WO 2011/ 127157PCT/ US2011/ 031404 SEQUENTI AL SOLVENT EXTRACTION OF O L AND
PROTEI NACEQUS MATERI AL FROM OLEAG NOUS MATERI AL BY USI NG SOLVENTS OF
DECREASI N&OROUARY1BY CROSS REFERENCE TO RELATED APPLI CATIPON®Sp@@03140hi s
application clains the benefit of U S. Provisional Application No.

61/ 321,290, filed ril 6, 2010, entitled Extraction with Fractionation of
G| and PESUENHAES-ENTEEXIRAGTHAN ORQH: ANDPRATEINAGEOUS MATERIAL

Provi si ¢iROM QLEAGINOUSHMAG ERFAL. BY1YSIIBG SOLVENTAOF DECREASBING ROEARITY
Extraction Wth Fractionation of G| and Co-Products from O eagi nous
Material, 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,

her oi n ut 1 ze ot SROSBEFFRENEE 0 RRIATED APPLACATIBNY Ghe 'y “nonpol ar
sol vent to process wet al gal biomss. BACKGROUND OF THE | NVENTI ON

[ 0002] Revex! eurrhissapphm‘bﬂ cRlim$ ¢R0Eheft ofQNPoBedisphamappligitiod Noydr ocar bons.
Extracting petroleumoil fromthe earth is expensive, dangerous, and often

at t he YR, BlediAquil nd9 10 areiad Extirction ith Feactigastion ofiQikatdser voirs of
oi | %rgﬁﬁgédu@%ét%@élgwfn O%%hﬁ)u?i\/ﬁa?erﬁa‘f GuaY) &t oQH?onEPAg@FcaE @%por tation

and processing required to cofivert petroleum 0| into us ue S such as
gasol i rd/ERgoefileduglril 6 Q(DHB]eMt@e&ieEitam&orgWMﬁiaalmagm 6f Odnnhd Koport ance in

or oaucd T BN EhadHerit e S Rpeat BBl O DR PR sh i

r enewabbfrdidehsmeid €duce gl obal climate change, and treat wastewater.

Al gae's superiority as a biofuel feedstock arises froma variety of
factors, including high per-acre productivity conpared to typical
terrestrial oil crop plants, HdEIIHOF BHEINVYENAIODCK resources, use of

ot herwi se non- productive non-arable | and, utilization of a wide variety of

wat er sourc er']b1]|8n 1950%%51111 D widi ¥k Gin aa’ﬁﬂ 61%‘91?%%[%11 hﬁﬂk’%&lﬁ&ng bOt n

bi of uel s an e Cco- pro UCT'S SUCh &S carot enol arop

2011/ 12911156’11:1@%&@82)0&114 A3 IA0inis O Ot Seaceficallyf the wgsdits amaﬁetﬁsdmesalﬂ@ale have
been screened and studied for _lipi
herein utilize step extraction and fractionation with a slightly nonpolar solvent to process wet

algal biomass.
BACKGROUND OF THE INVENTION

[0002] Petroleum is a natural resource composed primarily of hydrocarbons. Extracting
petroleum oil from the earth is expensive, dangerous, and often at the expense of the
environment. Furthermore, world wide reservoirs of oil are dwindling rapidly. Costs also
accumulate due to the transportation and processing required to convert petroleum oil into

usable fuels such as gasoline and jet fuel.

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

valuable co-products such as carotenoids and chlorophyll.
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production worl dwi de over the past several decades. O these, about 300
species rich in lipid production have been identified. The |ipid
conposi t iwo 2andizesnt ent vary at different stages of theprCrfus2aymbaoand are
affected by environmental and culture conditions. The strategies and

approach for extraction are rafher different depen i.ndi vi dual

al gal Bﬁ les/ Styesplibousand Hhpetss phelgtsaved bephE IR aag tided Toddi | | ty in

bi OChefBrS&ﬂanH%?l%lWidlé)&e@ﬂﬁ ﬁa@@se?&ﬁﬁ&&%esprd}ﬂﬁés@ £duPlod éb%m%l; H@l’i’uﬁl‘?ﬂlh wal | .
Convent'i onal physical extraction processes, such as extrusion, do not work
wel | vmnrhdlazltlgaéa‘ga leen iddngficdi Ekfnblslsl comppsigot end comdrit Valryohttitf&r@mtalge& ze
(about cells Furth r nor e e, anmoun

ol ar 19 ghatienelegd Pl e Bovitradie et e agon | RGBSR f om
seeds, dpBRfdch@® foe&itRichigh 4rSTaas: dlff%ﬁéaégl@@ang Bh YREYid& alday @%&a:ls/sahml
concentrations in cultures range from about 1-1.0 % ( Thi s means

t hat asmpleyrddecapoof thermgsmiﬁeblarvﬁmhlhtyfm\hmcaﬁmp:ék cqmqsﬂml agfthof al gae
nmust be Y or i ng, O 0 n ting oil
ot actl S Peat T S EERIL0E KB RT bhAy -3 s Rl

conpl etsleytradiyn,fdeemdt vork wpl Wlﬁh difwe givedl the &ﬂaqﬂssadﬂthycsnf waun endihk sexilr act ed.
Due to the anount of enemg uired to heat the algal nmass to dry it

suf f i ciséast(phout 2rie abpygz0n eﬂalg %sllof Gethepmeceths lpge P@ﬁa@fﬁéﬁpﬁhﬁéhﬁiﬁﬁrﬁ cal .
Typi cal iy, ofl hfs Jo%ﬁ)%édstoFtﬁ(etQﬂg%lpfecgve@&ﬁﬂoﬁtsegdsgQa& I REhHUEERs L O enhance
the extraction. ese ste the exlisting equipnent due to
the single cell mcronetric nature of algae. Furthernore, algal oil is very
unst abl[@0@R]e t Upbhbapresentypiaf algdeoheemﬁdmdnlcuhgrestewign frfoat aboualilds0 The

hi gh t g tyres used in conven nal xLract | on. Imet hods cause degradati on
o °F he B0 HERaBETS St B Rl o W Burctit S P BT aaS o BEGRY PE 1 o Known
in the g¢de rﬁ@st 8X kdrAGled Hetoré b StigaAl &lt@dliodTeSSraNyUstifthg SRR cAsh @
solvent. This process is energy intensive. The use of heat to dry and
hexane mehedst fpa@lteagm@lmmrl@is oldig8y rasfuire glieest quablety)y dry feed t lnwp@edhe
processi. t radat 000 i xt ractl on
o be B HFaRy oh s Sa DR, PLg i CRESRTh! ot R nod sk

[ 0008] Dhasks ltkptity\demfﬁblléﬂﬂiﬁ theomghMee®l Hloﬂubleﬁro&}és m@ﬂ@ditecc@ie,coﬁ&iﬁlrcmal
enzymatic or chenical nmethods. Mst disruptive nethods result in errul si ons,

requir |T1$g’1<‘a'1HYe‘f)bB§¢?§| 1y exteyded 9 Jakadord bigh tempegratures o $nbaee haedraptionye

percent cation of
Phe neutiss SppfiaPhor @l iurtl BB et ip bl Hle REIRIHRIC (R AR 12

nutri erﬁatuia df slghet Eotheaneret slghlefilis IVBI'ytLhBtabhﬂ diicit@rhe prsenenaf dzjubh: hosld@d

conpl e cont aj g, neutral p polar |jpids, proteins, and

ot her QP@%& %&U@P@S ;(Hi: B’rg hdgmBraiugs “rS%‘g }Wﬁ%elﬁlﬂé‘éfe‘g‘é@gth‘g“?@@ﬂ%%aé“? he
neut r alqehl Al otAL 6. Ao} nﬁréa%g tﬁé‘@&sts'o?sﬁ&f‘ﬁﬁ%fh%&éj into biofuel.

[ 0009] Noni- di sruptive nmethods provide [ow yields. MIking is the use of
solvents or chemcals to extract Ii p_| ds froma growing algal culture. Wile
sonet i rt@806]sedlttipkeowr acthe aft gabxtpacodil fros) dudd aﬂfgaignmby neng hWordnews th sone
speci es_of due t.o sol vent 1t ox di s t| Q Thi s
conpl 1 caRieah FRRRO i abher B of bt 16 dy SRLLCTHF I

Fur t hergrediies ploduMtfUees: c@ltall@cas\tm@&@ercﬁ@mdewﬂn ka; 1Qﬁda4ﬁp1@fwﬁn cal due to
t he maxi num attai nabl e concentration of the solvent in the nedium

[ 0010] MeBtadptiRise extractions woul d require extensi ve distillations, using
conpl ex soI vent mxtures, and necessitating nmechanisms for solvent recovery

and r ec[ i Iﬁlg%l Qﬁ%ﬁﬁ?&f&ﬁ*&aﬁ’é% 8@%{ iQ'htd ch{] fé‘z%é GfkurRd ol RGS: Sﬁﬂgjélg@' for

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

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

enhance the emulsification of the neutral lipids. The emulsification is further stabilized by
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i nproved net hods and systens for extraction and fractionating al gal
products, in particular algal oil, algal proteins, and al gal carotenoids.
BRI EF SUMVBRY110B7iBHE | NVENTI ON [ 0012] Enbodi nent s descr i lped/usesigiosi4n€l at e
generally to systens and nethods for extracting |'i pi ds of varying

polarrt es from an olea i nous ﬁg% ﬁEUdin .far exanple, an alga
bi orrasstePWflﬁ%tr éata?m SHBEUF Tt 58 Pr o OHEPKNNS & GHIE f%l%t‘rr%tctrng

i pi ds c%BtaYrﬁﬁg’hélgra}PH RG] fol &S tdsomo@é}nsatﬂ@bth@r agaﬁﬁ»od:l&rsn%m' AR Of
varying polartty and/or ‘a series of menbrane friters. (n some embodi nents,

t he fi Ircleningpraressce taobdlateghe n§uddl Bpids, wlonie arrtho ticdemt s @hverte intovent i on, a
single £ gnt and water are used to extract and fractionate conponents
present '?"%n ol eagi nous material. In other enbodi nents, these conponents

i nclude, but are not limted to, proteins, polar |ipids, and neutral

l'i pi ds.[00@w]St i NonafidgptiRhadbdmitbeide MY ficlddamioigg ahy 8 ofisslweag@r I n still
ot her enbodi nents, a m xture of solvents is used. [0014]In sone

embodi reBamicalsthextregt hipuls fegriel 2 gyosyiagslegbadivrp eWhHe semplimpseussd & extrachr

ext racty p?%?gglﬂﬁkﬁﬁg% aJrioQ'\x%‘?kwl A& &31?&& 3 a%&gtd‘ﬁé 'tc?éolvér:ﬁé?c{??&{?ﬁan‘af such

coproduc s’inc Irnlta ion, ous nater
chIorophﬂhhﬂl@mﬂpnaidﬂﬁmamdﬁhauM£h%ﬁ&mmé2%&5@&&%&USB@&&#QQ&d@ﬂsEﬁﬁaﬂtnents
of the present invention |l ow for th | t aneous, extraction and

fracti BretEft aralélm%rogmlmrgs FefgiEe W@‘élld igreramics] dye fHISEPaXRER al | ows

for theatthn%QEé“cBhéEﬂtx%oxPQNﬂeEdﬂ%ﬁnfi"ﬂ%rﬁ ififl 1 ON@l products. [0015] Under one

enbodi ment of the invention, or extraction with fractionation of
oi | and proteinaceous naterlal fronto[eaginqus material is provided.
[0016]dﬂGEH anb@ﬂ@yh%wwmnﬁanﬂmwwnddmemmewxwmﬁyeHedﬂﬁveﬁyumngwmmmﬂq<products

from an omas I,.Sin ubst apt i i ntact l.s i ncludes
conbi ninlSRmiRT 5 oRaeg gl MbeRiREh Brsturt BN R ERAETIS (Tt
ext r actrhaies Rhot dki@ctidR@mbidctital @XE ASdohOMidal For WEEin NE1editBhnaloidsst
substantially solid phase and a first liquid phase; separating at |east a

portion of the first liquid phase of the first extraction mxture fromthe

first d0Bktant Asrergingy, tqoyperiae thesmdnfisiongiorBereiiy s ncadhin thecarf By
substa r]{'t@%\le}{ H?é?llld(g aBE %ﬁeﬁpﬂﬁ %xé&&f&ﬂ%ﬁ (ﬁlagt%}fatlﬁg tatl’gaf g@&? rn"i‘iagr“u@ulﬁte cond

extracti on m xture, e second extraction mxtur® i'nclu second
subst andigabllyalgdlpretciphase adgadl carosmonisd | i qui d phase, mherern t he second
extraction mxture is Iess]p | ar than the first extraction m xture;

separating at |east a &ﬁ‘]tﬁ UBIMARY Qe HE WHEN(?I%% of the second

extraction mxture fromthe second substantially solid phase; conbining the

second [gyiz)act EgibodmRst st Abddhei@h kdatB @é%&al% Fstehk hfld aRtNRBForset, to
generate athird extraction mxture, the third extraction m xture |nclud|ng

a thi r exgasredntidedf vargog p@llaphessfeorarad Oépagmousjntateqlal mqbllrrheeforwhemelrenan he
third e;# ction xture e second ex &P m Xt ur e;

10mas u !;e(f Rt € %)?ﬁr oncern ext :
and sepa¥atioy S 1 e %%‘8? RS oo Rt Gt c?ﬁ?i e third
extr aCt\la@ﬁngTRéﬂhﬁﬁ@ frér@ah bRl bidhiads SdMSIAVNtafl Warying pdlaﬁtyaeﬁﬁ/or [a(ze@ﬁésl d¢m sone
aspects of the invention, the nethod further conprises renoving at |east a
membrane filters. In some embodiments, the filter is a microfilter.
[0013] In some embodiments of the invention, a single solvent and water are used to
extract and fractionate components present in an oleaginous material. In other embodiments,
these components include, but are not limited to, proteins, polar lipids, and neutral lipids. In

still other embodiments, more than one solvent is used. In still other embodiments, a mixture

of solvents is used.

[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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portion of the first solvent set fromthe separated portion of the first
| iquid phase to obtain a first extraction product. In other aspects, the
nmet hod f uwoherl/eorspri ses renovi ng at | east a portion of pChass@amsdosol vent
set fromthe separat ed portion of the second |iquid phase to obtain a
second xtr tion_product.. In sti r aspects, the nethod. further
conpri 5Hﬂgtpr?%a@m%{lt%raﬂlpmftoaﬁletSH%ulfaﬁFw& SHpctam angddractippgtionne
separ atcﬁ‘il%‘?fiﬁddﬁ&s Flont agalttmrﬁgss ih g%aﬂn&%%ll%@zs FOHL AL Brodubdd OF vt fikd | on
pr oduct 8]I'n yet other aspects, the solvent set conprises a water
m sci blaadmmtnfmnekpmdmtsm ble solvent. In sonme aspects, the solvent set
conprises two water m scible or two water inmscible solvents. In other
ent set one n150|ble sol vents and

oo Tt o Pl s Blnof R 57 B PSBh, IRbRod ek TN SPheeTl Por

WO 201 1fakZdhioRGFoUSAE %Mt@iﬁé&b@ﬂs FReeRNfraMd @gidonk htht@l rsa}ﬁbw@éu mxture is
heated to a tenperature belowits boiling point. In further aspects, the

extraction m xture is under a pressure(greater t han atnospherlc pressure.
I n somd08tect §ndgfanoghgs empdiment, e eethqd ofiselesivdnemesier piordpess §9Mmant set s

conpri saqz o) lgfo Ss quﬂgm&ahﬁalg ﬁi@a!cyglgglb%ellk ﬂlcftfdeg l:orﬁb'lﬁ&r%e{ ea"l'?aq 3%%\‘1? 1SS t he

| east one e on nore wat’er e solvents I's
group codsifest sotyeof sated lkamohte aefirktaaxﬁ’acthmpmlupaha Ifiyst agedcvioe mietuny| acet at e,

and acet n|tr|I ot her ects 0 of the. first, secand, and
third sBridag asfﬁ%tswgﬁ fally salEphashane arﬁﬁsti o p%ﬁ%é?paa%twéz&t Cast4ROTHER v ent
set is gqgedtg ﬁlﬁﬁhgemﬂspeﬁraétlén Mﬁtﬁ’ﬂ%tffdﬁ\ﬁ st S%Bbtgntla{l%laﬁll bRagt her
aspects, the cells conprising the algal biomass are not driéd or di srupted.

In yet candiitiog tlEsfpefcetxtrat:tltr&l aibsfantiddiyowtid phiss andfarsoccad. solvaniassbtth gencagipect  of
the i nvention urth r_conprise t he of .. | east
e of B aror ARG e SicoRE ex GIRh SRS Rl Peb MR AsBhidthe prot ei n
extractdofd phdsd agll |a|sbcdhﬁhﬁ1ﬁuda§(ﬁ§§tvﬁle@5m thescbondedkiiabtion tbeuraligrks pilgmass is
simul taneously at |east partially dewatered while products are selectively

ext r acttben the distenBactioganixpirarpgayatingatyeast o persion g6 seeonsrliquiephasg ehthicon,

e b 5 AR AR AR B e B R o =

[ 0020] Fdx€actioh slubst&ntfdll@vmh&phas@fanéhe}}nﬁd sohvalt v dtoi g@n@raféﬁiﬂhﬁd cagsdiodi Ng to an

exenpl ary enbodi nent of the, present disclosure. é@L\ G 1Bis a
sc hematm’é‘“HP B¢ ﬁmdﬁtraﬁl%k@mra ﬂl}ﬁlmaﬂﬁ@kﬂubétﬁn%ﬁ”@r fl ehgssgngpdkisd s

accor diy atsg'%v &ﬁ%thﬂh%ﬁﬂr&c?féh‘?nlx{u@%%f g’lar%ha!nsth@se%gﬂﬁf%%g‘ﬁogi agr am of

an exenp ar an extraction sys em accord Ing to the present
di scl osumxéure; and separatlng at least a portion of the third liquid phase of the third extraction

mixture from the third substantially solid phase.

