genyentSerh exfeashios pracassesighe

Schi zoc ri Spirag a,..opi.rulina platepsis { . Chococcus .S
synecnonbitid poa i ERuioRIpE poll RolltD e b HIPERE P Sufficgoe
Tetraedron, Tetraselm s sp., Tetraselm s suecica, Thal assiosira

wei ssflogii, and Viridiella friderici&ha. [0095]1n other enbodinents, the
bi omass can be plant material, including but not limted to soy, corn,
pal m canelina, jatropha, canola, coconut, peanut, safflower, cottonseed,
|l i nseed, sunflower, rice bran, and olive. [0096] Systens and net hods for
extracting |lipids and coproducts (e.g., proteins) of varying polarity from

o o o o, o o o
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chemically degummed retains a significant quantity of neutral lipid. This neutral lipid

fraction is further removed from the degummed material using solvent extraction or

supercritical/subcritical fluid extraction or membrane technology. In contrast, separation of

the neutral lipids from an oleaginous algal biomass is far more difficult than from a vegetable

oil feedstock due to the presence of large quantities of polar lipids typically found in algal oil

(see Table 2). This is because the larger percentage of polar lipids present in algal oil

enhances the emulsification of the neutral lipids. The emulsification is further stabilized by
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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 WO 2011/127171 PCT/US2011/031419

the nutrient and salt components left in the solution. The presence of polar lipids, along with
metals, results in processing difficulties for separation and utilization of neutral lipids.
However, because polar lipids have an existing market, their recovery would add significant

value to the use of algal oil to generate fuels.

[0105] Polar lipids are surfactants by nature due to their molecular structure and have a
huge existing market. Many of the existing technologies for producing polar lipids are raw
material or cost prohibitive. Alternative feedstocks for glycolipids and phospholipids are
mainly algae oil, oat oil, wheat germ oil and vegetable oil. Algae oil typically contains about
30-85 % (w/w) polar lipids depending on the species, physiological status of the cell, culture
conditions, time of harvest, and the solvent utilized for extraction. Further, the glycerol
backbone of each polar lipid has two fatty acid groups attached instead of three in the neutral
lipid triacylglycerol. Transesterification of polar lipids may yield only two-thirds of the end
product, i.e., esterified fatty acids, as compared to that of neutral lipids, on a per mass basis.
Hence, removal and recovery of the polar lipids would not only be highly beneficial in
producing high quality biofuels or triglycerides from algae, but also generate value-added co-
products glycolipids and phospholipids, which in turn can offset the cost associated with
algae-based biofuel production. The ability to easily recover and fractionate the various oil
and co-products produced by algae is advantageous to the economic success of the algae oil

Proccess.

[0106] A further aspect of the methods and systems described herein is the ability to
extract proteins from an oleaginous material, such as algal biomass. The methods disclosed
herein of extraction of proteinaceous material from algal biomass comprise a flexible and
highly customizable process of extraction and fractionation. For example, in some
embodiments, extraction and fractionation occur in a single step, thereby providing a highly
efficient process. Proteins sourced from such biomass are useful for animal feeds, food
ingredients and industrial products. For example, such proteins are useful in applications
such as fibers, adhesives, coatings, ceramics, inks, cosmetics, textiles, chewing gum, and

biodegradable plastics.

[0107] Another aspect of the methods and systems described herein involves varying the
ratio of algal biomass to solvent based on the components to be extracted. In one
embodiment, an algal biomass is mixed with an equal weight of solvent. In another

embodiment, an algal biomass is mixed with a lesser weight of solvent. In yet another
18
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exanpl e, such ot ei ns.,ar.e eful i.n.applications such as fihers

anest BYtHR, FhR LR 6t 4 BB AR MR S Py il i qum and
bi odegrdaihe Mbasstitsised P EAHaheXtrREPRE ITHH istReautethodstiand syst ens
descri bed herein involves varying the ratio of algal biomss to sol vent
based o¥tragfioncisrgyenibnicsultsongaiudsiensatandering ¢pngnraceinispphestextigmnely gal
bionas§hﬁﬁuﬂixed wi th an equal weight of solvent. In another enbodi nent, an
al gal biromass is mxed with a |l esser weight of solvent. In yet another

[0110] Exemplary embodiments may be applied to any algae or non-algae oleaginous
material. Exemplary embodiments may use any water-miscible slightly nonpolar solvent,
including, but not limited to, methanol, ethanol, isopropanol, acetone, ethyl acetate, and
acetonitrile. Specific embodiments may use a green renewable solvent, such as ethanol. The
alcohol solvents tested resulted in higher yield and purity of isolated neutral lipids. Ethanol is

relatively economical to purchase as compared to other solvents disclosed herein. In some
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18 WO 2011/127171PCT/ US2011/ 031419 enbodi nent, an al gal biomass is m xed
wth a greater weight of solvent. In sone enbodi nents, the anount of

sol vent mveedimiztitian al gal bi omass is cal cul ated basedpom/ush@i1ssisrent to
be used and the desired polarity of the algal biomass/solvent mxture. In
still other enbodipents, the alg mass 1S extracted ipn several

an exerffFEPY %ﬁ‘l‘ﬁg RS, e%n%%%ncf fpcdieaation can be e lrﬂfn@ﬂepafeﬁ%&s first
Wi th a%%erﬁQraQQ Q0 pbiiciRIndRhodcli N1 %ésh@lfag bYorRRORAIIRGst HAbRAMfHa2G! bl €
sol vent.” Second, the remaining algal solids are extracted using about 70%
of t he andlchuibe cwaplgtwﬂy (medswith dasser cAerghithas aaquemtsiatgueishurtynen per f or ned
usi ng about 90% of the solid's meight in solvent Fbving been i nformed of

these ts of the inventio one able to
Loe G MPBFELe Badrelsmiity R RasRfp gl e bt SaRstis el s os' o
al gal anﬁHlﬁﬁﬁerﬂ@H{cﬁfde St lafb H@ Sindtealts, dg@loh&&n@%ﬁdtﬂ’o%ﬁnp&h&f pétaicNh&agler to
sel ectively extract algal products 108 in preferred

For exanpl e,
enbodi rhsatane tdiethglgithanoluggefthyd aéfttﬂan@bm%ampéwénhogomﬁba@ea@émct ively

i sol at r t from an
al gal %ﬁgﬁé§¥@h¥§ﬂggﬁouﬁ&§8®9 of¥%%b ar ﬁhgﬁgéhéé%hg%%g%étkgﬁéfe hanol ,
and neutqadntibi @it@stion sttépsabﬂuthe%ﬁﬂ)@dm@ﬁeadhéﬁer@t banaits artcfuseeinraciol were to
be used, the solvent concentration to extract Protelns froman al gal

bi omas ¥R $P- dpstill 0 Qf@df/@mbaqha]ﬁntsr DY M Sa VieB 3§ BixsH G0 USRHMEE hanol |
and neq%5ﬂheghﬂkg5nggggd requi re about 100% net hanol . [0109] Enbodi nments of
the systens and net hods descri bed herein exhibit surprising and unexpected
results. First of all, the recovery/extraction process can be done on a wet
bi onas s[011121i s iIssanaeplrdiscanofihe rmih@dﬁtd@g@i@é hescamplnaixfure pbodi ereners avoi d

t he use anoun s of ener nd the cells.
Bt AP DRSS PR R e LTy BT S B P R R e F ect ve
usi ng tib&t SYShRIFSPIIBEL JFBEAOAWheh uting shesRtturche M ku@phmmslvmeéx@act@bt ai ned
fromthe disclosed processes are significantly higher and purer than those
obt ai nebe wteé@hﬁf@mttﬁ@h@maéwlﬁdeftfum Mm@llesa paetaigbesredhanaeirit ofal

extract I I’ e ations
oxt r e PSR PFREGREN: ST b8y & STkl R BB REh

al gae ahatnlmmma{eglaboﬁlhee@t Reuvscomahediiathe smadimphainy ofinipehHobitt olweay Tise any

wat er-m sci bl e slightly nonpol ar solvent, including, but not limted to,
met hando déﬁfﬁﬁwoﬁolvep&sdé%@an@i twoa¥ar SHecmeVRiph cap é@ Bnsratethusing e oSS | e
Speci fi t hanol .
The. sl doRaT ot L R B S con S B B ool at e
neut r almoénepif ds alkkbdyanabter, s kl’GEJIlaI an/aarbmaemcarimmmmtam thnr;:(btaescmmencmtrpar ed to
ot her sol vents dlsclose€§C é%% In some WD 2011/127171PCT/ US2011/ 031419
exenpl dPyFE fhesrilgct i1Bh and fractionation can be performed in one
step followed by nmenbrane-based purification if needed. The resulting
bi omasgoi 3]al nﬁﬁionﬁ@é&ﬁbdﬂu‘ﬁ%nt%h@éxt@d&ﬁoﬁ?fbc@@e@@é’é@h@écﬂhdfelﬁﬁﬁd%@pd%t% H esser
energy than an aqueous al gae slurry 11] I'n sonme exenpl ary enbodi nents,
t he soIQXéWtSlOlT}S@dmt @r @msémls |S§clepHaﬁn@lrsw@tlmqeﬁé oo aiena profanedceelts, but are
not t n ntan exa e,
L L i G e e e L
acet one). &cﬁr@@eﬁlbd)dlmnusmewn&m@é extAltomplodes’as alkhlineseIze cecddadharent s, the
sanme solvent is used in sequential extraction steps. In other enbodinents,
di ffer e®Pusfvents are used in each extraction step. In still other
enbodi nents, two or nore solvents are m xed and used in one or nore
ext r act ppfyst e uldEIRkhL A QBR HIBALIAER R HrodcifreTBbAAaHE 2l Do
herein, a m xture of two or nore

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

invention are superior to those known in the art as they require the use of far less energy and

render products suitable for use as fuels as well as foodstuffs and nutrient supplements.
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solvents used in any of the extraction steps includes at |east one
hydrophilic solvent and at | east one hydrophobic sol vent. Wen using such a
m xture, wbeohydrophilic solvent extracts the naterial Pcorastéie/obideass vi a
di ffusion. Meanwhile, a relatively small amount of hydrophobic solvent is
used in ination and,is involved in a liquid-liquid separation such that
the- natlaf Al Sicop maaded o S G e SO OF hydr ophobi ¢
S0l ventim,Thntdvith FAFER RS arfOn¥ @Ol Sr (A& SOMEIRhiO: A SlceS¥SLEM  Whi ch can
be separgt ed using techniqués known 1'n the art. In such an I npl enentation,
t he hydiuwthhohire, sysicvsmif theanvégioamygn baesalrto aoievaomcethndadkhaeveatmorest er, a
ket one, an aromatic, a hal oal kane, an ether, or a comrercial mxture (e.g.,
diesel, jet fuel, gasoline). [0113]1n sone enbodi nents, the extraction
processes descri bed herein incorporate pH excursion in one or nore steps.
Such pH excursion is useful for isolating proteinaceous material. In sone
enbodi ments, the pHRSCRIPTEOIN'QE HXEMPIORY EMBOBIMENT.SY. , | ess than
about 5). In sonme enbodi nents, the pH of the extraction process is alkaline
(e.g., greater than about 10). [0114] The use of hexane i.n conventi onal
extr actlﬁbﬁpr oERh et eHFACHAY H%?lg o) ggac B Brseestetronng selypiotdtich s may
not be yrethdiP RN BLAANGES olsETARH B M iRl all REarREEM doRVEAG neftyar ©
superi osr to tﬂ(e)se knom&qgﬁ tﬁe5|%arth§s t aeilﬂérae uiarrept? e use0 of élr Iress
ener gy lands suehdewapssostamisinghid alghll cellfvoth higle rasvénes| ‘Shascosl dptas Wwaddist uf f s
and nutrient .s | enents. .. . 2011/ 127171PCT/ US2011/ 03141 0115] It is
cont oAt BETHREXERY PRRbGHVER Tah SCHELBIT AL LPGpAEIaT CLEvBrIRdh be
i mpl enaagiGh JNntHig &%W&% guies laﬁbPﬁ@ﬂ hedlde t6 ¥etr&MaRhd fdd Mehic@Bvednd Vi ce
versa. Furthernore, systens of the invention can be used to achi eve nethods
of t he liglveogeyasy in @ESTRWVPION OF EXEMPLARY EMBODI MENTS [0116] For sol vent
extraction of oil from al gae the best case scenario is a solvent which
sel ecti ext,r.act | ac lycer I LNQ- | i pids
and nor{ﬁjA neutr gﬁt‘&% Iltl%{v g)syfs%éﬁ’gsﬁm%gc%%ﬁ@ép gd&gqeggﬁ\réb%ée%a+fg]t§€g%éTl W th
hi gh r daoiesd @scxerhbRrg eabsdmeptsiod metdk dsdieinsked Radtiovetioh axit puadicatiel af
lipids and then extract purer neutral Lipids devoid of polar | i(Pi ds,

@ .

resul t ilHds fomiagplgeecatiamyng higmapsasin HPtst A0 Mo eabecitsgramared ana t he

l'i pi ds ﬁﬂ%qﬁ&ﬂ'sﬁegelfm,e&z)(teplsg@tn8§&pff§tﬁ¥ll alcdli%o 9[61& X\@O-@S?Ps%lid[b@c}rﬁgsk.'?ﬁ erring
now to Fl 1A, ' owchart 100 provides an overview of the steps invol ved
i n exempdpal3y, e sdlocitrhaptdsextifactiet i pdgoumsaicon the birendss acd the deiction and
purification of |ipids froman algae-.containing bi ss.. In a first step
10, AU nsonRe ety Sar 0l abe dnthunt-Curdbass exledion d  enoved
from algatiofeblitibR. ¥inglif Aol 1dald sakd bpRiAtRSAclulRgSERRoIBRitedto |

sol vent - based extraction is perforned on the biomass and the fractions are
col | ecttechniquss sunlensditsadingrdedasting taeg caB O fugiation, ahayobd peciorped ax estpHl Hhwed

ext racti}londe%l?d fgragti on %ﬁlerlle% ion. FGi SaI ly, a solid/liquid phase

separ at'l Sk, i%%qpuéblehﬂf Bt n FPHPYER ™t o t echni gues such as filtration,
decanting, and centrifugation, nmay be perforned in a step 140 to in order
to sepgopfsy oufrhs m%hé Bfon{aﬁﬁwgerﬁm&l?@"&%tep[Ileﬁﬂi&h?z @nGigs oPaBERIS5 Wien
harvested in step 110 typically consists of about 1I-5 g/L of total solids.
The bi afests] dids.bEhgpbiotias] ¢ap bdepactiatly eldwiaterat iepteh2Q0usinggedhactues ques

i ncl udi.ng, . but. not lLimted to, djssglved air floatation, jremrane

1Tt oA B oh tipiTeh o’ distityd R Bpaiifont plepmtr o5 BliPiiy PRETHH: i on o
cent ri fydgidicn@tion BN@REskNgG, dathtBBor SNRYA! fu@dtiohO TRw iR, is e réhbvAbft he
water froma solid or semsolid substance. Enbodi nents of the present

i nvent isomeumopt, oealbelihe aefatdgronee belideresmiselid sppsiancea Eaboflimamtssofithe vest ed

al gal b QRS Sy IRNAL FEL N0, GaR PR AAILGE -GS B0ATY 1RGSRl R @
conbi ndtton of any o Y RV et Hods daser? Bed et €r'n, s el gs %Jy any ot her

met hodsidR@sn Dictvabdtidg@hn $K ichirict But ign@drdy. orle@E b} Th@bthevad ef &9 dfltgae bi onmass

resulting fromstep 120 typically consists of about o
méthods described herein, as well as by any other methods known to one of skill in the art.

