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Bl OFUELS CROSS REFERENCE TO RELATED APPLI CATI ONS [ 0001] This application
cl ai ns t hwohenehRrt72of U.S. Provisional Application No. @tr332012801421fi | ed
April 6, 2010, entitled Extraction with Fractionation of G| and

Pr ot ei naceous Material from QO eagi nous Material, and U S. Provisional
Application No.MBTHAZDHS PO AND S&STAMS IFOGR PRUDUGENG BIOHUELS action Wth
Fractionation of OT and Co-Products from O eaginous Materral, the entire
contents of which are hereby incorporated by reference herein. FIELD OF THE
| NVENTI ON The invention is concerned with extracting and
fractionating algal products, including, but not limted to, oils and
proteins. Mre speCROSSREFERENCE ) B AREDPRbHSATEIONS bed herei n
utilize step extraction and fractionation with a slightly nonpol ar sol vent
to procgse et 02] Pet r ol eum
is a n;[fﬁﬁ rggg ?hlé&gg%g%g%ﬁﬁﬁ(mn I}J@ %ﬁrﬁb‘gr oca% Cwo%x&gr acting

petr ol eﬂmzqul%t fidh Apit 6220 1) ehﬁtl@l)@&fh%hMﬁwltdaﬂﬂzgﬂbﬁMSQn &il afd en at the
expense of the environnent. Furtherpore, world wide reservoirs of oil are
dwi ndl iFFgteraprans Matepalh rony DdpenosnMataiab aadd)-p ProwisionpbABpisetiar Non and
process]ing r uﬁfe?%eq'rﬁ @nggﬁtﬂtpe%tﬁﬁia%m Wilh FALRMABPLLONIURY BSuCh as
gasol i ne an 03] Al gae have gained a significant inportance in
recent Rreducss fyom@ieaglmus Mhnehalt theteotiprdtenss dfivdiidsare whieb itampdrgtedibed t o
produce sustainable biofuel. This ability can be exploited to produce

r enewadFETTGEIE ™ educe gl obal clinmate change, and treat wastewater.

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

ot herwi se non-productive, non-arable land, utilization of a mnde vari ety of
wat er sour ceENC(INYESIAN ingeneRingh Witk ekiradingmmed fnstonaiag algp! piodueitanelbhings bot h

bi of uel b 1.

2011/ 12@‘1%@@@ @Ogﬁlﬁgﬁé%%ﬁt)%% %éf?%‘ lgatﬁgg}gﬁaﬁéd%lp@g?tggggo Saﬁgéﬁie have
been sdicesgnedlizngdesédidicech iral fridtphsatiqurwidiu e ki gl ywnbdlat stedvan e prlobess past

sever al de%ades. O these, about 300 species rich in |lipid production have
been i dé$f PHIES: The i pid conposition and content vary at different stages
of the life cycle and are affected by environnental and culture conditions.
The strategies and apprOaCEQ%IfGR(ﬁXNWF'T‘H‘EﬁNWHWM di fferent dependi ng
on individual algal species/strains enployed because of the considerable
variability in biochem cal conposition and the physical properties of the
al gae d@P9Z]lwal Pctratowréna hanel rq@hlyrgis é@hp@ﬁﬂmamarlgshofﬁrwmﬁms Exicrting

extrusio W t h. a | ven e ckness of . the cell wall
and’ e Unishih EPhaMBset i ofthindid AASaRy e blRa i hEERRESe Rkt ner mor e, "The
| ar ge anwitphEc@f Fnﬁh@fmdm PRl Jvi@leaé@ﬁlou@loEollaﬁe mmiaaﬁgfhpmyt testt yigb cal oi |
recovered from seeds, lead to refini ng issues. [0005] Upon har vestl ng,

typi calacapguptecdygde Hﬁrté?ﬁlismﬁpﬁ apd| RGPS TRAECFtP SR vEoRATOE UM ail gtos, (W v) |
Thi s jes the anount of water per unit weight
of al ggg%s@%%&?‘é‘ dﬁ% \}@%gﬁ{at tenpting oil extraction. Currently,
existing oil extracti on met hods for ol eaginous materials strictly require
al nost [0007]] et Allgacdraye g@iecﬂasighilﬁpamimpbhmoeiimtmtem@aq@v&mtyeioﬁbiﬂit;etooi I

t t ed e. h t of t | t
Sfyr i P@ﬁ@%?i@gﬁf wblcﬁtcﬁgﬁgﬂggﬁo?g@@fggu Igaflg,é%g OB’F@CJ@ e algal mess to
uneconaih kided toTpfﬂauﬁ@é ﬂeﬂewém@fJeeefiedhee @6%51%@%t@6ha5§@ ked ikt Ms%ater

terrper atures to enhance the extractl on. hese st eps nmmy not work with the
exi sti n‘glg@@]&smmltmw blofmh&eésw@cl @scefrbmm ‘(ﬂr@mfrfaciommhehltgf higl gere

Furt hernore ue t esence

bonded FRHoAREy finpgtelof Bical R AR Fof Pt Rl RGRERSRL RRAI Fona
ext r actri@urd® ite@$ ofhRHSite ﬁ%bﬂﬁ&&tﬁ%ﬂn&f atabR 1@hd, uuhfw:roetw alWigé easdtneft he

costs of such net hods.
water sources (fresh, brackish, saline, and wastewater), production of both biofuels and

valuable co-products such as carotenoids and chlorophyll.



[0006]1t is known in the art to extract oil fromdried algal mass by using
hexane as a solvent. This process is energy intensive. The use of heat to

dry and heganga/no17extract produces product of | ower qualPCrusasliiohidgltype of
processi ng causes |ipi d and pr otein degradation. [0007] Al gal oil extraction

can be sifi di sr e or Sr t e .net hods.
[ 0008] dﬁé‘?‘ﬁp't i %V%‘ttﬁ e%ef Falghg hé}uvp@)'ggwrﬁ@éﬁamgj Iét&fh% tf‘IPf\élFH‘r‘él
enzy mitﬂr&d&’ﬁoﬁ RMdGade 6%? h{%%?ast Moshi &’écﬁ&éépf()f\’cﬁes'%eéﬂwg%d §p%b'1|e§ rlbl'i‘ 11191%1115' ons,

requi ring an expensive cleanup process. Algal oils contain a |large
per centragéuctibn paycabech |1¢nndﬁe®‘nah@hmﬁ@pmowwl@ Andedmdend efaltyrvé déﬁaytlglsfagcat i on of

t he neutral,.lipids. ,The ification is fur by .the
nut v et BitesrE g AR Berd Rpa P o S ro R Ry B
conpl exapPtosthkdsdor &@ﬁbﬁérﬂatﬁgatﬁ@ftﬂlff@ﬂeﬂ ddpeAlging BR h@diwhualaqigm spicRisetrhms and
ot her al gal products, which extensive refining processes to isolate the

neut r alenleyeddecas ok thercensiferable aariahility in iashpmeset eampasttiongsingfthee| |

[ 0009] '}919819513{]%2}1’{1&% ﬂﬁé ngﬁ cre‘ﬂr&é’l} d@org%%lgﬂaﬂ)gfswaw&tgdcﬁg B?qc%&% W3 Of

sol vent's”’or act ture. While

sonet i MeextigHch,do Iﬁl(bvbﬂCWelakxg’m algnrecgdmttﬁe thnﬁnlessrtg“tnayelhmll wt thewiiah sone
speci es . of alurghge due to solvent toxicity and cell wall disruptign. This

conpl i c#ci (@bpuigie abeui20amy af Ygnksstls- Ju@e@@ﬁ@r fhe 1pge ameuntgiof piﬂénlll@l s in
Furth | | due t
ur era”%[_l @éi@ﬁ%&;{sg}é@@g&a M?&Eéverrgﬂﬂhﬁl%ge ihd té)lf‘efﬁﬁng 19§?1§§" cal due to

t he maxi ntration o vent In Ium
[ 0010] Mul ti phase extractions would require extensive distillations, using
conpl eX08&]vent/pn henvegsig, opdahdgesentatiangnsmechbiwics gt dronsdioneil-r.@covery

d Kk h extract tical and | f
oe | n AHE)- ShmERNRN By Ut Sy AT AR Hr APRGTY Ve ribRe BhEbe
def i Ci algicqpust bBRHRovCE HRIJAE BerhptidohB @tfachiol. cm&we&lmigmp@a@efﬂmﬁyst ens

for extraction and fractionating algal products, in particular algal oil,
al gal pnethedsier olgagineusgantedals otreHy i eiire BRNEHE UMY dGHCTHP iMMuENThON

[0012] El'tt18 ahd uﬁlﬁ\ég?ﬁlcrl be%’ra&%& eb F %h% 510% e%lmlr r&f e11$e¥ist5 GO% & %éaﬁﬁ thods

for extract|n varyl ng po aI’ItIeS rom agl nous

i ncl udimgs t@dryeix arftentlgnhehlgal fed ©ESRC] frocdaistieaddred uneeﬂihlﬁﬂllcme nts
descri bed herein concern extracti Q?rgt;hil pids of varying polarities froman

al gal  bhxedly. theiferd is evtiusied o1 Hrkedeat pighfemprafiresfozRBISE the adipean. of
menbr ang, i L& Say hét WG AL R Squibh&tldul tPthe st BNGHhREIARE -

nature of algae. Furthermore, algal oil is very unstable due to the presence of double bonded
long chain fatty acids. The high temperatures used in conventional extraction methods cause

degradation of the oil, thereby increasing the costs of such methods.

[0006] It is known in the art to extract oil from dried algal mass by using hexane as a
solvent. This process is energy intensive. The use of heat to dry and hexane to extract
produces product of lower quality as this type of processing causes lipid and protein

degradation.

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

methods.

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

enhance the emulsification of the neutral lipids. The emulsification is further stabilized by
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[0013] I n sone enbodi nents of the invention, a single solvent and water are
used to extract and fractionate conponents present in an ol eagi nous
mat er i al .worootRer72zenbodi ments, these conponents i ncl udeCThisko1ansa14ant

limted to, proteins, polar lipids, and neutral lipids. In still other
enbodinﬁnts,.nnr t han one soléent is usedT I n sfiIL ot her, enbodi nents, a
m xt ur doRUEENLAAsalt campuegts [l én e isAlvighe TRAHHYISHEE & COMRISX PREAKSs and

syst engof@pfihs REHraNBHRL oA SiphEehidkeihD an@zsﬂlélaagalgﬂo&fepsc QAL t@bivki pi ds
from ol eagi nous material. Exanples of such coproducts I nclude, without

| i mi t atrebnipg prasessicn ticieolats thanartiadlipidshwloclopieyth¢ fecd titht cagonventasi id. WO
2011/1&5%%2PCT/U82011/031421 Enbodi nents of the present invention allow for
the simif S%eous extraction and fractionation of algal products from al gal
bi omass in a manner that allows for the production of both fuels and
nutritijooed] praducisuptRAA&héds Roobe&sw erehiRdiMiBihg Bfthé he dféRRhIs@RA, a

nmet hod of producing biofuels is provided. [0016]In a further enbodi ment of
t he i n<BAMIGH, to gx et hipisdrorarravyns plgrbiatlans. nWihilg semetanat esed fyextract

subst ang| I.nt . al d i I first
sol vent &hprklh BBk i R RL STt e ORI AN A

sol ventceHetallt disrapioat. Thipasrhpladagah nizkesths sletgtopmerg ot o gamaticgepansatiiffigula fir st
substantially solid bionmass fraction froma first substantially liquid
fracti &w@swmrﬁsﬁhﬁgolgﬁ@@@ Hdventy it hyRU IS G oRaTEigY ug StiemdgmiRe fir st
subst anfyu bk SAkdrtaRLPORRS <51 @tk A Midifimd second sol vent set fraction in
a ratio of about 1 part solvent set to about 1 part solid biomass by

wei ght, separating a second substantially solid biomass fraction froma
second [90HHt anMudiiphas¢ exjractions weulid aenuetsreptensive dispbataoms] uspigieompderd conbi ni ng
t he secand §UQ§tanti§II§ sgkid bignass Eracfion W th adthir Sﬂ¥vent set

sol vent P REPPEWCHEME PFEPTIE 8E MRSBUISS 5PV ER TTERESE T8 Mol 1 part

sol i d bhawesscHukteeli@Rtimpldgcdrahd afedodbibital for s dgsal SERadhabiog@sa third
substantially solid biomass fraction froma third substantially liquid
fraction conprising neutral |ipids, wherein the third substantially solid
bi onasd08Hdct i HscuBinsh &xveeapoiyey dafisiengics theredet Aeadra thy yhforcel i s of the
third . L] . . ‘ . -

et er TRy pahidt SO fioflt TR EuoAERL M ARk M oA Yo AR o1
conpr i silgeg od! slg@rproreins cmdal guht@otenowdssci bl e fracti on conpri sing fue

esters, carotenoids, a -3 fat I od al so includes
obtaining a Cl6 or shoﬂﬁ%ﬁﬂfggpﬁggﬁgéinfigﬁfpﬁﬁﬁggqgﬁg or |onger fuel ester
fraction and a residue conprising carotenoids and onega-3 fatty acids by at
| east gnemf V a6be Ainthn®d ddsb@BddRreiRAIAE REA@My RN stendYhd nictifdl forext racti on,
and hydrogenating and deoxygenating at ['east one of (i) the Cl6 or shorter
fuel eswéreinedipdt efivardng peolafitied frphen@lesgmoks aaterigl, includieg orexempleotrger
fuel esters.to obfain.a diesel. .blend stoc tionall the esterifying is
cat al yZ &g %ifonéaﬁs-aiﬁ RATIGE, %E%drlmﬁ%tsgiﬁsz?%%& heis ?PF%my%FacatHl&lWé&rS Unbodi ment
of t he Japyiggpolafticd fiem wBadbRIRES Wil sulestd slaafihfgoldtity S@Ar agBgedf
carotenoi ds, onega-3 fatty acids, glycerin, carbohydrates, and pol ar

| i pi ds,m¢ngbyane filerspdn same Prapeiimentsnthe filar s eineisrafdigponent s that are not
pol ar |ipids, and/or isolating carotenoids from non-carotenoids conponents.
WO 201 172 - : 3 ' of the
inventﬁgﬁgﬁtheﬁﬁgi od a ggéﬁﬁéﬁﬁ%ggéﬁbé@éié?%%S@ﬁéﬁgg?3%&??g%%%H?ito at

| east ameadfant difaciicmatdt sompuebeteets gpesstst, in andldagmdusaohdictinl dg.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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[0019] I n an enbodi nent of the invention, the nethod al so includes isolating
|l ecithin found in the water inmm scible fraction carotenoids and ot her

non- | eci tworotionporent s, isolating onega-3 fatty aci ds fPcomseanssatty aci d
conponents, isolating eicosapentaenoic acid found in the third

substa i.d fraction fro -fatty acid conponents,.isolating
Gocosarimirdibens A1 ree-gh HomoRAIg VIR o BERiE AT feasfigratiog
gl ycerigy aigra:l)g\?daﬁ&s eroﬁf:eﬁgﬁlrbl@rﬁé@(?ﬁ'@ %ﬁneﬁ&t@ﬁo%%ﬁg e dn JietPRAW NGS