[0017] In some aspects of the invention, the method further comprises removing at least a
portion of the first solvent set from the separated portion of the first liquid phase to obtain a
first extraction product. In other aspects, the method further comprises removing at least a
portion of the second solvent set from the separated portion of the second liquid phase to
obtain a second extraction product. In still other aspects, the method further comprises
removing at least a portion of the third solvent set from the separated portion of the third

liquid phase to obtain a third extraction product.

[0018] In yet other aspects, the solvent set comprises a water miscible or water
immiscible solvent. In some aspects, the solvent set comprises two water miscible or two
water immiscible solvents. In other aspects, the solvent set comprises one or more water

miscible solvents and one or more water immiscible solvents. In still other aspects, the first,
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[0023]FIG 3 is a conparative graph show ng Sohxl et extraction of freeze
dried al gae biomass using an array of solvents enconpassing the conplete
pol arity wange/gh®M ng maxi mum non-di sruptive al gae oi | pextusait1iosriod

ef ficiency and the effect of polarity on the polar and non-polar |ipids

extracti on. 4. 4A&B are graphic representations show ng.neuytral

i pi ds S(S%)ndmalfi ﬂ%%rtzas 0%9@r1§ﬁ$ e i9g B U JM ko Rl 1B

pr oces sy el NG, iRl Arnghr.and lﬁs&ﬁ@hmeﬁa Ferssﬁé éafe%ala%ftﬁlsgp%eﬁc hRORgE at ures.
WO 2011/ 12715%PCT/ US2011/ 031404 [0025] F §LB are graphs show ng neutral

| i pi ds IpApmPaspccts, aridas( B)c detbofiestyscoond; hmi tlmd sstvept st cpppirisexne alcltnomn

process usi.ng .agueous t ol and pet ume er at three diffe

Penper artipugmi geiseite e o oL Rait oF fEion® pe bRUeryr HEHE ¢ wo
step sqbkRfls ieXIER&L fron (RS %l%ﬁﬁ@oﬂlﬁdtﬂﬂg of BRG], %hﬁ@nﬁbp@ﬁﬁld?%é@héum et her
at three different tenperatures 7VFIG 7 is ag shovmn the effect

of sol vl gcetateswid agetoniitigs dn peher @Sp@ﬁt&l 4t piagt enecdvleq yrst, [SGJWZIQ]EFI lr@ is a
97 3PN SRILNG, L 61.EL GRS Ofy G SRLERD-AOUROUR SXLE Rl oD kMRS 1 @

single’s extractron recover
[ 0029] Hh@.l:ﬁwiefghﬁwgfgapfatlshow ng t he effect of nmultiple step rret hanol
extractions on the cunulative total lipid yield and the neutral |ipids

urit 0030]FIG, 10 is a graph shaow ng the mul ati ve recovery of |ipids
ESI ngyv{,ggl% O]rrgxsgther aspects, thegcells comprl\s/\lnng %16 algal%lljornass are not drle(? or d1>s/rupted P

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

third extraction substantially solid phases comprise substantially intact algal cells.
BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1A is a flowchart of steps involved in a method according to an exemplary

embodiment of the present disclosure.

[0021] FIG. 1B is a schematic diagram of an exemplary embodiment of a dewatering

process according to the present disclosure.

[0022] FIG. 2 is a schematic diagram of an exemplary embodiment of an extraction

system according to the present disclosure.

[0023] 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.

[0024] 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.



and ethanol. [0031]FIG 11 is a graph showi ng a conparison of the
extraction tinmes of the m crowave assisted extraction and conventi onal
extracti onoxystienms7 [ 0032]FIG 12A is a flowchart of step3/usevalosadsin a
nmet hod according to an exenplary embodi ment of the present disclosure which

i ncor por e f protejn extraction,. . of the units in FI.G 12A are
in pourm@is [oogﬁ A petog %@W&&W@%@l%ﬁ%@%% (R sven Rinpl ary
ext r act,gny rs%ﬁ%ﬁﬁeﬁﬁ%f?&%ﬂ&@esrs%sﬁl%% Bees %Mha%bﬁ&ld%%f‘eun{ 9034k E:& 13 is a
fl omchart and mass bal ance di agra SESCFI bing one 'of the enbodi nents of the

pr esentdiffereasintcinperatines. ei n 1000 | bs. of al gal bi onass was processed through
extraction and fractionation in order to separate neutral Iipids polar

l'i pids, fron1the a bi oma 003

domer s HORE PC I s ' R i PLONES B bR et o b PSRN g
Mass caRinigREasesdRshol @nd ptrolsmk bﬁh@ﬁatﬂhl@@ 'dﬁfe?ent\f@lperatures

2011/ 1271 7PCT/U82011/031404 [0036]FIG 15 is a flowhart describing one of

t he enmbodi nents of the present invention wherein algae neutral |ipids are
procesd8® o f 5Fen Viarigsurh shevinecihs ciipgod solpents toywliddigmassagither tividescri bi ng
one ofl%ag@snbodlnents of the present invention wherein al gae neutral

| i pids are processed to form fuel products.

[0028] 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.

[0029] FIG. 9 is a graph showing the effect of multiple step methanol extractions on the
cumulative total lipid yield and the neutral lipids purity.

[0030] FIG. 10 is a graph showing the cumulative recovery of lipids using wet biomass

and ethanol.

[0031] FIG. 11 is a graph showing a comparison of the extraction times of the microwave

assisted extraction and conventional extraction systems.

[0032] 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.

[0033] FIG. 12B is a flowchart of steps involved in an exemplary extraction process

according to the present disclosure.

[0034] 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.

[0035] 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.



[0038]FIG 17 is a flowhart describing one of the enbodi nents of the
present invention wherein algae proteins are selectively extracted froma
freshwat ewoabgai27tsromass. [0039]FIG 18 is a flowchart aesarseduiingisone of
t he enbodi nents of the present inventi on wherein al gae proteins are

| ect ted f | t |.gal 040]FIG 19 i
71 v hdb b dlese FIGT S gl Ae<uRBSans Shie tbotRBo BRSSPSR

wher ei %&réﬁ'aﬁé&%%@uﬂl%ﬁs%@ r%bébsé@to%hﬁ%ﬁ&% drb@ma sal twater or
freshwat er al gal bi omass. is a flowhart describing one of

the enbodi ments of the pre ent |nvent| on wherein a selected al gae protein
i s extrl@83Hd f Ftmlbis alf{;mb@m describingstamf €re @m@dlmmtmﬁ@s pr{sogARydRticn 21 is

a photogra hOWI enedescenus C ) Qre and after extraction
usi ng t %Et licp ae%rgf%gsﬁdtsa%ﬂmg%ql 3 substantially intact both

bef ore and after ext racti on. DETAI LED DESCRI PTI ON Definitions [0043] The

term " qoodB)i t " FOG. lany aVidficahit desctibBigeat of #& dnstediheitebNthe ipFdtrtdecndioy
structure through which a fluid nmay be conveyed. Non-limting exanpl es of
condui twlil%%lp@bgée Proseigs afegpleptively: ﬁ&?ﬁ?&qufrorala T huptepperldiemasst r uct ur es.
[0044] The term "reservoir" or any variation thereof, as used herein,

I ncl udggofyly bey, & H%Wcﬁar@ﬁ%ﬁb 5gcbfne e éi‘ﬁ%gnfl&i{é o th%%s&ﬁt%&énﬁgn

exarrples of reservoirs iInclude pon t ank S, aes t ub S, or other sim/lar
st r uct urlesein algae proteins are selectively extracted from a saltwater algal blornass

[0040] 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.

[0041] 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.

[0042] 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

[0043] 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.

[0044] 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.

[0045] 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%.



[ 0045] 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- lwoi2nimg7esnbodi nent the ternms are defined to bePairtuseon1h8044
preferably within 5% nore preferably within 1% and nost preferably within

0. 5% 11/ 127157PCT/ US2011/ 031404 [ 0046] The ter “inhibiting" or
"reducﬁﬁ@f or 3%9“WQP?gﬁﬁﬁﬁﬁg%ngﬁﬁ@ﬁmggPﬁ@ﬁ”ﬁ%mﬂg%apﬁﬁﬁéFﬁ?&@ﬁH? es any
measur %lr&n,%&ﬁ@é%sa%y%e_ag&gﬂ'e%&ehﬁmrQbEn R iR BehRvdgatdiRd iRyl t.
[0047] The term "efféctive,” as used herein, neans adequate to acconplish a
desired, expected, or intended result. [0048] The use of the word "a" or
"an" w8l Us ed Thetesonjclinetvicoswisehherhia, mepms ddegunte fosicagrphsdy adesirady nean
"one, " buttn% i%u%%§8 consistent with the neaning of "one or nore," "at

| east on®; “Ufa"™BI& 8 or e than one. " [0049] The term "or" as used herein,
means "and/or" unless explicitly indicated to refer to alternatives only or

the al tj@0483t i VEHe asccoMhié Watd Yo ex ChiiSwié, usel inesrgihctibe withsht asmr € supports a
definition that refers to only alternatives and "and/or." [0050] The use of

(13

the ter EPMPESNZ aReTEIRdaDHBER] 1PN DUl Edalse copststent sathdhemsgnias 86toses t o
about Qﬁ?@%dgffe% oRePLERE einﬁIrﬁ RN St may be | ocated either
e r

intrac ularly or éextracelluarly. [0051] The use of the term "solvent set"
as used herein, is used to nean conposition conprising one or nore
sol vent[8049Thes@&hs tirmeiot’sasamnd bercampieapatdnidor{ ahlss dcpbatly aslieatghtopbiet i ¢ or

slightl onpol ar hydrophilic, or h ophobic. In s odi nent, these
ol venttt o PaRRER by F4EF BRahatgs o el SRR AR g vt er
Non- I'i rguppdtes LxIFMRiG Rht 1SRFY@YnSy 4IRAatRBY alRE-d@ffl >t 0 practice the methods
of the instant invention include methanol, ethanol, isopropanol, acetone,

ethyl acetate, and acetonitrile, alkanes (hexane, pentane, heptane
oct ane)[002Mt er Ihe usargfithateamamest asusgd hereims wrusyd todmeaneontainiag ByoutSOHto

ket one a%W@QW%%Q rl cghéﬁp u\g@é&er %ﬁ%ﬁ%ﬁv A eBll&%tgc}] %E&Wt%a%@ll\%l&% ﬁl]e ne, benzene,

cycl ohexane,” ‘t'etrahydrofruran), nes oroform trichl oroethyl ene),
et her s dxeaedllytly.et her), and m xtures (diesel, jet fuel, gasoline).

[ 0052] The term"oil" as used herein includes conpositions containing
neutral [Ohgfr]’i dSTﬁQ gse 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).

[0052] 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.

[0053] 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.

[0054] The term “retentate” as used herein may refer to material that remains after the

diffusate has passed through a separation device.
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polar lipids. The terns "algae oil" and "algal oil" as used herein are used
i nterchangeably. [0053] The term "diffusate"” or "perneate" as used herein
may ref erwoconaRersval that has passed through a separ at iPam/usemil®a1404
including, but not limted to a filter or nenbrane. [0054] The term

"retent " as used herein nay refer to naterlal that remmins after the
di ffusa[ségsrla Pt FR oG RV osds SpRIPEPIng n (dAny dorng ol ggmprising, such as

20117 12E35 PR 5200 O34 404 BO LA HBHn Ui, IPaVHID: SifOMREDST NG
(and any form of conprising, suc " nmprise" and "conprises"), "having"
(and anynqimhng”o(fand:halwy fvgmcsfumﬂufaag,"snah/es'“1a¢iddésﬁaad)mcluldn&)l mdwngtam@@id any
form of % ;% gﬁ qph as HPCLM@% i ne g 19 "cont ai ni,n (and
any f orAOICIOAP A SPHEN I 448 ﬁ'Pél Caﬂém' 'i’ﬁ?t“&‘i HS“YG W PPHLIEE ve or
open- eQﬂﬁ@o%@@&QQmﬁQMdﬁ%@thﬁm@@Qi&&ﬁ&ﬁkorﬂ@ﬂ@@%&?ﬁ el ements or nethod
steps. [0056] The tern1"po|ar | i pids" or any variation thereof, as used
herein, includes, but is not Ilimted to, phospholipids and glycollplds

[ 0057] 1856l er mIhetagmy Rplar fipidgger fm’y ‘é‘ﬁ?tl%ﬁ\e@toif & upgfeheaein, inglides bt iRer ei n,

i ncl ud | ycerides, diglycerides,
nDnogI3@%#?@%%h§@ﬂ8§Pghgh%ggdég’ %terols [ 0058] The term "solid phase"
as used herein refers to a coIIectlon of material that is generally nore
solid t[h05i7]not Thatetmi “acumed] lipm.séndmy vmaﬁemrhdrém;tasajsbd béretnhachmteuals i n t he

phase is ) se h V|n ubs antlal unt of solids, while
et ai nithg U 0yt dhahae CERSH- PG HCOPIERAL torm
Nbanmhlle the term"liquid phase , as used herein, refers to a collection

of mat quds] t hathe IPmOCHIRS Bhdsy” BDNEA hb@H GrdhR Afectinst mMtehalaRkliect i on nay
include solid materials. [0059] The term "bi odi esel™ as used herein refers

t o net aencrgly atong bolwksthen sotoand iampt/inganideid to mean that all of the material in the phase

is solid. Thus, a phase having a substantial amount of solids, while retaining some liquids, is
encompassed within the meaning of that term. Meanwhile, the term “liquid phase”, as used
herein, refers to a collection of material that is generally more liquid than not, and such

collection may include solid materials.

[0059] The term “biodiesel” as used herein refers to methyl or ethyl esters of fatty acids

derived from algae

[0060] 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.

[0061] 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.

[0062] 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.

[0063] The term “lubricants”, when used in connection with polar lipids, as used herein

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



derived from al gae [0060] The term "nutraceutical"” as used herein refers to
a food product that provides health and/or nedical benefits. Non-limting
exanpl es woebude7tsar ot enoi ds, carot enes, xant hophyl|s sech/isgoiamanant hin,
astaxanthin, and lutein. [0061] The term "bi ofuel” as used herein refers to

fuel derived from bi gl ogical source. Non-limting exanples include .

bi odli 984T} et Tﬁaaﬁ}l griesents”; wherr gnegl wawact&no%@'j aﬂa%@%&# Upi9eCIBE ock.
[ 0062] TR rd ®'dRcoli @,%Ho'sﬁﬁu"li 080 dugediveDuferiopection with polar lipids, as
used herein, tefers to all gorrponents ot her than the products of interest

that are coextracted or have the sanme properties as the product of

i nt er ed0063]0063hTteemt dpad additbies ¢ avites ' usedrineenugrsian iwithaewhardpidsons wictth pol ar

| i pids, as used herein refers to hydrotreated al | i pids such as Cl16-C20
2l kaned ey 80 1 SRR ORs b P ST E s e det or gent s+ when
used in connection with polar lipids, as used herein refers to glycolipids,
phosphqbogd|ds aThetcd@rnvatslesn hyeceass.us¢dRabh Tbrd torany ihpadtyakdi ti ves”,
when used in connection with polar |ipids, as used herein refers to soy

| eci t hisAPaatss it ibeglyesrimbieaioRolt Pras der wreder PohicaIyadost 0088 The term
"non-glyce ii'ﬁd?Rérttﬁo%'odﬂéewag&&i%ﬂggrré&f%{é&rﬁp any inpurity that separates
. urt cl

with the glycerin actio n up step will renove nost of
what is present in order to produce pharmaceutical grade glycerin.
[0067] The term “unsaturated fatty acids” as used herein refers to fatty acids with at least

one double carbon bond. Non-limiting examples of unsaturated fatty acids include
palmitoleic acid, margaric acid, stearic acid, oleic acid, octadecenoic acid, linoleic acid,
gamma-linoleic acid, alpha linoleic acid, arachidic acid, eicosenoic acid, homogamma
linoleic acid, arachidonic acid, eicosapenenoic acid, behenic, docosadienoic acid,
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”.
[0068] 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 :Chemical name

Eicosatrienoic acid (ETE) all-cis-11,14,17-cicosatrienoic acid

éall-cz’s-9,l2, 15,18,21-tetracosapentaenoic
_____________________________________________________________________________________________________________________ A0 e

Tetracosapentaenoic acid 24 :6 (n=3) iall-cis-6,9,12,15,18,21-tetracosahexaenoic
" ‘acid '




[ 0067] The term "unsaturated fatty acids" as used herein refers to fatty
acids with at | east one double carbon bond. Non-limting exanpl es of
unsat ur atwo 2batiyisaci ds i ncl ude pal mtol eic acid, margaPCt/iseoid/o3seari c
acid, oleic acid, octadecenoic acid, linoleic acid, ganma-linoleic acid,
al pha linoleic acid, arachidic acid, eicosenoic acid, honoganma |inoleic
aci d, arachidonic acid, eicosapenenoic acid, behenic, docosadi enoic acid,
henei cosapent aenoi ¢, docosatetraenoic acid. Fatty acids having 20 or nore

carbon [gy@yrs i Thé F&mb?&lfﬁél%?en@rs%’ocﬂeQ@ﬁs%'d'lﬁéréi@f&ér& eflalkOnAWitH BRQarbbRI N fatty
acids". The fatty acids having 19 or fewer carbon atons in the backbone are

gener aldhyginrledgihy appremiagesior ghoastjcclvaisn fatty acids". [0068] Unsaturated | ong
chain fatty acids include, but are not limted to, onega-3 fatty acids,

onega- ty Cl rm.” tty
acids"qgéﬂhsed%ﬁ%g%?n%%% erggﬁngs u%b%gﬁﬁ% ﬁfdgﬂﬁg ﬁ%@?s Eﬁggf%§m30|ds

| i st ed dhainTladdtes dpprdlakefot usddscdissat.ri enoi ¢ acid (ETE) Ei cosatetraenoic acid
(ETA Eicosapentaenoic acid (EPA) Henei cosapent aenoi ¢ acid (HPA)
Docosaﬁﬁntaenoi ¢l upanqdoni ¢ aci d Docosahexaen0|c g@ld ( DHA)

20: 3 (r9871120: Zﬁwr@ a@@%f%@ §§u82‘1”§“(“ﬁf?§§r5é? plegg-derved sudstances H3Eeaty i enoi ¢
aci d alyeGhairfedlahdibed (o I%JOGIQE %ﬁ@ftfoﬂ@l%}ggoltgf'ern animal.

all-cis-5,8,11,14,17-el cosapent aenol c
all-cis-6,9, 12,15, 18- henei cosapentaenoic acid all-cis-7
, 10, 13, [ﬂ@?Z_l]g- d&b@mpé‘;hua@n ddael” 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.