[0119] The dewatered algae biomass resulting from step 120 typically consists of about
10-30% solids. This biomass can then be extracted with water miscible slightly nonpolar
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10-30% sol ids. This biomass can then be extracted with water m scible
slightly nonpolar 21 WD 2011/127171PCT/US2011/031419 sol vents (e.g.,

al cohol s)wointiaizmriit i st age countercurrent sol vent extraeCrars2@nossss
segregating the fractions at each stage. This type of process can reduce
both capjtal and pperating expenses. |In sone enbodi nents, the biomss al so
under go€ Ve&@i(ﬁgaﬁ@Pg‘P@aFIk%F}uHé“tae‘%ﬁtCP‘é%tF]icBﬁe‘%to%%reafc?"it@ﬁfé‘%lbprﬁP‘Eﬁsé?%{%?élﬁléri al .

[0120] It ﬁ@&ﬁﬂb%h%@&ﬁmféw&t(ggr bsgéan%d@é_e%kh BirMIPsR drRftiRg carri ed

out by treating the harvested al Iomass Wth a sol vent such as et hanol .
The al gabetpes nswnicsnittodmerlts, dheekbiomessdsa lrelegaoes efid sod/ot albalirenaktrabteon i qui ds
may then .be.renoved.b t hods such as, but not |limted to, siphoning. This
novel ﬁﬁtf%gﬂp%felﬁ@\g%f%‘?ﬁlﬂphas | ower capital and operating costs than known
nmet hods, enabl es sol vent recycling, reduces the cost of drying the bionass,
and haqo1tg addeshnreasbddimehts ARMaBRHY ah ARz aPBbAfabd dande daRfedaddu@Bl bi omass
prior to beginning extraction and/or separation of algal conponents. In
fact, itteafisg thedwrvosied algahbiopnes wihyeabvenavelasebirmminil e plaal Proesssden

descr | BelAEGELAA0R oFLEBbA X8 ik MBAL brayIHE, BOrchfiG od BE InckNAL s QHIRMG

sol vent's reduce or neutralize the nega Ve ¢ arge on e al gae surface. In
sone empotiikdts sgfhohing. Mhisanmivelonethdévhlderdtariingteishets apraleadopaatng n or der
to renove even nore ter. In so enbodi nents, the addjtion of solvent
dur i ng ©K t@é\ﬂ%@wrﬂéﬁ So BRI SRR CEYAINEr TS E S8 ﬂ}f’fcoé&‘?flr ing e bipmEs] FI G,
1B shovgqas ide! le¥iBof BRI SORBYAL A9 Tof thedENALRIARI PR iR An

al gal culdt u?ee??%%éilgé\#iengoa&%eieﬁgﬁgd@yﬁd\%eiﬁgﬁt oef %\fﬁﬁgﬁ a{]‘%98/ BLIO%E)% 16108% 10 g/ L
(i.e., Qirhetiohantivr semration] of o gadl coropenenat dn fagpaisdidoomepthotths so32@:- Pr ocess

320 can_ingclyde centrifugation,.decanting, .settling, or fiJtration. In one
erbod A S Tttt Koaed Frireite e L g St bR gal

bi omas %r%érﬁé’%&l%té’%ﬁﬁée A nclhfliZuhd HERtivVBIRRgdS 118 oS3k RuAadel ITh86met he
recovered water 330 is recycled directed to other al gae cultures.

MeanwhidnebodihentaibGthk itbicoters sicwelctng methada sraxeerbieeshio endar 4 eanave caen " al gae
paste” with al.gae densit.y as hi S aboyt 0.q/ i.e. .. 10-20% W w) .
Tt s caftsear 4 g SOBpAtAR, BehafBe PR kardreRl b Bsnipt BG40

sol ventbepas ek sroedseentatdction.pr ocess 350. [0122] Sedi nent ation process 350

i nvol ves addi ng solvent 340 to the al gae paste to achieve a m xture having
a wei ght/wei ght solvent to biomass ratio of between about 1:1 to about

1: 10.  TARY| gaklG sIBishosipe itlestiagte jraplementation of 4 dryvajeangamocespnd0® 481 vent /

wat er IS far I J i d/por_1 &k ting.
e sol e B oL R "0
di sti | liatubgertahid/aoratpesepapooapioonss 32Ae Preess 3M0ngnwedluds erasgsglion, i s

expect e(fi t 0. have .a soljids.content o bout 30%to about 60% w w i n an

2l cohol CEHHNGarH g SR IFion. 10BN 8T RpdSRRY #EHTERoRH FbsTHES 1y BE8%) Sol vent s

i deal f@pardRWRd AGhINGodER FIMIHRIWAtE! dHMhCATHRE WaLE Lsiag kit LHikG! ents with
densities over 1.1 g/nL or below 0.9 g/nL. Exanples 1nclude isopropanol,

acet ongecaverdomiter3130gs racyblad directbd whashsr adgadesanbiires.ndvichawbils, the ggdpanol |
ent density

heavy ter (D20 t hyl ene glycol, and/or glycerin. |If the.saol
e over g gra Adt P e hiesndic R MY R plbs SR M Bt o
sedi mendboat 200NEL 00k, L LR O% WG, Taistdohfhtas8lac ph&td 24hEl freatéd wtha schemati c
di agram of an exenpl ary enbodi nent of an extraction

solvent 340 in a solvent-based sedimentation process 350.

[0122] 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 1n an alcohol and water solution.
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system 200. The wet or dry algal bionmass is transported using nethods known
inthe art, including, but not limted to a noving belt, a screw conveyor,
or througWoextwiactiion chanbers. The sol vent for extractipom/usgommsiseul at ed
froma storage tank assigned to each biomass slot position. The extraction
m xture is filf{ered, .refurning the bi.omass solids back into the slot and
the extlPhell i n%Bl_VFWé lifﬁﬁﬁaaswgfaﬁgg al‘PH%d%SHF%”éfsCOHWQIhWéatB%quu‘hlﬁ\§%IVBT§F Mol cal Iy
based afinlifles §£8 19067, dryThow 69U/ AEMERLERE i@fﬁd@i§$ﬁr9§anoi,fa@et8ﬁé,r acts in
each storage tank y either be Teplenished at saturation or continuously

r epl acedetoyitfilcesbutglodloahol, cthfinbk nvethandl, dHyopaned incevyt WeteddIuibt ethelmmer ocessi ng
time and cost drastically, This enbodi.nent conprises . a prinary reseryoir
210, & HYShABORE SReNnl L PR SR o RS U Bt Rt s o 2 s
(e. 9., foarkitRRendn drédteh kQRmERvit @RSDottoth X tHE Htiliny vefseext raction reservoirs
261-268, and a plurality of recycle punps 281-287. In this enbodinent,
primary reservoir 210 is divided up into a plurality of inlet reservoirs
211- 219012491 25F Mo g sehepaiic drgramiafan cxereplaserdpdimentof 48 egtractionr st i nl et
reservaqj Neaur. fi ggg: forr ﬁ[@g . addi ti on,
sol vengg 'y%é]zl%g ' g?lgéi% 0% ?\@’galgﬁn;%}at r%gsetg%/ngﬁé]‘?@%&gn@%@&seconégg}léd 22 of

t r anspanéludiaghaninsthi@AZEd tola @mosipgbtlteechoncemeya() ditlireagiscittiuetiah gal bi onass
al ong transport_ nechani sm 220 fromfirst end 221 towards secgnd eﬂd 222. As
the al FAFMBPENESS SPlyCRTaRSHFF QIS Peirqy o Rrstigse EHe2BIIFALQ t3Fhof

separ atig, e 665iiéd rneadadi ikt RAIRLES rlaliind ARBIIRNS Qe ALY NG
polarity. The d usate portions that pass through separation c?ew ces

241- 248nt@rthe slot @ut thd cxtoact ede theoitarag2Bik. 268 .so[idil@6The belt encenaperoditdlly

di ffus te‘ﬁpor ion.(gef tFe al gal bi o&?ss tftlat asses tthrou htthe first

separ at 107 Yol e TREC (1RCGeIIERET DY £ EHUCBNt 2 TGS T G d Ak Bk M3 es
smal | eq@bobt feplcRRRSI 4tREQHADNRREA BN Y Ie)A%8 bedish kSlveit! Bkt SbulLaltdre
first reservoir 261. Fromfirst reservoir 261, fhe diffusate portion can be
r ecycl eddusadke dovistnieam predesting bmerandcst domticathye Thas embedimepioonipsisesod  t he

al gal hi omass_that es, not pass,thro first.. separati.on. devi can
then ba Brpadv st oy 10T e R ELhINR 220 S Pl SRR SREHIRT et s B8, 31,
and seqekd nseitahad filmntioV\@3ek ), /alpdurh RERE A SR Bh It QASD A Q6Zc 2442, Whi ch
can conprise a finer separation or filtration media than the first

separ atilyilityefireq clrpums@B3A8Th dn duyprehedipent, REMENT fesrxeis 2po istdivded pat
passes :thr.o . boN~eevi ce 242 can be directed to second
reserv<31¥l1'lra aﬁ%{&h%@qﬁﬁéﬁéﬁ%}géf%?@dz ack to second inlet reservoir 212 via
recycle punp 282. The retentate or extracted portion of the al gal bionmass

t hat ddé$25ot Pasisg bherotigh atxat biochaseP@r @tplasnd d évstee e rean2 bendhir mdosted by

transport chanism 220 ta third inlet reservqgjr .213. This. process.can be
Fepoat G0N of Hteporasenygria28y bt o o Sebiaais Beubricnl 5255545 such
that thagneheniebsd BRI 11208 srakpiembeihaae2 &Y. erdhdpeatfdhhfishi?@osmRegauent

inlet reservoirs, while the diffusate portions are directed to the recycle
r eser vdhe glgalndomessyaddrgtrdrapdt mochdmesne 220G &rom firsd ed 224 sewards secopd eed8P2%h

exenpl ary,,enbodi nments, .the first fraction will be extracted with

o gnos L A BB et eeisiol Bt EohireRn e pgfnf Pk ER it e e ure,
whi | e t3a8 ahdsd schhaeddiin Mictibnder exgingpblRd Wit diffesafsdrtiony Batsabght | y
nonpol ar solvent, i.e. the |east polar m xture. The process therefore

ext r acttBrogghpensetitog qeﬁlcﬁfh%‘”o?‘éfe%reéfre@é@%@éﬁfﬁ@}rsp%ﬁlazﬁ&b y with the fraction.

The function of the first fraction is to renove the resi dual water and

facilit th : j . : [
o | Oy P B AR Po AL RO AR ol B e PR o PRk 1™ o .

[ 0129] Tist sepiraficraddvicae?ddan. gnehepdraon torgaining lquikbarat @rtidies dnerigerogh o
unsaturated fatty acids, Th arofenoi ds a | ong chajn unsaturated fatty
aci ds JuN BEUEERPELRY 4e_rvme%4ﬁélscﬁtuiecn§§ itﬁaleﬁgatcr@%egw A rﬁa@ |G A

di stil gl @R diffuGRPoHGE EQMHMWLERIIARR BHIA: rictldid 20t IR rehiatcof the
fatty acids can be separated fromthe carotenoids using the nolecul ar

di sti | Imtrtionef thelgdi woinkisgheglocanotipass thawighdivsttsephrasomde vacesidimhe then be
distillation.colum fo separ t he | r chain ty, acids for .refining.
The. | orfOreERaN AaHaREL Pt R oo 200 AEFH8 P Bhr T s 2 B3 BOPYT sgoPeeFaue | 1
the columm. [0130]1n sone non-limting enbodi nents, the extraction system
and net hods described herein incorporate one or nore steps to isolate
protein material fromthe ol eagi nous Bhterial (e.g., algal bionmass). Such
protein extraction steps enploy pH adjustnent(s) to achieve isolation and
extraction of protein. For exanple, in one non-limting enbodi nent, the pH
of the solvent in the first separation device is optimzed for protein
extraction, resulting in a first fraction that is rich in protein naterial.
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WO 2011/ 127171PCT/ US2011/ 031419 ascertai ned usi ng net hods known to one of
skill in the art, including, but not limted to using the Poisson-Boltznmann
equat i on,werepiwizeceth met hods, nol ecul ar dynam cs based neChmasg01108141he use
of titration curves. [0131]In sone enbodi nents, the solvent pHis alkaline.
For exapple, In some enbodinents, the solvent pH s greater_than ahout 10.
' ot helVisRBAL HERE a0 FHBPIGIMERT Smr%tlaﬁg)égﬂwﬁﬁm%mtha&@q%rS%ﬁ?Baf@tla@. In
furtherygpodiments, the solvent pHis about 10, about 11, or about 12. In
ot her enbodi nents, the solvent pHis acid. For exanple, in sone

enbodi nents, the solvent pHis less than about 5. In other enbodi nents, the
sol ventl0pHIr andbe sdgnumt abibadiffusaty pobian that passes ot plesccend saparation sleviche

sol vent, pH._i hout . 2, about 3, .about about ; 4..5 r about . 5. The.

oxt r actidl b Pe ARG Oy BOR e B 8 ap Rt xR BOR bl
subsequEntvid flctlc hEHBNRYI The FQcREB oL ¥ RElid08r A8 dIchl FihhNail ks based
on polarity. In another non-limting enbodinent, protein material is

separ atnoipisy thieugl sasand sepseatian idéwcélg‘s‘/? e bpydirgetpd| byrtragspgrs meshagism 3} pent pH
adj ust [ - Adlj i i 15 cordance
B R T A L e TR el ol
achi evedpdytion ddvides 203-248 saghpthaqaht adtentae ipdrtiont ot dabke stagt wenlirestcd eathe