[ 0020] FI G is a flowchart of steps involved in a nmethod according to an
exenplamﬁngnbmmahmndwnﬁ the present disclosure. [0021]FIG 1B is a
schemati c di agram of an exenpl ary enbodinent of a dewatering process

accordl o t resen ISC |s a i.¢ di agram of
o exerfifialy EaRRE Soafiaft G5 SuehBRe Aot SebBoliRE RIS b eden

di scl ositbeided.0023] FIG 3 is a conparative graph showi ng Sohxl et extraction
of freeze dried al gae bionmass using an array of solvents enconpassing the

conpl et e oIarlty range showi ng maxi mum non-di sruptive al gae oil extraction

ef fi ci dARIPlangln fBrtet embodmepipfdhs nycpfipn: A agindet malkangbiRtyshy ineludesi ds
ext ractdq %Aterl{ng%gﬁls]tﬂtlgﬂz/%a@a?cegfsqg) B{a‘fzﬁ LE B{%ﬁﬁ%ﬁ&g Qﬁ@aﬁeglgfmt RGVRRULS 2l

pi ds ( ecovery Int step so t extraction
procesﬁhwsomg)ﬂe@hﬁhbhnm&mnmemnobédmnmﬂmensab@nmmemzﬁoﬁﬁbpaﬂﬂg&ﬁﬁumaﬂtures

[0025]FIG. 5 .a hs. showi ng. neutr A) Pur nd

hocauery T iepnad e diiag o St oanardially Sed it sk ierg et s tialy hanol
and petl{cﬁlh@ﬂaet%%ﬁlpﬁgmgqﬁ&@mgl ’Tﬁ@ﬁr%ﬂfodta%%élﬁ&éérc%&bn{lﬁ %@]katG 6is a
graph show ng p recovery In the two st ep sol vent extraction process

usi ng agbsienigllysphdhomaas tragmnroitey secentsolvet setirassiodiif & eatiortl abewtpler at ur es.

part solvent set to about 1 part solid biomass by weight, separating a second substantially
solid biomass fraction from a second substantially liquid fraction comprising polar lipids, and
combining the second substantially solid biomass fraction with a third solvent set solvent
fraction in a ratio of about 1 part solvent set to about 1 part solid biomass by weight. The
method further includes separating a third substantially solid biomass fraction from a third
substantially liquid fraction comprising neutral lipids, wherein the third substantially solid
biomass fraction comprises carbohydrates and wherein the algal cells of the third
substantially solid biomass fraction are substantially intact, esterifying the neutral lipids, and
separating a water miscible fraction comprising glycerin from a water immiscible fraction
comprising fuel esters, carotenoids, and omega-3 fatty acids. The method also includes
obtaining a C16 or shorter fuel esters fraction, a C16 or longer fuel ester fraction and a
residue comprising carotenoids and omega-3 fatty acids by at least one of vacuum distillation,
adsorption, and liquid-liquid extraction, and hydrogenating and deoxygenating at least one of
(1) the C16 or shorter fuel esters to obtain a jet fuel blend stock and (i1) the C16 or longer fuel
esters to obtain a diesel blend stock. Optionally, the esterifying is catalyzed by an acid, a

base or an enzyme.

[0017] In yet another embodiment of the invention, the method also includes isolating at
least one of carotenoids, omega-3 fatty acids, glycerin, carbohydrates, and polar lipids,
isolating polar lipids from impurities components that are not polar lipids, and/or isolating

carotenoids from non-carotenoids components.



WO 2011/ 127172PCT/ US2011/ 031421 [0027]FIG 7 is a graph showi ng the effect
of solvents to solid biomass ratio on |lipid recovery. [0028]FIG 8 is a
graph showoregitther7ef fi cacy of different aqueous extract Pom/GsedaB@RE i n a
single step extraction recovery of aqueous nethanol on dry bionass.

[ 0029] FI 9 is a.graph show.ng the effect. of multiple st met hanal

ext ract[pm onlt ﬁé%ﬁtﬁﬁq St af thﬂ%\f@&ﬂ%éhﬁmamae lgﬁéwmqeﬁ%; |
puri ty.im¢ POROLFLGntd & 1bst BnO6ARPriSHAMIBGrNE, flMbaLAKEvEecovery of i pids
usi ng wet bi omass and et hanol. [0031]FIG”~ 11 is a graph show ng a

conparison of the extraction tinmes of the m crowave assisted extraction and
convent[PBHYI ekt smenbashmeyigtfdhsinvioed2ikIngthadbase mchudes vokehag tecohinst eps

i nvol v i n. a, et hod _accarding. to._an_ex l.ary. enbodi.ment of the present
ot set odarad i CR LS BaBEE RIS 8 Rl R e SRR oS The

uni ts iigoliting oS- Bfatyiadids ftendson-F0933{dRdompoh s jisolaifd Gvesbgdrtacabicst eps
I nvol ved in an_exenplary extraction process according to the present

di scl osgiefoupdosh i substaptally liquéshehetion f50ie nARrda el heRBPANCRG: pRting
descri i agsRPER0ic LB from non-fatty acid components, and/or isolating glycerin from non-

glycerin components.
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.

[0025] FIG. 5A&B are graphs showing neutral lipids (A) Purity and (B) Recovery in the
two step solvent extraction process using aqueous methanol and petroleum ether at three

different temperatures.

[0026] FIG. 6 is a graph showing lipid recovery in the two step solvent extraction process

using aqueous methanol and petroleum cther at three different temperatures.



enbodi nents of the present invention wherein 1000 | bs. of algal bionmass was
processed through extraction and fractionation in order to separate neutral
i pids, pwbanili2pi7ds, and protein fromthe al gal bi omas®CT[IBRBIF4A 14 i S
a flowhart describing one of the errbodi ments of the present invention

wher ei al g SS C ed to formvariqu roducts 0036] FI G
15 15 d9%FBuc E d’éé‘cﬁr?lgﬁ%%@ 16T &Pl FPeSrﬂhé%é meys&atis QL

i nvent |Ig5bv\é@ere| n al gae neut raI I | pi ds are processed to for m vari ous
products. [0037]FIG 16 is a flowhart describing one of the enbodi nents of
the present invention wherein algae neutral |ipids are processed to form

fuel prl80R8/ts. F[@(&is]aFgr@h shpwing e effoachar dlff@@@tam@m‘g%ﬁen@f salpfgons in
enbodi nents .o sent i nvent i on her el roteins are selectivel
extracted ¥t 8???5"?“91 WarSr YAl FArCPBP Shikeo %)g’%’%ﬂ‘?l%énnpcw US2011/ 031421
[0039]FIG 18 is a flowchart descrl b| ng one of the enbodi nents of the

pr esent[0020jent FIG. 9/\1@ergeaph @bm t;he effedtrs nanl€pls elep Glidtvilboy exarictiand @cther om a
sal twater al gal bjomas FIG, 19 is a flowhart describing one of the
enbodi rfdHtdtye t?tﬁlehlﬁiié%ee(hﬁnq W?@ﬁ‘t‘tf%rlﬂpmé’tu@ﬁh a selected algae protein is
extracted froma saltwater or freshwater al gal biomass. [0041]FIG 20 is a

f I owchgppaglescrid! ms Qgarl shb R BHD LG B RY SreRbydr{ 81 RIS ﬁﬂh WY GidhiaQ

wherein a selected algae protein is extracted froma sal tvvater or
f r eshwandrettanglal bi omass. [0042] FIG 21 is a phot ograph show ng
Scenedescenus sp. cells before and after

[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.

[0036] FIG. 15 is a flowchart describing one of the embodiments of the present invention

wherein algae neutral lipids are processed to form various products.

[0037] FIG. 16 is a flowchart describing one of the embodiments of the present invention

wherein algae neutral lipids are processed to form fuel products.

[0038] FIG. 17 is a flowchart describing one of the embodiments of the present invention

wherein algae proteins are selectively extracted from a freshwater algal biomass.
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extraction using the nmethods described herein. The cells are substantially

intact both before and after extraction. DETAILED DESCRI PTI ON Definitions

[ 0043] Thewoenmwi2eadui t" or any variation thereof, as ugea/usereaiodt42i ncl udes
any structure thr ough which a fluid may be conveyed. Non-limting exanples

of con i nc . tubing,. channel or, ot her encl osed structures.
[ 0044] %ﬁéﬁ%l mH’(? Owch da%{zbwgrqnaﬁf ﬁw qophodgpgnts a@tﬁagéﬁ‘aem{@?@nﬂon
i ncl udesh@aH al}é&@%roﬁ&hk’ﬁﬁe%fécﬁ@e@@@i@m@d fr&th alsRicgef Jtlgélqnorhj%@ limting
exanpl es of reservoirs include ponds, tanks | akes, "tubs, or other simlar

structures. [0045] The term "about” or "appr oxi mately, as used herein, are

def i ned0840]bei Hi5 C1I901S e ﬂowca@,rt desgebgeod Olﬁshemméo@fm@ﬁmﬁmﬁ }br6§kliltlanQnﬁOtl he
art, anw erelnaselecte? ac telg 1S gd%ra t tha‘i:‘\ltwei L. O /Ewat ral a 160 sbe W t hin
10% preferabl hgn gsy more p e I%P W R A 1% " and” /O éferably
within 0.5% [0046] The terns "inhi bi t| ng" or "redu0| ng" or any var| ation of

these t[eo4n, aFIGsHdsAdlogichart deslibigonany tHvesmsiodabhins dﬁthé @&Séntﬂﬁve@mmi)l ete
inhibition to achieve a desired result. [0047] The term "effective," as used

her ei n, VhessiR€ ssleei§d atesc potein dnmisractsd fionya salivsiter rffrsbvafar algpl hiomassded
result. WD 2011/127172PCT/ US2011/ 031421 [0048] The use of the word "a" or

“an” V‘*‘[@MHSGdFIG‘ 21985 YRGloLRY h‘éh&xkhn?%%eﬁe%lw}em%’?}mcbﬁé orcN@bSke: My nean
"one, " but Is al so consistent with the nmeaning of "one or nore," "at
| east cﬁxgrgctlmlnd;m'gihe methoge describechhamia, '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%.

[0046] The terms “inhibiting” or “reducing” or any variation of these terms, as used

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

[0047] The term “effective,” as used herein, means adequate to accomplish a desired,

expected, or intended result.



[0049] The term "or" as used herein, nmeans "and/or" unless explicitly

indicated to refer to alternatives only or the alternatives are nutually
excl usi veyvoabtihieagh t he di scl osure supports a definitiorCTh@seommdraes to
only alternatives and "and/or." [0050] The use of the term"wet" as used

herein use ai ni ng .about 50% t o.about % wat er content.
Nt er chfSé ﬁﬁ@uweofa B @E 08 Y Y Py SRR tﬂnélfwow@x'{?? $E9 | uarl y.

[ 0051] T*aemgﬁengf hérB® h) MearsUnkeut ﬁqt alseéoﬂt%%t kwheth@mehﬁng' %edoﬁe%rnean
conposi t1on COITpI‘I Sl ng one or rmre sol vents. These sol vents can

anphi panhéricd ‘lalesss okndwund dencaerphenetihdn anedr sl i ghtly nonpol ar), hydr ophi li c,
or hydrophobic. In sone enbodi ment , these sol vents are water m sci bl e and

in oth t he elnmsmb in L vents
har ol X8 fe- R Al Rk, B anBRR: WGP AR Bt ¢ e
met hanQb altéb@nglonlyi @Qﬁé eleangives acah@elly @Ich)&hve@@lﬁio%ﬁgﬁ ,theadi@u@@eé onitrile,
al kanes (hexane pent ane, heptane, octane), esters (ethyl acetate, butyl

acet at ePPobt oFrdEItarehpyfost toyanlydfcsmsiveneld “andirfy| i sobutyl ket one

(MBK)), aromatics (toluene, benzene, cyclohexane t et r ahydr of ur an),

hal oal k[ﬁﬂﬁ’gl ggg}‘%fi‘ﬁ“ﬁ% -Gk of S%E?M&F glis &3 R Sar ApBLRAL 268 130); 10and.

m xt ur es gasoli ne e term™ol as used erein
i ncl ud@outﬁ?p%?fél\WatﬂanontWamr ngntagubayabe locgedisitten thtpotlarlaidly pi ds. The terns
"algae oil" ﬁtq ‘algal oil" as used herein are used interchangeably.

[0053] TG i f fusat e or "permeate" as used herein may refer to

mat eri al that has passed through a separation device, including, but not

limtedopsja firhé gfe @theRAAr 3610ent (OO hiidendr&h Nk uE&E B @hompssiHe®d herein
may refer to material that remains after the di ffusate has passed through a

separ atdogprigegione or fROGS]lyenty sEsh eqle¢ms cante %mld@athlééﬁm k@vﬁgas (and any
form Ofanﬁ)%\';@{]flcs o) ﬁgﬁﬁgﬁgnqioﬁaré%yﬁpogﬁlﬁﬁ ??y%rqlﬁl% I&isi %gm mbagiﬂeiﬁg fthe(sgnd any

f or m of or m of

i ncl udlsagzenelae@waer a6t ARbin @Rds, thaycdry damiscitde mw@tet aN oh-fign tuﬁgand any form
of containing, such as "contains" ‘and_ " cont ai n") are_inclusive or

open- erfddapiey salycnis thad ey hgaised i Rra@h‘ﬁﬂhe watheds elehe @}S&%mvsnf&n ingluded
steps. ILQLQQ?JIU, cfglganrog 1§5'pr QL&Y a (%e'tcﬂied pdfcefaf% 8 % e%ﬂlt%(]j > an (Ifh 3 used

her ei n, nof |mfe ol 1 pi iplds.
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.