[0073] 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.

[0074] 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.

[0075] The term “enriched”, as used herein, shall mean about 50% or greater content.
[0076] The term “substantially”, as used herein, shall mean mostly.

[0077] The term “globulin proteins”™ as used herein refers to salt soluble proteins.
[0078] The term “albumin proteins™ as used herein refers to water soluble proteins.
[0079] The term “glutelin proteins™ as used herein refers to alkali soluble proteins.

[0080] The term “prolamin proteins” as used herein refers to alcohol soluble proteins.

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

[0081] The term “algal culture” as used herein refers to algal cells in culture medium.
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acid all-cis-4,7 ,10, 13, 16, 19- docosahexaenoi ¢ aci d
all-cis-9, 12,15, 18, 21-tetracosapent aenoi ¢ aci d Tet racosapent aenoi ¢
aci d24: 6 wo-28)1/1aris7ci s- 6, 9, 12, 15, 18, 21-t et r acosahexaenoPCTAS2@.1/031404

[0082] The term “algal biomass” as used herein refers to an at least partially dewatered

algal culture.
[0083] The term “dewatered” as used herein refers to the removal of at least some water.

[0084] 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%.

[0085] 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.

[0086] 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.

[0087] 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.

[0088] 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.

[0089] 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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WO 2011/ 127157PCT/ US2011/ 031404 [0069] The term "jet fuel blend stock” as
used herein refers to al kanes with the carbon chain | engths appropriate for
use as | evof20el171570070] The term "di esel bl end stock” agcuamsdoth@sanh refers
to al kanes with the carbon chain |engths appropriate for use as diesel.

[0071] The . term "an | f as use erein refers to al gae-derived
subst a f@ﬁa%mtée(lﬁfa Sclgcr?gﬁlﬁﬁlﬂ a8 adie PV 89 BE P HIHOFPGHS REH“ Euppor t | or

an ani %tryo&g&zglz)—ﬁﬁc&ﬁB% %H%sfnﬁﬁgf B%ctéb%ggcz)}%e%d%uﬁféizﬁtg SC&r‘?erza

al gae-derived substances that can be consumed to provide nutritional
supp_ortCﬁaBrocpm;glr@czlzsAngaetodmosmllmﬂwt@e@smwﬁa’cwr cabsatsont ai n essenti al

nutrients, such as r bohydr at es, e m m neral s.
007 3] RHidetGroBs GHUDdPHEr Br e qe Ble CREPHE e CETp e n ey ool

gr owt h & F BNRY Lo R i (SIS 1810 BURRIBSCh DY IANQpsil i8] ERBrdIRy deRict 4l es,
phosphat es, and heavy netals, fromindustrial wastewater or nunici pal

wast ewa@lé@rellfl@dmylvﬁ@ Cldonellegmstsewdt @hloredls fusedChierdiayisastver svaceolpisdust r i al
wast evmé}?%lhe?gz g%rol% EalCh\?@fgu?V\?st%rf : h%%hloc% ;[z% zoan \%a‘\r/clzregz%togzzﬁcwtloremlnam S

or pollu NidE fat€s) “dhd
heavy rmﬁ@doaum[vaiaw}cém@hﬂ@r@m AT ke RAGH, Ch@e&emaﬁo}a@wl Uhloséiaﬂ luteBRipalispbout

50% or greater content. [0076] The term "substantially", as used herein,

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

intermedia, Nitzschia microcephala, Nitzschia pusilla, Nitzschia pusilla elliptica, Nitzschia
13



[0077] The term "gl obulin proteins” as used herein refers to salt soluble
proteins. [0078] The term "al bum n proteins"” as used herein refers to water
sol ubl e pwot2eim71570079] The term "gl utelin proteins" aspasas2diensgidng refers
to alkali soluble proteins. [0080] The term"prolamn proteins" as used
herein refers to al cohol SOlq%l e proteins, Non-limting exanpl es of

pr ol amiiSagt@toResis Nitzahicanddrangler, NHaicHia Ww. QRPEAIANasP B0 OFIHE PEBim " al gal

cul turej, §tz‘@%glah @o@}s‘i’z‘s rsﬁ.f B5811LRr B 19 eriE8) és%ill’d?oﬁ&'&bﬁ.,%f‘ciﬁ‘@ghb' WporR, _
2011/ 127157PCT/ US2011/ 031404 [ 0082] The term "al gal bi'omass™ as used herein
r ef er s Ravadromellalkeasti, Pastlicallagidiphida, dtoebbvalsgaPheadduaykem §00838LiThe t er m
"dewat er ed" used herein refers_ to the renpval at .| east sonme water.

[ 0084] THESs PRt A Pien e ool fp s ey e SRy dovet er ed
al gal  cpbdERRRYD NG dbMb& RIRORELICErIbBEcAIh Wi, tProRAIRWordRPELAl |y an
al gal paste has a water content of about 90% 10085]The term "al gal cake"

as used’@rtkdca mastferngstiyogthepazopli §sadoelt/eredd aaligiéla, Butanimenastsat, | acks t he
fluid operties, of an algal paste and ten to cl .. Ceperally an al gal
cake: naa bR locBuR o dR s D8R AaBl b DAY 'R GUER e FRRGEE, 21 Gt "ot s
i ncl udeSchluthyatiem NSHirdghia, SeShutiny plORNLREStRAGL JREACII, Shn@lhgedccus sp.,

Synechocystisf, Tagetes erecta, Tagetes patula, Tetraedron, Tetraselmis sp., Tetraselmis

suecica, Thalassiosira weissflogii, and Viridiella fridericiana.

[0090] In other embodiments, the biomass can be plant material, including but not limited
to soy, corn, palm, camelina, jatropha, canola, coconut, peanut, safflower, cottonseed,

linseed, sunflower, rice bran, and olive.

[0091] 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.

[0092] 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.

[0093] 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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[ 0097] The systens and net hods di scl osed herein can start with wet bionass,

reduci ng the drying and dewatering costs. Conpared to conventi onal
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10- 40% hpge existing market. Many of he 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.

[0101] 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.

[0102] 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
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nonpolar, water miscible solvent. Second, the remaining algal solids are extracted using

about 70% of the solids’ weight in solvent. A third extraction is then performed using about

90% of the solid’s weight in solvent. Having been informed of these aspects of the invention,

one of skill in the art would be able to use different solvents of different polarities by

adjusting the ratios of algal biomass and/or solid residuals to the desired polarity in order to

selectively extract algal products.

[0103] For example, in preferred embodiment, the solvent used is ethanol. Components
may be selectively isolated by varying the ratio of solvent. Proteins can be extracted from an
algal biomass with about 50% ethanol, polar lipids with about 80% ethanol, and neutral lipids
with about 95% or greater ethanol. If methanol were to be used, the solvent concentration to
extract proteins from an algal biomass would be about 70%. Polar lipids would require about

90% methanol, and neutral lipids would require about 100% methanol.

[0104] Embodiments of the systems and methods described herein exhibit surprising and
unexpected results. First of all, the recovery/extraction process can be done on a wet
biomass. This is a major economic advantage as exemplary embodiments avoid the use of
large amounts of energy required to dry and disrupt the cells. Extraction of neutral lipids
from a dry algal biomass is far more effective using the systems and methods of the present
invention. The yields obtained from the disclosed processes are significantly higher and
purer than those obtained by conventional extractions. This is because conventional
extraction frequently results in emulsions, rendering component separations extremely

difficult.

[0105] 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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sonme enbodi nents, the anmbunt of solvent mxed with an algal biomass is

cal cul ghegs)bas Bl ¢ d3RbME Nhe bardBon pRIEc B d&s0Bb &R EiRhdoparitetpy Of the
al gal blonass/solvent mxture. In still other embodi nents, the al gal nass

i S ext rexewsniinoseQemare %Qli@p§u0h pHancwsien wseful dpbiselpimgiproteiracadusal  bi omass
is sequ I a

o1 1 ght 1M EBApot st CAPAT el EPER, B B P bt | Srali iy S0

sol i ds 3r en sothd aﬁb@dimeﬁﬂsntge pbasflthe &wadfion pRcewlis s:lmhn/@e(le@htgrmersmment A
third extraction is then performed using about 90% of the solid' s weight in
soIvenﬁlOFbUDng been infornmed of these aspects of the invention, one of
skill in the art would be able to use different solvents of different

pol ari | g?@lby Flt 1S4 bREn BT AfioRll Ao OB Rs BothM ARl r esi dual s
to the desired arity 1n order to se ectlv |y extract a gal ptroducts.

[ 0103] I-‘Emmmsaquﬂ that mprqzm]efsena}ewbténmecﬂ menod pltoldects oEmdntimepéecbfitie ptehamol .
Conponent s _nay be selectlve i SO e var the r of solvent.

P oF of A8V Gt B SaeEnord cbovF Kimvam e gt aRoune S Eht RavoncEPeil

pol ar Irblme%rdmu%ﬁ safaid f&Ql%/e & RRRAk weind fds&i@,wfel antinRrdsit Wipplenadheut 95% or
greater ethanol. If methanol were to be used, the solvent concentration to
extract protelns fron1an al gal bi omass woul d be about 70% Pol ar |ipids
woul d require about 90% net hanol, and neutral |ipids would require about
100% et hanol . [ 0104] Enbodi ments of the systens and met hods descri bed
herein exhi bit surprising and unexpected results. First of all, the
recovery/ extraction process can be doh® on a wet biomass. This is a ngjor
econom ¢ advantage as exenpl ary enbodi nents avoid the use of |arge anounts
of energy required to dry and disrupt the cells. Extraction of neutral
lipids froma dry algal biomass is far nore effective using the systens and
nethods of the present |nvent|on The y|elds obtalned fron1the dlsclosed

o o o o o . o I



material. Exenplary enbodi nents nmay use any water-m scible slightly
nonpol ar solvent, including, but not limted to, nethanol, ethanol,

i sopr opameb,20ucerBNe, ethyl acetate, and acetonitrile. S8pe&aisteia/osnbodi nent s
may use a green renewabl e solvent, such as ethanol. The al cohol solvents
tested resulted in higher yield and purity of .isolated neutral Iipids.

Et hanol (o B rlé}sépPWE}P}a%%‘f%lﬁ%?ﬁyc%?quHng‘ﬁrd&?&%d B hEomeaNed YoBter  sol vent s
di scl oSl hemEldwith RespQT% anéMdd b &&fead BEthe HRRA%, ARd R4 vexgrPl ary
embodi ments, extraction and‘fractiondtion can be performed in one step

f ol | owddirthyrmenhryateesivd stedinpentiohicembe osedi th aplsedencthdtieofrtbs ulventmgn. bi omass i s
al nost devoid of water and can be conpletely dried with | esser energy than
an aqueous al gae slurry. [0106] I n sone exenpl ary enbodi nents, the sol vent
used to extract is ethanol. O her enbodi ments include, but are not limted
to, cycl ohexane, petroleum ether, pentane, hexane, heptane, diethyl ether,
t ol uene, ethyl acetBESCRIPTDONIOF RIXEMPINRY @MBODEMENIS one,

acetonitrile, isopropanol, and methanol. In sonme enbodi nents, the sane
solvent is used in sequential extraction steps. In other enbodinents,

i 11 or I THo! v A I SEmACTISHOR AT ShRTESlEHeBE PON cajeepenapiq ig g solvenspueh

enbodi Nepbivel) WarRys FRERSOLYRNTA D 6 d TV B AWhIHIGs 4S8 194G HRfifal
extraction z%%ps? fblof?%ﬁrgbng e#@gdgnenﬁg opg%heﬁﬁ%}hods descri%éﬁ

her ei n,lipadssuxh as wands, stewlson thoalgalsollwatht Isgh sedvémesablye sconheptemtwadd i on
steps i.ncludes  at | east, one /hyd hilic, solvent d. at, | eas ne. .

Py dr opHBEe EoEuHy eSSt opar o Wi SRE ksl pief [aioRgaripal pela Wity ent

ext r act gsiig; MeHigH FcRbvdry OMcIRg oBliONRS8IdWedo kirddd all AL lig¥BaMMchRve ery
relatively smal | amount” of hydrophobic solvent is used in conbination and

i s i nvdligletbcpyera in prpudrdwpistapd separation such that the material of
interest is concentrated in the small anmount of hydrophobic solvent. The
two dif nt e rym - ! separ at ed
usi ng tRERquRSRIL for REPIC T Rt Y By R B I o R s

hydr ophatilcedial exemplagpembedialyts ofi enctiodsns®l iafthaffa@lokatien araipuesicetion &f

ket one, . an aromatic, a hal oal kane, an ether, or a comercial mxture (e.g.,
di esel ,linigy freman algggcantamdye bipmess) e heicr Mbbdigm aels are Rarvested detd on

processgsdashistdpedohghit i} b6 PREA bR LIRS Yedd 2701280 PR dWHioi € 115t €PS.
| for t a

Such pH excursion is usefu I sol ating protei naceous materi I'n some
enbodi et S0, & kalvpittased dxgraetwdrr @peiformgur @ctbs bidnsssendithgdragtions a@ss t han

about 5 l,ln sonme enbqdi nent s, tg§ pH of t.he extrg&%hon process ia al kal i ne
(e.g., QMedELrInyomk My, stopgpayirrisojacerBIralthescd SXEHHvaA onal

ext ractiRQfioR _E@l%%ﬁ.e?inﬁﬂﬁtaas@liﬂﬂﬁgﬁi d@da@@éep@faﬁﬁﬁﬁﬁclﬁ%@, Bipabt KAREPRUCT S MRy
not be used in food products. Enbodi nents of the present invention are

super i dechniuch such dsridinatiang dedasting, tand senttiBigatiemuayebet fresforrsed o a ftep 14Gtos
energyiagd(;%pderagrqﬁuc%ﬁmaﬁﬁéable for use as fuels as well as foodstuffs
and nut' PRSI & TRPBFSHER ST 0P YE 5 7PCT/ US2011/ 031404 [0110] It is
contenpl ated that any enbodi nent discussed in this specification can be

i npl engO1E3] W trhe BREOBBIatOWRRYhAFPERQLin QEcpSN Bl STt Afy donSisisdY @pdiitans gand Vi ce
versa. Furthernore, systens of the invention can be used to achi eve nethods

of t he dfteteihdolids. TRESCRI2RT¢aON cQRtEXNFMeWARYCENBEDI IRBNFRg techniques
including, but not limited to, dissolved air floatation, membrane filtration, flocculation,
sedimentation, filter pressing, decantation or centrifugation. Dewatering is the removal of
some, most, or all of the water from a solid or semisolid substance. Embodiments of the
present invention utilize dewatering techniques to remove water from a harvested algal
biomass. Dewatering can be carried out using any one of or a combination of any of the

methods described herein, as well as by any other methods known to one of skill in the art.