Exenpl arg aci ds useful for protein extraction incl uge, wi thout limtation,
phosphotPiedyentanlekigpsryeire Whtle dhe dffysaiy Bebent yeidieged & theirsayelspservaliskal i ne
pH i s aghieMedycaddint LR ﬁ%eme%iﬁ of an appropriate base into the

sol vent stréam Exenplary %ases useful for protein extraction include,

wi thout limtation, potassium hydroxi de, and sodi um hydroxi de. [0133]1In
sone entBb2B]nenissxepmdargicmbestineats, therfinssirgsgion ovillbd ckimachedsysh dralglpar at e from

the extractio d fractignation system descri bed herein r exanpl.e, in
some. entiah hahed ngnBf AR 247 LRLAREGh TS BRI el Bhe BTl
M Xt ur extrhélkd Mdh@%obt%ﬁ'r@ﬁli%hﬂy%bﬁp@l@r RPRNORE Bk EcaSERMBhix@le! ERONI que
(e.g., centrifugation, or filtration). The remaining solid is then

i nt r odureerss heeeters caltaetaeempneatsdn theaderaiaerignsing pelantyeigethe dcpen.ari ty,

as descfﬂebfﬁﬁ‘ct{b%.r ot ks ﬁrgl {f%étf%r ¥ 1o detho¥ QTR CURAT WIRGLAY el {e‘%ﬁf‘é&bé}@ extract
froman extraction and fractionation process based on po?arl y IS exposed

t o a pHxadjtistgdcsol Merftactibid thaefotlowiasotiel @ pjolatlpids, whtle thedinabtraétivmsend of
the extraction process. [0134] As shown in FIG 3, the solvent selection and
the thes el pouffal it i on based on polarity were devel oped by extensive
anal ysis of solvents and the effect on extraction using the Sohxl et
extractippy|Pr 0¢es 8l MG e JQWRriFRE t&ﬁ@&é@%&mggthdm Bh{lgurhfc@ Mty &l d
material. WO 2011/127171PCT/US2011/ 031419 The hxl et extraction system
was ut iThezaobtérmds andildngsdrasemsatyraod {atiytasids oan b¢ pipdraté¢dafsemdled @ttdingty and

o “pot drpeeses ik me el I fiubein SR RERTRACT B Bp At Shee,
wer e tagé 8y doldsQhn bOsdpatut@KlrsRchd Ootchdi8s LdiR theGRSIEQMr BAdlaGONPRRI ti on of

the biomass to be extracted was tested in triplicate using the standard
met hoddliftdlatesicgmbe fiftiangtadmgmigarsimpleidisilatipe c@nmgho Byparate fhsilewenehasct i on

nout airfY i AP eaaufpnet QL an ARl Byl R ERIOR R RE o

dry al gakha@$smuisi ng vari ous pol ar and nonpol ar sol vents conbined with a
Sohxl et extraction process. Depending on the chain | ength of the al kane
solvent, 60-70% purity of neutral |ipids and 15-45% of total |ipid recovery
can be QEHleveln wmaratr it sshodimeiy taoPyrktioniar idmethofuddseRbst
chain alkane saloraeh Bk stIRRG ABBe HiIBRAY RlaRehiaPRAhe bREAGH hALLAI Pi dS
and 42%eof t CeHJtoot al n‘%l&ps)]itﬂd. SAibgFl G SGIéhovvs, at%l%g resuf]%s o%l extraclil%lon of
dry al dalg.,mipsébiegiang). Sotlvprtsn axntactionseps emphaly pdkidjetmenss)tettiodse such as

hexane .are.i nefficient, expensive, and r.esult i oor vyjel.ds. The tens
e RO BB RO 1A el G 2t het B eh ot h&liine SRAENTT o
the pr aROESIVAR iPfheHritdBhditiIPNRYAS of@h el ForlRotemt el%'frajct'ibtf,) kd@hinkQn 8 ERAr at e

out conponents of differing polarities with mninmal |oss of conponents.
action 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
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[ 0136] The | ower carbon al cohol solvents were nore sel ective for polar

lipids. The neutral lipid purity was 22% for net hanol and 45% for et hanol.
| sopr opylwel2eolhiali7di d not show any sel ectivity between poiraszangd3monpol ar
lipids, resulting in a 52% pure neutral |ipid product. Methanol recovered

67% of the total. lipids and nore than.90% of the polar |ipids. Therefore,
met handPorgingd u_éBP(géP‘th‘Pﬂs HBRTEOT Q?l?ghthéﬁﬁoﬁlﬁh@m& Evtrfqﬁb%ﬁeéé%mmg_ _

| nvent i g0 pYREHEB Mt FRR YRkt A BmPRIHEREhb s, SR &% dr G h¥nmRY bARAInPRIA! of 1 Pi ds
from an ol eagi nous material prior to extracting the neutral |ipids using
hept anghonseidngon Tweeot her sol vent cl asses tested did not show any
selectivity towards lipid class since the neutral lipid purity was close to
49% sigilar to the lipid co sitio esent. in.the orjginal bionass.

Fur i noribtaL ¢ Mot B dmERTRES P rELRAB0LRt e eRelee Bimsont o r ange
from ahgwodiherdS Yhe §oPahe pHNY gichRS tha AbY@NIS 1B} EABbEMaTs, the8olsBhtgsH | Ve
extraction of particular liprd classes or total lipid extraction. [0137] The

[
resul t SaRgesAToNhabogs AR F%@boa}h§¥-y§1 e ambasimentprebic $dvag PHHs 2Beuwid@a#t9ubench
scal e bat n [ i:-he [ F le 1. The
sol ven?1 g gg?@%k g% %/\n/ecﬁg&rrree Ogﬁg?ﬁgg@ %30}11‘26%% ?rﬁz‘?aésl?'ego{)o aﬁﬁ%%@%@%%?ar l'i pids,
and petantiodimermes, hies sdlvent pH is &sothdn ab@p 5. WDt thbadiinéhBChe YEROAtH31419 f or
recovery of neutral lipids. Al of the?(g,xtracti ons were. p rforrrﬁd with a

1:10 sdrRgpsdBImyahaut 240 peput gadh el gBpPERCEBeCisAVEHiNdT asert mabeuivas 1
hour | o L1aB6kt £XRELHARD! TR, (AphAiBObE HAMDschDi RIS idN@inabout 25

m nutes or l'onger 1I's | ong enough f extraction to successful. This
r et ent i brected e sutscqglepemdt néseowirs headheat catractrmassdtfraanedagion basadva syst em

[0138] Th t hanol, extract.j.ons .e perforned at different tenperatures,
a0c,  soeriltogomet S SFHleE bRl FeRprdt f sl s e iiir WTRE petr of eum
et her expdraGdd @Ridasy PRNhonBR (8., Sfent PHARRuskRedtNe boi ling point of the
sol vent. Petrol eum ét her was chosen because of its high selectivity for

neutral lipids, |ow boiling point, and the product quality observed after
ext ractl06}] [ oAdoptmat of golseriwl is hagommishebiitaceerdpngsivaitipaiethogs kirpven to

[
petr ol etches, - t i . . ] .step at
B5C 1 s HeroraE, TEht SRk Fple el Bo A sy RARRE B B C R, 20, on
st eps dnfoaheeslvémetroant Eadmplapi atidsantfhforphottinextractiin iaclude watboupr oduct .
FIG 4B.shows that the total neutral |ipid recovery was |low and there was a
si gni f ilEaRtoanphasphestc asadispliriq 3o @nd Hxdrophogipacid; ésrflﬂ%riYea&atlmaH]lsro
m ni m i0dn AEUL | e P K reYeu M| t he
pol ari tzashfgp&%t?ggczdé (E/nent cgﬁl&rﬁe&?ﬂﬁc ég@‘é%glgiﬁg%ﬁﬁﬁgéo\}\gét%? to ?ﬁ)é slg%\yent.
FI G 5Aasesdisbid] hrgrottinexirestidnt inclofle, exithoat imitgtidh ot vura iy dtoxaleeandi onass
w th 70%,v/ v, aguequs mnet hanol followed by extraction with petrol eum et her.
FI G SKOQWHW({%% ®the neutral lipid purity was nuch higher in the
petrol eum et her extraction than was achi eved by the use of pure nethanol.
Mor eovepi33the IPsomOEmbRtihemk, froRiristwegordis @atthbimddeid uassteRYschirteliidin Of
aqueous nethanol in the first extraction step. As seen in Fl 5B, net hanol
ext r actthopxteactipn gk fractonpéomsyisicasdisapbesageine Hor eamnlpildsgue i ty but
slightly .decre he.total.lipid.r .y in th ubsequent step.
onan) 1SS FRSES ATy hBedh FRE T s P YRR AL BT o1
pr ocessisdlstichovih be kp@Uptidte épAedtiohAecdhnie €. 9P témEfugati@ ok Filtyatioh). aligal
conponent s, present. in the algal biomass. Al protei ns, carotenoids, and

nt, ' \ ) al ¢
chl or opRypINIRg Wliginihsp syraduced igtn a%%@%@h%tgi fraraionion e kAPt ur e
SENsI tg%'latr}fy, ds e QL beH h@{mo%ﬁﬁmlg; in 5O LHTBERAW, %e‘émhﬁ%{&ee?&&& theh the
tenperdture sensitive al gal conponents have been extracte rom the al gal
bi onas sxtrh@ioh2indrirastibhdtiontphercsebaopbapylagtyhie dkpmnd & a pHerdjsrdeobtcar e of t he

extraction rocess is . . .
mixture to 1Solate protein material at the end of the extraction process.

[0134] 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.
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adjusted in order to optimze the yield of the desired product. Extractions
can be run fromanbient tenperature up to, but below, the boiling point of
t he extrawOizon/mrwtiure. In still 27 other enbodi ments, pChast@mparsas ur e of
the extraction process is changed depending on the solubility of the

desired product. In still other .enbo s, the extractiont erature is
opti ni z %&H%W% sysfgim éﬂaéarl fgr FPiF ScresaI; Soheats feplipd E‘;@ ract ed.
El evat ed|gxtit '@bele%n%lé‘édﬂi §§m‘d&%€@§fcrﬁ1§h€f cﬁa@ééét%hédrﬁp(as%%‘é%ﬂé ﬁa‘ﬁ e

conpounds and reduce the viscosity of the extraction mXxturé enh anC| ng
ext ractqf@nlarmcmmah;asalﬁnéxs]sym0®bme divplddiliden esterst huorest wearettésoad. iBgiortm under

1 t b h 1 th
P e Sitretiey. e b el ardtoRoRhioR be sk 16 bt PRl Sed i, "o
preventir maltwgn WRista8 darai iidtRd 31 foBal alibeoﬂ @W@huﬁ& £fthé BEgRDyeRGpIdON
m xt ure bel ow a enperature at whic of the desired g{)r oducts woul d

begi n twtrdetpmanethodie bl dp@asmwmds?éll tagel lipad tof axheeh 49. D24 a7as mewisate
exenpl elsp\( enbodi ments, the extraction is perfornmed near the boiling point
of the oﬁi'vent used, at the conditions under which the extraction is
perfornmed (e.g., atnospheric or elevated pressures). In other enbodi nents,
t he ext[0#33]i onFIG. periaisd daegnthicive Hyaixkdaagpnpediandry afgat messasingacirioan

m xture, agal n accoun for . ot her extractl on conditions. At.such

t enper dlolar@ad ngapplar saiv&e% coBwbiRcAaYithon Sefixlgticatragsiapdipcesht Beranding qgdhe cel | s
is fas tc‘ﬁﬁmqgﬁgtﬁ Qf {h%"éfﬁ{an@@&%eﬁtr@m%% u'fﬁbisﬁe%ﬁﬁﬁmﬁhg aﬁcf'ﬁj @%ro@@dthlqgnd
tenperature is allowed to sighifica exceed l'i ng poi nt t he
sol ventrgcdviery sl beewshicwext wﬁh@yshmtmmnﬂGDWﬁmmam o”lﬁe loﬂ'gwsqhanaalharai ni ng
t he syst t or r the b i nt of so| vent .ra enough
vapor & Bk Rae. axtaen RS o M P diEls A5 2 heatube BRITRRLAS On L he
sol ubi Ip16GY 3 @howd, lthd RsitIRUTRRERDioRlof AHO41841 hAIRSHAkYINESts aﬁ‘dﬂb&{‘zeﬁﬁdhai urt her
increase the effectiveness of extraction at tenperatures close to the

sol ventexbe¢tianmyethodstuch B Bxage gnousffmet cpasivie] @1dde$1éfclo\peoyylﬁhisx Ree aqueous

et hany S5 A4 BBl Ao SR rls R B ARG E P08 e

neut r alprbpdricn bea@%ayyloﬂ@om%ﬁrened wmexﬁh&d&& sdphra@d”l&ﬁ%ﬁfpoﬁéiﬁs sotal i pid
recover(}/f [0145] I n other enbodi nents, the extraction is carried out under
fg

anbi entdi rgrﬁpq{gflteeénﬂrhm@al lops ftq9aoBMIBdi ment s, the extraction is
carried out in an opaque container such as, but not limted to, a steel

tube_oroggai Ngrni byl den, oﬁalcefats%%n!s'v&!?&nﬁﬁe Siddive sal aale ATPARENL S 11 om

degr ada Car ot enoi are light sensitive one 146] I n
ot her exetrpl lgny perntyodis?@ht for rmdnlmnekamhﬁ%(ﬁmr dtizoeb I[sblaopylmhdﬂml didmoal

at nospheric conditi.ons. In s ot her dlme extracti it akes
o oo, ORaEAng SHEH PG R rand PR By bpEdrt 2y Betit ekt s
prone tRoduck. dmemﬂol tebotdd d700bhek t@tﬁp%ﬁhm[&ﬁorettﬁéh w%ro@%émrtlms pl ace

under an atnosphere of inert gas in order to protect 28
2011/ 1TETiPETngdaodllis e ¢xcedcril qgadidate rpomesmbodpnonef thy msedamvemtlonAl gal
ht .be car ot enoi

gﬁrg(r)genlgﬁri:lt rrllge%jil&a Ba}nul%e usRd ?onseeletcgvgl§legc rgcltt%rollar %%M‘sj qirom an oleagmm(ljs thaterial
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.

[0137] 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
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[0147] 1 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. Wbeorierdual al gal bionmass is rich in carbohydraras2qie/ogid19 st ar ch)

and can be used as a feed stock to produce the solvent used for extraction.
he t ot al

[0148]FIG 7 shows the effe f the solvent to solid ratio on,.

i pid rHQEEi‘)%Y%’ Oﬁge%tﬁﬁhgléﬁ-yéﬁh&ﬁ%e SBHEFdOnSA 516 PRAAM Ty b &d ) SPH@P%‘VW&_S a
cor r espofdli E&haé}@a&'id%%té;ﬁn' AR LRAS Endd? Walll 3lout loﬂg.d OtRGYBEYmedt! dork gli eved
that this was because of the lower solubility of lipids I n nethanol as

conpar ewt slwvat)hedicato thub abopt ¢§ ednaics oelehgacs long csaighent thesntrhctam thdrane.
0149] Th it f ! ts | fected, by th | arit f I t
used | tugireaitr it biopaens Commaeulhr Fre g Plpe iR ke ¥l (o

determne the ratio of wet biomass to solvent. For exanple, a 40% w w wet

bi omasq038y 40THe hictiaBsIScx@acid3 virvpE@srnicarat BifREsht IfbgatOfes ML CDEOM@SS. | f
100 g of ethanol is added to this mxture, the ratio of ethanol to wet
bi omas s $51Cpiararderde dpficepias svhich wasentimad: Ranpetrelpem el ereEnt Wasi on of

et hanol__ ] [ ¢ +60 a 9 anol in
the Ii cFue %@n%%g%tgs ’g"{’l/ég %t%t%%léﬁ%ﬁt (%fr%ﬁeg a%é‘l P%leeﬁﬁ r%h\)é/{ t¥ﬂ¥ra gg%ogél?es ponds
to a pdecaist yfithtigk solectovity, foe atwatil &iprld, by Wudlirghoid@nshdthe pagiuogqitahey

pol arities of fthe conponents. Ethanol, having a polarity index of 5.2, and
wat er , PsvRGRACTSEITaFiony i ndex of 9, in a m xture containing 62% et hanol
and 38% water results in a polarity index of (0.62*5.2+.38*9) about 6. 6.