[0055] As used herein, the words “comprising” (and any form of comprising, such as
“comprise” and “comprises”), “having” (and any form of having, such as “have” and “has”),

“including” (and any form of including, such as “includes” and “include”), or “containing”



[ 0057] The term "neutral |ipids" or any variation thereof, as used herein,
includes, but is not limted to, triglycerides, diglycerides,

nonogl ycewoadesl/12¢8eot enoi ds, waxes, sterols. [0058] The tremrus2&elosd2phase”
as used herein refers to a collection of material that is generally nore
solid thap not, and is. not intended to, nmean that, all. qf the material in the
phase @y %mﬂ?ﬁgr}ta@%a@él NaGPHY"Y L SPRAY ArreARTHHYC %0@81@9%4 whi | e

retai nifg HAFE A HRitiondl, GRHCOARLI SR WL Hl%!’l‘lo&@_%pﬁf‘ani ng of that term.
Meanwhil e, the term"liquid phase”, as used herein, refers to a collection

of material that is generally nore |liquid than not, and such collection may
i ncl udd08¥li d he tarinaipglar [ipESOPTINY vagieton ticeof.asabed kgscinsiadludes, bitisr ef er s

to met hyl ,.or h esters of  fatty .acids derived from al gae [0060] The term
"nutracl%eloﬁ%llrn&tgﬂo’ééo%ﬁlggpﬁéP%cli g’?%%é&s‘ to a food product that provides

heal t h and/ or nedi cal benefits. Non-limting exanpl es include carotenoids,
car ot er[@857]xanThe phiyil ‘insutsdl ¢ipidRS oz e@xediakibn theadsifpasartdhdrecinaindudes, dunis

[ 0061] The term "bi.ofuel” as used herein refers to fuel derived from

bi ol ogitCalimitse i driglestides Aiglypryides.dANog e Sy erROtsNYId s e¥%B1es, SfEplst el |

di esel, jet fuel blend stock and diesel blend stock. [0062] The term
Timpurifpossy. MRERrMSElid PhaONReEEH AWM e RrPR) RlolleL RSt mASriMSRH iher ei n,

refers to all conponents other than the products of interest that are
coext r aenedlly manayaid then setiendois pemtdndsd tsmednethptrabidefche whiteriat mrtbs phase

0063] The t "| ubri cant.s" used | t i.t.h pol ar. |.inpi.ds,
Laad har Syt r Bhus, LEasE AP USRS Ra? of SRS i relfitify B8 lawRufios,
[ 0064] Thgohpisied WRhRIMHE RHesning WAt UHRA MAnGANAAERE i8R “Wbild phedeal addspll ds, as

used herein refers to glycolrpids, phospholipids and derivatives thereof.
VWO 201 herar, refepay/agsioationgd magtqrial 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.

[0064] The term “detergents”, when used in connection with polar lipids, as used herein

refers to glycolipids, phospholipids and derivatives thereof.



[ 0065] The term "food additives”, when used in connection with polar |ipids,
as used herein refers to soy lecithin substitutes or phospholipids derived
from al gawo0 2p00B617The term "non-glycerin matter" as use@Charseéin/oBERErs to

any inpurity that separates with the glycerin fraction. A further clean up

step wil eno nost, resenf.in order t. r har maceuti ca
grade dP rin¥ﬁf ]qu?ea%wﬁ?" AHUSF lﬁlé:&n?%fflpwa&lg% KU, 808 R o1 of n

refers fepeif drty t@%;ﬁl%cffﬂlﬁ @u@:ftltdt@sao%tphgﬁlﬁloﬁﬁf&tél |d€r1€&irt*?&fﬁ ahgprd. Non-limting
exanpl es of unsaturated fatty acids include palmtoleic acid, margaric
acid, stearic acid, oleic acid, octadecenoic acid, linoleic aC|d

gama- I[ﬂ%ﬁ]ei c The fegim “app-@éb’cleilﬂmaétﬁ > asiset] hereiaghfen to aag impurdy dettenoi ¢ aci d,
honoganma_ | i nol-ei chi do elcos enenqi c acikd, behenic,
docosadringis Vi Bk BATN. A Rihel i Aty R AP ARG oo DG e tBl by i s

havi ng p2éseaf inMRi& t6 prddate phieiEcduliciingadadibome are generally referred to as
“long chain fatty acids". The fatty acids having 19 or fewer carbon atons

in the backbone are gen eraIIy referred to as "short chain fatt%hacids".

[ 0068] ULl ur ai Betarsngneatepied datts %ﬁl%aaélsqdﬁeﬂrﬂa écfersiip fafpvercisewith sfileastl ¢ o,
omega- ?bnfe%lto{lyle%ﬁllbg boﬂmgn aﬂ ﬂ'ﬁé ¥xﬁ?ﬂlgssof ﬁ@ﬂuﬁ?@%?ﬁ? aditld fn)é gids. The term

onega-3 fatty aC| as use eiln refers to S not |n1ted to the
fatty qmlrdﬂolblcsatcrﬂ;l margaﬁatalcei S.tcarTcaetm(e oleic @odnatadeesr®id dgd, dlnnhsmaamd

Bi cos atgrairnenrllé) golgl%lamd ElTEg 1111021610 acid, aracEldlc aca %}croge%ro]?cl acm omog
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 Lipi EChemical name

Heneicosapentaenoic acid 21 5 (n-3) all—czs-6 9 12 15 18-heneicosapentaenoic
HPA) IR
Docosapentaenoic acid (DPA), 22 5 (n=3) iall-cis-7,10,13,16,19-docosapentaenoic

* acid

22:6 (n—3) all-czs-4 7,10,13,16,19-docosahexacnoic

4:5 (n—3) all-czs-9 12,15,18,21-tetracosapentaenoic

éall-czs-6,9, 12,15,18,21-tetracosahexaenoic
‘acid
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20:4 (n-3) Eicosapentaenoic acid (EPA) 20:5 (n-3 Henei cosapentaenoic acid
21:5 (n-3) (HPA Docosapent aenoi ¢ acid (DPA), 22:5 (n-3) C upanodonic
acid 22: 6w0OreB)127172 PCT/US2011/031421

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

chain lengths appropriate for use as jet fuels.

[0070] The term “diesel blend stock™ as used herein refers to alkanes with the carbon

chain lengths appropriate for use as diesel.

[0071] The term “animal feed” as used herein refers to algae-derived substances that can

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

[0072] The term “human food” as used herein refers to algae-derived substances that can
be consumed to provide nutritional support for people. Algae-derived human food products

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

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

algal culture.

11



Docosahexaenoic acid (DHA) 24:5 (n-3) Tetracosapentaenoic acid 24:6 (n-3)
WO 2011/ 127172PCT/ US2011/ 031421 [ 0069] The term "jet fuel blend stock" as
used her evo2efere2t o al kanes with the carbon chai n | engChasSappospei at e f or
use as jet fuels. [0070] The term "di esel blend stock” as used herein refers

to alk with the carbon chain | engths apprqpriate far use as diesel.
[0071] W or mt}hsrﬁ%ﬁe%@@d a3 UsrddioiR e ' RePROYY Ogﬁbla%&ta%mﬁ Veder-
substances that can be consunmed and used to provide nutritional support for

an ani 3[9084][ 007R¢ T “aBalpastirmBRiséPRICindSicHS8 d pafidlychafc®i®alsA culture
al gae-derived substances that can be consunmed to provide nutritional

suppor thavmg fpadpropertiah e aldey itvie dlowu reenctalydinmlgad nette hosaweteheaitente§sent i al
nutrien Si 9'~‘ddﬁh as carbohydrates, fats, proteins, vitamns, or mnerals.
[ 0073] 8 tter M "bi orenedi ati on" as used herein refers to use of al gal
growh to renove

[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,
Ankistrodesmus falcatus, Boekelovia hooglandii, Borodinella sp., Botryococcus braunii,
Botryococcus sudeticus, Bracteococcus minor, Bracteococcus medionucleatus, Carteria,

Chaetoceros gracilis, Chaetoceros muelleri, Chaetoceros muelleri var. subsalsum,

12



pol lutants, such as, but not limted to, nitrates, phosphates, and heavy
nmetals, fromindustrial wastewater or nunicipal wastewater. [0074] The term
"wast ewatwp20ug1208@d herein refers to industrial wastewkCE&UseoiimsnrRci pal
wast ewater that contain a variety of contam nants or poI | utants, including,

but not im'ted to pitr , phosphat es heav 0075] The term
menri cHWEIOCKOS Be &I Pwasgfréwnﬁ@% Céff%ﬁ ag@éf&&@%ﬁ ®f feﬁﬁﬁﬁc@m

[ 0076] TR0k By %Wz@@ﬂl@eh&l Canila L'@@Zgré?l%rc%bfblal%h@}zlbrm%sﬁpﬁy y.
[0077] The term "gl obul'in proteins” as used herein refers to salt soluble

pr ot ei r@hlm[d)’@?ﬁjp‘ihlde@ eﬁhivfeﬁhbummnpr&leraﬂlyfuw (Ublode!mofusiarvar efaenglatap wat er

o arkarogufbica BBt n@es Gt il CurRE P aRon B bR i g °'°

her ei n jhek@hsmhar Fusephils Qb Mbkea REQIL], @Jorw&lfdbbﬁhdmngh@mmb%w%fdzs
prolam n proteins are gliadin, zein, hordei n, avenin. 1] The term "al gal

cul t ur Chlergeligdedotisdisivar. vt eviridio Clilerila bepavérigin ver |lﬁzteﬁ€én {ared/a [ 0082] The

bonat o il LOORAR i RRNGES CORAPUDuRELEES ChlbsBile Pl FRYCHBRIE LY . 1,

" dewat E{E]ﬁdrellaijald\&e@hhﬁélﬁi phdt@ﬂﬂlas Chlyréineprimsynyiadii, Chloatlld pasdth&onkswat er .
[ 0084] The term "al g paste"” as used herein refers to a partially dewatered
al gal &ﬁlt?rmlép}"i%fmhﬁ@mfi%‘faﬂ Hidgpea Coerdladesnriog hilorella W%WS neral |y an

al gal PASSFa, @ﬁor@ll&‘@éﬁﬂaﬁ% %bﬁgat@‘t@}%re% /%zszglzz 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
pusilla monoensis, Nitzschia quadrangular, Nitzschia sp., Ochromonas sp., Qocystis parva,
Oocystis pusilla, Oocystis sp., Oscillatoria limnetica, Oscillatoria sp., Oscillatoria subbrevis,

Parachlorella kessleri, Pascheria acidophila, Pavlova sp., Phaeodactylum tricomutum,
13



[ 0085] The term "al gal cake" as used herein refers to a partially dewatered
algal culture that lacks the fluid properties of an al gal paste and tends
to clunp.wGanevrali7g an al gal cake has a water content ofPCazhsee1168820Dr | ess.
[ 0086] Sal twat er algal cells include, but are not limted to, marine and
bracki s ecies. Saltwater aI cells ar ound in pature in bodies
of wate’p}’ g?héfé’gf%ﬂ“t e monds Yed FZHOC A C“H@é’én’%’feuré’ﬁ BT EYY

Non-I'i I]?"l&i;r@gh/r%z@@ﬁ Pﬁothfhe&?‘\lvic%@r%%zzzaPﬂ%th%ﬁs%glﬂr%r& %b%)?ecb‘%ﬂ%@éz&fsol@s' S
sp., Dunaliella sp. [0087] Freshwater al gal s are found in nature in
bodi es lbbtakbaceﬂn@tfemlastmﬂhecn@vpﬁu Hsetue’dclthrellh@k@@l@ndymﬂmenaﬂ\tpn limting
exanpl ter aI species, inclu scenus

ot dobeiish R Potise K TRty Leards Lo BUED: hat can be
used WiShibbyg w9 gk, Bbﬁuhﬁtt/ﬁafehgﬁ ScBoFRIBEDS RhedbERls §e fol |l ow ng
di vi si ons: Chl orophyta, Cyanophyta (Cyanobacteria), and Het erokont ophyt a.
In cer tnechentoih megates eredia. Tﬁ&??eéa’ﬂ@lé@ Tegaerrpins Fetraselmiesthobrgraselmine

i nventi t asses: Bacill ari ophyceae,
Eustig ngagéte@éggdgpsgﬁad% %gup nd b%de? r(pcer(tg%%n enbodi nents, the

mcroal gae used wi th the net hods of the invention are rrenbers of one of the
f ol | owi[6@9@enelrothtiasmigeihontapbe bionakd @neld dantunaial ghtladingbenssiesmesl,

Sel enast rum CBCI | ator .a, Pho m dium Spirulina, hora, and Ochrononas.