[0114] 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

20



[0111] For solvent extraction of oil from al gae the best case scenario is a
sol vent which selectively extracts triacylglycerols (TAG and |eaving all
pol ar |i pvooamd71son- TAG neutral |ipids such as waxes, ®CE&muskailiogidsvhe al gal
cell with high recoveries. The second option would be sel ectively extract
pol ar 1ipids and fh @gﬁ"(t racslt_ purer neutral S{(R/lypi ds devoid of polar ]ipids,
resul tisﬁg’ cpis (Bigghlce &} § MUHREAZL COPNIEIGUITER SRBITNUCHY@CHY RREFSASEE 8841 he

i pi ds a0da @ik &Y & Slae NTEA ¢ 5t BarHR8uQMbotCupithERR opefidihg] Ref erring
now to FIG 1A a flowchart 100 provides an overview of the steps involved
i n exenpbarsgs.eodicroentodinnéntsrighdlodsasssash imlctdves hcid end/onalkilore aitrdction
purifi caii on of an al gae-containing biomass. In a first step

: f IiEi.ds |I}r.o
110, al'§APRUURISPRIY RAFU85t ed. In a subsequent step 120, water is renoved

fromalgal cells to yield a 10-25% solid bionmass. In step 130, a

sol ventjgbpsjed Bxidnacdrheutlimsntoalchatdmig o¥an kil BogaBs&anardattd Jut Bgti ons are
collected. In sone enbodi nents, step 130 will al so incorporate pH based

ext r actifegtng e Merwster glgat blomsst Wih a spivaag Jugh agetiengl dThe akgplbipmassds then

separ atj i i . i I i Lhtragion,
decant id#g?”e%'ﬁ%géé@%@%?lﬁg%@?% %ﬁd 1!rlrlg;lllqglgig |¢I)I]iea ftfé}ﬁfr@é&‘eﬂ%b%gd §¥ %%“ﬁ"?éyf‘%l a|{Sh51:1:}r der

t 0 sepatoatimitedto,siphbhp. Thpi mbvelomphod of sewdt€llg3abhewal @prallind vpsatingien
harvested in step 110 typically consists of about 1-5 of total solids.
The bi gealsshandiops IB%FP?‘i/SaP%PI%éWé{F’étrréﬁb’q? gsiedyres hy qost Hlgryidghhs fjowass,

i ncl uding, i di ek of i Fasctacely :

filt ratailﬁgr%1 ,a p]ﬁeggg%d[ g%ﬁ%\?p%éggbiaﬁg%?ﬁogﬁ%y? :frl}teedrlé)%?ogogﬁgﬁslfl decae tgl%nigon or
cent r i faxgattiomndPReweagationgpfiateal bemp@awntsalln tct,stiveheomzed thabtheablvetf t he
water froma solid.or sem solid. substance. odinents of th esent
et | B T R SR ot R PGS STFaRGVE Tk v PrBiT s I vest e

al gal  Rjredms SolvARYRUBEd dthcGRINIREhEAEIatifd clRiEe SSIHRAIARYXuARR. b séthe @

conmbi natron of any of the methods described herein, as well as by any other
met hodsenkeginentypoiothe ifentida, [dewiigring encirads afeocpnad]imidein pedeaterasepvaloyer bi onass
resulting fromstep 120, 1typical nsi st.s ,of ~about ,10-30% solids. This

bi omsdnas e fang PP PR SARR Pt S S BB PG IR R RBERY 20° wo
2011/ 128EmE METHSR0 b £Qhtd0dt sol vents (e.g., alcohols), in a nultistage
countercurrent solvent extraction process segregating the fractions at each

stage. This tyE&;‘of process _can reduce both cg&tal and operating expenses.
I n sondO&Hodi At 1B shones apiiBpgdiesva mpcpppatigbels? servactrdresesapRal fhe

extract, F i I, 1 Lal. e b S,
Govat ort B b33 AR TRl By SRR EBAR Lo W ekl o BT e o PRy vest ed
al gal bs sutgssedpotawacseprmtion prochssa@0e Phamsd 320Tdae iadlgdd cebirdngs®ni s t hen
allowed, to settl? out of solytion and.the liquid n?f t hen be renoved by
et hod o6k et Tipgor fHiraiomni b g8° eBLOLMSAb AisHEEro AIEL iRFdlishat o o

dewat erdepgrafdage AgNSiomaRItoh (RNCLORATRE bNErE Ofthen LAR sikdonireiods,

enabl es sol vent recycling, reduces the cost of drying the biomass, and has
t he addeebvisedetiter 0 igeasyelad divgctedhto phérangacycubifires.hdeahwhile, hcostaads prior to

begi nni,ng_extracti and/ or separat.ion.of al gal, c nents..In fact, it is
Uhoor | 200 Endr o hieddar besn Cons b BunriaRiear PBI pYBLEL it s BEE Hher ei n
are ef f@ehi 208, g/L 0. @Aa10-20Wue'w) 0 ThiR@ohégitratddal g paaniicthso rvaed &itheduce or
neutralize the negative charge on the al gae surface. In sonme enbodi nents of
t he i nvehenbito igavabepi-Pgedsedioaatabeepiosesi3aBd in order to renove even nore
water. In sone enbodi nents, the addition of solvent during the dewatering
proces ins - -

illust ﬁg? %e i %}%@gﬁg{rﬁl gl'? %ﬁg%fﬁgggﬂo\?\gétsg‘;aﬁﬁl %%lgvgléﬂ:%@“tgé% ag%vﬁaalsggi) culture
310 hawichgvaahiirtake hwngrewgight/etighbalvent tgbibmhes mhoof bdt@egd dbouit 1d.tp 0. 1- 1%

ww) is. subjected to a water separation processg 320. Process 320 can
el ugeDBknk:T+ et HeRAR Wale BerelfgYcor: 144 LAY AR TBHE
embodi MRtis rdnReBLS! B cRBAAE, SpHRRide dnbi® dbSnHASATHOSIERALA! Be ElEvatdal
bi omass fromthe water of the culture. Wien using such a filter, the

r ecoveraad rowte by 380-knowngeghmli@us,diurle et didtilfabiontaheéfor pényaeoratidm. UFhes .

Meanwhi | e, . the al.gal bi d has b trated o) al
pact o ot ufgiims QTR SRR e <180 S50 et S0 sbOulhres'vy

Thi s copgentanall @thodiipRatbesli@idnS then treated with a solvent 340 in a
sol vent - based sedi mentati on process 3%?.



[0117] Sedi ment ati on process 350 invol ves adding solvent 340 to the al gae
paste to achieve a m xture having a wei ght/wei ght solvent to bionass ratio
of bet weewoOaboui7t571 to about 1:10. The al gae is all owedCraSs@tioBuod n a
settling vessel, and a solvent / water m xture 360 is renoved by, for

exanpl e i.phoni ng and/ ecant.ing. -The sol vent can be recovered an
reused lﬂyf% | gRlﬁ(gWﬁ 1<f@éﬁf%ﬁaw§fm% g@ﬁn%trbﬁ?@tqomr%&q BHCEMINEF spFEapdhat i on.
The re%hﬁtiegow&tl.1%/9!1%%%&%@0!9%/&&9%& lés%ﬁ@d/efisébra?eidoﬂ%c&Qﬁ'é,ent of about
30% to about 60% ww in an al cohol and ter solution. WD

2011/ 12i¢¢e7RAT) USEONd@®1. 400D D ikc8aBol, embpaniot diahvyf watcddéd) ecthylgnar e
i ndustrially n wat er-soluble sol vents with densities qver 1.1 m. or
bel ow EHouRET EREAR el P3N AP B el &/ R e g bidipesivfout
t - but ylfiqak £0RQlthanedrad 8 kedifBANA AR bottbnPéARA M linghesey water (D20), ethylene
glycol, and/or glycerin. If the solvent density is over 1.1 g/nL then the
al gae bi omass woul d float rather than create a sedinent at the bottom of
the setl®11Yg vEKs] is ajsoherogticl dmgramjod ap el grebadiimeit an exiEgrtiéRenpl ary
enbodi a e} | . by SS IS
transp§§ Ft rglglgt?gi n%élgﬁeeﬁggg@ ﬁ%%ﬁ&ﬁl&gﬁeang @?edrﬁéﬁgﬁﬁftﬁé% @uotgﬁl nlgi?lll ﬁoélz?h ted to a
nmovi ng ibdhding 2os avelmtedioeymbyingbelthw @ugh centeyac taraliroagtassieicsion The sol vent
for extraction_is recirculated from.a ftodgélge tank assigned to eaéh bi omass
sl ot pddrmpeh. Thesolsitacestisation Reriruiaed from g sgyags tank pssigngd {hercBi onass
sol i ds [ : t : : ' ﬁpgg FRL : e solids
on the tﬁ%ﬁ%ssﬁt%20%1{31??'?&%%??6}10%2@%?%E\Sai?ﬁrt]eéécgtéés}iudénctzlre? Fme ? 3%15}%% rbgglgnt for
ext r actihrthe Jhearsikhe axtrat into drchoragaotanlg el heankdneytheibbherovbeerieppkdhi shed at
sat urati on, or .conti nuously reﬁ%I ace fr.eshg]%seol ent _.i%g? s, woul d al so

[

b
r educe PR JbRfieNdeAsy BRoCeRLicHnt %ﬁﬁ}‘lﬁ?f&l%o IZE1S torggh WS HRY di nent

conpr i sghelbdiehFRshed £SEMYRAIoh of tOntiioh§1dRSARH bYEFRRBHISEA2EMs v uR] 5l 1ty
of separation devices 241-248 (e.g., nenbrane filtration devices), a

pl ur al irequagfthesawrstrchompreessngy bincang 6ast desticalyd Hhip¢mbedineyt aompriseyx| e

punps 281-287. 1n.thi.s. enbodi.nent, -priagry reserveir 210 i,s .di W up into
Y oo A fyselRiator s EERGRl PR B 720§ ph SR LI Pichy Aam bR g

bi omas ge£0Indrsbran@fedtion tévisds),ianletlifyas@kwadtiondddernarr26a-d68 std €nd 221 of
transport nechani sm 220. In addition, solvent 205 is placed into inlet

r eser vdilyrabtygfaecclopussivd-28dd I fps embedingsip arimappiehies fl @ polivitedug por t

rrechaniint?ag%a?igyv\gﬁh%téeg%gﬁiéggil_%%nnss al ong transport nechani sm 220 from

first e end 2. As the algal biomass is transported,
it passes through the plurality of separation devices 241- 248 and is
separ at[@8#20]nt oDuriag bpemasomfalgahbipinrags P@ll ampidcyd a Tine ndef fesesradie2 pbntar arfsstt hat

pass thr eparati on. devi 41-248 are diJected to reservoirs. 261-268.
0151] FoR 2oL QR BREPOL PG FaaDe ThI-Choh SOR HigSdr Bare b LS FOREO as ses
through 1ghRaf 4 §@bn$ERPIBL drafndSIH mBctttknd 2200 TrahdpriRREhABmMCR0 @B Y _
liquid and particles small enough to pass through separation device 241) is

di r ect gle tlgak hempssradong teanepardimecix@ism B2 bfromi first ende¥d towands 28 ond ehd222.

di ffusate,portion can. be recycl.ed back to,fjrst i.nlet reservoir 2 The
ot ont b eB 3l BB REn iR i Padactrg Rashd b ssREREEY Pivlioss 2+ o1
separ ati4@nind eyicperaAlineauctibeyobardhs pelhae;. byhctdigRSROpdrtiomchatiasm 220 to
second inlet reservoir 212 and second separation WD

2011/ 1Apggbearapo dey 983 2042 Hearr dacatad to sgperEpireHn -2hpri se a fi ner

separation or filtration nedia than the first separation device 241.

[0122] Thae fed ”Flé‘% Qi e TR P 6iBRF 11271 S BlonRRS §EE pds 0L AHR o BRONd

separ ati on ‘devi
first separation device 241 (e.g., the portion containing liquid and particles small enough to

pass through separation device 241) is directed to the first reservoir 261. From first reservoir
261, the diffusate portion can be recycled back to first inlet reservoir 201. The retentate
portion of the algal biomass that does not pass through first separation device 241 can then be

directed by transport mechanism 220 to second inlet reservoir 212 and second separation

22



242 can be directed to second reservoir 262, and then recycled back to
second inlet reservoir 212 via recycle punp 282. The retentate or extracted
portion obothe/argal bi omass that does not pass throughprseasadi®spads at i on
devi ce 242 can be directed by transport mechanism 220 to third inlet
reservoj Thi rocess c be repeated for inlet reseryoirs 213-218
and se .323% figh earcomprtes e g sepatian %%étrqtepémdé% @ab&mﬁ IShisPaatianch

st age qkewggqected to the subsequent inlet reservoirs, while the diffusate
portions are directed to the recycle reservoirs and recycled back to the
current inlet reservoir. [0123]1n exenplary enbodinents, the first fraction
will be[0é3<2t]r actlbesegmant o eIdnf@metsrtpwmreﬂlamﬁsms|tlgm1glymgmb@ﬂparatlgoIdveln@
ratio, be extracted

roth0t 25 PRl s e Rois PR G DS rp SRledaBE o ol ntes SRR 201 00

The pr oressa ideslebamp 282! TAE ket &aRe BaRdcted porfidiLofthe elgabhiotia sy thasiody
polarity with the fraction. The function of the first fraction is to renove

t he regiodpass thuapeh seeand separation dewice RE2 ew Reeditectodtydeanppmt pechaaisn 22thie

fract t o ract

r ot 9 HMBLL OGP 2L bl hRBL Al Lp RS/ ko 021 L il act | one
|'i ber atsepdrhtgor duvices 248248186t thatahe cbtéradtt poaivns st cathstaganetdaroicdso tied | ong

chain unsaturated fatty acids can_be separated fromthe oil using processes
such assulgr%ﬂqeeml%lﬁ‘t graYoirs, athils thg dfuents poréenoeditested %t%ﬁmcee{ﬂraﬁervmrs
diSti'Hﬁh%ﬁ%mkﬁ%th&nkggmﬁﬁiHM@@&&Q@nFa” be separated fromthe carotenoids
usi ng the l'ecular distillation. The distillates can be fractionated using
a sinple distillation colum to separate the |ower chain fatty acids for
refini 8123the loergnotaly wmbodmantsathedirbtaliisopioncii de catredted wih Hicghgloot | i ng
residue in the colum. . [0125]1n.sonme non-limting enbodi S...Lhe

et r acoriT BB Sfo b oSl S 27T pRa pub ek S PR P B ot ilee
steps tRtrh&ed A (R RSt purdai@ily AonpsIARoliat, ok edgiligusolahRbird! The- 9., al gal
bi onmass). Such protein extraction steps enploy pH a ustnent(i% to achi eve
i sol at irsAccantherstene L& taGH CQIMPNCatsan the qrger ﬂsmgﬂseng Pelatyevidothe |ffagiien. ng

enbodi t 0 I

op tini r;ﬁ% f%métﬂ)% og,lt_iée Eri]rs{e f(}?ct?o% iy ?ontternooe rt*fé?e%huaﬁkwa?e??}ﬁa ?e%cﬂﬁrgtaeg §oqseinh at is
rich i rexpaeicdi procmss. él?heajractla'ﬂﬂﬁh@ﬂ-foﬁf)wtah@rlm otpildr lipids adtle die fﬁiaeﬁad:t&nad j usted
dependi ng .on. the pKa of the proteins of interest. The pKa of a protein of
|ntereé?eﬁﬁ@nﬁﬁmwﬂdq2@11/127157PCT/U82011/031404 ascertai ned usi ng net hods

known to one of skill in the art, including, but not limted to using the
Poi ssomgBRdjt ZMeRd off GakidPEn H%@feh'f%@lto H‘Sérﬁ't@@l?e 1ng LRGH hﬁéat&)(ﬂ%é @‘Atrf%ﬁ c*?c?ss ed
met hods, or the use of titration curves. [O I'h sonme enbodi ne

sol ventTl}EHarcsermlldsaanlddeng Froun encatupdted fatty aszdmaleh@sﬁpamﬁ &thtlhmoﬂs 0$1n@ nt pH is
greater_than abqut 10. I.n ot enbodi.ment s he so fr m
about * morsves Bt Esrmtepyl iy il Flio® T Eul Rt vl s Seile Axlul et aul 4]
about lfe £y 23RRWEN b scpafht@f 6 (RTERSHIATBE Ssing the rBIbyAdifitatisn. amed For
exanpl e, in sone enbodinents, the solvent pHi1s |less than about 5. In other
embodi resitlteschie be mveqmteémsque@plﬁrd@mllab@m polpmndo a¢nagate die lower ¢haither
enbodi ve bou or
about - Soeia OF LS s AP haBr bt Y s PRl freoioltiaatyits,

di r ect €4 thicocodwhisequent |nIet reserv0|rs to achleve extraction and
fractionation based on polarity. In another non-limting enbodinent

protein terlal is separated in the final separation devi

means (012 sl 38 nPHIBYNgRadiments, dhoerteaj s vt altsirme Cr;sl?s?d. s
acconpl he art.
For exaﬂﬁp‘?ﬁ ShebhoRAE BRLGNAEIAMGR (TR oK AT A kAN, O %?%ﬁsa%%“%“%lm o the
sol vent(egt,ra@trbloﬁlaes)pISaclypla)a:emlsxtmmt)u Isteps)crnpkogtpél ﬂtﬂjmtmbﬂi(ﬂ)lt@mhlﬂ@ ude,

t hout. | nltat on, or c cid lfuric acid, and droc | orjc.acid.
& it i e B T et SR b iyl ons St btng FRogdmGRe i PH 5r °

appr oprth@tSvaasethie e sehfaet y&e is th%ﬁfEbd i S e rééﬁﬁlfng'm b st
protein extraction include, without limtation, potaSS|un1hydrOX|de and

sodi um ﬂ'gﬁd@@ﬁlades righn 28}tein ‘reajenial e o desfrﬁhsprom@wra@tlelx sten ot ddoustéds

perfor arate fromth r ctlona on system
Goscr poaenrEeRRiaRR AFACHRLT ¢ sl RGURA Ao R L oL RS BRG hece +
soaked in a pH adjusted soIvent nlxture fol |l oned by |solat|on via an
appropriate separation technique (e. 923 centrifugation, or filtration). The
remaining solid is then introduced into an extraction and fractionation
system based on polarity, as described herein. Simlarly, in sone

enbodi ments, the remaining extract froman extraction and fractionation
process based on polarlty |s exposed to a pH—adjusted solvent m xture to
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[0129] As shown in FIG 3, the solvent selection and the theory of
fractionati on based on polarity were devel oped by extensive anal ysis of

sol vent s woaotihe7sf ect on extracti on using the Sohxl et pextusaeiiosrdopr ocess,
which allows the separation of lipids froma solid material. WO