The pol@i3g)y i pex1PfhdwWiani il HaRral B id%h%;aﬁltd RoRunPOh& cxlaBidIScand
neutral lipids is calculated to be about 5.8 and 5.4 respectively. In |ight

of t he duhsttema mdihgadl esraaionste ad b3S €kislover $0% hdenzomistrating thatidhe adrhinatoon
formul at.e, a sol vent ..set. that, can, selectively extra hese conponents.
01507 14t Tase P FREetRE b Finaf iR B pdta) VB offOb Rt the SR8 GudS S RRGP of
i sopr oI, aBGAGWS thanthe @btAPMRkral 1‘2{;‘@ RN 8y Wk 10% ahBitifers Gy € Bgniffeant
((3.9+5.4)/2) which is about 4.65. The ratio of solvent to wet bionass

woul d eyt eilncatreblinid lepsde hetflet skl arities. To get a 6.6 polarity index,
we woul d need to nmake a 55% w/ w of | PA-water m xture cal cul ated by sol ving

(e by, S RSB S TP IS 5

m X- watefthd=miveat dPbavhercaetd Hy addmgsyattite theedoNananBKS StAcandPB statw thei S

(1-0. 55r)es]i19fs 6of -extraicZing 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.

[0141] 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.

[0142] 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
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[0151]Wth a 40% w w wet bionmass this would correspond to a ratio of 100
parts wet bionmass to 75 parts solvent m xture. A 40% w w wet bionass has 40
g bi omasswendii7giwat er for every 100 g of wet bi onmassPCIrfusz@ig3wio sol vent
m xture is added to this mxture, the concentration of solvent in the

m xture js (751(75+60)) is about 55% w w of solvent m xture in the sol vent
mi xt ur éltb\%teg}boé@il@ﬁ’ terpppratuee pETE SKIrRfop PHogses 1&§Eﬁl&e§ depRn4ing eHEC sol vent

bi omas 5011519 ofthcRRGHRENbARE! 1PEIPSRAE A ithOts RE Bk tPIAY Empefhifig s
nonlimting exanples of solvent sets appear In Table 3. Tabl'e 3 One step

Pr ot ei mpExtizactcpordipaon thevagal biranms shegaomassso by extracBido e swtalt gutiastsorPar t s
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100934034608 16K8urd cnlPine RNl dRASIASIAN600. 474

[0143] 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.

[0144] 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.

[0145] 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.

[0146] 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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1:1 | PA EtOH m xture 1006840%10600. 534.55 95% et hanol water m xture 100
115 40% 40 60 0.66 5.39 95% et hanol 5% net hanol m xture 100 99 40% 40 60
0.62 WO 2011/127171 PCT/US2011/031419

algal components prone to oxidation. Algal components that might be prone to oxidation

include carotenoids, chlorophyll, and lipids.

[0147] 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.

[0148] 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.

[0149] The solubility of components is affected by the polarity of solvent used in an
extraction process. The solubility properties can be used to determine the ratio of wet
biomass to solvent. For example, a 40% w/w wet biomass has 40 g biomass and 60 g water
for every 100 g of wet biomass. If 100 g of ethanol is added to this mixture, the ratio of
ethanol to wet biomass is 1 part wet biomass to 1 part ethanol and the concentration of
ethanol in the mixture is 100/(100+60) equals about 62% w/w of ethanol in the liquid phase.
62% w/w of ethanol in ethanol water mixture corresponds to a polarity index of 6.6,
calculated by weight and averaging the polarities of the components. Ethanol, having a
polarity index of 5.2, and water, having a polarity index of 9, in a mixture containing 62%
ethanol and 38% water results in a polarity index of (0.62*5.2+.38%9) about 6.6. The
polarity index of the mixture for extraction of polar lipids and neutral lipids is calculated to
be about 5.8 and 5.4 respectively. In light of the instant disclosure, one of skill in the art

would be able to formulate a solvent set that can selectively extract these components.

[0150] In another example, if the extraction solvent is a 1:1 mixture of isopropyl alcohol
and ethanol, the polarity of this solvent is ((3.9+5.4)/2) which is about 4.65. The ratio of
solvent to wet biomass would be calculated to match the polarities. To get a 6.6 polarity
index, we would need to make a 55% w/w of IPA-water mixture calculated by solving the

following algebraic equation:

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

x = (9-6.3)/(9-4.65) =0.55
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5.195 95% et hanol 5% | PA m xture 100 95 40% 40 60 0.61 5.135 One step Pol ar

| i pi ds Extraction
WO 2011/127171 PCT/US2011/031419

55% W/W* of solvent mix in solvent mix-water
For a 40% w/w wet biomass, the wet biomass to IPA ratio is (1-0.55)/0.6 ~ 0.75

[0151] With a 40% w/w wet biomass this would correspond to a ratio of 100 parts wet
biomass to 75 parts solvent mixture. A 40% w/w wet biomass has 40 g biomass and 60 g
water for every 100 g of wet biomass. If 75 g of solvent mixture is added to this mixture, the
concentration of solvent in the mixture is (75/(75+60)) is about 55% w/w of solvent mixture
in the solvent mixture-water solution. This calculation can be used to obtain the solvent
biomass ratio at cach extraction stage and for each product. A few nonlimiting examples of

solvent sets appear in Table 3.

Table 3
: ‘Extraction .
: : ; : ; ‘Solvent- solvent
parts wet parts  Biomass PartsDry Parts  water  polarity
: .biomass solvent dryness Biomass Water ratio .index
‘One step Protein Extraction : : : : ' '

§Ethanol

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

195% ethanol 5% IPA mixture
:One step Polar lipids Extraction

:Ethanol
PA

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

195% ethanol 5% methanol mixture

[IPA

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

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

[0152] 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
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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.

[0153] It was theorized that treatment of the algal biomass prior to extraction would
enhance the productivity and efficiency of lipid extraction. In this direction an experiment
was done comparing the effect of adding a base or another organic solvent to an algal
biomass to change the surface properties and enhance extraction. A variety of treatments
including aqueous methanol, aqueous sodium hydroxide, and aqueous DMSO were
attempted. As FIG. 8 demonstrates, the addition of 5% DMSQO increases the lipid recovery 3-
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.

[0154] 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.

[0155] 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
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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..

[0156] Further, FIG. 10 demonstrates that the initial fractions are non-lipid rich,
containing proteins and other highly polar molecules, followed by the polar lipid rich
fractions and finally the neutral lipid fractions. Hence with a proper design of the extraction
apparatus, one can recover all the three products in a single extraction and fractionation

Proccess.

[0157] 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.

[0158] FIG. 11 is a logarithmic plot comparing the extraction time and total lipid
recovery of conventional extraction and microwave-assisted extraction. Based on the slope
of the curve, it was calculated that the microwave system reduces the extraction time by
about five fold or more. While the conventional methods have a higher net lipid recovery,
this is due to higher recoveries of polar lipids. Based on these results, the conditions for
extraction of dry algal biomass using solvents with and without microwave assistance have
been optimized. Some embodiments of the invention use traditional microwave apparatus,
which emit wavelengths that excite water molecules. Further embodiments of the invention
utilize customized microwave apparatus capable of exciting different solvents. Still other
embodiments of the invention utilize custom microwave apparatus capable of exciting the
lipids present in the algal biomass. In some embodiments, the lipids present in the algal
biomass are excited using microwaves, thereby enhancing the separation and extraction of the

lipid components from the algal biomass.

[0159] Moisture content is another parameter of biomass that will influence the efficiency
of oil extraction. In some embodiments of the present invention, dry algal mass is extracted
and fractionated. In other embodiments, the algal mass is wet. Biomass samples with algae
mass contents of 10%, 25%, and 33% were used to investigate the influence of moisture on

extraction performance.
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[0160] 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.

[0161] A first solid phase from the first extraction step 410 is passed to a second
extraction step 420; this first solid phase includes 4.5 pounds of algae, 2.6 pounds of water,
and 10.9 pounds of ethanol. Eighty-six pounds of ethanol and 4 pounds of water are added to
the first solid phase from the previous step. The second extraction step 420 has a liquid phase
of about 93.6% w/w ethanol. A second liquid phase of 85.9 pounds ethanol, 5.9 pounds
water, and 0.6 pounds polar lipids are recovered, from which water and ethanol are removed
by, e.g., evaporation, leaving a polar lipid-rich product 425. Solvent recovered from the

evaporation can be recycled to the second extraction step 420.

[0162] A second solid phase from the second extraction step 420 is passed to a third
extraction step 430; this first solid phase includes 3.9 pounds of algae, 0.7 pounds of water,
and 11 pounds of ethanol. Seventy-found and a half pounds of ethanol and 3.5 pounds of
water are added to the second solid phase from the previous step. The third extraction step
430 has a liquid phase of about 95.4% w/w ethanol. A third liquid phase of 78.9 pounds
ethanol, 3.9 pounds water, and 1.6 pounds neutral lipids are recovered, from which water and
ethanol are removed by, e.g., evaporation, leaving a neutral lipid-rich product 435. Solvent
recovered from the evaporation can be recycled to the second extraction step 430 A solid

phase of 2.3 pounds algae, 0.3 pounds water, and 6.6 pounds ethanol remain.
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m r 440% . 814,
xtu %%9832]5 S dgr?lggstrBated i151%IG. 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.

[0164] 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.

[0165] FIG. 12B shows an illustrative implementation 500 of one of the extraction steps
of process 400. An algae biomass and solvent mixture 505 is provided to an extraction vessel
510. After the algae is extracted (as described elsewhere herein), the mixture is provided to a
coarse filtration system 515, such as a sintered metal tube filter, which separates the mixture
into a liquid phase and a solid phase. The solid phase is passed to a downstream extraction
step. The liquid phase is passed to a solvent removal system 520, e.g., an evaporator, to
reduce the solvent (e.g., ethanol) content in the liquid phase. The liquid phase remaining
after solvent removal is, optionally, passed to a centrifuge 525. Any solids remaining in the
solvent removal system are recycled or discarded. Centrifuge 525 assists in separating the
desired algal product (e.g., proteins or lipids) from any remaining water and/or solids in the

liquid phase.

[0166] 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,
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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.

[0167] 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.

[0168] Esterification process 610 can include techniques known in the art, such as acid /
base catalysis, and can include transesterification. Although base catalysis is not excluded
for producing some products, acid catalysis is preferred as those techniques avoid the soaps
that are formed during base catalysis, which can complicated downstream processing.
Enzymatic esterification techniques can also be used. Esterification can process substantially
pure lipid material (over 75% lipid, as used herein). After esterification, glycerine byproduct
can be removed. The esterified lipids can then undergo molecular and/or nonmolecular
distillation (process 625) in order to separate esterified lipids of different chain lengths as
well as carotenoids present in the lipid fraction. The esterified lipids can then be passed to
hydrotreating process 620 to generate jet fuel, biodiesel, and other fuel products. Any
hydrotreating process known in the art can be used; such a process adds hydrogen to the lipid
molecules and removes oxygen molecules. Exemplary conditions for hydrotreating comprise
reacting the triglycerides, fatty acids, fatty acid esters with hydrogen under high pressure in
the range of 600 psi and temperature in the range of 600°F. Commonly used catalysts are

NiMo or CoMo.

[0169] 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
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herein. However, the neutral lipids can be from other sources, such as plant sources.

[0173] 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
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[0178] In some embodiments of the instant invention, proteins may be selectively

extracted from an algal biomass. Extraction of proteins using the disclosed methods offers
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pr oces sylgal BRnBS hRdRae96d hied. LS NCANERESH AN 6RA vaf ety ddibds
successf uI |y extract and fractionate an al gal mass containing nostly water.
As overkapwnlip ghegart sshwerpt weislimised toi yhting.caretion. iand raskinged biyproeesst i ng from
an alg f n d vent i onal
ot r acrs 3R Ans BT e Rl HRH L of T8 B AP Rt Ui RN s 0t
an eneryfisd ardenSisy @ibdiayiialty soliéphaded TGo]sblidandRépis hbmS ar théﬂ sephiagddl ve

i npl enentation 500 of one of the extraction steps of process 400. An al gae
bi omas SCRAGILHFYEPR agepplished Dy Yaeeprqfwdb@ﬂeleoaﬁ ip fheratineidinge Buteiot 510,
After t t ltga&ntﬁfugﬁtdnagécﬁgtaglgﬁ fﬁﬁétfdn p&ﬂg%ﬁdﬂ?%ﬁ@ﬁﬂ&%@hﬂ%ms@} m xture
is provr to a coarse trati’on system , such as a sintered netal

t ube f|s|ubﬁant1a\t\uy|11thdslﬁraaﬂfmteeschddenraibuhunerdtﬁhm 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 renoval system 520, e.

evapor a[B t o The Hiré substatially sadiskpheee g theneltlﬁ@ﬁ Fith %ﬂraétrtana rlrettﬁ@tq i quid
hase. 11y,

passed Eﬁgfgtécaﬁ%tt't@%%éf@’g&%#ﬁ%ﬁ&rﬁ i By Ricohd pu RO %

syst emlajuél plexsgl ehdal s@ondibwisaandeldy sdlieinthiabd. UIjj& ﬁ&Svaaanastlse manumbsmawater ng the

desired aI roduct % g‘b‘f gt ei ns or from% remai ni n vvater
and/ or °§6‘Pa} nrf‘qtlﬁ%usl Eé %IEa BGXTTBH]GGT ﬁ‘r u%‘t’i‘o d forgpHshbeu

proces Styﬁi%l;bys Y c%ﬂqft\ﬁm%' rﬁﬁhlymcqaﬁhé’@olﬂf é}ﬁﬁ%ﬁﬁ&ipﬁé@,eé‘ At MR se é’r‘a‘t‘é&er one
or nore al gdl products. I'n thi's exanple, an algal biomass is extracted in a

st ep- mﬂ@esﬁmnmemﬂmmnaamemndemdeprauepsdBuﬁoMQungowne.nethods di scl osed
herein. The extraction and separation steps are foll owed by an

esterifi |on roces hydrol ysis process 615, a otreating

pr ocesslﬂﬁgﬁ 1B SR sl %loghi Pé%%’éé}gf’nd%‘eg & %tﬁrearndﬂ“é‘é‘tegtt%
CO”pon%&h&a%QﬁhHH%gMﬁé%xd&%@n%ﬁﬁﬁﬁﬂ&ﬂﬂér@QQm@ﬁ&%%ﬁ%%hﬁ&%m&ﬁﬁuﬁhﬁﬁhmh'p'ds
al gal proteins, glycerine, carotenoids, nutraceuticals (e.g., long chain
unsaturated oils and/or esters), fuel esters (generally, the esters having
chain | engths of C20 or shorter), fueP8, fuel additives, naphtha, and/or

| iquid petrol eum substitutes. In preferred enbodi nent s the fuel esters are
Cl16 chain lengths. In others, the fuel esters are Cl8 chain lengths. In

still other enbodinments, fuel esters are a m xture of chain | engths, C20 or
shorter [0167] The esterr fication process 610, hydrolysis process 615