[ 0089] NBACY-i°RIT PR %éa@ﬂ’ fri ‘CPYAI %@n@pléf‘@%fs% Q¥ S HECYsed with the
net hods;Rfed %fm% HriY 8R4 bR i ncl ude: Achnanthes orientalis, Agnmenellum
spp., Anphiprora hyaline, 'Anphora coffeiforms, Anphora coffei for ms var.
Ilnea Anphora coffeiform s var. punctata, Arrphora coffeiform s var.

t ayl or i[00%phoPastens fued lﬁlg‘thmisfomr(traqﬁ@gdlipéds andshprodudie(d.g aptotssisiaf  Anphor a
del i catissim baena Anki,st.rodesnus

anki ot revaeniR Al tom§ar BicdielUPARFBL SR uirY PSP Ber) Y B DRORAT e

Bot r y 0cia&dbsd. bIrapuﬂléulatBﬂierrﬂélﬁMs(dﬁa sSHeal HeseEibeBct6ihRVEQES Uik dBilRO o both
Br act eococcus nedi onucl eatus, Carteria, Chaetoceros gracilis aet ocer os

muel | erdxiragifad fsctonsse o algagcpmpanentstbdeins muentvbextractlons with a

chl or of DA SRR e b7 e B o i R R ™ Gl or el 1

Candi daplveht/ontet Iaatoaﬁpmgteatleely Chdwoee hd encd@scaeddioen ofdhéxaraelibastep td thsoi dea,
Chlorella errer%gnl i, orella fusca, Chlorella fusca var. . vacuol ata,

Chl or ellegt gl eBeT wprs, themtétsgtltlatOIVﬁmgﬁ%tla?e @RV aRTals vaeightd inpialinwepssr

act ophij g, I ri,

Chl or eﬂlﬂa ITQE o?géﬁleémg or eIQI g Iaﬁﬁglgslﬁ%ﬁfgﬁpét or %qﬁpggtkglgto?gﬁé?s var .
aur eovisolwitins, Tlﬁ:htasuk&t ﬂnahé cvttemtwm Dﬂ¢csnpoments Isultlbk:mettse poGhritpdevdigpadianeatha,
Chlorell a 'n i t abi Chl orel.l a noct ur ChIoreIIa
oval | o, @n RSP S A e P o RO R Ty <BrPR S SRR

Chl or el JrpretRb&LIE6PHHeTots @15&& QlabRinP A RY/BE NRAIH AREraMBIn: is ARb @[s%RJs@d
Chlorella regularis, Chlorella regularis var. mnim, Chlorella regularis
var. unbricata, Chl oreI la reisiglii, Chlorella saccharophila, Chlorella

sacc har[@@?ﬂ]l a ha&omeeftran;%mm@té af thenpemapn. %@glfz pelvertiang matdr arsisepltex,
Chl or el I r r r I
St et B8 A il Bng: cdMALAL sl in Ol FRLOARNAET b Shor ISR, ¢

fo. terd SOmenC&’Elt an¢hater wtd 1gad tsextakt amiUtRtibeps b@ﬁpor@ﬂts(.p’r&deham\anl garis var.
viridis, Chlorella vuI garis var vul 8%“ s,.Chlorel| a, vul garl s var. vulgaris
fo. teralfaginonsmsiciala Wﬁ&aﬁm dimgents {hgileaginous gatejial s, Teathsk el | a

xant helén@o gﬁq&% ehd ae 1@%&&?&1?3 al orella trebouxioides, Chlorella

vul gari's, or gcoccu usi onum ‘orococcum sp., Chl orogoni um
Chr oononas sp. Chrysosphaera sp., Cricosphaera sp. , Crypt hecodi ni um
cohni i ,[0Q93]pt oﬁohaﬁpidpeqov@gcdecpbmdsl raaiolywptiit&:ianicwaﬂget\eatblasqinmih‘g'harrd ana,

ounal i apriogTiar i Sl FBiios MRSt bt TR B o ol o

parva, ya¢ar!eelihfched, @ﬁ@tphoﬁptaghh@gtyaolq;ﬁaMt@@ st@&&rb@h ib@lukcal Dabpdide

Dunaliella terricola, Dunaliella tertiol ecta, naliella viridis,

Dunal i @tntia?utlér pql@tl lemd%tcanep@giﬁz bhdeddedvnto; besady, orEpemwphamdas slfaxamIEt:sI ¢fpsoi don
SP- ELI%It clu rarretgel ei%lonq H, 0 Fra Iclsalrvlen S0 Vteg gxr‘grsalc 101 a Fr gilaria sp.

d eocapsa sp otiha rﬁ’u on B oco%cus plavi-alis, nmenononas sp.,

| sochrysis aff gal bana, |sochrysis gal bana, Lepocinclis, Mcractinium

M cractinium Monor aphi di um mi nutum Mbnor aphi di um sp. , Nannochl ori s sp.,
Nannochl or opsi s sal i na, Nannochl oropsis sp., Navicula acceptata, Navicula
bi skant erae, Navi cul a pseudotenell o ides, Navicula pelliculosa, Navicula
saprophila, Navicula sp., Nephrochloris sp., Nephroselms sp., Ntschia
cormunl S, N| tZSChI a aI exandrl na, N| tzschl a cl ost erl um Ni tzschl a cormunl S,

" . . " . . " . ey " . o



WO 2011/ 127172PCT/ US2011/ 031421 Phagus, Phorm di um Pl atynonas sp.,

Pl eurochrysis carterae, Pleurochrysis dentate, Pleurochrysis sp.,

Pr ot ot hecwiowntikertvam i , Prot ot heca stagnora, ProtothecaPporuseriloensi s,
Prototheca noriforms, Prototheca zopfii, Pseudochlorella aquatica,

Pyram nonas,.sp. , robptrys, Rhodococcus opacus, . Sarcipoi d chrysophyte,
Scened 5ol GSemg ﬁ.0§B%WPPW3@;}?915&9%@%&%uﬁﬁﬂwﬂapa{%%i s,
Stic ho%@ﬁ@r%or§ﬁldﬁprgéﬁﬁ§ﬁﬁﬂg&%&l§m§ﬁne te_%}iﬁ'&@@i% %’;ﬁﬁgeﬁﬁal RORIRS0R! €Ct a,
Tagetes patula, Tetraedron, Tetraselms sp., Tetraselms suecica,
Thal asdgligddirn@omaidsgtéipigtion, alvd fNiratiadi)el | a fri derici ana. [0090] I n ot her
enbodi nents, the bionmass can be plant material, including but not limted
to soy, n, | m.,ca ina, jatropha, canala, coconut. peanut. safflower,
cot t ondQ8N" ; BTt bl 2B Bhes GPOS s EMon BT e e, anc
met hodsaph@ieneskérh aled foligwhingdd tsiledids @ ipio e d kGhsuld He Gindeiodl Sowel e thay eeyi ng
pol ari ts(%/ froma wet ol eaginous material, including for exanple, an al gal

€

bi omas slctadled dascsiprion aed the gxaaples.cuiiiberindicaingnpesifig Smbadinagnst &k descri bed

herein . : LIty ot . r . fr. i

corrponé n?és?ﬁ]%[ﬁ’naé%gﬁgeﬁ? ga)sfjaénotf?glfsggéﬁ g@ i %;dtglt%%? ‘t% ’éﬁﬁscg%%ﬁtél%ﬁ%o h\%g%tsl wat er
m xt ur eantlmaddifietionesithinage esist wel scopestthpahvantign wil becvateaappamnistolthvasat / wat er
ratio i s praogressively reduced as .one proceed fromone extraction step to

t he ne%i)lf)edllﬁﬂ‘t?t oRfshig detatlpbdgsaEiRiY i ti al sol vent in the al gae (75% of
its weight) is initially water and is replaced by the slightly nonpolar
sol ventoggduak],prisRghh %658t @REn-Afsripgie c @k @AMoA pPRlcVERtultsTRbSer Bl ts i n
the extraction of conponents sol uble at the polarity devel oped at each
step, trhervehy Theatiabipmaeing phpdlanlimduis the samdining bicomse Enlahecsasst vebust veltbn

conponepts. Extraction. of otel eous, byproducts b cid,l,.eachi ng and/ or
o kar Bt et B RL il o B SRR BRI B e RE bR b The

i nvent i\@Ratuftdl fdY Bcid @bient ofaREibioRiasy. 1araditidadethhof ¥itfRe! cadathdrdet i onat e
conponents present in an ol eaginous naterial. In other enbodi nents, a

sol ventdietly gaepesigriBed. afwthesmeres wnliserth@existagccony etonahiacthodso thsonetheds
present,_ | i | i.al: enhodi e Ql } S

et or | aiyRnf YERAbAPHTAHEFhorRlic frS BRI NS B R TR

[ 0093] Rwirtadn ofithe dalugidevenyorcbapeindiuidivg pdlyr 1iyids, irsthe @lyae be e ge of wataedr
solubility, and location (intracellular, extracellular or nmenbrane bound).
Exanpl d8isgibleieaic pelpsieradiddtude, but are not linmited to, phospholipids and
glycolipids. Strategies that can be used to separate and purify polar

| pi ds 198" OUghE el Hhidl 1RG0 BbAIIRAS IhOtisc M RGP RIS pds ARl 5 Of
bat ch nodes include precipitation (pH, "organi c solvent), solvent extraction
and WhoROMAIIRTETAR BCTehySThadgins dt4Rilitycofithbe Hpidi fratiparand Exduepigembsdquent

conti nuous nodes i ngl ude centri.fuaqi ..adsorpti o f gam separ.ati on and
Conei piiraeTRe St et aRE R bt BE: BT R Rieb LIRS bt

di af i | toxaddtion. B0Ah@HRE, Padtat imhibit by drbtdeating th@lyk@MecedsRAAHY GehesmeRil ect s,
features and advantages of the present invention wll become apparent from

t he f ollchur adgedsaldipiemixescan beirdied| The ipigras vul metbedsdisdeascdhgiever , t hat

the d.eta?folx)vef%r &%Se%{rla&}olnoor}&?ﬂs M" %e%)éc?tgi%lagg/or \M};}Jo? r'h%ﬂ ﬁrg‘{tl ? TREG fic
enbodi ment's ‘of the invention, are‘given by wa of P11 UuStrati on only.

Addi t i cidahihtygeout béGusombeiml aatl @dld higlds akamg sehdy affecdet Byt @atal exposivie] didn t he
spirit and scope of the invention wll becone apparent to those skilled in
the ar tNPPHACRYSH archstuily siabdized by pistdh. [0095] Surprisingly, the proposed
non-di sruptive extraction process results in over 90% recovery. The small
amount g0l Arnk LR Il hilodsITRISNCA AR PERSSarPRNAREL Biohl:Ss, Yaludgnnen t he
remai ning bionmass 1s used for tfeed. This is due, at least In part, to the
hi gh | chgdghed andulesatammgteests f Bpmpamditel covetieoenal oftrachen piagamss.thd n addi ti on,
et hanol ,.e tr&cts an féirther e di rectl§t[ nsestletriiig)d. Fur t her nore,

unl i ke FHOSEE FEFIHGN @BH JARIINEHEAT PISER S oMY FET ALY ONGoRTEER escr i bed
her ei N RkQo BRNAGd®Patt RImPIMuR! B8 Presaitd cBRARLS, ERALVEIhOFolReriir&ilel cant
portion of the valuable conmponents, including polar lipids, in'the al gae by
t he usd wtheemaeuat enventionabixéragtieuuproecsses are pest graidiitng and cannot meet the

demand of the market.
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[ 0096] The neutral
i nventi on possesses a | ow netal

content,

lipid fraction obtai ned by the use of the present
t hereby enhancing stability of the

lipid frawoizon/i2ar/d reduci ng subsequent processi ng st epPCTNSR@EI1H3t4end t O

make n
Furt he
rempvall

eutr al

LS

enclih B8 R

necessit

l'i pids unstable due to their ability to catal yze oxidation.
tal s inhibit hydrotreat

ating their
Oﬂ’éh%srpﬁ‘f‘ qfiths ysiemer

N e astﬂlr]étﬁ’é?rs and

et N0ds,clb B ASRERARAT Bt OWhRls hSRHIAC B BbidTEd Aol lipsProt el n

and/ or

the polar |ipi

frac

i ons.

Thi s 1's advant ageous

because proteins and

pol ar |dupind$heagxéranen priogéssy Tt fldbredchlhctmetmilgehposad @) cxemplary sone cases

are ac
her ei n

extraction and fracti onation
costs digacteblcpilshawaan dpkic
Furt her nor e,
cost prohibitive and cannot neet th
2011/ 127172PCT/ US2011/ 031421 [ 0098]

the so

tu

Ty

it

| vent recycle.

‘ature and press
conventi onal

TR e,

e

I ng
costs. iL@RRRALEadsOs GBI tA@@;aémIﬁaqtyraagatl tRde BIR6APSHEon Ish@niharcel wisied

ure conditions,
extraction processes
the market. WO

rocesses should have relatively | ow operating
along with

ar e

er aspect of the systens and

met hods_described herein is the ability to acconplish prelimnary refining,
which |is the separation of | poAleal Crpdd®ilf(wow) ngut r ¥egétapleddil gutw)ng { he
extradtion process The di{ ferences bet ween algal oiI used in exenp ary
enb0d| IIUIII. J LAY ] nﬂr\t aIJI A>3 JI I J UJUU I I VI uu UIIIJUUI IIUII \.ll UUU the
per cent age &ﬁ‘“ﬁ%rﬁﬁﬁual cl asses of Oﬁﬁﬁf n |exenpl ary gfag crude oi
conpogdition is conpared with vegetable oi | shovm in Table 2 below. Table 2
Al gal [Crude fkoHoNoks Vegetable O T (Wag, Neutrfal T1pids 3099D% 90- P8%
Phosphol i pi ds i% 40%

Glycolipids 10-40% <1%

Free fatty acids 1-10% <3%

Waxes 2-5% <2%

Pigments 1-4% Ppm

[0099]

Degumming (physical and/or chemical) of vegetable oil is done in order to

remove polar lipids (e.g., glycolipids and phospholipids). Vegetable oil that has been

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

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

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

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

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

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

enhances the emulsification of the neutral lipids. The emulsification is further stabilized by

the nutrient and salt components left in the solution. The presence of polar lipids, along with

metals, results in processing difficulties for separation and utilization of neutral lipids.

However, because polar lipids have an existing market, their recovery would add significant

value to the use of algal oil to generate fuels.
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1-2% d ycol i pids 10-40% <1% Free fatty acids 1-10% <3% Waxes 2-5% <2%
Pignents 1-4% Ppm [0099] Degumm ng (physical and/or chem cal) of vegetable
oil is dowe2on/arder to renove polar lipids (e.g., glyceCiraisds 1asnc21
phosphol i pi ds). Vegetable oil that has been chem cally degummed retains a

signifi t quantity of neutral lipid. This neutral lipid fractjon is
furt herlﬁf vedoky Eﬁadﬁ Al S&éft@ffﬁ’ﬁé Y BARLS %wd%qlh@t@av% cture F"é‘il‘ﬁw&rﬁ or

super cryjyol GRisfistRGcE | N@h%Bfﬂhie dxR%hE Rehhd1Beib! fBRRIRRE pofe TRRIsAYraw N
contrast, separation of the neutral |ipids froman ol eagi nous al gal bionass
i s far mueraldir osteudhtibitinanAttematiee feedrteckisifer gy dolipebdet pbaspiiakpide atche

of | i ] f polar lipids.typically found in algal oil
(seo. Tantah S, SR8 woel il ol et b B ATl dpi gy o ol ©
present3o-8s 8} Baky)olar ﬁggira@lg % dirfpCorfiy 'sﬁé'cﬁésslﬁws%g?éalfsﬁﬁls%%}é &1, biRirds. The

enul sification is furt bi It zed by the nutrient and salt conponents
| ef t 1 rcohtiigiosgltinid afrharvike apd deanbentaitilizod &or dxirpitis, Fakthegthei dlycendt al s,

SRR TR NCA G T ey

;2‘;; a;lgﬁ?i&%{c?’g‘t’%@%ﬂ A s Sk DA GROE pol& 1H8dd Raf PRIMG Ry Blo-MifRlof@d enliO
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
embodiment, an algal biomass is mixed with a greater weight of solvent. In some
embodiments, the amount of solvent mixed with an algal biomass is calculated based on the
solvent to be used and the desired polarity of the algal biomass/solvent mixture. In still other

embodiments, the algal mass is extracted in several steps. In an exemplary embodiment, an
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WO 2011/ 127172PCT/ US2011/ 031421 [0100] Pol ar lipids are surfactants by
nature due to their nolecular structure and have a huge existing market.
Many of twe 2exiirri’ag technol ogi es for produci ng pol ar | iPpirds2@n®3r4aw
material or cost prohibitive. Alternative feedstocks for glycolipids and

phospholipids are mainly al gae ojl., oa il, wheat germoil .and vegetable
oil. A el bisPeet Jpicaugniglle sriractads ikt it Bouieg" oo By weuha pifhioriabty
dependi g ,9r, WigerSR8GbRS o1 RAY S§Qond] hatertdiRhB a1 sdIII aftracllubinge
conditions, tinme of harvest, and the solvent "utilized for extraction.