2011/ 127157PCT/ US2011/ 031404 The Sohxl.et extractjon system.was util.ized for
r api d saéfeé’t@ﬂﬂeﬁglsgl&%ﬁ?@ ngw tp apaogﬁ%ligl @aaétc{tnic{wdtrg& W&Oﬁ"ls%vém%% vent's
f T oM vani PRGN RInChAIRAS oRPERAPASALAY nibl Wil AR BiscRh@hddsi &S such
as al kanes, cycl oal kane, al kyl halides, esters, ketones, were tested. Prior
t 0 t he textiscadfititmtipn theves.i pi d content and conposition of the biomass to be
extracted was tested in triplicate using the standard nethods for al gae oi

esti matj such as th .1 gh-Dyer .l ipid extraction nmethod, The bionmass

cont a REPSI5-" Sl St g F Solkorlinte8 S L EPES i R {0130 Fi
3 pr eseaitodiientslatesavadnd gHES ghitce ¥iah aBbutan. Gh othedExibadightsMhS SolvshtHH
various polar and nonpol ar sol vents conbi ned with a Sohxl et extraction

pr oces gangss pentabayt & ta shoue hi H fusthet ambsrdimens,dhk spleend pHvis aboutd0. 3tous puri ty
of neutya ol n H- 459 |1 PLe L eGev { eved
mﬁthouﬁldbg?%gﬁ?%nﬂaﬁgéggﬁgé%?&g§?ﬁ%%%V%ﬁbﬂf%g&?bﬁg%?%ﬁ@#gﬁhﬁgﬁ ane sol vent
t est ed,enfteydiranes, thiewbdwer pH i6Q%s thn beutrsedh beler binpodimeatgithd 28tveiit gHhe t ot al

lipid. As FIG 3 shgws, the results of extraction of dry al gal SS usi ng
S0l ventangs Ao AR Eito AT 6x 1k BEHICE M HRAINHS. WE ohVER! nEb ket about 3,

et GlBla, SBHRONS ¥ Sho R THRAMUE S ARG o It S sy RhelER; Al Tt hods
di scl oses hérein address these inet |%|enC|es by controlling t%e proportion
of sl i ghtected hompstqrentinlos esservions watdiicvierexoad®n and feepanaibe besed cmonponent s

of differi olarities wi.t.h mniml |oss .of conmponents, [0131] The | ower
oar bon TR0 Bi iR AP e e fPel it Bt R BT 1S ur g TALe TR neut r ol
lipid r@%érwory@e%ic?e%mnaﬁ%mr@é,M&i@n@?ﬁoafdﬁfsuﬁéd%ﬁnol- I sopropyl al cohol
did not show any selectivity between polar and nonpolar |ipids, resulting

in a 52%pure neutral |ipid product. Methanol recovered 67% of the total
|i pi ds [k Inor Adiwstmeny @dsadvent El i erepmplishediia. acqprdpreesyigh mgdopskisivi © an

et hanglowsan Ry A PP QT SRR AT B ol B X P IO o

mat er i dhtophé¢ eslvém sexdni.aBEkémplatyheidsaistfubforlprg@atilsexuadtivg ihepiardthont hexane.
The ot her sol vent cl asses tested did not show any selectivity towards lipid
cl ass dimgaionpghaseharicaciq. spifirigisid.apd ixdroghlgde agig. sgvjlarky, ﬁiklai;]ile PB 1t he |ipid
conposi i A n i~gl j U ipid
R e e e R T e e S e

t hese dwbasantil torpuottmbxeadtom inbleds evidoui bmitetidr, potasommdfydpaide end ar | pi d
cl asses 8r toH@I.Iipid extraction. [0132] The results fromthe Sohxl et

anal ysiSQIWG WASHHTr med using the standard bench scal e batch sol vent
extraction apparatus described below in Exanple 1. The sol vents sel ected
were ngohzg|ol  fipfontd@nbddisbntS,t BBl RE@NES pREbAficd ihRi FStemARPaRRtFdh eum
ether in the second step WD 2011/127157PCT/US2011/ 031404 for recovery of
neut r alth¢ pyragson apd fragtionhgoresststear dgsenbedlareinp Epf evamapde, Wk 60me 1: 10
solid:sgl.vent rati ch extracti.on iy hi;s..exper | 1 hour
Tong.  crgn b e Bssr SRR aP Ryl S EHTEURT st s

M nut eSsdltidnoviged apFropatg s@AeUDR tEcdinidub€e. gX téradfugatio, or BiétrasioaR €blsf ul . Thi s
retention tinme is dependent on the heat and nass transfer of the system

[ 0133] TRB2WEIhWHEIS bR iHEaduesfsiniRAnecbRFQY shedTantioprtiomayaiem hagshet at ur es,
40C, 5 }%ﬂarf;fg,das Qi%sc?fbeﬂ ﬂer%{tg egimglgg?ﬁg E@%‘e %ﬁb%fn?erﬂts\'\ﬁge rg@HnIH@ extfgpteﬁ&ﬁ %ﬁ ol eum

et her extrattion was perforne ose to t g polnt of the
sol ventextrRgionadnd fracabigion \wasceshiosedob polatises ekpdstd tdha pH-alplsedtsolsichty f or
neutral Jipids, Iom1boi|in%.goiq§, %nq t he product qyality observed after
ext r actEre to isolate protein matcrial at the end of the extraction process.

[0129] 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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[0134] FIG 4A shows that the neutral lipid purity in a petrol eum ether
extraction carried out after a nmethanol extraction step at 65C is over 80%
denonst r avongithats7t he conbi nati on of these two extract ipom/Gst@ps3sanhanced
the neutral lipid content of the final crude oil product. FIG 4B shows

that the total neutral lipid recovery was, | ow and there was a significant
amount Sos)i‘_alﬁt g¥tractipp YR e Py Faptd @E@amgmi@gﬁe%lﬁﬂﬁ%e the |0ss
of neUts"e%kti%'typéxﬂlsreb&eH‘. esdTRdRaneh vaXbh Gt 3188 eh&ﬁn@é%kiﬁ%‘a%d@fan%@e

sol vent can be increased by adding water to the solvent. FlI 5A and 5B
show t he polssitics sucbfas eddaness tyaleplkdne, dkplrtaider, csamdkdtormnpssrewgstdd. Aol v v
aqueous, net hanol fo].l.awed b tracti.on wi.th.petrol eumether. FI 5A shows
et o e RteRay. el herY et HouRn of e STt o ¢ Bt Bibtam L

ext r actihiphcdidaing'ds sBiafh@edhdds PR ostsEll Sfinkiios si&E AR BlighPyReVpId, t he

| oss of neutral |£| ds was greatly reduced by the use of agueous met hanol

i n the dirpetionaretheet Thnmbiomaps contairesed?. 1 4vo mitd lipg® of veriethatbi2 e xtasagutirdn at
higher]}-@peratures i mproved neutral lipid purity but slightly decreased

t he tot§1‘lipid recovery in the subsequent step. [0136]1n some exenplary
enbodi ments the tenperature of the extraction process is controlled in
order t[0130jsur EI@® prewdntssthaldathightherdd bal gahctimmfandptiapmesaning varione al gal
bi omass. Al gal proteins, carotenoids, and chlorophyll are exanples of algal
conpondPld apg atm@ifﬁi Ss&enwﬁﬁ@m&ﬁm@ %@%&’il?ti S¥{ragtion Hogssh ePeIéf‘ﬁgB’@i Wehes, the
t enper abiGedsih bPH-SGASRE sQULA! 60-76% RIS AIMES BEAShId Vea s GRkotIp@NENt S
have beenneﬁt acteg fronfthe é?ga gﬁgﬁiss. [Olﬁg?ln stil?*otﬁ%r gﬁenplary
enbodi meeivsry tanebetachipredvitheutdisroptenemt salothtonxtipetome skheilengdf esiredkane or der
to optimze the yield of the desjr rodyct . Extractions can be fun from
bt entOPERHEMEIeBAdp T etgho0ge P Bl REHE 145G A Heheio B Echs act | on
m Xt ur Gl B sBéwS, Ith@@sulgtdf_%&trmwflz{%nalgal thil§ ubiRPREK AN ER] BdnvehforRXt raction
process is changed depending on the solubility of the desired product. In
still oxheetieambeatipdretick as h¢rane rierinefiiciont, cupayervat andgesudt inpropniizld. dépendi ng
on the algal strain of.the hionmass. to be extsacted., El evated extraction
Cenper VU DS TR ERURAR bR RS RS s S PR B BB cice. ¢ he

Vi scosigrypdifion beslightly achpodir sFivehtioeyfatiaReddito Soparacoit@bmpesanesy. [0138]1n
sone enbodi ments, the extraction is run under pressure to elevate the

boi | i ngliff@iing paritigsavighmprapel lops of composents.n t hese i npl enentations, the
pressure is increased to the degree necessary to prevent boiling, while

mai nt aigi th r t i 1 X At erature
R L S L S N
deconpowetraldipid puiystas@pédfor nddBepl ads4five fenctimmohr omobyldilcodnt did nohe
extraction is perfornmed near the boiling. int of the _splvent us g,.at t he
condi ¢ DAY AN AEFCH R Y58 ek ARE ppRplfidinidh Frsnlfiaa i 8.5 Pt RREEPIY or

el evat gfolc@SMEERADL rebdl 1Y, 6MBRALIAEMLigs addBoRXh4RGH% A thcSpogNipadsmed near
the boiling point of the extraction m xture, again accounting for other

ext r actThereforsnuicthanelss amexcslient dandidate donanesmbodapent of aspessahmventidnon of t he
solvent_jinto the algal, cells is faster, dye to.,lower mass tr.ansfer .

Fost ot aveBR bt S b B FliSh st ol up R o RS ST Bl
exceed grive tdoittdciiflg pRindtitraflipidieuss hepttine of hexane! TRObtheRiRVens ¥RERIGRA form
an azeotrope. Thus, maintaini r:g the systemat or near the boiling point of

sol ventdigol hoyermssaleetiaygayrrds dipet dagssines pamecaitiahlipid ppricy asoHosoRi | e

reduci ngy - ition, t NP o1 W -y S hi gher
t enpera tJ/(r?)eggE ﬂé\fﬁ? g#rlépg%gé%?(?%ﬁeorn g%e?lgla{lg@% £ hg%gﬁlgc a%s\./efﬁlggl gﬁlécﬁg’etg Fog{l:lti on at
t enper dipid agocdroachited wigh gekya@teniodahgaigfr@aiabbut 16+35%,besdeping tlidse t ot al
lipid recovery in_the aqueous mnet hanol - petrol eum et her extractjon schene.
Al t hougsﬁf"ﬁé'?sf“é‘ﬁlﬁﬁaﬂ?ge ok M RO RO Reghe s DI §lassgbPt to ﬁp@nper ature
sli ghtley(tlgﬁgneases the neutral lipid recovery as observed in FIG 5B, it
enhances the total |ipid recovery. [0140]In other enbodi nents, the

extraction is carried out under ambient |ighting
[0132] 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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conditions. In other enbodiments, the extraction is carried out in an
opaque contai ner such as, but not limted to, a steel tube or casing, in
order to woabaei7istght sensitive al gal conponents from aegnsdatiosrns
Carotenoids are |light sensitive algal conponents. [0141] I n ot her exenpl ary

enbodi nents, the_extragtion | ace under naqr nal

condi t i BRECOYGHY 8f nevttabiinieh éﬁh?g SUORSECTE RE St %ﬁég Sa| desdveitder a
ni trogep;at mm}%@tldnnstﬁi ﬁﬁfnstegpé?{rﬁélﬁ%;as alat lo%%”@?ﬁ@%&ﬁerﬁﬁ&ﬂ?d&& (data
oxidation. In still other enbodi nents, the extraction takes place under an
at nosphet ehayin)iimdicdte gas abhaut 4p danutb@oq)lpog@@ lopg eng\@h for the extraction to be

2011/127157P /1JS2011/031404. al t t at Al |
componaHFE i TS GHEISE tiRkor eva s T r AR P RTE Rk iy, ! 92

chl orophyll, and lipids. [0142] 1 n exenplary enbodi nents, the

sol vent[ﬂlm]sol THe htHagolf Gtratiidhs&xdré p&iforaiddias dﬁﬁmw&rﬁu&awﬂm sotde dry
wei ght of the solids in the bi omass. The residual algal biomass is rich in
car bo hyﬂaﬁiééeg neorder o detarpmy Windh waronienals die aetreloyns gthes e¥EAetion Wk oduce t he
sol vent r t f sol vent
to sol ng ?%&gr?e(?h%gﬁ%g{)g%tf I}%&Jrl@coc?\}lée%?w%s\gs?%poqe&{]\?gl%{ W% cﬁJ& d ratio
was i ndjeeasedf itt highaclertsvity fooneesb tipids ngwaiodind @siti end the pec&h;let qlrahtpt al

lipid recovery, It is believed that this was because of the | ower

sol ubi 19 W%@aﬁtqr;ﬁxagctm net hanol as conpared to other comonly used oil
extraction sol vents such as hexane. [0144] The solubility of conponents is
affectqgify thei®odR5hdws tHIlt tﬁ@hé{ﬁm hﬂﬁeiﬁrﬂtﬂnad‘pe%?&ﬁéu%?éth%xlﬁfa%e%m%e

sol ub|I|ty properties can be used determne the ratio of wet biomass to
sol ventout Ff15¢r caxathphad, exaaozt@%Sprt \ﬁé‘iC Isioyam8¥ohdesnondtrefing thateths cembingtiony wat er
for every 10 .of et dde

i xt ur & 1hie Py el sERATER o the oD U BRERE Sty Fnfiridy dfabdhdt, 4
part etfh@n aB sBHWs tHhaetheanaemiuiat Iigla r&fov@(tyhﬁd'Swalaﬂd th@c WaXh Wigificant

100/ (100+60) equal s about 62% w w of ethanol in the |liquid phase. 62% w w
of et hawstun of reubrahlapid dess é theifiesiuited. cor responds to a pol arity index of 6.6,
cal cul ated by wei ght and averaging the polarities of the conponents.

Et hanol vin r I i ndex
o o 10188 T amiRRhal ol AFRE YRl IR i MY hH o PRHODAR, BB

pol ari tof thagbdxenotan Bk iG2iedscd-by3I@t By vedaud tite @lvehheFgalsay artdySB stdexthef t he

m xture f xtraction of polar lipids and neutral lipids is Iculatedto
be  aboUeB8! GHeHcEnE thegdprepientiensy, bl@rﬁaaswaﬂx P VERRAVERT BriRarp! one
Of SKi Iy dufralillh @Hifi pURbibihn RmcAPFR; 159, Iiplauh Al foubal SR buS wsmaclf:an

sel ectlve y extract t ese conmponents. [0145]In another exarple, if the

ext r acthigher sothegatroiesmaetier Extraction rtmnowas @bmvoqb by thel uwso hﬁpula maktlegniodn oI t he

polarlt of thssol ent 3.9+5. 4 out 5 Teratlo of
P01 ventMipGoyer g et SetiTintds 3 el sidug 8 b e B 37 thspts BRmePelin’ To. e
a 6.6 ppt Akt bytrddiee tep WA s\WBsH  FECIB! McthBia cAtrb@fidnw Wightr efpom@ley m Xture
cal cul ated by solving the follow ng al gebraic equation: x*4.65+(1-x)*9=6.6
improved neutral lipid purity but slightly decreased the total lipid recovery in the subsequent

step.

[0136] 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.

[0137] 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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I X = (9-6.6)/(9-4.65) = 0.55 i WD 2011/127157PCT/ US2011/ 031404 55% w w+of
solvent mx in solvent mx-water For a 40% w w wet bi onass, the wet bionass
to | PA ravoaoiisi2(570. 55)10.6 - 0.75 [0146]Wth a 40% w WRCTAtS2i1.0888$ t hi s
woul d correspond to a ratio of 100 parts wet bionmass to 75 parts sol vent

m xture. A 40% w w wet biomass h bi omass an water for every
100 g drhsembedERRnss the tFmPSTaBH%PP %W%%ﬁtwﬁmqmlslcga%egap YRR xt ur e,
wle CO%RMI&%T% Rbir&PHry . iﬂ‘stﬂh@ch@? B dmbts (tﬂééétia%ﬁéme)nrge&t@x@qyt 55%

w of solveht m xture in the solvent m xture-water solutio
cal cul aptionzaladepbeding ed thealgib stain of He Bohessio bbicomarssl. rEevatedaxtmaiadn

tract d f t, Af limit
col vont 8B B ERTRER R lala SRR s e B el vt Re fn par
vet bi QixBastidahixdurs Chiv@kingBxaa@Rn Hérass Parts Dry Biomass Parts Water

[0138] 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.

[0139] 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.

[0140] 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.

[0141] 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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Sol vent-water ratio Extraction solvent polarity index Ethanol
10099409%40600. 625. 2 | PA 10052409060 0.463.9 MeOH 1009340%40600. 615. 1
Propanol wOQsd4Q%5$0600. 474 1:1 | PA Et OH mi xture 100684 0va0B00L15340H5
et hanol water m xture 100 115 40% 40 60 0.66 5.39

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

include carotenoids, chlorophyll, and lipids.

[0142] 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.

[0143] 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.

[0144] 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.

[0145] 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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95% et hanol 5% net hanol m xture 100 99 40% 40 60 0.62 5.195 95% et hanol 5%

| PA m xture 100 95 40% 40 60 0.61 5.135
WO 2011/127157 PCT/US2011/031404

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

[0146] 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

[0147] 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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One step Polar lipids Extraction Et hanol 100 320 40% 40 60 0.84 5.2

WO 2011/127157 PCT/US2011/031404

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.

[0148] 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.

[0149] 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.

[0150] 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..

[0151] 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.

[0152] 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.

[0153] 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.

[0154] 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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[0155] 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.

[0156] 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.