. o o P~ NN



and distillation process 625 are optional and can be used in various
orders. The dashed arrows and dotted arrows indicate sone, but not all, of
t he opti owe 2borizedteén t he hydrol ysis, hydrotreating, andfomr/useeiiioBisasi on
processes may be perfornmed in the processing of the lipid fractions. For
exanple, in some enbodi nepts of the invention, after extraction and/or
separ athhgf Kl AP RXEGaY S‘Plff{aplﬁé%t vl oI ioh s thind gxfraciipnaaix e ofy ShEt | y

hydr ot rieaf-adaik&y @866t ¢ & JRME: EMdhiky @d b&ﬁkﬁs@%{&mﬂﬂgﬂ bY&S with glutelin
Alternatively, 1n other enbodinments,” the neutral |i'pid fraction tan be

passed rrroteast dht folahariddmupd plesssare 1En spdre@il Fbe énidf substtntomlydrqueksisis610 can
includgjtechnigqgsgﬁqpﬁn in.the art, such as acid / base catalysis, and can
i ncl udeFASEETEM §HELR PO ™Al t hough base catalysis is not excluded for
produci ng sone products, acid catalysis is preferred as those techni ques
avoi d tjpeg4oapFhé fratd sabsaiht@yedlidvhisags Bas enitat witly 8 isdlveihieCdhdaRBted to
conpl i cated downstream processing. Enzymatic esterification techni ques can
al so bezcngat a foytth hpgtpd axtrasHor ERX YRS GP@PEad ofla) fouislhy pubstanBaldy nat eri al

Ze0h | imi oY b L an.. @ | duct
can be PURLE @S UL BRI sof bl 08 GG S RRE ShooBnGEiAI Sorigpt Due
nonnol eettaipribes tthhhd! ToothéphiocksiingZmbodimarts elic $odvae parcaimpriestoariot i ed

lipids of different chain |engths as well as carotenqgi ds present in the
lipid fPeeef dis fo Wingsebents; Bathene); erermalinsatope sind seti2 €@y dr ot r eat i ng

process,.62QithiR. GRREHRd &nd l\?é}ui{l Eﬁ%sgs Qiqué-nes%ﬁémteﬁn q"hgstfjeﬁfth [Elﬁt%{anﬂﬁﬂkdlfgﬁiﬁ' Any

hydr otreati ng process kno e art cah be use such a process adds

hydr ogegrhascis ehechedpi gradohmqubesmsadtic renduvieg foxytyarbstantidydodid phiscengt ar y
conditions for .hydrptreati.ng c rise reacting the triglycerides, fatty
aci ds, Warrighdindiniy dsmenind eRG st GRS P e bR, the range of

600 psi and tenperature in the range of 600F. Conmonly used catalysts are
NEMD orpofgdyD.  [DIB EMOBRhERAdRTcidhor iEkinS Ho®f St elgal BaR iL he raw

| i pi ds 'has 'several advantages. First, the esterification process 610
r educesactéreplishee by tlefnoyel pracess phosphdrlis 1&n8alestat dgdaroandsaliwagsent in

lgal oils,.Th terials. I. t t al. typi.call [
Py i ot A PP lEaa e fSed JRPE TR O™ Y oR OF & Ry ot iy
pr ol ong&olgn kitd £t Qich @ uBRot MDD LétkARL, ZbRGHIH SRR fobk 31 4% Ik})zsééhs@t reating

catal yst. Also, esterification reduces the nolecular weight of the
conpourgssctstsis pdiriyhgaiet caarasion mikewepyslimypreompriged dfea st substrandly lifuid he

hyd ' ) ill,. it js.ad i h
el odtaycl R EhRERES R ool kot bia /Gy BRERR, BRGRH R Bl

vapor oeph@fich c@sbdicBhph shed FUCRSicty s rBhBs Gykndeade thd 4f inbdme! b@aiok ng.
[0170] I n sone enbodi nents of the invention, the neutral algal Iipids are

di r ect Ilimigddp oeanaafuaiaqng desegation.dlaiginme padimprtatiqny pad fijtrations T8js fiptoduct s and
additiv il &; i i i the neutral lipids are
esterifﬁg%mﬁﬁygggggp%%ggﬁfh o(%gﬁg?ghgﬁggrm%%ng chai n unsaturated esters,

ei cosapentaenoic acid (EPA) esters, and/or fuel esters via distillation
process0686]. D¢ Fikdt 8hbsmtipNPSRRSpHALSIsGRh el wd wabesid Rbtcdits béddrati on as
wel | as any of the distillation techniques known in the art. For exanple,

t he di sticrong kogtadptraetionrrgietyre easlaey ueinmyisad of #rpicend pulistantially beavie dhesen t o
separ at g 4t i (of Mol T Jy Ny s
unsatuf%’ggsgggﬁggg%ﬁ gQPé%%P%mgsﬁﬁ?aﬁﬂ%gﬁﬁ%ﬁ%l egf%%gﬂ%%ﬂgﬁﬁggg|ﬁﬁﬁ_ I n
sone enposhdnsebitantidllydigueihptiane sgnvialpelinaibuniih@rotbieas.sent to the hydrotreating
process. Two of the advantages of the present invention are that it yields
pure feed as well as a vaporéﬁéoduct, whi ch favors the energy intensive

hydr ot rl8887Ing TBasecoad substangaldye sqlisathasdisvieen ixed Withwvaeamddepisditorent s of
the iny ' I Lpids opt.i I - . i i - -

nydr of veerne g Sisd bRk £Tioh BB S RE cbohprE S Thict RS i

est er i fphasd amin thirdGelssantibily BalidphasqlbThelsH toffienif tilitdyexaaetits maixtirber sluggl

i pids,, and enaples_a greater anpunt of the algal lipids to be forned into
usef ul pHEAGRIE tondh 7 of gicater, pyriching the tIaxxé Rasta 1ﬁMlﬂ@d£ﬁﬁ%@é‘s§u¢@@ for
produci figre[it A€ Shiid S 1id i 4hiea! b iR ASbsth i ARAiduiPhieEENt at i on
of pro egg Oo,gﬁgJ%%gﬁuﬁﬁﬁpgggi?élgggﬁﬁo gﬁ’aésof%%?%n br cg@gpéoggthat
separ attemgeanrohahini ghstefin prot&®A-ri ch oil. The neutral |ipids can be from an
al gae source generated by any of the selective extraction techni ques

di scl osed herein. However, the neutraP%lipids can be from other sources,
such as plant sources. [0173] Adsorption 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 ementation, the adsorbent is D aion HP20SS (comrercially available from
| TOCHU Chwoizeal7¥8meri ca, Inc.). The neutral |ipids canPcontsai/ostie9
adsorbent in a batch-type process in which the neutral |ipid and adsorbent

are hel i a vessel eIe anount of ter the contact tine,
t he abégl%ﬁn Eﬁet ﬁa%tr ysseﬁépgr @er H@X?dtewﬁlhﬁa@ergn%ﬁb%ﬁi heateffi art .
I'n ot hefenigpl %ﬁﬂh%&r@@éxtréchen aaQf L& url Hsddbraoads QrReRtialed. and

the neutral lipids are W) 2011/127171P /USZglll 031419 passed through the
adsor bdnuidpltisc bjpbn fqamtsmuhgaltttaﬂlwghd phr@eahsmdmnfenbé dmbbéimenartint sroinds

tent of th d d [ il richi
EPA. [ OTAATHBL S otandt BBvCin B ety o 1 TSP DRt e &  al by
treat i neodeRe tIRABAGN B soWichiy: MBthARAI! RBPlophd] SRENAB ety A6t 4, but not
linmited to, alcohols such as ethanol, i sopr opyI al cohol , butanol, esters

such asicgtohiftileaddeselid and liiig phaseeerstteen sebiatsds Thischurk skhsseatially aeid
pentane 017 0 produci ng
f uel Le e%%%‘&*m %?ﬂlér%haprg e %ase@%iﬁwg e&nguug {éﬁﬁﬁ %‘?8& (ﬁ(gzsaenr{1 e from
an al gae @ouhaﬁng@ﬁtar asreddiny oamye cﬁmﬁdselosleifelcd itmEingXlgaBibinags. t echni ques

di scl osed herein. However, the neutral lipids can be from ot her sources

such as ant ) urces. The neutral |jpids are treated |n
procesd? ih exﬁrselﬁsqdﬁeetrm% 3o %rpeldsé?rdhaé%lﬁeweteétrre@aeg dideNdyeRs of

netal s cﬁ“’ib%t&lﬂﬁ%@@%\!vﬂhgﬁld r17ti%)e A‘r?&%} R st'e éﬂﬁe ai*o?erﬁ&ﬂ’%néd@tﬁa’éﬁ&ﬁ ations, a
relativel ‘ute sol ution of oporlc Is added to the neutral
|i pi ds pracmsls tdnebapexfouned sepatrely ébnathd resyof ‘ehteestbps ﬁherdplrtecsrek@cm‘aﬁtl:edxtract a

hosphol. d d netal th . t ed |, f
Excampl S DR Profie, DL AEIPHR AP APEt: 1 11 4T R SpAOBEt Lo bl eachi ng
pr ocesjethbasttfed E%Hr‘éQiaﬁJ&JdeoQFthh%xﬁf@&ldhtslf@'1aCO| or Cor’rpounds In sone

i npl enent ations, bl eaching process 815 includes contacting the oil with
clay and or ot her adsorbent material such as bl eaching clay (i.e. bentonite

or ful 819 eakt wpon-limiténe exampie stabelin graseias efn khictcprly Ickisacherbiremtter col or
o obesaraub el AafibmaNIS hLFRLER Golnaby S i) RERERR AGUIYILEMERRLA R, o)

to for rheﬁmelesuwtmdumkﬁue Borluley,adaspipelsed efla fubedantialkt liqued phale aséh f uel
additive, and propane. In additi on t he hydrotreating process 820 al so

causes Sslbﬁ%nt@rﬂé[éR ihghasad Theaolid angkliqid olraswrth?n mws&pﬁrae&w&élﬁﬁl@gd such as
LPG angohaﬁqufaﬁmréaxn foblufif m&qﬁ%%erf A BLOEESRSRpdgsCribed herein can be

used f rotreati pro ess The m xture of conpounds created
in the hydrotreatr ng process 820 are passed to a distillation process 825
to sepdfi®H t hémiiothe neadlinotisg éx@plpradiduncins)rcasms cBi bt $dl¢®aitvi:lorexpm1c<ess 825
can ing ude r.an 0 ular distill.l |on chni ques
Goscr | e ReR wehy bl hilRes BV PR b s bt o st

[ 0178] I1Ra@eRtreiHAGINERE &1 Hirry MBniphséPta dubV@AGAIRNiquRd Phfb Afd aray be

sel ectively extracted froman al gal biomass. Extraction of éﬁ)lr oteins using

t he di sebyauirllysehdkases fTae solidneyliuplmseess. thembepetiated) dihe lighigal cel |'s
do not peed. t. n&e Fo%uﬁ Pote1§1§’ SXHaEctd “%raﬁcﬁl%n‘gr% jred proteins. This

simplifies and re dosP traction héds of the instant
i nvention exploit the solubility profiles of different classes of proteins
in ordgni192} selegfirthel yorekinitagt cxangld, padimnabeidshenbt sdastanlyadxgattedul t ur e,
bi omass, paste, or cake.
ﬁronrl) eﬁher a freshwater or saltwater algal biomass as shown in FIG. 19. The selective
extraction is accomplished by mixing the algal biomass with a solvent set and heating to
generate a heated extraction mixture or slurry, comprised of a substantially liquid phase and a
substantially solid phase. The solid and liquid phases can then be separated. The liquid

phase is enriched in prolamin proteins.

[0193] In yet another non-limiting example, a protein fraction can be selectively extracted

from cither a freshwater or saltwater algal biomass as shown in FIG. 20. The selective
40



[0179] For exanple, an algal biomass may be subjected to heating and m xi ng
to extract water and salt soluble proteins called al bum ns and gl obul i ns.
Thi s m xtwoeotzn7t7men be subjected to a change in pH toPcease@n/osties al kal
soluble proteins called the glutelins. This step can then be foll owed by a
sol vent - based separatjon of the alc?gﬁL.solublg prg}eins cal | ed prol am ns.
The rerf&{AFHY bR ishesnampeng thelgah biomash Wi apsniaighto §opre an
[0180]@&ﬁﬁakﬂﬁn&ﬁﬁeQﬁsﬁﬁ&%ﬁ&%ﬁQﬁﬁ{Qﬂh@@ﬂﬁl%%i&%@ﬁ&ﬁn@n@héﬁﬁéﬂ%ﬁéer al ga
cells, as showmn in FIGS. 17 and 1§. The pgesence of salt 1n the saltwater
al gal ocwhtposed of a Hibstrasalyalifued past hed e xubsteantinlby said mhabd. eFlengolidlaad digsidof
protein, but the ﬁpthod% ﬁiiﬁlgsegﬁgerein enabl e ogg to selectively extract
pr ot ei ALASSHR GIPRESRPUSH LPC Bayif RapSe s i Red T BPERS n some enbodi nent s,
extraction of proteins fromfreshwater algal cells is acconplished by the
novel popegss HBWVE beén hiféamell of tise a4papds of tial igadntion] die oIiskal ihnigsdrnat er

al gal biomass are heated and m xed. M xing can be acconplished by a variety
of et Hoeidd kpable t@ pelediivekyraxtrgeicdogiged prgteimfom githict @ freshyvateriar splivigier

agitati ' Thi - e e tractijon

m Xt ur ea(P%)lr1 bs ursg §§ l&é}g&nﬁ rsllfH e%lp%é) &g[?%lnrglgp Ieog?u S %%[n:‘ug{ ?t;e/p F’ﬁ%ﬁgn §ﬁ’a°§§s' a{{rlld a
first dighsbdbthtiidskdny dsoloswlephreesd skillhe tisodrt doalkdthe abipiodntietvhaes: the erdchehn
separated. Separation can be acconplished by a variety of nethods known in
the artth§ ﬁlaqvaﬂwgqse%wﬁhét@p Frisactien seymesepfoyidedi st thsprotawconteat ?%th,e

f1 ot ati g ns@dhAEME Pl dileh bf @k pRReind BF dedrbdr e AMBSHANMAdyY 17 quid
phase isgznriched In albﬁmﬁﬁﬂgr%teinsbﬁﬁg?SZ]Thé fif%t substgngéally solid
phase iGthtthembatiiments of thie dsldsedvatcdrodantyheairpdatca wehetcatbetvaceseadnd heat ed
extractigp m xture or slurry, conprised of a second substantially liquid
phase and*d'%eddhd substantially solid phase. The salt water may be natural
seawater or may be an aqueous salt solution. An exanple of such a solution

woul d qoms|i serabaiytofitiPdisebiad prStel dxtra O hethbak, MR dXkictidn MNa&hre/shitg, sol i d
and liquid phases are then separated. This second substantially liquid

phase imaebs memednddpt glhsptafl tamparatiesi fasa peikBd|trhe keeswdrhodynenit.itkd | y
solid p 1S n.m Wt t e jrd heated
ot r act T DI EAGe o Rt & BEREH |BRIRE BE 0 HERT R B b i v
2011/ 12bdut1RGHhINUE20 14 6134 dsb8ctpths extaartion nikiurslis saHisthimpd aed heatabl i d phase.
The pH of this third extraction mxture or slurry is then raised to about 9

or gr edf®PCrag fo8 REFeR gROYt RO BINE e anchpqua PP yinytgtyi g qiiteaeansrfst hegl ut el i n

pr ot ei i.d: <L Ol ird

Cbst angy 2T g TR A R by BB 1 B . he

t hi rd sabbst @nmirakdsy solid phase is then mixed with a solvent set and heat ed
to generate a fourth heated extraction m xture or slurry, conprised of a
fourth substantially |iquid phase and a fourth substantially solid phase.