Fur t herabout)’g by thersolids) ackdiv mesafené.adithivd kstradtiopiisithba serfovmetatsing ahoitd
groups attached instead of three.in the neutral Lipid triac l.ycer.ol .

Tt anoestit PFAE DR WA Bl s ieF pHagnis e PERY ar YR G PHLS e oo
pr oductoneiof kil if Stcdrt Wb@ld beableto acd Biferdns se10MaAb LRt Patbri@ds tyeut r al

|i pids, on a per mass basis. Hence, renoval and recovery of the polar

|i pi ds adinstiag Htraigen of afeal kiograsy ansberedolid ireiduats tptlaaidrsirad Pelagty igwaddar iy

bi of uel . Lo i m al gae, but al so generate val ue-added
co-prod%g§évﬁf?%%%%g%%gﬁég%ﬁ%hospholipids, which in turn can offset the
cost associated with al gae-based bi ofuel production. The ability to easily
recover[0808] fr Hot ¢xanmlie in e foradi cmt®dondnt ahel saloep usetlic tethapolo dimeegbnbytsal gae

i s advant ageous to the econom ¢ success of the algae oi] process. [0101] A

f ur t herM&sfercchrely ROIHEL hw%ryawd_ﬁ% jaiphsoledc FrofEies Ker ks AriragtodHEomBR | ity
to ext rAch LRIRAE Wi bbON03N cRhRATDAAUS BN BH byt 88UCHAD1 Ah@RkuliIYFRRS . The
nmet hods di scl osed herein of extraction of protelnaceous material from al gal
bi omas swithoalprit 9&%arfgr@dristtanah df hicgtangl werstoht nedd] thepolycrtsmnofntekon &ct i on

d f i onation.. F le, i | .o EXt i on.
Fract ] ondenonoBE T i SA8] Hyressofuld ST HERERY ooV iniy S iy Sabevci ent
proce889o%°ﬁfeﬁﬁh@1§a@@ﬁg&ﬁﬂn%iapwoaw% HEOIFREE 1 G006 nitifig]. for ani mal feeds,

food ingredients and industrial products. For exanple, such proteins are
useful in applications such as fibers, adhesives, coatings, ceram cs, inks,

cosmet i[0404]t ex Embedimantrenii theysxstams addnehedsedsserthenihergy edubit surpligng2idanot her
aspect of dsg:: y i i.n, I ves varying the
ratio olﬁepél{’ég}gﬁdwg%l@tgmgls&?og a?bﬁég%vgﬁz%ag%g} gé%(ls) r@r%%ﬁéé%nse Ot%oa %ét extracted.

I n one teorhadi Maidis aamjéd g@ahorhicaias®ageSasraxsaglany Ehbadimensavoidah@ide off
solvent. In another enbodiment, an algal biomass is mxed with a | esser

vei ght |@eeaployaisol engigy squipdindy Jpaidbaintihs cellan Extracdionot gawed lipidspi xed

Wi th a @reater e fis BRINYROLfredt ETBRAIERL S hAR RTRHRb.A
soIvenﬁg%?xg%y&¥§uﬁgﬁw§f%§? (?gﬁagéﬂfzﬁggléﬂggte gséﬁ‘%ﬁcﬁhe s%?@ént to
be usednwmtionh@hdgmidsadtpuddafirormn yhadistlbedpraabseh horagsfisoltlydinghenanxd ure. I n
still other, enbodi nents, . the al gal SS .. S tracted in several steps. In
2N exermr P TERBHTERG bhFm Gy Sy m AOT OSSR SUEIHOM gal b ommos
i's sequaithbtdn Ye@¥htlPrb @ infehfuddion¥ %éadaa%on%n@&%?&aﬁé@ MBLGBly Wi th a
Sllghtké nonpol ar, water m scible solvent. Second, the renaining al gal
sol i ds daffsubixt ract ed usi ng about 70% of the solids' weight in solvent. A
third extraction is then performed using about 90% of the solid' s weight in
sol vent vin I nf f C f t [ v i e of
I N P S S G R S S R e

pol ar i trhasridly Eadingkiy agbdditchBtohaySusefangh@adr-nbiscibRSighthdhepotmkoldertesi dual s

to the desired polarity in order to selectively extract al gal products.

[ 0103] FBfludiRgnHt 8ot limited W BicHegole ﬁ%@ﬁln@mrppwi ageiopersthyl gedatrs2ndt hanol .
Conpon LY i I rat.i I t.

Pr ot of s o, SBedAL SEbhRlobs A8 Alatrth SALKUIDITELL St S Bhatfh 150

pol ar lalg@hdbsobidnits eftodites8iidd iathhgirolyicldud meity oflsolatodi redstrali lphdsa banod 5% or
greater eth%nol. | f. thanﬁl were to be used, .the solve concentration to
ext r act™BHET RN RULNYSIS SPHRHSS TR B S BAOSPAISTSBY 13SOMFpi dis
woul d r&@mbla8y 8RBOHImRA SRIbARPINd RRFiRAWH @h veipRiHimMOH| e SREYHNIGvPOUL
100% nret hanol”. [ 0104] Enbodi nents of the systens and net hods descri bed

her ei n byxhémbtansbagsdipsiifigatamd ! nersiege dhe tbsnktivg bignaskis amostfdeaibid, of twager
recovery/extraction process.can be done on a wet biomass. This is a major
econom A %Ay heanauly diabRit I S RauE M Vet S5 I8 of Targe amounts
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
net hods of the present invention. Thel§ields obtained fromthe disclosed
processes are significantly higher and purer than those obtained by
conventional extractions. This is because conventional extraction
frequently results in enulsions, rendering conponent separations extrenely
difficult. [0105] Exenpl ary enbodi nents may be applied to any al gae or

o o o, o e o o



WO 2011/ 127172PCT/ US2011/ 031421 [0106] I n sone exenpl ary enbodi nents, the
sol vent used to extract is ethanol. O her enbodi nents include, but are not
limted two 20yci20ttexane, petrol eum ether, pentane, hexamel/Useptias21 di et hyl
et her, toluene, ethyl acetate, chloroform dichol oronethane, acetone,

acetonitrile, [sopropanol, and nethangl. |n so enbodi nents, t samnme
sol vent0BIGs ol W%@ﬁ&@lﬁ%@%e st | r'?OLVteEtp‘ésgg [hegEaser e@}?ﬁehi@@ﬁ& s,
d'fferQﬂﬁmﬁ@h&ﬁ@ﬁﬁhﬂéﬂmﬂ%&ﬂuﬁ@nﬁéﬁQqQ§%kﬁ&%h9ﬂ%%bﬁﬂnl&Hm?b&h&th@&hq

enbodi nents, two or nore solvents are ' m xed and used in one or nore

ext r acthicpranstdagbyl dtlgs0m]uenc.sxthye aestiiodiemtameflichbleroretthodsactewer i bed
herein, a mxture of t r re,splvents .used in any of the extraction
ot eps. 1B serPaae elandfrBl o orE SRR Sl S ke Sl

hydr ophghidhtiatdxt@bfion MERN TH StHRE cHYEAInRNIY KiFfF @t sdIetnduRhinldagh sol vent
extracts the material fromthe biomass via diffusion. Meanwhile, a

rel at i v&irgctimetep. distii othst cmpeadisishsbiveo elgnoussplviests gsemixed apd wpiciaonen and
is inva i liquid-1iquid separation such that the nmaterial of
intere§#¥§%eggﬁ%gﬁbgg¥gd in the small anount of hydrophobic solvent. The

two different solvents then forma two-|ayer system which can be separated
usi ng t[@teHi quéssdamosnbadimeite oAthic. mdthodsulekeréed ihoyelire menixaire ofitwd dremore

hydr ophobi ¢ sol yent can be any one ar re of an al kane, an ester, a

ket one, 5! ShasrL 48y o4 ﬂ_rf‘aqx(sraptk%%?p%ﬂclg?%eﬁﬁ ?eaatron_a heRpiic e s e (e.g.,
di esel ,odsebnd MilropBRANOIAR. - WhEd Q&L% QuctomBi@iHeOfb Wg&ﬁoﬁhﬂﬂc REIVEXE &x@Gtds ON
processes descri bed herein incorporate pH excursioh inh one or nore steps.
Such pHhereterie] Fomitbe bivefasd vib diffusswi. dvicagvipleot ailatackousalhahamtal. | n sone
enbodi ts he pH of the extract.ion process js acid (e.qg., |less than
about - 8yaobisaREndsutHEERmbabeR ek TV Gt st SRR B Ral 1 ne
(e. 9., tHitQRd MlatckBPEF iARAE iskBheenk@kdIN fRensSEINfunhEXRRRopHOLERKRAE, | PAl
extraction procedures contami nates al gal biomass such that coproducts may
not be twoalitferant sobenisrtheiuiore.a thoblaxkirsesien, whichiven pe separated ypigictlonqense
superiqr. to .t hose. kno | n. rt..as ey, [ jre. th e of far |ess

ener oy MRl e ST bLirbEp i udt ah RSB REHIE R ®Progat ur 1
and nuthbrenRif as dikah€ RSy, a[kKlbhQ] ad dromsti€ riatouiitant eth dthaf oranyongBoil ment

di scussed in this specification can be inplenmented with respect to any

met hod ®tWg & gndlissclipefichgaolingh, and vice versa. Furthermore, systens of
the invention can be used to achieve nethods of the invention. WO

2011/ 1 PCTﬁH§%&9%ﬁQ§ﬂé R EXRNBLARLENB Hﬁ%g 111] For
solvenﬁagggractlon of ol %%%Eﬁigggé #ﬁ@hﬁg?t caseﬁgLenarggbls éég%ﬁvent
whi ch sekestonvebye exmprctepst SuetyHgkyosioolisuseTAGr iaoldtihgeprotanacadls pol ar

| i pi ds and.non- TAG neutr.al |ipids such as xes, st.erals in the al gal cel
wi th hiTBHcito gy e embadidentscBraPup TomsiPaPEeSdr ot {ost I olber 48 pol ar
l'i pi ds gndh §diRNeBBSdiRehtsPHE BH dTaRY EdtactibPhibcdey Ak aliRf (eROlgadatdritRirds,
resulting in high recovery. The last option would be to extract all the

| i pi ds aknadt HDhi eve very high recovery in one or two steps. [0112] Referring
nowto FIG 1A a flowchart 100 provides an overview of the steps involved
| n exermpl @y CHROULIHNSa R inTRAARS MG Had bl RS HLAS LOARRYPR RS
purification of TIpids froman éigae-con%alnlng romass. ITna first step
110, altgehagshtisthat @phedueashtnotibe udedulrsed pidictst Embdahentbdfahe pesénenoved

fromalgal cells to.yield a 10-25% solid biomss. In step 130, a
sol ventDI4I8n 2EquPSEeT t8hqse kpewn &t thedrisn thayaenvisnds asapfiat kees $neadt #¥hs are

col | ect ' t | I [ ﬁ%% based
extracf?%#rgﬂﬁﬁggggﬁggﬁﬂ%o ?é%??%ﬁsgvﬁﬁgf ;#hgﬁﬁ%ﬁfgﬁﬁﬁgﬂﬁﬁ p 5§£L
separation, including, but not limted to techniques such as filtration,
decant i[g10]dnht coetempildtedytini o1y, enmndirbentpleschssedadthisspacisicatpnledd beo i n or der

to separate out smaller |ipid conmponents. . . ,
P 1rnp1iernen ed with respect to any method or sys%ern of the invention, and vice versa.

Furthermore, systems of the invention can be used to achieve methods of the invention.
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[0113] The al gae bi omass when harvested in step 110 typically consists of
about 1-5 g/L of total solids. The biomass can be partially dewatered in
step 120 weizog/erkni ques i ncluding, but not |imted topcCaitssahwad2nir
floatation, nmenbrane filtration, flocculation, sedinentation, filter

pressi ng, decantati.o i 1.0 i i e renoval of sone,
nost, or all of th@ﬁ%@éﬁﬁfﬂéﬁ\éﬂgﬁ{l%‘wq’%%ﬂ@bﬂqg[%ﬁgégance Enbodi ment s
of the present invention utilize dewatering techniques to renove water from

a harvegied al ga} soN QBSPactibl WRIE FoRTalSRAhE Bed 3hidel s86hapidlis HSbIREntaMcioNe of
or a conbination of any of the nmethods described herein, as well as by any

ot her reelchioly Rxftaets triscdglecaplsdKAIG) ang leamgaalk pol§rdipidy) andeodelis® ecetilal gae
bi omass. resul1ing fromstep.120 typicalldy consists of ahou 0-30%,s0l i ds.
Thi's” o igebchah eibr TR O e RS Haf BFSKALS, Bie ARty IS0l o
sol ventig scRc@vely aktehpola) lipidfadd tidh txiSdoR Peret AENEL [iFK devid 8OpeNlipids,
extraction process segre atilnsg the fractions at each stage. This type of

i ¢4l

pr oc es $CRBiNG BAugroseYdy ¢ oPHeRH Wepkrbettp strest gH feclépidy gndsashieve very

enbodi B9 Melys: IS undergoes acid and/or al kaline extraction to
fracti ﬁ@%%“%‘%%fé% rratzvrou%ge?’g WO 2011/ 127172PCT/ US2011/ 031421 [0115] I n
sone enbodi nents, dewatering of an algal bionmass can be carried out by
treatif@lt2je hRefeesteubvakagBlG.diAgreksvohaitt A 0@ psoidesah osavievast tht kapol . The

al gal hionass.is then al]owed to_settle out. of solution and t l.i qui ds may
hon bahyEL B ey e Hobel Stie 58t uadtinths et SRoHeREAEr B <
novel MMoﬁfanQWCQﬁﬂa%Qﬁ%ﬁaWIn &gn%it k@) lﬁ(')lqﬂghﬂ)%éli%;drgﬁa&%écﬁ hhan known

met hods, enabl es sol vent recycling, reduces the cost of drying the bionass,
and hasubsequerddtsy 138nedtct isotmdewt feersiatgyl cdils tpyichd & 10-26%0 sohid badrgass. bi omass

prior to beginnin xtraction and/ separation of algal.c onents. In
Prct, ien £ RauP Py SN AP S PRt B b uth ol 8RR PR oses

descr i hedehed einnsoatcenifoldatdity 8tepl IB0RAItalsodbiedrpérateBl-baet ckh@itioaagani ¢

sol vents reduce or neutralize tﬁe negative charge on the al gae surface. In

some erfirstipreolicstion. Fhally.mashdilignid phasgscpeiatignnselndias, bt aotlhntiphid in or der

tore r . ! , it nt
duri ng PRSTEAErS PR, 4o dnfRTRE SHRAREERME I ERRLE R L0 BN
1B shovis oader itd $apataradit wmalleplipgdresrnporicars. of a dewat ering process 300. An

al gal culture 310 having a final dry weight of about 1 g/L to about 10 g/L
(i.e., 0.1-1%wWw) is subjected to a water separatjon process 320. Process
320 canO1kl| ugdhealgee bromyat When hasestsst instep Id8ttymically, coppistsiof ebaitilon 2t n one
enbodi ngnt.,.. a;sintered nmetal .tube.filter is used separate the al gal

b1 omas< el R B n il Rk TSRS DuSHRA Moo fine

r ecoverigelutat gsut 330limBed &G ¥k tediiif f6itgtbr, emctithaic filtgaeh, Elokéwlitesh,