[0157] 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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[0158] As demonstrated in FIG. 12A, the resulting lipid profile with each sequential
ethanol extraction step was largely influenced by the moisture content in the starting algae.
Models of process 400 were run on three different biomass collections, each having a
different initial water content. As the initial water content decreased, the maximum lipid
recovery step changed from the third extraction step to a fourth (not shown). However, the
overall lipid recovery from these three biomass samples were quite similar, all above 95% of

the total lipid content of the algal biomass.

[0159] 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.

[0160] 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.

[0161] 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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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.

[0162] 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.

[0163] 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.

[0164] 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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distillation techniques known in the art. For example, the distillates can be fractionated using
a simple distillation column to separate the lower chain fatty acids for refining. The long
chain unsaturated fatty acids remain as high boiling residue in the column. In some
embodiments, the remaining vapor can then be sent to the hydrotreating process. Two of the
advantages of the present invention are that it yields pure feed as well as a vapor product,

which favors the energy intensive hydrotreating reaction, as described above.

[0166] In some embodiments of the invention, polar lipids (and, optionally, neutral lipids)
are hydrolyzed in hydrolysis process 615 before being passed to the esterification process.
Doing so unbinds the fatty acids of the algal lipids, and enables a greater amount of the algal

lipids to be formed into useful products.

[0167] FIG. 15 is a flowchart showing a process 700 for producing nutraceutical products
from neutral lipids. In one implementation of process 700, neutral lipids are fed to an
adsorption process 705 that separates carotenoids from EPA-rich oil. The neutral lipids can
be from an algae source generated by any of the selective extraction techniques disclosed

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

[0168] 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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[0173] 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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remai ni 3594 R DANENR PRV Al system are recycl ed or di scar ded.
Centrifuge 525 assists in separating the desired algal product (e.g.,

protei no1m | i pheshird subsaRYlys6H@HAISAGs ek Blix@NEtRk selothtdst indl Hebrdltd qui d
phase. [0161] FI G 14 shows an exanple of a process 600 by which an al gal
mass caenpates GueB deyed extrastian sHx Y MERTYo SemBFisaduta fapghpubstatiaét s. I'n

Chi . . ) . o .
Front - SRSy Bl RTRRRLY SO B RS B ol P Bt SR E W P
and sepat @ammiscsttpsolaleothot hanka@itih ctboddhatts, ftheall vaan s@conases@hd or a

hydrol ysis process 615, a hydrotreating process 620, and/or distillation
pr ocessm@f?\‘??tﬂ%? folpwHigrsovsaisamsthapptpARRP g R ElR 8cctatied™@onponent s and

pr oduct,S.ioRgiitd ergglsg@d and 1@&&% ghas@é SRlth &Y Rb&L LRI, Iﬂ@’f‘éﬁﬁﬁ Qfbstanfth R&L?Egls

nutraceuticals (e.g., long chal

In unsaturated ol ls and/or esters

est er s phgsniseatithed i hlasingrstetmay iThg rahanmglfewmtit hibswhtiR0sobd phhermer ) ,
fuel s, fuel. additi ves, naphtha,, and/or.|iquid pet.rol eum.substitutes. In

br of of e TERBS HaiPo At en S @isios el BEng RAMHBHEN. | b ot her s ¢ he
fuel esters are C18 chain lengths. In still other enbodinents, fuel esters
are a npxgdre of &@gg £ ks $om {062 The estggi fication
procesgbggg, hyd?o ygﬁ%&%@%@%&gﬂ%ﬁ%¥1 }%?%g%eéF}%g p%%cggsg%50§ and

di sti | laatoroplished b sl 186! @oecse phavonal Flehd 8 c Saltbacused dells viax sabtwsitarr der s.

The dashed.arrows and dotted r.ows indi.cate some, but nat all, of the

opt 1 ond FOP RIS PO My B Pk ePS ‘e A meios
processgdwiaY tRearPIch s REnbNih A& 17 RGBS 38tatdn, bh@rdckRigd ThigGbtQgs. For
exanpl e, in sone enbodinents of the invention, after extraction and/or
separ atgeoerats e fosirhehied coaction meixveaior dirry,iqoimpsiséd efct fishsubatanbid lydliiquadt | y
hydrotreated jin.order. to ke fuel odugct s d/.or. additives.

Al ter natrvry Rt aBapCu T atiie, TrEREEL Bl P PG et venetsdn e
passed SepaRsibe il be@icb@plified ©§%Svabits: of[ AR sBSlo@miih itiadri POludMECBSSHo610 can

i ncl ude techni ques known in the art, such as acid / base catalysis, and can

i ncl uddinitegieeeniifugation fenantapiph. Hinigtenp sesementatigry and fijteatignt Thisdirsided f or

pr oduci . aGl: s . ls.preferred as those techni ques
avoi d ﬁﬂgﬁéggﬁgq@ﬁa g?%m?%bggﬁqhg%%%%ﬁggggﬂéataIysis, whi ch can
conpl i cated downstream processing. Enzymatic esterification techni ques can
al so bgousgd. 8¢ Gkt bisaitiony SAl fHa9E BIBerSHbeH aith whtbyarUuicBtclitp behomme er i al
(over 75% 1lipid, as used herein). After esterification, glycerine byproduct
can be ¥ ateflipa tragttosrnixiug of plpitdscoamisedheha sasaad gebstwiialbyliawd ahacor
nonnol lar.. dist i i . S i erified

1 pi ds 0H o3 etghbo A9 o f ERRRES ThOSN] 0 RGPS SERARRSLEERR Thl 1C

|'i pi d fseamid sobstanitdlyeijut pased dnriphadisin@tbuniih@rotbies.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

hydr ogd184 t héhe pgsoad pistaatinlbs saiddhesmis e raikgd snthimtecanddwategt@npl ar y
conditi 0 r I | Se j he- t.ri gl I . fatty
ot ds, Papel L Ae8bd SOHREn FRORK SRS ERLIB P U EBE A hog Y o
600 psiphasgardenthad atibstantially sbled prangeThd pl @D khis i nhsticnsadtgabakiyals are
Ni Mo or, Mo.. [0164] Hydrotreating the fuel esters rather than the raw

i pi ds 1ﬁ§§n§@m@m d9aBeaGeSrippg 916 tLﬁg S‘é‘%sfaélﬁﬁﬁff atid pRassrwidegleteting
reduce I : : A r t in
e e el
hydr ot rteatg engichedbimedsteln pibieiss. esterification prior to hydrotreating
prolongs the life of the 34 WD 2011/127157PCT/ US2011/ 031404 hydrotreating
catalyst. Also, esterification reduced8the nolecul ar weight of the
conpounds bei ng hydrotreated, thereby inproving the perfornmance of the
hydrotreati ng process 620. Further still, it is advantageous to retain the
fuel esters fromthe distillation process 625 to be hydrotreated in a
vaporous form as doing so reduces the energy needed for hydrotreating.



[0165] I n sonme enbodi nents of the invention, the neutral algal lipids are
directly hydrotreated in order to convert the lipids into fuel products and
addi ti veswowhile7isn ot her inplenmentations, the neutral PCpitu$g0iang1404
esterified and separated into carotenoids, |ong chain unsaturated esters,

ei cosap aenoj cid PA) est and/or fue] esters via distillation
pr ocood 0S8 Db ﬁﬁlﬁda*§’8ﬁnttﬂlléfé8§§ PB¥s 1L AN FHESLMED ABPINERAISST andi spiefit i on as
vell a ea&xteoi fouPR h@étéctl ExtREbR ik BN AHBS cgﬁﬁmcﬂ&atfta&aﬁgﬁbsta'ﬁﬁaufxanpl e,

the distillates can be fractionated using a sinple distillation colum to
separ atlelundnehalsom a thahrsubstentiallaco s plﬁasn he‘fmerprn@rredhmbbdmgnc tlag splvent

unsaturated fatty, acid nai n s h| i residue i,n the col um.

Some enbmRes B T b ot et S SR et GO RE SR SL s ent i ng
proces smorwfﬂfbffonb@@%\é%h@gﬁ%thaﬁolt fsep mgﬁﬁﬁrﬁcetoﬂé’%ﬁyl(aﬂet@ﬁ’eeaddhat it yields
pure feed as well as a vapor product, ich favors the ener gy intensive

hydr ot rasafoniigler de splihandliquié sbaseperg thisoseparafed 1 36]s faugh sebsemboly hewids of
the inyv oI eutr

e o A R i 8 b0 aRBHL NP s

est er i fiecaticisd 1nﬂm$&epemmg@n3hb compasitontdienhd @drtivig aghtsionhsd he al gal

| i pids, and enables a greater anmpbunt of the algal lipids to be forned into

useful products, [0167]FIG 15 is a flowhart showi ng a process 700 for

pr oducil ﬁbs‘ﬂut r Abedisplosgd rﬁ?%ai?c%lgo Prpme AP é?lefrtw&ea%ractm o s STRRItERRSNt at i on
of pro , 05 t hat
separ At iy AT ot SNy YA P I ZER. B o Mo B ROn R SOEE ol %) om an
al gae anwesecegﬁquwfoemiecbyepam]elpfrohh‘éle sedt o€ thewseepe xit omdet fosrlcteatincxprees a

di | d.h th th ,
Sbon o RR Rl R et Rt b P BB 19 0B R ThSA SOt ot | g t he

neutraIdekﬂoggtgﬁe(y\b%{he%s@a%&g@@;ndte@t@ggﬂrsl@eptple carotenoi ds, such as beta
carotene and xant’hophylls. In one inplenentation, the adsorbent is Diaion

HP2(0SS gcom*rer cially available from|TOCHU Chenical s America, Inc.). The
neut r al[018Yi dsItano-bndting cxepwlagindubentotéins sambe shectiygy eprasteds&omian whi ch
t he ne 0 S anount
o e R A0 R0 R RPELLI 00 VERE R P ol spiey o
usi ng tieetdicguasiokmonture or $lirey,aomprised @ﬁmﬁibsuaﬁ@aillaymﬁcaphamand the adsor bent
is held in an _adsorbent bed, and the neutral |jpids ar

2011/ 12?@%W@N§812@)E114593Ih@)@rOlﬁja@@éHW%Phﬁﬁ@SrPaﬂlﬁhella‘%Fs%?P%W Héa liagison passi ng
througgohfahﬁerg@a{elaqﬂglo%ﬁﬁn Idiéin Be'r ;@%d%%tg%%ﬁg&gg]%; he neutral |ipids is

reduce produci ng an ol | he car ot enoi ds can be
recovered fromthe adsorbent material by treating the adsorbent with an
appr opr[Ps8a solvanther innmlimdtimg gxdmytle, dyunhin preteids tay basdahiotly estraticds

et hanol, isopropyl .al.co ut anol , .ester [S,guch, as thyl acetate or butyl
oot at dror R RheR o B S s bt kSR v D b e osblbg B Bt e 1
Show NthedteRRESSRN INAUIO6r PP USHisE L6t a ALOEHELIS 18REd prapanRgut ral |ipids
805. The neutral |ipids can be froman al gae source generated by any of the

sel ect isubstentiallycolidnhasec Ahe selikandi lspibplwgceandhen bonesated, Thadiqngut ral
li pi dsé)(;]t:zl1 dllg%n%‘léhognlgt {10% H%% &S?’Seggi(g ?gsegt\l;\% Hgfﬁe%es The neutral |ipids

are tr process lipids are acid washed
to reduce the Ievels of netals and phospholipids in the neutral lipids. In
sone i rpl&ment at a nther ﬁoﬂ-ﬁhﬁatﬁﬂgv@dampdﬁ pralemBroteimrranbe pé‘laﬁﬁzblyrdxa:raateﬂd is
added to t he neutrﬁ lipid and_ t e mxture is hegqged and agitated. The
preci pi fromp gih s RJESABRICHPH tﬁ’ﬁ‘ T dEehaPieMEs LAy Hannde b ol edT rSS ¥fe renai ni ng

o |, T QL SXAIAL gccomllph@ﬁ&f By IanQﬁ t %@Lﬁ'ﬂﬁs& Wﬁgesglvghﬂ sct Snd R&AnPASSEd tO

bleachlng process 51to reane S an
generate a heated extraction mixture or slurry, cornprlsed 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.

[0188] 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
39



ot her col or conpounds. In sone inplenentations, bleaching process 815

i ncludes contacting the oil with clay and or other adsorbent material such
as bl eachwogotliayis¢i . e. bentonite or fuller's earth), wecthisc@dowssos he

| evel s of chlorophylls and other color conmpounds in the oil. The treated
oil then is. passed to. hydrotreating. process 820, i ch hydrogenat es and
deoxy geTtHEEL A écqs)meglé%qlﬁgmaffmg Hhe 2 8@8@%%8@&‘@1%%%@@ Y exanpl e,
j et T uel i odnihBSure Ot 888Y ahd Slre@HYI L AFY BharBBth BLORARELe. TH Addikiion, the
hydrotreati ng process 820 al so causes so cracking and the creation of
smal | ercootpaised elompbatadisyllysliphd peask RGI anabsteaypt b soltighasd. Thesohydndtiqest i ng
processes descr.i bed herein n..be ,used .for . hydrotreati ng process 820.
[0172] TRASSHGRY Hed B oltsdy ARE AP RRES it Frdd MO eati ng pr ocess 820 are
passed to a distillation process 825 to separate theminto various fuel
product[91$0. Basinklbeat indorndes esse dfece i thaaldion e o¥fskiling thwdrecul ar and
non-nol ecul ar distillation techni ques described herein or known in the art
for sepeeud beablsto seleqtivelyrazasicsdesred mofaim fropmtitherd Hashrerieror srltwer i nst ant
i nventi feLns: IV a . i S.

Ext r act’ o PR bP iR S S LY pRELCG! £l O BRALERRRERTHC . s
I n par tlighubfithe isstgaldisciekiirs, alr ofakillnedles: drowbeld besabit torinterchtuogeatkit baket big t he
desired proteins, This sinplifies and reduces cqosts of extraction, The

met hodshorOAVEEISCHSEAMUI-HER AYTSHOBRBIHIS: Iffﬁtéldg‘gﬂ&bﬁeil’tr?}%lr@m%%p §F

di f fereffy %a@ﬁérﬁ?th@%ol%@ittﬂ)ﬂg&gleﬂﬁg% BF f1E brdifing BF £ELY Gl Rk A

fractionate themfroman a ur I omass, paste, or cake. [0174] For
exanpl é)thancrabagiainetys ofrtsslistinsed enctholdp ewlyecorporhteatwasly sepdetwodnregeli 0 ext r act
wat er ang salt soluble proteins called al bum ns and gl obulins. This m xture
can t heffBe' % Pcted to a change in pH to recover the alkali sol uble
proteins called the glutelins. This step can then be followed by a

sol ventjobeed separafithndiofloddderateii@actssll MbthedH kIRt &itrasticiehb@geR@ham ns.
The remai ning bi omass woul d be rich in carbohydrates and |ipids.

[ 0175] Prat g meinganedys adieated aneprtisrPbo periarkofttinas. eln seAy dthedhngntsthal gal
cells, . Ln F . . f } . | t wat er

i gai | SO e S ool ot KU PAERTEE SosP e fbs Al e "o

pr ot ei mbobid0 mireitase Thesise adipscts ohe dxthetion mietnadis endmeaintd aseheedd vel y extract
proteins fromeither fresh or saltwater algae. [0176]1n sone enbodi nents,
ext r actPHACTBRuG s deivwesn pheyh 20 aigHizs eed a%ﬂuggi) migytes; Inothes @spasts; §Ked by t he
novel dn ElLG I . ter
o gal Dronann ARANE i Mol gl R Ea R P e ol 4 A RENS Vi ety
of et hbdst ¥owutéisn t he art such as, but not limted to, stirring,
agitation, and rocking This process generates a first heated extraction

m xture or slurry, conprised of a first substantially |liquid phase and a
first JOb%tlant ifame apbadimenadhbe extrrstian Migtugmdulry awéeélﬁ%gégo are then

separ at nat. I i f known in
tho. ar o] RaTERRrEw' fith AR APCTIF TR, WSS, MY oMb, o) alPRIRAS )

f | ot at ippoteins @di exenat@t iaotemparaurks of lesst thamabolh 568°C. | Insthes whdbdintianad thy |1 qui d
phase is enriched in alhumn proteins. [0177]Th irst substantially solid
Phase i< ugfia bl Wi Bt ik EimPaiatinn reh s PYREPAIL OO oot ed

eXtraCHh&HH&%%h%fQn&hnéthE%nh@9ﬂﬂ&hﬁ§£o&ﬁm@wéé&ﬂ@%d%ﬂﬁ%ﬁ%ﬁ&&%&EM&ikﬂUid
phase and a second substantially solid phase. The salt water may be natural

seawat ghe beilingpoineotithe agiativg nsafure/slotryt lrethergmbeodamphts, thé prasiic & sol uti on

and |1 qongesnab8e Y RER Puestu el R Bt ofa "Bt pafFy eplquia

phase ifix@y dt&fRed chiiingd efxtction prot ei ns. [0178] The second substantial |y
solid phase is then m xed with water and heated to
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generate a third heated extraction mxture or slurry, conprised of a third
substantially liquid WD 2011/127157PCT/US2011/031404 phase and a third
subst ant ivabI2g11giarisd phase. The pH of this third extract ipom/useoaiwsa0Or
slurry is then raised to about 9 or greater, enriching the third
substantially liquid phase with glutelin proteins. The solid and |iquid
phases are then separated, the thiﬁdagmﬁ%fantially | i qui d phase being
enriched in glutelin proteins. [0179] The third substantially solid phase is
then m Wi t ] f. d

ext ractl i e e Bl en R B R Py A AUl PP i o
phase ghdtabidroactdrh. SDxatpitsiofvhyigdipid cplitage wetahanstglr efferrredoetbbdi nent ,

the solvent set conprises ethanol. In other non-limting enbodi nents, the
sol ventb“ilé'fva@&fﬁ’) Frshtieatien. ghe Hepeamp Lo perg BPICE Ae pelidncaes et ol o

| sopr onARPlse. 36 BELOFoul RED Mo RRFNF M aloBNloRESL @B ktdntd &F,_aggae yRfid and 1iquid
phases are then separated. This four#h substantially Fiquid phase is

enr i cheduivalept)cind 90 mlipphHetbamd solvhe wasrmdded mep 4 Suea-meck sk aquippdd witlsol i d
phase nmay . be enriched.in lipids,. depending on the conpositi.on of the

Star ti Hgndish Ml .S“rf“@g@a? T BRE Do g st Bor B Be A EHIOY “pr ot i ns

f rom sabfrvaldebr #0 Bk ub®l hiiclofvad€ GRIMRINCS NBh Q¥%oAdIehd Al RIRGERSK g | N
FIG 18. Saltwater algal cells or a saltwater algal biomass are heated and
m xed. W withgleetsonipbeasivgoiyicrsrds thymaxtyrgrvastopolst tereaamptbsnpicridwid anfh t he art
such as, but n lipd ted t.0 Lprri .agitation, and rocking This process
generaf%gmgwgﬂﬁéf/1@%?53“@%??§@F¥%h§%?§&gre or slurry, conprised of a first
substantially |iquid phase and a first substantially solid phase. The solid
and | i qo19B]phaSeas toadldipidsart abap sanapledwerBSepalyatd wingcachlbefaoconphinshed by a
variety of nmethods known in the art including, but not limted to

cent ri PYRjS SYSIM areeumitedeiRligh and divst s dinid sdgriymmstiogn ,Th%matai fimdralueon. This
first . ouid v . o . . .