I n one [BF%ler r Buscmpoanbedamentsthe cxEictianmisute/ dwimy may bs hé@tﬁéﬁbl. In ot her

non-| i %ﬁlbé}g}u‘?&tl%itﬂﬁ{‘éb%ut B(f‘%. ﬁR'séﬁ‘ﬁQfa%F%@fs, El@%ﬁfuhﬁﬁ,sgl%ﬁi oL dRLRLRT the
foll ow ng solvents: nethanol, isopropanol, acetone,” et ff acetate, and
acet oniprotielns .arcTéxgrasiet iadtcarpdraturguotcphtbse sboart 80%Chdn oslepandbdichenfsths f ourt h

substanti al | qu$ip hase is enriched in prola 'B Qroteins The .r emai ni ng
fourt h SiBgidmidieyERTS Besstrhd HEPSHETERPFTiaae PATing SPHE Of HEREHER ng on
the COWH&ﬁh&%R@@@ﬁnE&ﬁe§ﬁ%&&hﬂ9pﬁhﬁﬁh¢9&&ﬁﬁ%§:m%ﬁé&ﬁb&&n&%ﬁﬁm%ﬁ?@giﬁﬁnt51

extraction of proteins fromsaltwater algal cells is
the boiling point of the extraction mixture/slurry. In other embodiments, the pressure is

increased above atmospheric pressure, up to and including, 50psi, during the heating and

mixing steps to enhance extraction

41



acconpl i shed by the novel process shown in FIG 18. Saltwater algal cells
or a saltwater algal biomass are heated and m xed. M xi ng can be
acconpl i sweaotwi2ainvari ety of methods known in the art sech/tsg011lostsinot
limted to, stirring, agitation, and rocking This process generates a first
heat ed extraction m xture or sl urri/m conprised of a first substantially
liquid phase and a first substanti #xpppiolid phase. The solid and liquid
phases are then separated. Separation can be acconplished by a variety of
met hod wn I.fe i on,
decant ;[t Wﬁ fpg?etél[}iﬁ 18?]cfatl% ggg Lﬁ%{y’gfgﬁ Cg%%p M)élt(§b:) %e%t%cl)ttrl\l{.)ed‘llﬁ%m fg&%}

subst arplm&lbhqreddtml IDp;Iaa@Es io$ venyirgcliyed contergh olotd hanvgsreolt elfies re1{16>s2|a8 6f The

first sustant ally i.d phase is then mxed with water and heat to
gener at® 1o 8t b e e o, S a41-amp i Rt w0SH G alesg ffess %OE‘S a
second \gubgiant Pr"é éa)fcdlzit&!‘hﬁo&ﬁ%@%e@ﬁ%aﬁn@ﬁﬁ%’“{% %M&?talg% \eigel i d phase.

The soli1d and qui d phases are then~separated. "This second substantially
l'i quid qqha@ént)sanéﬁﬂlrnlheﬂethmoéls@umtrqusradﬁ@i nm atlmeLeSﬂe]CTchlsls eqmppbd with
substantla f& $hatse i S a en m xed WI Igtea .ed to 5generate a
third HEATEY QFF PEFO NN EH 8 %WQF?HP#? codlr?ﬁF‘P%fEHe £ thg UG va

subst antfi@tddfot | GlkituRRASRCcRMv&irtdlidnde SHPSIRPAA, Fhd Mi-§kivhsRERSRd fdhe pH of

this third extraction mxture or slurry is then ‘raised to pH 9 or greater,
enr i chiliigvitheleetromielheatingt Adteraidy, the quﬁturepmsréomttﬁr(glnmte@menatme@néu ns. The
solid an has are th se the third substantially liquid
phase bsggarategz?t?éﬁeﬁuﬁ% A TR bp}'r@]?gﬁgr)ls WO 2011/ 127171PCT/ US2011/ 031419
[ 0188] The thlrd substantlally solid phase is then m xed with a sol vent set
and heg0e98]t o Feaentatlpids dfalal banhyslad @dre&mﬁllymd ughiy Achdbrof@neimahanot-y,
conprised of a fourth substantl ally liquid phase and a fouri)h substantl ally

solid pﬁ%t%resysqeﬁl gsRerdgreate diliebnd e m extpgonsmethent ThisttolrbHpjHivalis

et hanol,, t S one
o o dvas fﬁ?ﬁﬁiﬁg r]@rgf% -fht ﬁbth:pﬂgre@m%jbﬂﬁgﬁnﬁ Malsi&lld/se\%re $&tnet Q%B%dtéc?

Wi ng solvents i sopropanol, acet et hyl
acet at entoardtraldgtidsdndrpiolla . lipidsebysstdnidelr dagodiurhm thbdlapdgams rmthaod g 6240 at ed.

This f h.substantially Ijquid hed ol teins.
The' r ertroieresLAHeE b ity Eom iy FaGiotggs b BHRH ERRA TR 1 ¢ pi ds,
dependiggien Jeing@IIRAShpdraRd af 34 he @hgﬁ%ﬂagj SlaglatRi(BRBE SSwitRH3R ) he

di scl osed met hods al So provide for the selective extraction of di fferent
t ypes chempdmtdeingdst high vedromm Tlme me@ re@ltazf@ wesgiplagéd wiier giteogen @md thhe

af or enent.i one ract.i, on e per mthe rest
o °t he LreBAETHHER) BB BERRG RGR N BB QIR FERIS G derbbBAEE® T
exanpl GiﬁtoCﬂattiz héig nﬂ:ﬂ@ﬂ@Etetsﬁlsﬁﬂgcﬁepﬁhae@ﬂdlcb&d ﬁ@ﬂd)@s aR 1ﬁt%fﬁm§thﬁdiir@d by the
dashed box around extraction step la. [0190]In a non-limting exanpl e

gl obulin proteins can be selectively extracted froma freshwater alg

bi omasdObP1mi x.Th@r@akt&j(dﬁtad}%&ow)ﬂ igafed thagmigro e %élé@ﬁ@t%w@éﬁl?érba@te a
heat ed e l4, qui d
phase afﬁfc(l1t gﬁb gltﬂ'bst ag]{)e)(ltdﬂ so @élﬁl} )é)s(tég& S{e ?ﬂa?isr anﬁgp&g@écﬁgégog tftlzegn t hen
be sepacpiretion dtheutralgipids. rﬂiaaeomcsh@mng a:dmdra qmnglstrah)uhlentrmtmh@ffesuveﬁeﬂ FI G

17, extrac ep |la. In another non-linmtin al hum n

ot ot o1 nici! BT & RampipbleyeblePaBe R oo bGP LR o BHLE. by

m Xi ng [&idd BiPIRes, Bﬁttrﬁlc}‘@z@eﬁfe a3f€lcdBatdchsn is%lgiﬁﬂ@a[n@l&@fas@erheat ed extraction
m xture or slurry, comprised of a substantially |iquid phase and a
substantially solid phase. The solid and |iquid phases can then be
separated. The liquid phase is enriched in globulin proteins. See FIG 18,
extraction step la. [0192]In a further non-limting exanple, prolamn
protei ns can be selectively extracted
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fromeither a freshwater or saltwater algal biomass as shown in FIG 19.
The sel ective extraction is acconplished by m xing the algal biomass wth a
sol vent swODandi2hzati ng to generate a heated extracti onPairAiSeie/ 08r41$! urry,
conprised of a substantially Iiquid phase and a substantially solid phase.
The solid and liquid phases can then be separated. The |iquid phase is
enriched in prolamn proteins. [01 PPﬁﬂ?gt another non-limiting exanple, a
protein fraction can be selectively extracted fromeither a freshwater or
sal twat er al gal bionmass as BFUGIN §xtractien foogn algad biomasst i ve WO

2011/ 127171PCT/ US2011/ 031419 extraction is acconplished by m xing the al gal
bi omasgoyad)h aBAYEPEacHBle: WP ABRBAAL K/adBoREH LAGhicP B fH ¥ 5UBE 1 QbusS Ifer y and
effecting a pH change In é%e m xture. The mi xture is conprised of a

subst arsainpldsydr¢ theh deghifised ahd0®) rpubor dned minugess aid the pizseatantiemeolddi d and

or ot of nE ARG R g SaK TR o e 0 s 54 (R ART g B et i on, one

of skill in the art would be able to selectively extract a desired protein

from eifob@r a {I)eskuaicantasticalliyabeimaak gak skikedasvatey aiH hefordl kduagl e step
extraction process, or a nulti-step extraction process. In light of the

i nst antfollpwrrdepdditignef 1i-adikpted wiafers ABe sHaplaHWEE then eaptrafugest 13080 &pange

t he or b ' Ii- [ - i ded
that 1 g SRR BoE LS RRER ik ThERySEMBRMSRAEHRRE SRR (20 o1
t he pr qpH 4S) foflowingahesdntidfugaticak €Fhel mimainagc@lids wetd Washeé Ahimahisverit dilvwé t he

di scl osed trodﬁyﬂgy [ Cq&porate a wash step between each extraction step.
[0195]#6%1&E§-6}a “Cdf §dfbsed protein extracti on methods, the extraction
m xture/slurry may be maintained at a heated tenperature for a period of
time. Ip2eqme ?H@Rghﬁﬁﬁﬁ&mik&&ﬁﬁ?&kﬁﬁkﬂﬁ@e&hé&ﬂ%@n&§uﬂ@i&ﬂ@&ﬂ?@mﬁ&4a heat ed
tenperature for between about 20 m nutes to about 90 m nutes. In sone
aspects, the extraction mxture is nmaintained at a heated tenperature for
bet ween about 20 minutes and about d@abldutes. In other aspects, the
extraction mxture is maintained at a heated tenperature for between about
45 mnutes to a 0O mnutes. | . SONE € i the extraction
m xture/slurry ?gé%gg heated to t%%%@%g 5@%3 |eg?9&%§ﬁpgﬁgﬁt 50C. In sone
aspects, the albumn, globulin, and glutelin proteins are extracted at
tenperatures of | ess than about 50 weight)her enb@diwabglitoft he extraction

m xture/slurry is heated to a tenperature close to the b?'ling poi nt of
extraction mixture/slurry. In sone aspects, the g8 ¥¥!Broteins are
extracted at tenperatures close to the boiling point of the extraction

m xture/slurry. Amagidefirabedi ments, j(ghe pressure i g5 ncreased above

at nospheric pressure, up to and including, 50psi, during the heating and

m xi ng steps to enhance extraction WD 2011/127171PCT/US2011/031419 Exanpl e
1 [0197] Green ni&¢iddlcedensScendesmus di%or phus (SD) wkt-& cul tured in out door
panel

[0203] Protein yield was calculated on a weight basis, comparing the weight of the freeze
dried solids to the weight of the algal biomass prior to soaking in pH-adjusted water. Protein
purity was determined by the Official Method of the American Oil Chemists' Society (Ba-2a-
38), measuring the amount of nitrogen in the freeze dried solids of each process. As proteins
are an important product that adds to the value of algal product extraction, this information
allows for the use of feedstocks with varying levels of protein in the systems and methods

disclosed herein.

43



phot obi oreactors. SD sanples of varying |ipid contents were harvested.
After renoval of bulk water by centrifugation, the algal sanples were
stored aswB-2B1ienreigae cakes at -80C until use. A pre-cactaisatied3mmpunt of
wet al gal biomass (15 grans dry al gae wei ght equival ent) and 90 niL of

et hanol sol vent was added into a three-neck flask equi pped with condenser,
mechani cal stirring and a thermocoupl®*2M¥€gne experinent, the mxture was
refluxed for 10 m n under nicrowave  irradi ance. In_a second, the mxture
was refluxed for |h wilxragtionefbroteingfrom-Saltwatep Algal Blomasse i xt yre was
cooled to roomtenperature and separated into a diffusate and retentate by

filtratl0294 [ oTospattverteradgal cultwe gutigly mpdpun efaborel 1Qr e asplidyied using a
chl or of : . r.¢hi j d s L Ll
ot oot AEREROcq WRORE o3y SRARASEANE Aini o Blo @01 ARCTRY RbuEnp bR,
lipid resoerifugel o ytmtitorhe [Kptidiphdse fiodsthasoled phust. Ehe Eguidcatrad wast o

neutral |ipids and polar Jipids b an d | u chr omat ogr a met hod
Usi ng G5IIBERS e b Pb%lOé%l n mﬁé@@ﬁ% RARAHRNY Pro RIS TP W aet i on
vas trapshielhed bibh@sd, Pre-wei ghed vial, initially evaporated at 30 C using
a rotary evaporator (Biichi, Switzerland) and then dried under high vacuum
The dried retentates were placed under nitrogen and then meighed. The fatty

aci d prl8293le ofhesdidsgenpihenwaspegdednniffaskesvalyy aBChamedotabputd¥y Cwadi zat i on

into fatt.y, aci th esters using heptadecanoic acid (CLl7;:0 S;.th

| nt or nar A dp b 5L R RS PASRORb BT iichupte S et

M Cr owadn @sSdositl §Haex tThadiguRkiphass wheddterndhed ©roRah inhibubltn peténs (abpitds i n
the first extraction step, and sonmewhat |ess effective for the separation
of neuth03b of theitefal prefesiresnicinfleetiginaliadgahbiomasynsi st ent in extraction
effectiveness. The final yield is conparable between ncrowave assisted
ext ract yoflsand il GAIdQC 1A RAIASHIEAG LAREL & 90y P mirEhi! ARV

assi sted extraction 1s significantly faster,

2011/ 1274k PEhs bS26d &Y DB LY 1D Cand mpligadePriothet tampxiatiae far@hodtr lomual Faé

bi omass 200] (1) Acid Leaching: Al gal .biomass was. .soaked in water at pH
2, 8T oot pas s REed ieitpafirahc SEHETTS ¥ ol Pvso THBHEREIPIERT oo
”!nUteSymﬁﬂﬂx&ﬁ%d%HBéE@ﬁ%@ﬂbmﬁﬁmﬁﬁ%ﬁm(IﬁﬁuB@ﬂﬁﬁﬂh@ﬁmﬁ%hh@%sbﬁ%&u%@ﬁﬂﬁd 3
times with dilute acid (pH 4.5) and freeze dried. [0201] (2) Al kaline

ext r actdrigmal pogedsslbi omass was soaked in water at pH 11 for 1 hour.
follow ng the addition of pH adjusted water. The sanples were then
centrif at rpmfar th P -1 e su t r ved. The
super ndI 3 SadmRaticb RS B bR hER B ARG RROR B LI

cent ri fHegat it@ Bbout 58°C &t fiintign cBIQl S tangieeatu@Sbesbodt 1 ho®ms Tietrbsullidgut e aci d
(pH 4.5) and freeze dried. [0202].The results of acid |eaching and al kal i ne

ext r actyBH YrecaHdiachE ssinipts thabqwd fromythgsalidipissec 482 Prgd dhasewas dpr ot ei n