Meanwhi | e, the algal bionass recovered has been concentrated to an "al gae
past e" Sgfimeniption gllier pepsingydegantptigmoreentiHagatiopg degyatering ipthe removdaf w w) .
This ¢ ng r at i . i a I in a

sl vent O hes g, Sia PRRE AR ol £ o0 R e R Bl Bl e 0 350

i nvol vascsddinnent®alwiding dSddcting tehieniqhgae rgasteevdter faarhiachaeveatetfiakdalir e havi ng
a wei ght./ wei ght sol .ventwéo bi .ogass rati o of l%etween abaqut f1: 1 to about
1:10.  THEM&Sglewateriog|caneg ctisice apt ysing nyLrs ot of  igmbratie of apypfahs ol vent /
vat er i hoMseie3Gibeldhef SRY SR 110X by QY oftAMR s RAANP T A% FRE{I0H tHegant | ng.
The sol vent can be recovered and reused by well-known techni ques, such as
distillation and/or pervaporation. The remaining wet bionmass 370 is

expect d@1t4 haVbe dewdbicdglgaohiasmss sfsubiingdtonB 69 t 30 ipoally 608sists of dhoutin

al cohol . a wat.er salption. [0118] Sol vents .i.deal for.de rin re

oo 10RR 0 Bl SR BoaP i B b e RSl TR enmrer s SRSyt o/ . or
bel o j i I . iLlrLl.e

© bt y ol REBIRLER & Rl e SORERAROR w0 RACCOREiORRSE Gt Az 1 oo
WO 2011hd g7ddRaT¢ddb2tigd/ DBk4R% dflprowss canddware bgkly epitalhandldpetatiegsol vent

density is over 1.1 g/ ni.then the al gae bi omss wayl d fl oat .rather .than
cr eat e PGS H}gte%%blrgg{tﬁ,él}ﬁh@pn@gseﬁgoeﬁ °T50gS 4% apg/or alkaline extraction

to fractionate protein material.
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[0119]FIG 2 is a schematic diagram of an exenpl ary enbodi nent of an
extraction system 200. The wet or dry algal bionmass is transported using
nmet hods kwownitym7t7de art, including, but not limted toPaTrsmM@staeit, a
screw conveyor, or through extraction chanbers. The solvent for extraction

is recir ated from a storage, tank. assigned to each hi omass sl ot position.
The. extiPEEI onMOefE @F?tg’tdé?’vé%ﬁmg@? i ﬁFgﬁbblPH’éSSo‘?aBﬁ?ﬁ_sCé“?SIquagy back into
the sl %aaﬁgtﬁehﬁn%fgﬁ% 1 bidhfsd Bih 8l8Ra88uERBK thd D, %g& hidal 9Bmhigs Brlht move

periodically based the residence time requirement for "extraction. The
ext r actaloimed ¢astttlsowrodgelutiom kndhy ligitds eraylsherr egpicaniveth byl methoslaswehatsi ot or

continuously repl aced. by.fresh solvent . This.would also reduce th

downst rELAEB L s BFREmEY At < CRehS R et o SR Rt B i ses
a pri meoyts MR methlds, Bndbl ARERAL reBRIMA NS 2D codt ¢l dyidbithdy/biOmass,
Sseparati on devices 241-248 (e.qg. nbrane filtration devices), a plurality

, e
of ext raadthapheradded baicfisoD@trepsiag thaneplaritylof thel alga) begmase pyjel to saimpEig281- 287.

In this i e W ye:1g ' 1Q is. djyi : [ urality of
et raBTAR BN s PR of LGB EL Moo B F LK R UP LR BBy &,

pl aced tasdd gedimdntdth presssesQicscriddd haear ara cffbdtBie, @art2dde w0fthé faanshpor t
mechani sm 220. In addition, solvent 205 is placed into inlet reservoir 218

near a YEFBHEPIEHES dvceyIr nepliplgsdhe nemsENa A opthe algag suiferc: IAeRani sm 220

di rect . I I . Pﬁ%mg DAk s Ry end 221
tomardgmggggﬁ%ggggﬂg%gﬁﬁ%gﬁfﬁgggﬁgg blgﬁgggﬁﬂs t$£%§%%¥§%g?&$?e§g%ses

t hr oughmoéneevantrudakomhy cimbodieparsathic additien io€ eslvéy HuriRg Sealedhatesing pparest ed i nt o
fractiqns. of varyin olarity. The diffusate portions that pass through
separ ati8HS fsAe ?“gﬁggﬁﬁgo%re directed to reservoirs 261-268. [0121] For
exanple, the diffusate portion of the algal bionmass that passes through the
first gepegjati erG deyifofvs2hlilliRrabive ichNEmPBRHLIGIPHF £OK At dotdsgydel ARd
particles small enough to pass through separation device 241) is directed

t o t he dgal sultyre &0 having 2dinal dyoraightos ebeusd el &9 abap6 10 gtlhe.edilf -L%avev)por t i on
can be . cl ed bac o fir I nlet,,reservoi Q1. The r te portion of
the ar darffbiod fiel Sablloh plot S ad0 RRINS 2 lind 0h B ABRRIE P e nan
can t hefechring| seetibgbrifittriticin Ip@hE chBOdiaiths Msadéred ekt eshrdilichlieiscd @ser voi r
212 and second separation device 242, which can conprise a_finer separation

or fil teBrpEihaelaridbiemass frome thei waier ofdhaeuliuire nWiley vziag such a filgy the

2011/1 . T %gq i portion

t hat pgééééﬁgﬁ%gﬁé %ﬁé%%%§%%3%§%§%#ﬁﬁﬁ%§§ ceﬂggggcgﬁﬁ%gh%%?%%?gﬂ to second
r eser vdiiom2g2¢coanct dthae heanawyicdnedtddao kin t ol gsepond with 2hlghedarsitpias hizh2svi a
recycl e pu 282. Th tentate or extracted portion of the algal biomass
that dgbeum %ﬁ_&e-t Hr-alim p%ﬁ& cgafmra{qd&fgaa_@wtw thar trepd B rected by
t r anspaplyAEHARi 82 2004sRd bdifndntaRbehrob&38%Y0i r 213. This process can be
repeated for inlet reservoirs 213-218 and separati on devices 243-248 such
that the retentate portions at each stage are directed to the subsequent

i nl et rl@&EHvoi Pedimghiatien prosessi F50usetlecspddingsnbyenlr ¥ 0dp tlecalgar nastetthe recycl e
reservoirs and.recycl ed back.to t urrent. inlet. .reservoir, ; I n
xonpl ae)SeRB ot FEFL L £} S P Paiirb i tio b T PR ke

hi ghestabwat B10.t Dh&hlcghislaylowed pdettlc i8Ql sétlitig v@bdlOand a SlveniDFhtepaliatrem Xt Ur e,
while the last fraction will be extracted with the nost pure slightly
nonpol a¥00dbramayed by, for cxagenlp.esiphonpig) and/oride¢anting. Thespyau easbe rrsperest e
extract ' : : j i i e fraction.
The. furBeTOReapy Pha-kibe i REAE bn EPHSFRIAINRR: Bl ot 1P " SN

faci | i trameinipewstdivans 3§ty aglcttod tphoeasslidd bentém a€ tbain S 0thatabdbml d0dw ar e
rich in po]ar I&g%?s, while the final fractions are rich in neutral |ipids.
[ 0124] THE Bian & v ighso¥1Wst erified to |iberate the | ong chain
unsaturated fatty acids. The carotenoids and |ong chain unsaturated fatty

acids qgmgle SSPREAL &bafl foPAivRARriAE hreURHRG Iy QABRTRGSw UL b1FS c TBIVESY Wath
distillation in conjunction with non-noleculfar distillation. Al of the

fatty abhsisecever bd goparrdicbdy § O@mih&Exempbs emdudisisergppapot. hectod. ecul ar
distillation. The djsti.l b ti ted i i npl
ai st 1 1ReeBRrso k! Bbonol el ARuaSe Lol nha Vo toeR el MBr%her i i ng.

The I ong chain unsaturated fatty acids remain as high boiling residue in
the columm. [0125]1n sone non-liniting enbodi nents, the extraction system
and nmet hods described herein incorporate one or nore steps to isolate
protein material fromthe ol eagi nous material (e.g., algal biomass). Such
protein extraction steps enploy pH adjustnent(s) to achieve isolation and
extraction of protein. For exanple, in one non-limting enbodi nent, the pH
of the solvent in the first separation device is optimzed for protein

o, . N . T e 1



WO 2011/ 127172PCT/ US2011/ 031421 [0126] I n sone enbodi nents, the sol vent pH
is al kaline. For exanple, in sone enbodinents, the solvent pHis greater

t han abouwoO2011/12m70t her enbodi nents, the sol vent pH ranges/useamoataout 10 to
about 12. In further enbodi nents, the solvent pHis about 10, about 11, or

about 12. In her enbodi pents, the.solvent pH is acid. For .exanple, in
sone _eraimhr?éﬁ E{Wﬁ%n-sﬂitﬂfg%éw%dﬁ%ﬂtr/é%wHalnggﬁoﬁhlﬁn Hic ol gpcdyigragss would
enbodi rm&ﬁathetr%@&&é{@ggeﬁﬁeﬁ@d@ageSth{oﬁ{%ﬁH@%tﬂ%gtv@sﬁpout 5. In further

enbodi nents, the solvent pHis about 2, about 3, about 4, about 4.5, or
about 5. The extracted portion of the first separation device is then

di rect d811Y9 sub¥edlientschemaiic diegamodian sx¢raplashinekasingitrod én icsimaciiod
fractiopati based on polarity. |n.another non-limfti enbaodi ment ,

b ot ef OSsra0 e S T 8e Bl omdh i PR B R IR B | o
means (ihcl@ding Sl weNlimAEd &) MeTiREBE), a e édAd) S toreibugt cxaflcvemt pH i's
acconpl i shed in accordance with nethods known to those of skill in the art.

For exdhpmbersadhg spimertdongijagtiuyispocirpulatqd fEomp siyagiiiprlopisisned taedcl into t he

sol venty;shi & pRRER AL AGLIR disglivls ARRiablf RYARLL oRidnatude,

w thout Timtation, phospﬁorlc acid, sulfurrc acid, an ydrochl oric acid.
Si m | arihtp, thaklkaridae pirics inae Hicevwerdg dotyinla dithictsobids @nthe et inove pofiodinally

appropri ate base into the solvent stream. Exenplary bas%%1useful f or

pr ot ei a8t OHIOF FEVAGNAE [igacauiierraLior R IAiaRi bhf, XYariads Fasth sHfesoRI 2y and
sodi um dpydr RxieHRnishQl A &bt RAR SIRRLLIT @%}ﬂaceﬂ bYUEdsh sEXEA PRI Ydul Falso
performed in a system separate fromthe extraction and fractionation system
descr i bedude¢hedownsisamexeaepdieg ting agd west dndsochiliye nthss erabodaingsat! cobipoivess | s

soaked in a pH adj ed, sol vent xt ur, fol | owed.by isol ati.on i n

appr opriaedy EesRiot 1195 (raRAT e e 220 L R L BRI AV A By . The
renai ni@g., St SeikRAon HEEQRN WGREkaliRt & REFa@WnMB&ITAR BN AR axtd onat i on
system based on polarity, as described herein. Simlarly, in sone

enmbodi rmdwrebty afffecyickorminmsy§ | 3&/r de this evhedimenix priety wherapid 219 sctividedtd on
process _based larity i s D d to a pH adjusted solvent m xture to
isoIatén%fﬂﬁgﬁﬁgﬁgﬁggggF&an§%ngﬁg of the extraction process. [0129] As
shown in FIG 3, the solvent selection and the theory of fractionation
based do12nl ar Duyinpeperatiey algpbdniays 2t 8 pEiceé a dinsliyisi iwsa@tois 01 Vasira fand t he
effect on extraction using the Sohxlet extractiaon process, which allows the

separ atS8r240f frrRipae ngchaTIaM30; dn pdtiden. aplventz0S> o pleped Infdntch ESPHRITsy st em

was ut iiliz%‘égﬁ d Qercoﬁ@g\@zfzcm&a%ﬁsw%ﬁeéﬁmﬁzc:{m rrahdpott rﬁéc%aﬁisa%%ﬁﬂexﬂét y and

recovery. vents fromvario em ca asses enconpassi ng a W de range
of pol ah¢ ligelsbismess adengakdnapas mechaplismalk@hfrem faktkgnd R2dltodads sesheresd 2Kt ones,

were tested. Prjor to. the extraction, the lipid ntent and conposition of
the. bi CRHEE ea! BEmast i sabut e PEStLErueh R SR A he SRS 2 031421
triplicaiend$i fPataltQ ifloandabss Wa?%ﬂ%g&l@ﬁtﬁ'ﬂé%iﬁﬁiat&ﬁérﬁﬂi@stﬂlﬁ)ﬂibaﬁlch as the
Bllgh-Egﬁj |'i pid extraction nethod. e bi'omass contained 22. 16% t ot al

lipid, ugh serarad@n3RYVicand Ingdht araldireetpd th rep@td@o) K268 presents the data
gathered by extraction of a dry al gal nass using various polar and nonpol ar