[0131] The PRT ot Lok O IPUASEpichy SIELERAL TR Lo (R Seftueed g

heat ed iho getrelrlgtids andgetayighidsent stahdend cohotn olmromasdguaphy onetbddmsing 6G&A@HPr i sed

of a second.subs tial | i.qui d se and_.a second supstantially solid
phace. Tig sugital ereR CotnOnubul ERE HEA L EPareh s R L6 a0

subst antdighddyihll fikiAiyRRAgG alcd 2850 PC RSHg b Ro@hPUThBraR: PBEEHISSwitRHERA) Hha
second substantially solid phase is théen mXed with water and heated to
gener attherndmds ynglehleigh erdcuasan. r Blag drind meicrtatasevese pkiced wyder odrpgen srdithoh a t hird
substanti.al |y -1iquid phase..and a third subst iall i ase,. The pH of
e TR R R R T s i S e S
enr i chiin@ fhfte adillintethy8 Uhrsisantngdichadbda@bictcRN@I€:0Mat theghtetl btangir@t €i ns. The
solid and |Iiquid phases are then separated, the third substantially liquid
phase being enriched in Plutelin proteins. WD 2011/127157PCT/ US2011/ 031404
[ 0183] MAEI4Ini r dhe tasulsidefaaat yhaygpiipdipHed that wigrpupyersgisgd gk sctiangms\besit set
and he : Chd PR B -
conprig%§g€%93g®ggé?ﬁﬁgggg?gﬁ%?gﬁﬁsgﬁgﬁﬁﬁé&%h%ggghnd gy%%ﬁ%Fﬁﬁg§Eg¥%%tially
sol i d phpsetiod of eoealpiedserkledrendbditing it motchensistcntain tex gadtion @ffor figasss.

et hanol %naﬁthﬁgqnon-li j ting enbodi ments,. the sol.vent ﬁet conpri.ses one
or nor & RIS ICBIPRIGO SAIPETROMICH S ADTIStC SYRIEamY] CleradiOhating hy|
acet at ;04 cACKLBAI Gut) thRrowWdR 8@t tbd AR bA i chiRDANCTaREe then separat ed.
This fourth substantially liquid phase is enriched ih prolam n proteins.
The remaining fourth substantially solid phase may be enriched in |ipids,
dependi ng on the conposition of the starting al gal bionmass.
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[ 0184] The di scl osed nethods al so provide for the selective extraction of
different types of proteins, as shown in FIG 17-20. Any of the steps of

t he af or ewertvilonek7ext racti on process can be perfornmed separsatielogishs om t he
rest of the steps in order to selectively extract a single protein product.
Two exanples of this appear in FIG_, 17 and 18, as the as denonstrated by

t he dashed box around extraction sF@B“ﬂﬁ% [0185]1n a non-liniting exanpl e,
gl obulin proteins can be selectjvely extracted froma freshwater al gal

bi omass by mi xi ng sai d bi onREXelf extrachpp fipm alga RipmaAsst i ng to generate a
heat ed extraction m xture or slurry, conprised of a substantially liquid
phase gpgos SU@W&& L@ééhﬁ%@lgﬂbiﬁ?ﬁa%@waﬂ@ak%@'iﬁ daPgk JH 94 dr PRGSESTHAn t hen
be separated. The liquid phase is enriched in globulin proteins. See FIG
17, extsaoptdsoversthep certrifyged 863009 ramofion dreevamutéspinnd thg sepeamgsbre rerabiadni n

pr ot ei can be selectively extracted from a.sal er . al gal , bi,omass by

B i no O ARG el N e SRt RaM G B JundPaghe BefBrt exc ract  on
m xture or slurry, conprised of a substantially |iquid phase and a

subst anoigd]l y enlAldalpleas@actione A3l ibtbn@ddsl whak getikdd phases atGaD 11 hanl gr.
separated. The liquid phase is enriched in globulin proteins, See FIG 18,
ext r actipBewingdhe pdditigroafg-pdjusted yiatdse Tha spopleniveretbereseanpiuacd #3908 mm

pr ot ei | ecit.i f i fr ol | t wat er
0 gal. oL SRR RuRS, SELhY Soknfthd BHhGite’ TRTBOiEin Rl n B R ik |01 o
by m xi(pH 4.fefolbgalg the osmusBigwiidnn EBhesomuiminig sditls anct hieshtd Aginics vgandihat e a
heat ed eéféﬁq%ion 1 Xture gr slurry, conprised of a substantially liquid
phase & @stipsingitseas djedol i d phase. The solid and |iquid phases can then
be separated. The liquid phase is enriched in prolamn proteins. [0188]In
yet anqples] nomht kd¥likd HChcRXRAMIR: arfl ARAIRIRtrhdtRALIOThw@ bDG SETat yvel y
extracted fromeither a freshwater or saltwater algal biomss as shown in
FIG 20. The selective 39 WD 2011/127157PCT/ US2011/ 031404 extraction is
acconpl i shed by nmixing the algal bidaedwith a solvent set to generate an
extraction m xture or slurry and effecting a pH change in the m xture. The
mxture i s conpryg of a subst ant, heui d p . .a substantially
solid phase. Théh§ggPd and quuidﬁkﬁggggh%gn the%@@énggggﬁ%ted. The liquid
phase is enriched in proteins [0189] Havi ng been i nforned of these aspects
of the invention, one of skill in {%evéaghtywoul d b@&oatdighttod sel ectively
extract a desired protein fromeither a freshwater or, sahhnater al ga

bi omass by either a single step extraction proced¥otedR yieldy, i step
extraction process. In light of the instant disclosure, one of skill in the
art woul d be ablgkhgnd Mtlc6bange the @gder of the abawe di scl osed

mul ti-step extraction schenes, provided that the protein content of the

al gal mass and the solubility properties of the proteins of interest are
taken into accouhtid Lee¢hénrg enbodi nent s78f the di scl os&d5 et hods may

i ncorporate a wash step between each extraction step.

[0198] Protein yield was calculated on a weight basis, comparing the weight of the freeze
dried solids to the weight of the algal biomass prior to soaking in pH-adjusted water. Protein
purity was determined by the Official Method of the American Oil Chemists' Society (Ba-2a-
38), measuring the amount of nitrogen in the freeze dried solids of each process. As proteins
are an important product that adds to the value of algal product extraction, this information
allows for the use of feedstocks with varying levels of protein in the systems and methods

disclosed herein.
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[ 0190] For any of the disclosed protein extraction nmethods, the extraction
m xture/slurry nay be maintained at a heated tenperature for a period of
time. | nwomelignbsdi nents, the extraction m xture is naipotraise@d/oat40e heat ed
tenperature for between about 20 m nutes to about 90 minutes. In sone
aspects, the extraction mxture is maintained at a heated tenperature for
bet ween about 20 mi nutes and about 6CEYATRKE 3 In other aspects, the
extraction mxture is maintai ned at . heat ed terrperature for between about
45 m nutes to about 9O NS Arg K5O ANOTE he extraction
mxture/slurry may be heated to te eratures Iess than about 50C. In sone

aspect 401%%e an@.ﬁql‘fWat@a&ﬁhpiﬂﬁlregﬁHal@[ Badq ymolirbere] 8%y elids gkt ed at
tenper g %va r%s *E?Bb b Haimffed 4Rt er@tﬁt%%t Pt‘f’h% Q@ul‘ﬁﬁ% ion

m xture urry |s eate to a tenperature close b0| I'ng pol nt ~of

ext r actworrcemriftgadad séparaty thel liqusdpheasa specths ,soltdtpthse oTheﬂlqmn eRtrait pasar e
extracted at te ures. close to e il oint of the extraction

m xt ur g Io p o Prrigh Hbgloetﬁlﬁbmﬁétﬁé@owﬁ@’%ptﬁge [l e EFSadt Mibove

at ms phg{difal R8FBBRAss)UP t0 and including, 50psi, during the heating and

m xi ng steps to enhance extraction WD 2011/127157PCT/ US2011/031404 Exanpl e
1 [0192] G een m croal gae Scendesnus di norphus (SD) were cultured in outdoor
panel dRAAUDbI o?feeeqlnisgver@tbeganwee@edoﬁ ficah yiaeg and bwect@r&bent @"G@né

c\g; \éegtnggnét ﬁ‘fetg %rqg)ogfnYE?térg];thg’Esg 1n§[s ur@b%asc ce: mtlil (ggéah\ﬁ) Po’ separa eatit? 9%1§arrpl es
anmount tﬁfrnW&tsoﬁﬂ@ﬁhseblTQtB’&ﬁ[&ld(JﬂlﬁsegWMGtélﬁMn@i ©aR rivhiig htbueﬁmpmélﬁmaboand 90
nmL of ethanol solvent was added into a three-neck flask equi pped wth
condenskée ofibe fieih Rrateinstnreseniyg thnerigingliégahbosistle. 1 n one experinent, the
m xture was refluxed for 10 mn under mcrowave irradiance. In a second
the m{pugl Wagng efilddiad (iRh shibehiddin ShEGLY @RkicheRTDAGyALEGINRNR, the

m xture was cooled to roomtenperature and separated into a diffusate and
ret ent ane(tthty whas heated foarbouf{ 52O 3hTherinteinad af thpt tdepefatiat falabsaniphes. Wee e

anal yzed usi ng a chl or of.or m met hanol r.s e or di to. BlLigh and
oo & aeving Sufy Sl Conrie B ARt SANE o R Uf DEs s nE ggidpbae
ref er engg feR¥mbhQ tb be 'n@h 'ir?@l%ﬁﬁﬁ’pr%%r?s‘{h@édt 80% @B@totall 'pl%t@'i%s YBFers@ntflﬁl frcher

separated into neutral lipids and polar |ipids by standard colum
chr omatasigizab hipnmss)hod usi ng 60- 200 nesh silica gel (Merck Corp., Germany).
Each lipid fraction was transferred into a pre-weighed vial, initially

evapor at in r I (Bi.ichi i n and t hen
dried 3&}% hi 3& \gl:oalt&éungg © e{l%‘é‘ﬁ)ex%e r@?‘ g(n? a? [utlggeéqél}%%?salgxeg ?et%es %Ilt rogen
and thereawelt@htadn 50Mearfdarh hiyitadidcht nraofdrﬂleratttreefacéboaatrnb@r Vit regadtivtg fied by
GC-Ms after derivatization into fatty acid neth esters using

hept adetHROVES eatiifuged tp- sgpargie ﬂtlfhléqlilﬁtf@iﬂhtalle sglidyplpse o The bqeé]ptrﬁts ¥#sul t s

(dat a 2 best for
el s B Bk e Bl B LA Be What | ess
ef f ect iorgidabbidnie@s)separ ati on of neutral |ipids. Elect roni c heating is nore
consistent in extraction effectiveness. The final yield is conparable

bet ween m crowave assisted extraction and el ectronic heating assisted
extraction, but, mcrowave assisted extraction is significantly faster, WO
2011/ 127157PCT/ US2011/ 031404 Exanple 2
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Protein extraction fromal gal biomass [0195] (1) Acid Leaching: Al gal

bi omass was soaked in water at pH 4.5 for 1 hour. The sanples were then
centrifuge0d2at1/2060 rpm for three m nutes, and the supeproatsediingroved. The
remai ning solids were washed 3 tinmes with dilute acid (pH 4.5) and freeze
dried. [0196](2) Al kaline extracti %R: Al ggl bi omass was soaked in water at
pH 11 for 1 hour. followi ng the ad XEMPIE bt pH adj usted water. The sanpl es
were then centrifuged at 3000 rpmfor three minutes, and the supernatant

removed. The supRempiaffonWasn Qﬁﬂ@xﬁldcﬁﬁﬁi omtléhlgiblﬂaﬁsm')lf Fthahof 0l | owi ng the
centrifugation. The remaining solids were washed 3 tires with dilute acid

(pH 4. 3hoe9)d fb%@%&u@éﬂ@&unh@&@ﬁ&%@hﬂb@& ttﬁorﬁﬁss%@dl%ré@ﬁ@ﬁ'sﬂglnm @l kal i ne

extraction are shown below in Table 4 ProcessProtein YieldProtein
Puri ty oqbinei fybrn)Ar¥sone Sgite Uoivepityt eaboratoryl fdy Algaké&esmclEmdlémtaCbnﬂlag}E Aci d

compar PR EReiaet St PR pSkExes PRl it oot nBiiBeghorsiide i ga

bi omassihBht 3% Owseakddidally Pid-a¢lj usted water. Protein purity was
determ ned by the Oficial K/bthod of the Anerican G| Chem sts' Society

(Ba-2a3 measuring the anmount of nltrogen in the freeze dried soljds of

each prl Bé@ﬁ Abe prtECEPR Steny wereriepned Bt %g?éleeﬂacmﬁfi kafaléswthohltla%i val ue
of al ggf spﬁﬂg?ﬁﬁgw%@ﬁeﬁc&%tﬂgﬂr%}s G QLITRE AR ﬁ' éNS]EI{e m_:/s 1§bse of

f eedst oc varyi ng evel protein in d" ‘met hods
di scl osedtairexiei mixer w1th a 2 horsepower explosion proof motor w1th a two blade shaft. The

frozen algae material was emptied into 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.

[0205] 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.

[0206] 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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WO 2011/ 127157PCT/ US2011/ 031404 Exanple 3 Extraction of Proteins from
Saltwater Algal Bionmass [0199] The saltwater algal culture initially nmade
up of abowD 2011102%5% w solids in saltwater was heated toprE@@Sand/osasnnt ai ned
at this terrperature for 1 hr. The resulting slurry was centrifuged to

et or mwtiay BB Bafptve alesbBiiHo oot G Spaih its mosardier (K otbraE ot ei ns

pr esentyqjifgt hﬁls%éﬂh&%h wHhG&lo 1B, %Fﬁ@&)curec[i %Qﬁ)c]lgb@%%ﬁ{ahgﬁaﬁw 08 nidiBiol),
suspended I'n fresh water and heated to about 5 and mai ntai ned for about 1

hour . ‘lfhsllml@mlatmn@rs Icmmmln@@ouem% iaflugped ctigaoln The sebctsaandtlmutdsexzdrc quid

f th | i,.d h t dt | b
ot i nerd st SR G smtits e Sina BRORE TE Syt SUET ROPRS plefengf 5t iy oy SLPum "
bi onassyas 4002841 chixg. S0lotASf 92T Bs! SrErsos theRRASEE I dhaabeaPddde® tadBiseNG, 2 70%
ww nmixture. This m xture was heated to about 75C and mai ntai ned at t hat

t enper aewieng iora mizéure madponof 2 Spsasuepuretangk r Yhomedids end Hquidgearct o
separ atg %{at%d 'a%eEJn%P ts*a%sc%% gb v*%af;}‘g]g s&fu? %‘n%ﬁ L4 aq%*%é%%‘é%s 96§ Gt ned
BRe*h { P Ot

to be ri umn erns roteins present in
t he orignaty rbmrrasahls n[ldaa%bfﬁbembﬂbs o d&ﬁ&t&reﬁhﬁﬁn&h@@@dﬁéﬁi resul@ddial d

sol ution. (aqueous NaOH, pH and heated to about 50C and nmi.ntai ned at
that t aphipkout 8?%?@8@9%@%9# Therelideand iquwids weraseRaryled ueeaer i fuged to

separ atd%c%ﬂ%@r dsl AN 5 B8N hﬁl@%‘QAu? %&ﬁaggg%thW% rPRASE MASHARLE! m ned

to be ric utelln pr ot el ns out e total proteins present in
t he orirgquiads 6bi’/@]l&‘§’$@1)ergy A0 R QO bRdlm e T HS248ddt/He3tlaOdatEradztiendl. St ep
Fractionation and Extraction of Al gal Biomass by Ethanol [0203] One thousand

pounds [850’}}‘61” n?nc sholrl(ljer eo}%%llrlrsnegtls ?&Tﬁ}g Islot( gl)v&lslot%ceir tfyi)gsr%fs ({ena%luped e?hanol were tried.
Denatured ethanol containing 95% ethanol and 5% isopropyl alcohol was used in an
extraction, but was found not to be as effective as 95% ethanol and 5% methanol. Use of
100% ethanol is a preferred embodiment of the present invention, but is generally not

available due to cost constraints.