PUTi tY determined to be rich in glutelin proteins (about 50% of the total proteins present in the

original biomass).
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(% wei ght) (% wei ght of protein yield) Al kaline Extractionl645 Acid

Leachi ng7032.5 [0203] Protein yield was cal cul ated on a wei ght basis,
conpar i ngvoheiverght of the freeze dried solids to the weirgistoiofostshe al gal
bi omass prior to soaking in pH adjusted water. Protein purity was

determ ned by the Oficial Method %I?f the American G| Chem sts' Society
(Ba-2a38), measuring the anount of “rE dn in the freeze dried solids of
each process. As proteins are an inportant product that adds to the val ue

of al gal productsigxFiation@ien bR ExtiHcAONBY WPh] BidAWs ByOEtHah81 use of
feedstocks with varying levels of protein in the systéns and net hods

di scl oggshg)er epie tho%%&@gﬁﬁﬁﬁéyﬁ%}ﬂs%&ﬁ&ﬁJ(@ulﬁefé’d@bﬁ s%af%leorz?(ﬁt ion of

Proteins from Sal twater ‘Al gal Bi onass 0204] The saltwater algal culture
i ni ti aldbjainaidEom pArofona bt Unive Gty wLabosasbiyder Algas ResewmicteandiBistdebadlegy,t o 50C

and nai l.ned a hi, s rature for r., The resul ting slurr. S
cont 11 (AEeH g 8hpmepeP FREPE LGS bitisded pid fomtEE Y e Satobed T ui o
ext raCtabB@&ﬂ@Wfﬁhﬂﬂfbntfﬁlahg ffgzek in globulin proteins (about 10% of the
total proteins present in the original algal biomss). [0205] The solids

were then suspended in fresh water_ and heated to about 50C and nmi nt ai ned

for abd@209 hodihe cxtrastipesiaps Wty reriermed et Westllon faskelgd kgicrvithohisgqsar at e
(e LS 569010 2L O LA A Yol uago, 1o be rier
or i gi nalonalgdla rhixonw#h h.2 HARP6Ehexpdadiomisrovmetotl eth stusdadtethattn Tat hanol to
achi evefroaielz gfg)a\éwmvgteﬂai( E)vlajlg gﬁlpgeh({ i?lto the tank and an equal weight of ethanol was pumped

in using a pneumatic drum pump. The material was stirred for 15 minutes and the jacket

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

temperature is near, meaning within 3°C of the boiling point of the mixture, but not boiling.

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

changes as the proportion of ethanol is changed. Upon reaching the desired temperature, the

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

the contents of the kettle were uniformly heated.

[0210] The contents of the kettle were then pumped out of the extraction vessel and into a
Sharples decanter centrifuge, using a pneumatic Viking vane pump at about 1 gallon per
minute. The decanter centrifuge rotor speed was set to about 6000 rpm. The solids were
collected in an enclosed plastic drum and consisted of about 50% w/w solids to liquids.

These solids were returned to the kettle, where the aforementioned extraction steps were
repeated. The liquid stream from the decanter was collected into a feed tank was and then fed
to the membrane filtration system. The membrane used was a 0.375 ft* SS membrane
manufactured by Graver Technologies. The operating conditions were 60°C + 5°C and with
an average pressure gradient of 40 psi. The membrane system was backwashed about every
15 minutes with compressed air to maintain the flux. The permeate collected from the
membrane system was free of any particulate matter. The retentate was collected and

recycled to the decanter.

[0211] This extraction and fractionation is due to the change in polarity of the solvent

through the process in each extraction. In the extraction shown in FIG. 13, the process began
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m xture was heated to about 75C and maintai ned at that tenperature for
about 1 hour. The resulting slurry was centrifuged to separate the |liquid
from t he wol2zod/pherse. The |iquid phase was det erm ned t @cbaseéiaiozi4mo al bum n
proteins (about 30% of the total proteins present in the original bi orrass)

[0207] The sol i re then suspended in alkali solution ous
9) and ‘Wehibayt ?ﬁogﬁmf V%é%ﬁ@%ﬁ%ﬁ%%@aga oYty Mlgwé%?%? “f/wralea? ut 1
hour . seﬁdgge% tdvasanaw Kefidh 8@@%&%@Héﬁawe@@tha&oﬁ@mrea{a%orahfa 3ok, ‘iﬂé‘tl@an%f)om the

solid phas The |iquid phase was determ ned be rich in glutelin

pr ot ei mssultaipmta lﬁc@arofcomthmntgﬁmht ﬁﬁ%taqums pthee@n tThicsolidseandrliqgidsaterbi omass) .
WO 2011/ 127171PCT/ 1/0 4 Step.Fractionati d Extraction
of Al AP SIS T B RIS R OB G (TG0 EA S bBT A SE R APo B Fbpe: s

bi onas sy{scal Biyadads! AMosd] babkDS 2)920@5 o0 HeaicRBdrddr BN WaLIRIc SN solids,

Uni versity, Laboratory for Al gae Research and Bi ot echnol ogy, ATCC Dep05|t
Nurber IPSpAting. mzﬁ&)nxtlm@ddawﬁ@bwté&ﬁ% dpganserteanolnthe sodidg ard Bawpy weied about
35% w/ 09LTh n or med
o a a0 e S M 2 REl R R BT o PEOh 1B 38 L S P B’ o

Wit h st403zparyanaisss galthid nsk,lansihkt TEN®S. O'Ehi%n&uﬁeﬁ%thaabb‘@as:m%@,lreﬁﬂm@g iiaxer
with a 2 horsepower explosion proof notor with a two bl ade shaft. The
f r ozen TBIgHR ofglasf Pato a\ﬂaeoteﬁﬁtameb Therselighand 1&11Rd5a‘ﬁ%feaﬁpaé%fﬁ<a}151ﬁ%?ght of

et hanol 4 nas . PRNRE 1b'e aHéJe“grh% E il WeférQbBH{%%EEf 1@%10}9@% stirred
for 15 mnutes an | acket heat wth steam to obtal n t esired
t enper a’equms&()‘%e]assfemexgyrta@my aalcatagqal basdtbordtheilated Heethqferatmd cilmnokar ,

meani ng vvithin SC of the boiling point of the m xture, but not boiling

This d eraturels i, fferent a ach extractio as the

boi 11 ngUBInt - BT PR mEs (L4t oud) eRe BPoptr e b Bt RA NG et

c hangeq)edéaﬁéu EHRA) 'cBﬂafn}ft% 55 lefhﬁﬂolta%m% @bp@ﬂ di&hos WAl gBIWRan St i rred
continuously held at the desired tenperature for 60 mnutes to ensure that

t he corﬁtxérﬁ@ts)nobuttwi@ feend net tovde es efi¢ctioe b 95 hadheadl at{d05241m}€rlhﬁé10bofd$ee¢fts of the
kettle of,. th tractlonvss and in Shar pl es
decant e\r%ge CSIPH i aep%ﬁ%’%eﬁgemboslm et e rrsght 9'Va 1Hee%“[51 ge“tertl 3t 1 gal | on
per m rwtaﬂabla'b@eﬁegatrﬁoegtrﬁﬁt@trl fuge rotor speed was set to about 6000 rpm
The solids were collected in an enclosed plastic drum and consi sted of
about 50% w w solids to liquids. These solids were returned to the kettle,
wher e tIB213]f or dheReTsAESIs3N R fhemEnRREC fisfean Pap BYAPOERICATING 44l d st r eam

fromt %u%?ﬁ BALSE BaSh GAl. Wrdtﬁﬁ QofditiERAwE %'60%(‘@6’%)"@@9 1£?9% Jg%&hrﬁo the

menbr ane ration syste rane use was ao menbr ane
manuf aochmﬂkadomyAl‘Boﬁme rethihechnohogiresate Wes cogrratd.nfheso lediraqtmnstepe merc’60C  5C

and with an a era e pressure gradient of 40 T a stemvvas
Dac kv e B b B e R e b BosBd A6 T T RS ne {1 ux.
The perpRatRheRlrh@ontpl RMPolhRy FRIHRERARXLINSLRIUNNSE di8Cohe ARYuRarticul ate
matter. The retentate was col | ect ed ‘and recycled to the decanter.

[ 0211] Ehlosvimgior Hst dxenactamdo ffdi Berentogvatrooents svidiieech step.hBrodhetnlgeonitangsidhari ty of
the sol a §a? tplrotelns and as a result, retained excess water in the system that could not be vaporized

under the operating conditions. Product 2 contained the polar lipids. Product 3 contained the

neutral lipids. Finally, Product 4 was the residual biomass, containing potential coproducts

such as carotenoids.
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t hrough the process in each extraction. In the extraction shown in FIG 13,
the process began 45 WD 2011/127171PCT/ US2011/031419 wi th about 1000 | bs.
of wet alwel2otiamass cont ai ni ng about 65% pure wat er ( 3Ppeaw/Senialogeio
solids). This was m xed with 860 | bs. of denatured ethanol (95% ethanol and
5% et hanol ), resulting in a m xture contai ning about 55% aqueous et hanol .
The solids and |iquids were separ afSamps gg a decanter as described above.
The wet solid portion weighed 525 I bs. and was 40% dry mass. A total of 525
I'bs. of 95%the depakivepideCAttPRAra¥@sn SOARM BRINANS b§EHthdRel resulting in a
m xture made up of about §5% aqueous ethanol. The solids and |iquids were
separ at ed usi n%@g decanter as descri bed above. The solid portion wei ghed

354. 5 |[8314landUres heowestngs afesd Blompss typicsllyraemtaing hetigen atr 0f1nte 0.0

denat ur o] ti i i r f. o) 959% agueous

et hanol(%g‘ﬁlﬁgeoq@cgﬂ ff%}}s@%é%ggﬁ?‘g%ﬁe{ g%\%lél & i eogglregf]gh&(%ss|n§§%amglgec%%%eelrg({%@’

descri ledudingvigit ndhiémitestdl thémbrage Filtelsionetcdtréfngafon4Boatidp ysctimsditatiDaios bi omass

requires 60% | ess energy to dry, calculated based on the | atent heat of

wat er  diatiann dilesculation €31 githes appist dx Petpiionpit sedpprntationo tThs havieal retHet t ypes

of den I r i - r Il % et hanol
and 5%%?121%%%3%39?%21% ca(% oISﬁlv]\;éééoglgaé Qg%ﬁ%dr[]{ lg% %\gtgcp gdﬁ : qg)lrﬁewv%/ggg @@ggeg’d not to be
as ef f embiheedasat&mig @tthad alaydrdisé&dtonetosin sdme bthe oémdi0DYfetehveatal toigst a
preferred enbodi nent. of the present inyention, but i eneral.ly not

Bvai | abhecalliEn Rt solidyrexhiad e w2 W@r,ﬁ@r%m@e ERTRTERE he

membr angpSY e YRS (RY ARPHAL AL MSIsRIRA duf- ARAHSEItI RRIFHEALRERAhgh Still.
The operating conditions were about 80C during the vacuum'distillation. All

of t he retthedsalisdlosed herepeis e tle allvsy v dporxatetbn aRlddsastionatioacifiaonlst eps wer e
repeated thr tinges, resylting i ur  product pools, as shown in FIG 13.
This i sm%ségléﬁggs Wra%f:goélg(?ﬁ%e%e g%‘%‘r%f:f%&a%%‘,ngt he pol arity changed with the

addition of water to the mxture, allowing for the extraction of different
conpongoRES|Wi t AnexelpRicEBuctPs paideds nlighoh thhtiadhd figt altgRltionfaha] PHowalrd as a
result, retained excess water in the systemthat could not be vaporized
under ttheruieehtesagbebindiampis3, 16P8 drebl weidupmarsirentaites Bolodurg waichs.
Product,3 i§81'i52ef’a'\ﬁ‘a{’16dGQb§T%!PHFI?a!tuJe& 8{(:}11‘21??1 G5nakby add PAWGEOR), PaRiItHfEn kST dual
bi omass, contai ning potential coproducts such as carot enoids.

2011/ 16l PQiktwS0 1id1Q 3 0%l QuExanphanoh Tenatdting fioarnds B60rbc) isdf%odryAl ga

Bi omass_by Et hanol [0214] Upon harvesting, al gal biomass. typically contains
bet ween! IEBHENHeOMRASIHYNHT PRGN Sl ﬂ%ﬁ%?ﬂv@uéaﬁa@ i e 3é§i"?§g any of

t he netdredsa diRa\Whahdl, Hﬂtecoﬂlpfg%'ﬁoh ReHRthi%turé Aol Mbousity, AQkeoub BinhRd. t O

menbrane filtration, centrifugation, heating, sedinmentation or flotation.