sol vent nbi it S - [ 0 ' t he chain
| engt h @%fﬁhe g?ﬁ%ﬁ%¢§%ﬁ5@&?§&§%95§b§%ﬁ??%@¥gﬁ“%§§ @%ﬁ&ﬁg%ﬁhggﬁﬁQK15-4596of
total Ifipi @pirederwésweecdn (bg.,akhp@vied covthinigtliquidandaiariddie SdmhlBalovginto

extraction. The | ongest chain al kane solvent tested, heptane, recovered 60%

of t he Meuthreleh seRaTationedsyice skl bis dineted ée the firptareervoss 2 drom IRGiRESTVeiR e

resul t 526thh%>8hﬁgsg d ﬁ%?tiﬁT %agr eré‘é d SRR %o H *H@et%@éeﬁ%@ﬁﬁ)l?“ﬁle‘}%gﬁ tional

extractioh net S 'suc xdne are inefficient, expensive, result in
poor yiperiim of the algykhiemsssahat does hatgmsdihsmigbSast shparetion dvdreeXid chhédsa be
inefficjencies by contrqlling, the propartion of. slightly nonpol ar sol vent
Lo wat R GY ABIE! Beguphie D Bgnshisergpir 314 Fak 1ignDePareP oo i h

m ni mal 4o RS 240f wrieRRANEhFise [0t bdpagatioR We FilteAToRARe i Gah Ale HQ1 pRaBoNer €
nmore selective for polar 1ipids. The neutral lipid purity was 22% for

met hanalevend445% f or et hanol . | sopropyl al cohol did not show any
selectivity between polar and nonpolar lipids, resulting in a 52% pure
neutral |ipid product. Methanol recovered 67% of the total |ipids and nore
than 90% of the polar lipids. Therefore, nethanol is an excellent candi date

for an enbodi nent of the present invention wherein methanol can be used to
sel ectively extract polar |ipids froman ol eagi nous nmaterial prior to

extracting the neutral |ipids using heptane or hexane. The other sol vent
cl asses tested did not show any selectivity towards |ipid class since the
neutral lipid purity was close to 49% simlar to the |lipid conposition

present in the original biomass. Furthernore, the total |ipid recovery

o o oy I A N~ N7 o



scal e batch sol vent extraction apparatus descri bed below in Exanple 1. The
sol vents sel ected were nethanol for the first step to recover polar |ipids,
and petroveumie2hee in the second step for recovery of meumtusadilospeds. Al
of the extractions were perforned with a 1:10 solid:solvent ratio. Each
extracti step,in this experinent was hour | ong. O her experinents done
(data ol hovm%jle A R t_lliﬁii Rﬁﬁ%eééhraggl? &9@@5 _qué‘Pai“BH “¥fidugh
for thesexhhactithed ® ReoRHEEESSIT 862, ahll 'tl?enrrs\éa%lbtd' 1Rk td fRohSinflePERARM On
the heat and nmass transfer of the system 2011/ 127172PCT/ US2011/ 031421
[ 0133] 1He wetdageio pumpt28aciThe netentete or petrdctadmmdticnt ofdth€ flgrebivbmussithatrdaesir es,
40C, 50C, and 65 C in order. to det ) i C s optimal . The rol eum
ther it PR ThOREGsesoRe il et es i vt B el o Bbar Riseroi 28 ol he
sol ventthir®afl &b WBiEL I I THMRBroc AR TaR b RGpRLSE f@ifinlct fes&iiveits SEI-erd and ty for
neutral lipids, |low boiling point, and the product quality observed after
ext r actsep#atigrdacr LE-24A sediohiat the atentate padions af cach piage pigrditegtel o ghe

petrol e I 100 card i . el.hano r i .step at
e T S T
st eps embdassettdttaek netht catredtiifletres@ndient of the final crude oil product.
FIG 4B shows that the total neutral lipid recovery was | ow and there was a
signifi t ampunt of neutral lipid loss in the first step, [0135]To

mi ni ni ABTE e[ Bueceamlarss geiiopang; e i iwopré\flﬁ&ﬁ SKirasked with thsrfighesh, the
pol ari wataftotsnghtﬁma@mar SAVRGatid1G 6 E ARG dI: AAM BRI WAL BE 1P irhRfonSelMRNT -
FIG 5A and 5B show the results of extracting the aforenentioned bionmass
wi t h 70%redted agthebusostgiunasi gihtlfy alohpvledsobweng x er the t¢astpodartthixpetr heum et her .

FI G 5A sho that the neutral |]i.pid rity was.nmuch higher.in the

et ol dlat el aerddes simesentvB e B Sa 55 T e e i et hanol
Mor eoverhe fii@ion@FhOfirsnBikdtiodlis 1d RS WRScdbRA W Yerla8d YEitaR)hd itvarse of
aqueous nethanol in the first extraction step. As seen in FIG 5B, nethanol

ext r actaxgactam mpegser hedstors thatefo!lpwpronddinmelardwids) while thedtnal fraghigms
slightl creas the total lipid recovery in the subsequent step.
[0136]ﬁ%eg§ﬁg“§§§%%W%&§ enbodi nents the tenperature of the extraction
process is controlled in order to ensure optimal stability of algal
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(e.g., algal biomass). Such protein extraction steps employ pH adjustment(s) to achieve

isolation and extraction of protein. For example, in one non-limiting embodiment, the pH of

the solvent in the first separation device is optimized for protein extraction, resulting in a first

fraction that is rich in protein material. The pH of the protein extraction step is adjusted

depending on the pKa of the proteins of interest. The pKa of a protein of interest may be

ascertained using methods known to one of skill in the art, including, but not limited to using

the Poisson-Boltzmann equation, empirical methods, molecular dynamics based methods, or

the use of titration curves.
23
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X*4.65+(1-x)*9=6.6 i x = (9-6.6)/(9-4.65) = 0.55 + 55% w/ w+of solvent m x

i n solvent mx-water WD 2011/127172PCT/ US2011/ 031421 For a 40% w w wet
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R R o SN A TR CRh
Dry Bi giotsisinPabhsol MabBlenSUorBited Waitied Sohxlet extractlon process. Depending on the
chain length of the alkane solvent, 60-70% purity of neutral lipids and 15-45% of total lipid
recovery can be achieved without disruption and solvent extraction. The longest chain alkane
solvent tested, heptane, recovered 60% of the neutral lipids and 42% of the total lipid. As
FIG. 3 shows, the results of extraction of dry algal mass using solvents and conventional
extraction methods such as hexane are inefficient, expensive, and result in poor yields. The
systems and methods discloses herein address these inefficiencies by controlling the
proportion of slightly nonpolar solvent to water in order to separate out components of

differing polarities with minimal loss of components.

[0131] The lower carbon alcohol solvents were more selective for polar lipids. The
neutral lipid purity was 22% for methanol and 45% for ethanol. Isopropyl alcohol did not
show any selectivity between polar and nonpolar lipids, resulting in a 52% pure neutral lipid
product. Methanol recovered 67% of the total lipids and more than 90% of the polar lipids.
Therefore, methanol is an excellent candidate for an embodiment of the present invention
wherein methanol can be used to selectively extract polar lipids from an oleaginous material
prior to extracting the neutral lipids using heptane or hexane. The other solvent classes tested
did not show any selectivity towards lipid class since the neutral lipid purity was close to
49%, similar to the lipid composition present in the original biomass. Furthermore, the total
lipid recovery achieved with these solvents ranged from about 15-35%, rendering these
solvents unsuitable for the selective extraction of particular lipid classes or total lipid

extraction.

[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
for recovery of neutral lipids. All of the extractions were performed with a 1:10 solid:solvent
ratio. Each extraction step in this experiment was 1 hour long. Other experiments done (data
not shown) indicate that about 45 minutes or longer is long enough for the extraction to be
successful. This retention time is dependent on the heat and mass transfer of the system.
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[0133] The methanol extractions were performed at different temperatures, 40 °C, 50 °C,
and 65 °C, in order to determine which was optimal. The petroleum ether extraction was
performed at 35°C, close to the boiling point of the solvent. Petroleum ether was chosen
because of its high selectivity for neutral lipids, low boiling point, and the product quality

observed after extraction.

[0134] FIG. 4A shows that the neutral lipid purity in a petroleum ether extraction carried
out after a methanol extraction step at 65°C is over 80%, demonstrating that the combination
of these two extraction steps enhanced the neutral lipid content of the final crude oil product.
FIG. 4B shows that the total neutral lipid recovery was low and there was a significant

amount of neutral lipid loss in the first step.

[0135] To minimize the loss of neutral lipids in the methanol extraction step, the polarity
of the solvent can be increased by adding water to the solvent. FIG. 5A and 5B show the
results of extracting the aforementioned biomass with 70% v/v aqueous methanol followed
by extraction with petroleum ether. FIG. SA shows that the neutral lipid purity was much
higher in the petroleum ether extraction than was achieved by the use of pure methanol.
Moreover, the loss of neutral lipids was greatly reduced by the use of aqueous methanol in
the first extraction step. As seen in FIG. 5B, methanol extraction at higher temperatures
improved neutral lipid purity but slightly decreased the total lipid recovery in the subsequent
step.

[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
other embodiments, the temperature of the extraction process is changed depending on the
solubility of the desired product. In still other embodiments, the extraction temperature is

optimized depending on the algal strain of the biomass to be extracted. Elevated extraction
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extraction mixture enhancing extraction recovery.

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

include carotenoids, chlorophyll, and lipids.
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[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

55% W/W* of solvent mix in solvent mix-water
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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 .
5 : ; : : ‘Solvent- solvent
‘parts wet: parts ‘Biomass Parts Dry ‘Parts ‘water ‘polarity
: ‘biomass solvent 'dryness Biomass Water ratio index
.One step Protein Extraction : : : : ‘ ’ :

‘Ethanol

:1:1 IPA EtOH mixture

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

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

JIPA

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

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

IPA

95%ethanolwatermixwe 100 21600  40% 40 60 100 539

§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

extraction product. In some embodiments, the solvent is evaporated. In such an
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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
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..
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[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.

[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
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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.

[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.
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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,
algal proteins, glycerine, carotenoids, nutraceuticals (e.g., long chain unsaturated oils and/or
esters), fuel esters (generally, the esters having chain lengths of C20 or shorter), fuels, fuel

33



60 0.93 5.135 [0147] The extraction m xture described in all exanples, is
made up of a substantially solid phase and a substantially |iquid phase.
These phasexowre7t’hen separated post extraction. This caaTtusesibai4eol | owed
by removal of the liquid solvent fromthe |iquid phase, yielding an
extractiqn. product. |n, sonme. enbodi nents, the solvent i vaporated. In such
an méﬂgﬁiﬁ%m&%@wc@?ﬁ@s@@ i) TR Ies SUpiteRen bR o) ATPPRAL e oY

ext ractdspp; 4reenBifka 1&@1@% WaRe 1R fedU&Ss &@@IQ%HﬁFle@thss. ah\gNlotidpat needs
to be evaporated. Any solvents used can be recycled if conditions allow

[ 0148] lamheasneriis dnél zstdrstdnan nixteat efenhindengthe (ROguilshdrtasnmass prior to
extraction woul d enhance the productivity and efficiency of lipid

extractyj Inthis direction an.experifent was n Q ring the fect
of aaai 05 badh®sRedhGRRh PR e REEh TR P R R P B R etRed P Bhamge
t he surdhdciestiphepeploces 625 dresplidngieanechh 86 Lsddn vArivas drééry. The Highad ment s

i ncl udi ng aqueous net hanol, aqueous sodi um hydroxi de, and aqueous DMSO were
at t enpta@@wsgad dptted grepenivdaicaers, bythet albdf thaeptions Swivsdhe hedralysiss t he
lipidr I - . ' ol 0

dr amat i@gﬁ‘{i‘e@{%% g 8@8% ﬁgtﬂ-r[r%ﬁ] §3r11r o%%tsgeegtqéd ct |15:)etrr11%g?Qi %@th%ﬁ%&% (Efﬁ[ge Islg]ldut i ons
used i rfrachienalforexanipler innenteeniteydimetts bfthe deahtidm nfteisextantidreagésr scal es due
to the high.cost, vjscosity, and ahility to recover and recycle Q.

[ 0149] PFRgTalon &e SRR OO doRiuHg! e _éﬁfft@@téaabe éHe@[ygwr@f%&%pF%@
extracthan @8 hbRuCEUR Gl EO ! Rlicrhh Rt ih 6lng AREbdiREnBURE hiuipli ible
extracted neutral lTipid. I'nthis enbodinment, 112 grans of wet biomass

(25. 6% fdacyiomedrgbd Ppassaate estetifiagticmcprogeshio B0 ni pure net hanol and heating for
10 m nutes at 160 Wirradi ance power in each step. This resulted in an

extractyj t enperature of abo 75C, which was near the boiling point of
The oxtIPERY on Pael®n Ha@REd fa 8 her L e KE8 g af et Mn BRIl P
possi bltasé @atazgia,i and Ru® Mclude Ura@sdieuilfication. | Dltitbugh bagd akgplis Rinbt &RGRIcHhe
majority of the polar |ipids have been extracted. FIG 9 shows that it is

possi blfer piednepg serac pfoghctpacid satats isaretierrpd e Bastetceineqyssaxeidithgpsadss are al |
extracted. J : % vi.el d. of . i i wth over
00% nourar® RrbPBuffifed ol leyiicRlesd ChblM RIS HER, PETLEYES

Fur t herErymaticlugertificatibe tdethiquagcapailgotbeafsed. hBsteptfi¢aaioh icam procydsyubstamiiadly of
the water in the biomass i npl etely ,extrgcted in the first extraction

] S.G [
step, AUEHEPIFINRFHCR (R AT, a3 ysest BTRQ)- anferestaalfication phsprnedyprodughows
that r I iy : | Ci et hanol to
oxt 1 acrn Y orndied e defifiy RfATRALNER RIS EleRThr By bitor e oo
| i pi d rdegdlatoy (macesbé2Pahioedeeth sapamboesterfiedtlippds af diffierenttchain letgthCasgener al |y

needed by, using nethanol .. This increase._jn recovery nm e attributed to
o at er QLN SoRorhrgBe TR FHeAR: THE R GH R s GG o