[0208] The permeate stream from the membrane system was evaporated using an in-
house fabricated batch still. The operating conditions were about 80°C during the vacuum
distillation. All of the ethanol in the permeate was evaporated. These extraction steps were
repeated three times, resulting in four product pools, as shown in FIG. 13. This is because
with each extraction step, the polarity changed with the addition of water to the mixture,
allowing for the extraction of different components with each step. Product 1 contained the
algal proteins, and as a result, retained excess water in the system that could not be vaporized
under the operating conditions. Product 2 contained the polar lipids. Product 3 contained the
neutral lipids. Finally, Product 4 was the residual biomass, containing potential coproducts

such as carotenoids.
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obtained fromArizona State University, Laboratory for Al gae Research and
Bi ot echnol ogy, ATCC Deposit Nunber PTA-11048), was harvested and dewat ered
until al gae 2omprissed about 35% w w and then finally frezeus2¢1028dpahe
extraction steps were perfornmed in a 400 gallon jacketed kettle with hinged
lids. The lids were tied dowmm with _straps_and sealed wth silicone. The
system al so contained a m xer with éaﬂqﬁ%§sepomer expl osi on proof notor
with a two bl ade shaft. The frozen algae material was enptied into the tank
and an equal wei ghpewitefinBail EXGAcHOHTDEAZ aI‘BNﬁhMb?E}ﬂﬁh'ﬁat' ¢ drum punp.
The material was stirred for 15 mnutes and the jacket heated with steamto

obtain the desired tenperature at each extraction step. The desired

t enper d00% i sUnearharyasting. négahbionans Boicstly eersains Petwiegn peaw(0. 1P O:h® ni xt ure,
but not r [ f.er action
s?ep as ?ﬁE&%§?1Fﬁ§%%%%§?‘o?g¥ﬂgﬂﬁ§f@%5£ﬁ§ﬁ§%g%%”§?giln%ﬂaﬁg IPSS% of

et hanolin¢lgdiapAng @dt lindpehtoreaabiang filthiot eSntréfgdtRMPREdin pf RdinidiatRyiHem was
stirred_continuously held at the desired tenperature for 60 nlnutes to
ensur e flafffon: WéOQ?B]fﬁU@P\ %n @fhef Awisk &t Hotighpescdinngtiony The dyrier! resod@d] The
cont ot Gpf el ek SR, LIRIAUTRGS, 1041 w8 IR ¥l defGld-afgssel and
into a arp es decanter centri usi ng pneunati c i ng vane punp at
about Jangthlet qu:temngmaﬂh’oé majite wmelove ecrrne of thg eernmhmg fepeoedevtageset to

about 6 00 rpm The sol. wer e Il ec n encl Jastic drum and
consi stBHCICHEHIN Oéé%l%/ﬁ?sgmq 40w eargr thieso &f@lﬂ&é%e%sa urned to
the ketdyl k@mn%@ﬁ§§ﬂ&hﬁeﬁﬁ@H@ﬂﬁ@ﬁﬁ@ﬁ%ﬂnﬁ%kﬁ@CAhQHvéﬁ%&%ﬁWﬁ!ﬁm&ﬁﬂ%ﬁ&ed The
liquid stream fromthe decanter was collected into a feed tank was and then

f ed t o mé¢thodreditniened heteirt isdhdt ore @Lm\t @mherx@fammrm@rf@cugwmm apma@aB75 ft2 SS
menbr ane ngmﬁk?ct ed b¥ E?aver gHj E%ies The operating conditions were
60C 5C™4R TEVEPRG S RELUY Egrad"ent of 40 psi. The nenbrane

system was backwashed about every 15 m nutes with conpressed air to

mai nt ai[p21d1e f Awexarhbr d@“@ﬁm@pﬁc@sgldllgﬁtwihﬁtnﬁmhd fiet sRMdrianfouny sfollowiras free
of anyéﬁartlculate matter. The retentate was coll ected and recycled to the

decant ¢h¢ PogzmobiiassTibedsintirappioh 1980 s abvridhampsronsinne 99% NuFeWatkknge i n
larit h

gg t f‘;'c ta%ﬁogi g;l{!ya v%_:&{ Y@bébé 2659%&%?%1@%@;(9%% Etmﬁ%&%ﬁé@ﬁ §, QR itingNn ke

2011/ 128h5TAGK WS 166030404 unbisetizmolt THORGuIihS bioafaswets0dbgpls 4bYodres s

contalnlng bout 65% pure water (35% algal Thi s s mxed with
560 | bsthegpldateamstion fdior W@@Sﬁmdée Mo rakqus s&aﬁﬂt ?%“A%Pl}oth%?géemﬁ ng in a
m xtur %f%@ﬂét%‘eﬂ'eﬂﬁn@ib%tcoﬁéd%ﬁ% BPHR rﬁi&ﬁfi‘@%uldﬂ%eab%ﬁﬂ 895 aaﬁ%uk b@ghsls were

separated using a decanter as descri bed above. The wet solid portion
wei ghedl'ts28sultnsg biamdssi@sds #Bbisl#§%org.s ThAsalutrd combpobdn dfirbeseofet 86kdst ke

denat t hanol t | t d
of " abodt SR RBHDT e BB A2 31 P AT ithiich dng S Sl a™ e ng
decant ghixafrc 4R8I bLLBuBPBN Aqudois chahdid mrréguﬁ Tgvg@hab%u@% 45)% bs. wigthd was

40% dry nmass. To this mass, another 700 denat ured et hanol was
added, abestdX% ntjlami i wetlriemess redyoies 69%@)@%&;1@@@510 dshkased on thedatsal | ds and
I|qU|d [ r desc resul ting
sol | ds AR SBGER ARl s BRI, oAl SREA PR PRl oy 10
dry, calgeolss et(ﬁalli)cﬂs Wh@lfbotrﬂiﬁrddai/ﬁmixmplb SQf)vhmerﬂhe anei Manahl wis0RO7] | n
sonme experiments (data not shown) other types of denatured ethanol were
tried. dethaelidsedd Glbraidhe %rﬂl%erﬁqwg’a@eb/x@ %Wé’iedéfﬁﬁl Hpilbwsthepglt al cohol
was used in an extraction, but was found not to be as effective as 95%
et hanol and 5% net hanol. Use of 100% ethanol is a preferred enbodi nent of
the present invention, but is generally not avail able due to cost
constraints. [0208] The perneate stream fromthe nmenbrane system was
evaporated using an in-
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house fabricated batch still. The operating conditions were about 80C
during the vacuumdistillation. Al of the ethanol in the perneate was
evapor at edl0 20hieRe1sext racti on steps were repeated three PCEAES20mMA3MDLI NG i N
four product pools, as shown in FIG 13. This is because with each
extraction step, the polarity changed V}d'th the addition of water to the

m xture, allowing for the extraction S Serent conponents w th each
step. Product 1 contained the algal proteins, and as a result, retained
excess MR BlokhglrBRrG%Sd REMERA inb@ bty RRrMRBOM HeadnHRGEr the operating
conditions. Product 2 contained the polar lipids. Product 3 contained the
neutral lipids. Finally, Product 4 was the residual biomass, containing
pot ent i @&S. Ryprtollit¥0such as carotenoids. WD 2011/ 127157PCT/ US2011/ 031404
Exanpl e 5 Dewatering and Extraction of Al gal Bionmass by Ethanol [0209] Upon

har vesty ' S } I 0 i . i 0.5 %
Cor vy - oy Seiple PLATRS oA e, IR B D M P o8 1 e
al gae i ndusidicgelChival Wd(2007). Biddieset frbmmhicethidae. Bierdahadieddidst 224-Bamh -
centrifugation, heating, sedinmentation or flotation. Flocculation can
ei t her asSFREIGIVEPARISIHEIEEC QAUPHHSALIRFGA. . The typical result of such
nmet hods is an al gae slurry containing about 10% w w solids. To dewater
furt heramanehbeyy dAsNBiseliunGeTeionad 40P b0 04s ednt i FQTEWVEL $OREBalRhe fohe

remai ning free water to get the concentration of solids closer to 40% w w.
However, theredse boffuelemdigesi ng i ncreases exponentially after the first
dewatering is carried out. An advantage of the systens and net hods

di sclo her ei.n, i at the o) I e aghi d fracti.onation of
an”al oGBS L P o Sbertafes ELR D Soletr ol ShFIRE b 4856, an
exanpl e of spedaley Ppidcess m ght be that in the first extraction round,
follow ng the protocol described in Exanple 3, 1000 | bs. of wet bionass
cont ai nj n% 90% pure water and i s mxed wi.th 1000 | bs. of denatured et hanol

(95% Eth7dnG e i A reddimethed af fotal lgdd gemetion gadipetiiratighdutn: 30% aqueous
et hanol . Thegipasith )G PROMESSo(B395d bs.) is 40%dry. The sol vent

conposi tion of these’wet solids i's 50% aqueous et hanol. Wth another 350

| bs. of denatured ethanol, the conposition of the m xture would be about
81% aqueoiurgieelh8nolipidthelysés dtd édrgOihi Breas Br{d@BatehsUK, 3@3A086.dry. The

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

h | bs;....0f, d h | . th Pt he. m | d
b about ey SERRANGE Fha8r BlgrbiF S egRPRL oh B! GhIB 3y W i

about 95% etfanNAIN, TIH5SAMET MedBaSS-19equi res 60% | ess energy to dry based
on the latent heat of water and ethanol. In this case, 100 | bs. of al gae
woul d have been extracted using 1820 | bs. ethanol. Wen conpared with
Exanpl e 3, wherein the starting material was 40% al gal solids, 350 |bs. of
the dry al gae equivalent was extracted with 2085 I bs. ethanol. WO

2011/ 127157PCT/ US2011/ 031404 References The follow ng references are
herein incorporated by reference in their entirety: U S. Patent 7,148, 366
Rhodes, Science Progress, 92(1):39-90, 2009. Ceneric review on using al gae
to produce biodi esel Chisti, Y. (2007). Biodiesel from m croal gae.

Bi ot echnol Adv 25, 294-306. - Ceneric review on using algae to produce
bi odi esel Am n, Energy Convers. Manage., 50:1834-1840, 2009. Generic review
on using al gae to produce biofuel and gas Catchpole et al., J. of

Supercritical Fluids, 47:591-597, 2009. SCF CO2 based extraction of
specialty |ipids
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Bligh EG & Dyer WJ. Arapid nethod of total |ipid extraction and
purification. Can. J. Biochem Physiol. 37: 911-917, 1959. Christie, W W
Li pid Anavp=08/123r5d ed., O ly Press, Bridgewater, UK, 2@03,us4di6/03@pproved
Met hods of the AACC, 9th ed., American Association of Cereal Chem sts. St.
Paul , M\, 1995 AACC Met hod 58-19. EEAI . A method of selectively
renmovi ng products froman algal bio Lal rising substantially intact

al gal cells, the nmethod conprising: a. conbining an al gal biomss and a
first solvent set, to generate a first extraction m xture, the first
extracti oh. m xtethrod dfsclectaiahgreandvirgsprodudts framtanadlga) bewhdssl cphpsengand a fir st
i qui d phase;. h. separating,at,, |east ortion of the first liquid phase of
the first ei@ngyﬁﬁ‘l%?Qfﬁggc % ‘?ﬂgﬁ?$???p%%ﬂ%tantially sol i d phase; c.
conbining the first extraction substantially solid phase and a second

sol vent set, t@ QoARMIALEaRaBECEIOMaSHENIRACKAODVENKIMUI B gehdtBedefiond extraction
m xture including a second substantially solid phase and_a second |iquid
phase, wherein t H&traeiasraixgserthe firsxiagokon muxiuse inskidings st substantidly fi r st
extraction m xturg;i. r.af] st a portion of the second liquid
phase of the secéﬁgdg&?%%@?ﬁgﬁaggwgtﬁgggron1the second substantially solid
phase; e. conbining the second extraction substantially solid phase and a
third sol vent betsgpdretigeatdeat @ partiohiof theefustrlaptid phmsoriok therferst dxtrectidmi r d
extraction m xture. incl.udin third sybstantially solid phase and a third
liquid phase, mhéP@PHGPHEI@%#ﬁﬁS yﬁ@ﬁY8ﬂﬂﬂPQ?%#e is less polar than the
second extraction m xture; and f. separating at |east a portion of the
third liquid phas@nfinihfehetitbt &t@¥idagbb@ntidllyoHa hisc@t tRecdndisbfent
substantially solid phase. 2. The nethod of claim 1, further conprising
renovi ng at | eastsch tpeenciaina sfconf extriation nysluwe e sseond exractioremedpir at ed
portion of the first . liquid pha toobtain a first extraction product. 3.
The method of cl ArrdmeAaPrRE CRam e Pusohd 8ottt SIEE Bt (i on of
the second sol venth&eh tiid @EdidExtBeRe aiaared9dsé poladthai FiR fasicamdctidnqui d
phase to obtain a second extraction product. 4. The nethod of claim1,
further conprisi AXfWHovi ng at | east a portion of the third sol vent set
fromthe separated portion of the third liquid phase to obtain a third

extraction progu c‘stepalrating at least a portion of the second liquid phase of the second extraction

mixture from the second substantially solid phase;

e. combining the second extraction substantially solid phase and a third solvent
set, to generate a third extraction mixture, the third extraction mixture
including a third substantially solid phase and a third liquid phase, wherein the

third extraction mixture is less polar than the second extraction mixture; and

f. separating at least a portion of the third liquid phase of the third extraction
mixture from the third substantially solid phase.

2. The method of claim 1, further comprising removing at least a portion of the first
solvent set from the separated portion of the first liquid phase to obtain a first

extraction product.

3. The method of claim 1, further comprising removing at least a portion of the second
solvent set from the separated portion of the second liquid phase to obtain a second

extraction product.
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5. The method of claim1l1l, wherein at |east one of the first, second or
third solvent sets conprises a water m scible or water inm scible sol vent.
6. The newbadiici2aism 1, wherein at | east one of the firsCTase@nd3@n4t hird
sol vent sets conprises two water miscible or two water inmscible solvents.

7. The nmethod of claim1, erein at | east one of the first, second or
third sol 6erﬁ16§g?t§0€gﬂ%?%£§uﬁﬁg BPPRSINE THROERE [ @&ﬁtBIPQI%‘B’I Qféﬁ?_ %¥nd one or
more wvat er i@NACiPEmSRL Y& taed ﬁor_tii[@@ff_ﬁ%%ﬁiﬁﬂli&&id%h@ée% SbtabPihlqn the
first, second and/or third extraction mxture s heated to a tenperature

bel ow i ts baixtrectgpngopdict. 9. The net hod of claim 8, wherein the extraction
m xture is under a pressure greater than atnospheric pressure. 10. The
met hod of .cl.aim erein at | east one of e first econd, and third
sol vent “s&t o ghgpPLEr Gith B heSR su RB Bk st Soned BF AT soRB ER6q o
claim 1l wher®hiprigés 4 @agt neblObr Wher fhmstiblegtamd or third sol vent sets
conprises a solvent selected fromthe group consisting of nethanol,

et hanol , i sopropanol, acetone, ethyl acetate, and acetqnitrile. 12. The

met hod of Scl Hiermathoglameil rivhereinethdgasiane a5tha et prooat! or durdowbrenbrets hi r d
sol vent set Scoﬁﬂ)qll’gdi RRSwAENANL bie &%wo%e%@gbf%fso /eﬁfs.m 1, wherein the
I's "added to we

sol vent set the biomass in a 1: I ght/wel ght ratio. 14. The
met hod of claim 1, wherein the cells conprising the al gal biomass are not
dried or @i skhephetiod ofldainThevinmetihatleast onk aff thelfjrsiwbeoerd nr thivd salv_gaﬂ seli omass

is unfrozen. 16. The net hod gf cla%n1lr furt&er congrisin ad.uE%ing t he
pH of at | edQMPEEs Y AR Walgr misRls faTvens And ARG of BRI KEET BT RUr es t o
optim ze prapRichtsextraction. 17. The method of claim 1, wherein the algal
bi omass is simultaneously at |east partially dewatered while products are

selectively extracted fromthe al gal biomass. 18. The nethod of claim1,
wher ei n t Be Fhermethodaldpmian 1.ankpreinithaifiesl seepndjapd/os sk cxtrestign ixderid phases

conprise subst ARtd akdnd- HLRAFIR) 48boififik bSint.

9. The method of claim 8, wherein the extraction mixture is under a pressure greater

than atmospheric pressure.

10. The method of claim 1 wherein at least one of the first, second, and third solvent sets

comprise one or more amphipathic solvents.

11. The method of claim 1 wherein at least one of the first, second or third solvent sets
comprises a solvent selected from the group consisting of methanol, ethanol,

isopropanol, acetone, ethyl acetate, and acetonitrile.

12. The method of claim 1, wherein at least one of the first, second, or third solvent sets

comprises ethanol.

13. The method of claim 1, wherein the solvent set is added to the biomassin a 1:1

weight/weight ratio.

14. The method of claim 1, wherein the cells comprising the algal biomass are not dried

or disrupted.

15. The method of claim 1, wherein the algal biomass is unfrozen.
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16. The method of claim 1, further comprising adjusting the pH of at least one of the first,

second, and third extraction mixtures to optimize protein extraction.

17. The method of claim 1, wherein the algal biomass is simultancously at least partially

dewatered while products are selectively extracted from the algal biomass.

18. The method of claim 1, wherein the first, second, and third extraction substantially

solid phases comprise substantially intact algal cells.
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