FI occul Htciresulwanbiemabea(23 adwi)as 40% dry.oTh¢ sadvend compaliinenefahessnvet sdhds 15 ypi cal
result gf such nethods.i.g an al slu cont aj ni about 10% w w sol i ds.
o dewetich SiGPE B Y e PRuBrEHR o SrEefiH Thifobdnd Sl et come. of
the remBixRird %ollE® WMdLEY5% aqe@us tih@nsI0 NG MEJutdpd1i8d worldivdsioed @sakith o 40%
w w. However, the cost of dewatering increases exponentially after the

first cbwat®% ahanel. daivwvediogness ragpigd 0Attlagenoreytthdrsheseens therldtenet hods
di scl osed, DelGhn % lNat @Qﬁis%hs'e%q 25, dFe8%4d ?&@évo%eéngx&e{c Gfsgpation of
an al gal” nass Yhar has un ergone’ onl y one F5und of “delvat &t ng- U[ 5] An

exanpl el 820 lisylethagol pVolE@S@nPagdd witle Ekfraplei3nwhbeid the Startéigt thaxetihlonasr4ond,
follow n
alggal solids, 350 Ibs. of the dry algae equivalent was extracted with 2085 lbs. ethanol.
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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®b2o1wesuliti ng in a solvent mxture of about 5S@eaarse@a0314@d 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 n‘ixttﬁ@%@ﬁ—d be about 81% aqueous et hanol .
The resulting biomass (235 Ibs.) is 40%dry. The sol vent conposition of
these vl AbWES rbRrBd% A6 USRUSInESPEARI bMe}‘e!i‘er%@% Rl AR ty:bs. of denatured
et hanol, the conposition of the m xture would be about 95/yaqueous et hanol .
The resul ting solids would be 40% dry with about 95% et hanol. This wet

bi omasdU Seburitesl 600 ess energy to dry based on the |atent heat of water
and ethanol. In this case, 100 I bs. of algae would have been extracted

usi ng ; d [ starting
mat o1 A1 egg S3i5pEe ARy RS QARG U RAR st SOE b, °\2¢
extract edbividichel2BBE, YbQO0Z). Bastitse] D rﬁﬁﬂobAg"aE?Bﬂ)iéBﬁﬂ'dlUﬁB»&ﬂZ%lmg
Ref er enceé The fol | owi ng ref er enc(ﬁ@ %re herei n i ncorporated by reference
in their ﬁfl?ricerteylewl?@ﬂ%% Ig¢f topra B6i9%bdes, Sci ence Progress,
92(1):39-90, 2009. Generic review on using algae to produce
bi odi 95@1&1@'}5’%} ConvkidONhag eB'%dISG;aaeiSAIfOr 09T Gh O &@%w&i@sﬁ@%ﬂ%@é toAdV 25,
294- 306. Generl C review on using al gae to produce bi odi ese Ener gy
Conyers. I\/Brmg@cebmfuql%dg%m 2009. Generic review on using al gae to
produce bi ofuel and gas Catchpole et al., J. of Super cri ti cal Fl uids,
47591 COZbas extr, o} p |ds | i EG&
LR popo8%, ST STRGRRERRS 1RSH] SrotopPeeraldy L LpLa BhiGr &
J. B| ochem Jpbyslt@lipid87: 911- 917, 1959. Christie, W W Lipid Analysis, 3rd
ed., Gly Press, Bridgewater, UK, 2003, 416. Approved Met hods of the AACC,

9th ed. ., Anerjcan Assocj ati.on of real . Chem sts MN, 1995 AACC
Met hod %@@G &\Ryez&ﬂ/ﬁm w@ﬁ%@ﬁ&lﬂ}m@i&%t@m fa Catigp el & maki ng

bi of uel s, % sidt. 369eyaLeri ngsgubstantial ly intact algal cells to
make an algal |onas¥

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

Approved Methods of the AACC, 9th ed., American Association of Cereal Chemists. St.
Paul, MN, 1995 AACC Method 58-19.
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b. adding a first ethanol fraction to the algal biomass in a ratio of about
1 part ethanol to about 1 part algal biomass by weight; c. separating a
first subsoantiviali?y solid bi omass fraction froma first peuhst@ansahd y
liquid fraction conprising proteins; d. conbining the first solid bionass
fraction wth a second et hanol fraéiigh in aratio of about 1 part ethanol
to about 1 part solid biomass by 75 ,Se separating a second
substantially solid bionmass fraction froma second substantially |iquid
fraction comidcsdashRRlkdde bibRieHS cothprig@gtbi ni ng the second substantially
solid biomass fraction mf%h a third ethanol solvent fraction in a ratio of
about 1 part ethanol to about 1 part solid biomass by weight; g. separating
a third subst adewapge sbsiadtidlyontstalgelaetls rmalcorn dgal hiqraassubst anti al |y
liquid fraction conprising neutral |ipids, wherein the third substantially
solid bioma I i : r.el h | gal cells
of the thi o seytae b SARE! AEFoRT BOANE BLpRTRG) HIBH k19
esterifying thethasaltte about il pactnlyil blonaschy aleipgt; i n the presence of an

al cohol ; i. separating a water soluble fraction conprising glycerin froma

wat er insoluble fraction copprising fuel esters; distilling the fuel esters
inder vaouur t STEBEEEA S GTBRBH RSP iL Plonit Fedioartusie p it hstantiafy s or

| onger fuel esﬁ@@d&ﬁ@ﬁéﬂggg?@gﬁgﬁhﬁé%g;due conpri sing carotenoids and
onega-3 fatty acids; k. hydrogenating and deoxygenating at |east one of (i)

the C16 or shorter fuel esters to obtain a jet fuel blend stock and (ii)
the Cl6 or |bnganbihing the§rsspelid bomesslrartiaon dyidsesccondetbanyl digktionag a ratio

2011/ 127171PCT/ MJS2011/ 031419 2. The ,net ho f claim1. further conprising
neati ng the bi BHABut hart gt tp b0 (R e Bl ST hienng ' 71 o
tenperature bel ow the boiling point of the extraction solvent set at the
condi tions [ esspatatidly fai sogpnslautistaraiatle spliddiongiss fre@ionIronT B8e¢vdtinod of cl aim
1, further conprising heating the biomass under a pressure greater than

at nospheri c pr@&@@P@%ﬁk%@%@@%&@%ﬁ@ﬁﬁlﬂ i b, d and f. 4. The nethod

of claim1, further conprising recycling at | east one of the first

substantial lfy béfbinthefth@SdchR sARMRLiLIP id¥iGh s TPactibh §/ihURALARINaALI Y Second
liquid fraction conprising polar |ipids, and the third substantially solid

bi omass fracti solvouipciicn mg Ee bbhlyat dtpey cthanol tatabbetalsparospdiddfiorasss dyi ma
feed, a human food, and a nutraceutical product. 5. The method of claiml,
further conpri%? 'grow ng the algal cells to produce the neutral 1ipids by
provi di ng carbon dioxide to the algal cells as a carbon source. 6. The

met hod of clai gaphratinghtthied su(t@fﬁﬂﬁhl?i agidPiembRdradctien absad thédlshisstdmiapyoduce

t he neutral IiPids during biorenedi ation of wastewater by the algal cells.
iquid fraction comprising neutral lipids, wherein the third substantially solid
biomass fraction comprises carbohydrates and wherein the algal cells of the third

solid biomass fraction are substantially intact;
h. esterifying the neutral lipids with a catalyst in the presence of an alcohol,

1. separating a water soluble fraction comprising glycerin from a water insoluble

fraction comprising fuel esters;

j. distilling the fuel esters under vacuum to obtain a C16 or shorter fuel esters
fraction, a C16 or longer fuel ester fraction, and a residue comprising carotenoids

and omega-3 fatty acids;

k. hydrogenating and deoxygenating at least one of (i) the C16 or shorter fuel esters
to obtain a jet fuel blend stock and (ii) the C16 or longer fuel esters to obtain a

diesel blend stock.
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7. The nethod of claim6, wherein the biorenediation is integrated into a
wast ewater treatnment plant. 8. A nethod of making biofuels, conprising: a.
dewat er i nyo=xohigieartii al |y intact algal cells to nake an acgalS2@ilosrss; b.
extracting neutral lipids fromthe al gal bionmass; c. esterifying the
neutral i pi a.cataly in the presence of an al.cohol; d. rating
a wat er®sol ﬁ}eem? F%?f ?Jﬁmbbﬁ%}fth%ﬁ%&P&S%EP?W%@BM%%?WHS ﬁéEﬁSh pedt
fraction conphjs$i A%nd4ed a%éﬁﬁérétureeoem i ﬂdlmfggp&lﬂ@offth@éxt@a%&{ %1%1@@& vacuum
to obtain a C 6 or shorter fuel esters fraction, or longer fuel ester
fraction, anmﬂwcmedﬁ@uepmmmpdusnmgndammwemmhmgmand onega 3 fatty acids; and
f. hydrogenating and deoxygenating at |east one of (i) the Cl6 or shorter
fuel esters bl end. st.aock d 16_or | onger

fuel ecters 15 BOPE A oty Ldbttiy BrEPErB RSt plode b G Rl 5.
further CO”FE’rba&étﬂﬁathﬁﬁio’sﬁlﬂ:rch"p‘?es@h@mﬁﬁﬁg duichAGns beRe: B,d aadtfenper at ur e bel ow
the boiling point of the solvent set at the condi ti ons present during said
step b. 10. The method of claim8, further cgnprising heating the bionass

under & pr esEigracthpdaf dpim héﬁﬂb%r@wméewégg arleasiaps plgths 8% b. 11. The
met hod of C'sﬁb Iﬁlal 8%%%%@%5 ﬁaﬁﬁéﬁﬁé)tﬂ&%?ﬁ@ﬁ@l &U&haclgdaﬂ?&' sing

car ot enoi ds acl 0 an ‘ani ma n food or
nutraceutlcdhwpomdmmpmaﬂgpthbmdamhddxﬂdeBdhmnﬁmﬂymﬂkﬂmomeﬁwhnmsnng

growing the algal. cells t roduce, neutra rovi rbon

di oxi de to R Stjlgwazb@hv@f% 0 BEleBne oL e B e B RO GO o m 8,
further comygiOgicarpwinrg the algal cells to produce the neutral |ipids
during biorenedi ati on of wastewater by the algal cells. 14. The method of
claim 13, wherein the biorenediation is integrated i nto a wastewater
treat ment pl Ehetmethed oficlpmt hdurthér wamrlﬁglgtngmeltlse 4ilg@ime}5$ orproduactthe |

conpri si ng: a first ethan |o bi omass in a
ratio of abd ePtraqun@%qby eQrﬁglﬁi(l)I}g %arbo 10 1d ?ot fcel]‘;i Ea Catboll s %lrc%\e i ght ;
6. The method of claim 1, further comprising growing the algal cells to produce the

neutral lipids during bioremediation of wastewater by the algal cells.

7. The method of claim 6, wherein the bioremediation is integrated into a wastewater

treatment plant.

8. A method of making biofuels, comprising:

®

dewatering substantially intact algal cells to make an algal biomass;
b. extracting neutral lipids from the algal biomass;
c. esterifying the neutral lipids with a catalyst in the presence of an alcohol;

d. separating a water soluble fraction comprising glycerin from a water insoluble

fraction comprising fuel esters;

e. distilling the fuel esters under vacuum to obtain a C16 or shorter fuel esters
fraction, a C16 or longer fuel ester fraction, and a residue comprising carotenoids

and omega-3 fatty acids; and
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b. separating a first substantially solid biomass fraction froma first
substantially liquid fraction conprising proteins; c. conbining the first
subst ant ivabI2g11giabi7d bi onass fraction with a second et hamrolr/dSe@ansamo i n a
rati o of about 1 part ethanol to about 1 part solid biomass by weight; d.
separating S nd subst |aII solid biomass .fraction ron1 a second
subst ant a||af ﬁ}’%ﬂg?ilafllﬂ%é? X8 1P%PH§a§58P%PP i} &ilﬁ or gf O%r%‘?lﬁﬁtﬁfj t he

second subst antj @iy a ﬁ&l fulh LIRSS dli3f} AT 1 &rho@ge& Rid Bst& hapbinsp! vent
fraction in a ratio of about 1 part ethanol to about 1 part solid bionass
by weight; f. depdbmidmtpch. third substantially solid bionmass fraction from
a third substantially quuid fraction conprising neutral i pids, wherein

t he thi stan onmass. fract as; carbo drates and
wher oi -t o BTantreBpf eF i Ror BT ek e BRLE SR PSRBT Fact i on
ar e subst antte@pésiturb&sd ,thcgbmﬁﬁ%pdilhf ot the scsm@n@@wt e contifiodls pidsért darig@t al yst
in the presence of an al cohol separating a water soluble fraction
conpri sing geifcdnh froma water insoluble fraction conprising fuel esters;
i. distilling the fuel esters under vacuumto obtain a Cl6 or shorter fuel
esters ffyact t ue

compr i Sihg curarafiafdCein b 3aR: HEHFRERILLACHI s A AL and
deoxygenatlngamwhaaahmemﬁxmﬁnﬁﬁmeKhengmﬁpbr shorter fuel esters to obtain
a jet fuel blend stock and (ii) the Cl16 or Ionger fuel esters to obtain a
di esel Dhl end_st oc hod of. cl ai m further conprising

Fecyel i g at MedRGRoGAE B R heempeabed el 3¢ 17 TP SRS on

conpri si ng maﬁ{t&ion@s, anldn$aC0RAHy SHBS RGO b Ahitnal Fde@UW Kurhd@obli@Raconpri si ng
polar lipids, and the third substantially solid biomass fraction conprising
carbohydraté§maﬁw@0dnﬂaﬁﬂﬁal feed, a human food, or a nutraceutical

product. 17. The nethod of cIa|n115 wher ei n the plant matter is recyclable

plant ngtter ﬂﬁ& o] I , e t tter is
oleaglnous p %ﬁﬁ&: %%ﬁlmﬁﬂg. Qw%nﬁ%mlgg#@&%gthy@g&(% %ﬂ@P&%%Egpgging
sequent i al | yiipséyiar moi-idihgt dagbdni distids bt alphal &dlls s biceptbod sduraet i on conpri si ng
proteins into at |east one of an albumn fraction, a globulin fraction, a

lutelin fragtion, an olamn fraction.
g % alc he rnethoc?‘ op cla?inP §, urtflrér cornp%sfng growing the algal cells to produce the

neutral lipids during bioremediation of wastewater by the algal cells.

14.  The method of claim 13, wherein the bioremediation is integrated into a wastewater

treatment plant.

15. A method of making biofuels from plant matter, comprising:

®

adding a first ethanol fraction to a plant biomass in a ratio of about 1 part ethanol

to about 1 part plant biomass by weight;

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

liquid fraction comprising proteins;

c. combining the first substantially solid biomass fraction with a second ethanol

fraction in a ratio of about 1 part ethanol to about 1 part solid biomass by weight;

d. separating a second substantially solid biomass fraction from a second

substantially liquid fraction comprising polar lipids;
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16.

17.

18.

19.
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¢. combining the second substantially solid biomass fraction with a third ethanol
solvent fraction in a ratio of about 1 part ethanol to about 1 part solid biomass by

weight;

f. separating a third substantially solid biomass fraction from a third substantially
liquid fraction comprising neutral lipids, wherein the third substantially solid
biomass fraction comprises carbohydrates and wherein the plant cells of the third

substantially solid biomass fraction are substantially intact;
g. esterifying the neutral lipids with a catalyst in the presence of an alcohol,

h. separating a water soluble fraction comprising glycerin from a water insoluble

fraction comprising fuel esters;

1. distilling the fuel esters under vacuum to obtain a C16 or shorter fuel esters
fraction, a C16 or longer fuel ester fraction, and a residue comprising carotenoids

and omega-3 fatty acids; and

j. hydrogenating and deoxygenating at least one of (i) the C16 or shorter fuel esters
to obtain a jet fuel blend stock and (ii) the C16 or longer fuel esters to obtain a

diesel blend stock.

The method of claim 15, further comprising recycling at least one of the first
substantially liquid fraction comprising proteins, the second substantially liquid
fraction comprising polar lipids, and the third substantially solid biomass fraction
comprising carbohydrates into an animal feed, a human food, or a nutraceutical

product.
The method of claim 15, wherein the plant matter is recyclable plant matter waste.
The method of claim 15, wherein the plant matter is oleaginous plant matter.

The method of claim 15, further comprising sequentially separating the first
substantially liquid fraction comprising proteins into at least one of an albumin

fraction, a globulin fraction, a glutelin fraction, and a prolamin fraction.

52