Fur t herfyRtSrcatifeploeédsicno t@?éﬂ&at@jet acuensEcRl hadothet fudb@IaEtst Ray aqueous
met hanol”, facil |{) her recovery of lipids. This is because the

ating fur
hi gher lwérm@aamgxpl@cwgmewg in the api dan|bgsisedzissdouprocess @deblyydrogando itheglipid
di ffusabill i té'a %r}ot her di stIil ncgjl aldvaﬁt argel of tngits ‘%(% e§s tIi stiusiqr,r:%?rt he
resi dual® SPHEH B9 TEROY B s B PP et iCon EF G R A00 SLORF 197 P AiotSAIMECRRTSC o
| ower i ngadting therislicoadesouttyheido] farmasid @kteisngitloRedragdnaihder MEh pressure in
2011/ 127172PCT/ US2011/ 031421 )
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

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

being hydrotreated, thereby improving the performance of the hydrotreating process 620.
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[0151]) Further, FIG 10 denonstrates that the initial fractions are
non-lipid rich, containing proteins and other highly polar nolecules,

fol | owed W9 20he12pokar |ipid rich fractions and finally whe/useutnal42iipid
fractions. Hence with a proper design of the extraction apparatus, one can
recover_all the.three products in i ngle extraction and fractionation
procesdt &%gﬁﬁd&?‘ﬁ‘@ﬂl?aéﬁ%‘&}? e B ety ?ﬁoghf?e ChoDRetoproes b3 dbe

M Cr OWa¥RFottcRte@SS h Shp&shd R¢h! Moil?g”‘s%ﬁ@dﬂ?&s %&éﬁe@éﬂe)éd&ﬁfo? ﬁ&@r‘étr@@ch?g. _
discloséd in this application, it is shown that Trethanol 15 the best single
solvent for extraction of all lipids fromal gae. Hence, a single solvent
mul ti pll@l&llep Exsonacemltdimants gétherintradion.thEneninsl elgal lgfids 4re diraettyant
applicati,0 s, performed | rder. to t her  dat n. t heyef-fi.cagy of a one
2brvent sl Bl RLFF o Ml Bt MR s R i o
conpar iingldnftRphs,akd hQitral lipes afeckstcaifiall ahd Ripdrat@Ciauedayotoihoi€s Migdhanal
extraction and m crowave-assi sted extraction. Based on the slope of the
curve, Ynpatiiéedeesfert (cipoeapentagioie pad (ERA DS asglor dugl eagiscas dishldationt r act i on
ti me by i - ' i I a

ni gher TRt Py o PAllBl Jocdiphes caffthifal BOICANY RIIAN oAy SF 1

| i pi ds.didmedn ahhiqessknoesiLih tis; art. hBorcaadplel teslidtidiates xan be fractivnafed dsipngal gal
bi omass using,.sq) vents with and without n crowave assi stance_have been
opti ni zaeﬂmp@d%ﬁ BB aP HENH'S SerardtA i IRy enthaghiaffx acids diTeiivAg Thy KPuave
appar atdusi, Mﬁétﬁﬁt&i@a&z‘é@ﬁﬂe%wﬁ Q@in%ﬂ BhiIBGLEGINR RS cdMhBCH &ne Furt her

enbodi nents of the invention utiliZe custom zed m crowave apparatus capabl e

of excidnibogirdérts, éheremagohy eaptos carsthich be stihido thertlydditreeimsprofess hd wiornfelnt i on

utilize custom mi.crowave. apparat u apabl e of .exciti the |ipids, present
"' the PR oD g e S B T s PR 65 o el Sy e Ak he “al gal
bi omas syt fR¥E the€Endtsy Ner¥Ve MR REind REERRY a£8BA UMbl 8e separation and
extraction of the liprd conponénts fromthe al gal biomass. [0154] Moi sture

content is another paranmeter of biomass that will influence the efficiency
of oil [@kéG]lact lrosomd emiswhmcetnb6thcmevensonfpol drdippdsd seh optionedlyt norral bpids)al gal

mass i s ext ted. and fractionat n ot.her e di nents he algal mass is
mer” b BB TN e S o e el Rtin e RS TSRn6 AR 47or5 v o
used t iRy &S LihEAILthE Retyl R{dsUgmeealfdl IPRsS it §aBls ptdRGabdAnPSthokgRNCE.

[ 0155] FI G. " 12A shows an’illustrative process 400 for a step-w se extraction

of pr odinddsstofoedonnaad iatogesefubprosusts. Al units in FIG 12A are in pounds.
FIG 12A shows a mass bal ance WO 2011/ 127172PCT/ US2011/ 031421 of the

process 400, ile the details of. the equi t and/.or systens for

ber f or PRGTE heISicksesd fapisih ShepriBld PEreruP i Bt RBRLY RE TR RCOHEL SREBAai ni ng
5 poundsoRhedtd %?ida.a?m éﬂ@hﬁplgn@fﬁawo&fss PO, Abuthdl Hip@R.ard £ fo RRUNAS
neutral |ipids, pound protein, and 1.5 pounds carbohydrates. The bi onass
and 100@s@otieriprogésswab ratisepamteceaseietpiiniramddidatieh o g Tor eputtd dipidasae h

separ at,es. 950 unds of water,fromt m xture and passes 5 poynds of al gae
25 JETRIE A ARE S e b A MG EalRhoB YRR 8 A Fevt r P g
t echni dieesin dH8GkOGEthe MehiRd] NiptdItah ®e ivadothtnsodeosatsath AgplahteeuAes. I n the
first extraction step 410, 238 pounds of ethanol and 12 pounds of water are

conbined with the al gae and water fromthe previous step. The first
ext r act[0b68]st e pdaarptiprmprogedsi7§hiinrlydra sente¢tingzbenc gt dpidumithetntrlnaibentsof i r st

| i qui d phase of 231 .pounds._of et hanol 3 _pou f water, angd .0, ounds
of a1 gafoaPapEiEy B T vl AR ang RN Mh iR heREROPy 8 oves
by, e. Gdsor®¥iaR®DatibrOAP20SS okEnéciall PhediRblel fedn PTOCHRS CAdHicaSA M &ida,
recovered fromthe evaporation can be recycled to the first extraction step

410. [ dose] Bhe neudral Kpidp garpepmsast thegdperhentip p SptcBEyReaiersh 18 tdYcuthe | s passed
to as i X I T i . ] NC 4.5 pounds
of ol gasans 1A LAPALBMeRE B0 8 4 yRG1 BraShicGRl spho B S LA 17
pounds htaet trdaahe alpsdrbnpandidipuid hrewapattedneingdabbdiques kdvevif inrtsd ars.oln d phase
fromthe prevjous step. The second extraction step 420 has li.quid phase
of abothIIMBHEPHIerhdRfotdsoReREE GR 1P @aaﬂ@rkﬁ?é@%&&f& ds. U sB RIS e hanol ,

5. 9 POURdedibGE: t@%ﬁs&b&t%eﬂn%opgmrng'thwugﬁ R RisbBEMURECHe cFoRALIRI Ch

wat er and et hanol are renoved by, e.g., evaporation, |eaving a polar

| i pi d- rdootenpofotieotutd ipidSed sedmtedr themwbg peativcmgmntdieridviagdat i on can be
recycled to the second extraction steg 420. [0157] A second solid phase from
the second extraction step 420 is pas3eéd 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 fromthe previous
step. The third extraction step 430 has a liquid phase of about 95.4% w w

o — e~ o~ .



et hanol extraction step was largely influenced by the noisture content in
the starting algae. 32 WD 2011/ 127172PCT/ US2011/ 031421 Model s of process
400 wer e worroom2rtieee different biomass col |l ections, ea®hTh®seimny3a2l
different initial water content. As the initial water content decreased,

t he maxi lipid recovery step changed fromthe third extraction step to a
fourt h)i()ﬂéﬂ] s hﬁhﬁy%mﬁawéé &0 b ReSwaur pm ths %4%%8&@9@;191 1Y BrRR& t hree

bi omass, ;3PS VR SpdPriae Sl ¥enk é}ﬁclu&hé, HRRAYERARA Bf albhifol] Qichlas kinRhsl
content of the algal biomass. [0159] Whén al gal mass w th hi gher moisfure
cont entisogagpyd skedholt, hatamphastots soomesesthylaicetote dributyth eccdefacdkeneesurhiresl ni xt ure
was nmuch | ower aqd consequently the neutral |ipid percentage in the crude
extract‘%ﬁ%*gT%EFQ%W&N. It has been reported that dewatering an al gae paste
with 90% water is a very energy intensive process. The net hods descri bed
herei n [gpep{PeCcERS! 16 1§ 3MoRRNMS StbiRg ﬁg&%mw ﬂoYPl%P&hEiﬁgtfue?BE’odﬁlEt%%@bO”at e an
al gal mass containing nostly water. overall Tipid recovery was not

si gni f ifcamnkytrdl iplds@hé e dhbypedtahtipids gad bo frommnadlgrresopars tgenarated diy anpgf 90%

wat er 0% al gal solid unl i ke convent.i onal extracti.on, et hod t he
L R R RS L R U e

dryi ng ¢th@RourdcBs! 60dhFlsPlant SGirsEOVEheaRuirhll 11134y At ié@ed MDA gAML Proce®0 of one
of the extraction steps of process 400. An al gae biomass and sol vent

m xt ur 81908 whichthsj re acidvashed tadedusa thelsyels obmetalsamdahosphelipidgae i s
extract SGr i el . herej n),. ] i s to a
coarse tﬁ? Pélrﬁ%tl ﬁglﬁg's yl{s)%%gﬂn@l ?ﬁ%@ﬁ%‘h&gﬁ %ﬁ%li’vre]{ygﬁ lélg gr%l#gq% Qtfjfg §§@;6|;1? ggd 1%/)\/ni ch
separ atagdded toethehitil ipidef ahdahd miptiet iphased athgitatdl iTihe phaggtatcihe sol i d
phase is passed to a downstream extractign step, The |iquid phase is passed
to a sdbganholipkigidmeiyfsieihonxgparateg fronyeagmpiping il forreyampliub® t he sol vent
(e.g.,(Qf@ ) content in the |iquid phase. The |iquid phase renaining
after solvent renoval is, optionally, passed to a centrifuge 525. Any
solids remaining in the solvent renoval systemare recycled or discarded.
Cent ri flog®1]525Tas st&ts oil s theppisaéd wodblédtRindesodesds B @atmprociistophelitand
proteins or |lipids) fromany remaining water and/or solids in the Ijquid
phase. qtereeiorcempaundsydhsorahingslgmpitations. bleyhiearecee gl dincirics porrctaEgal
TBSS Cafc B WSS AR: ok QB Ot HECANL Ly ANE bREGHRE €19\ B8 heRIoARUG S- 11
this exanple, an-al gal biomass I's extracted in a step-w se nanner in a

f r ont - dntery @cag,sviGobradacaihe ihvelsaftichtvdsphdills ahdsthdr tdoreiompotihés @xhe aidt | on

and separation steps.are followed by an esterification process, 610, a
hydr ol y estreareﬁcoéls@g%ma_ssgdm broires e oG ot S NPy e i st 11 ati on
processycBRrcn@ich HclddBpohSRY 8f B 6RTH PRSP RICH Tk mpitNRt ARMPRPAGRLS and
products include algal |ipids, algal proteins, gfycerine, ‘carotenoids,

nut r ac elicsctbicbaddativg, and progarshdnnddineatthe byddireiting raonthos2(baseeasipes sonel
esters ner al | the esters having chain | engt f 0 .pr shorter),
fuels. FHMMEAAE sEHmD; T390 bl G 0 LE D Bl RPRA! Fihe or
l'i qui d RAkdtRh e DYREE] dddt@Sed HereiR caf B iRd fenbeebr@nhs pideessfazel esters are
Cl16 chain lengths. In others, the fuel esters are Cl8 chain lengths. In

still other enbodinments, fuel esters are a mxture of chain lengths, C20 or
shor t er[0172]16 2 migstesrficoimpatndsrergatatinghe bidotrénpidg oprpséss 8PP acgmisscd 15,

hydr ot reating process 0, an istillation.process .e.optional and
oo be LU PRSP Pl il trka e AP REE R 308, B BRbb RB% e ca o
some, kg5 daRtinchlde anQfof temeRE LN dfdh-bIB Rl AN EsthkEbR kachhBued WdEddeat i ng,
and/or distillation Erocesses may be perfornmed in the processing of the

| i pid fhesain pokrowiFgrthe R gy separposeinficlqobindundnt s of the invention, after

extraction and/or separation are carried out, the neutral |ipids fraction
can be {i+gct | Qx@[ eal [ r: - or
additiJggiﬁAltg}na |§%$y, ?%SSFH%#9§%3%§F§E§§§%&§n39%§3#§§%0¢?%¥d fraction

can be qgaased fiom @silgilibiomas] BRtridtoes prdidids ugitd 6] dsli@red hictaids offedr ocess
610 can include techniques kn [ he art, such as acid / base catalysis,
and cammidaR e Bt e g rolk domot H%i?gtﬁ%ﬁiwg@apatwt@cw thet

excl udeglsfof pil ot SATRePIRAURICEs A o ERuB! frd fictROR] AT Sthsdfic L Nose
techni ques avoli d the soaps that are ?orned duri ng base catal ysis, which can
conpl i cat ed downstream processing. Enzymatic esterification techniques can
al so be used. Esterification can process substantially pure lipid materi al
(over 75%lipid, as used herein). Aftdf esterification, glycerine byproduct
can be renoved. The esterified |lipids can then undergo nol ecul ar and/ or
nonnol ecul ar distillation (process 625) in order to separate esterified
lipids of different chain I engths as well as carotenoids present in the
lipid fraction. The esterified |ipids can then be passed to hydrotreating

- o ~NN a2 o, - R 1 o o,



[0164] Hydrotreating the fuel esters rather than the raw |lipids has several
advantages. First, the esterification process 610 reduces the |evels of
certai n pNogphwres2and nmetal s conpounds present in al galPCoiusg011/7BSE
materials are poisons to catalysts typically used in hydrotreating
processes. Thus, esterificatio rior.to hydrotreating prolon the life of
the hydP¥tearrpgt g salyhility Dsp g} OEQHTRrRRt FEser BhPPIIRTGR ST4h & HRAUY e ar

“Bight<Rﬁa&hﬁd99ﬂﬁgwﬁé§mﬁﬁﬁ&ﬂaﬁﬁﬂ&?&ﬂﬁﬁ&@ﬂnn&@%ﬁﬁ@Yoﬂ&EﬁOVing t he
performance of the hydrotreating process 620. 34 WO
2011/127172PCT/ US2011/ 031421 Further still, it is advantageous to retain
t he fudP1&Ht er Eof ¢xamplhiendlgst biomass may pe sduvescdsficpingandiyping toeatred in a
vapor ous_.f or s dpi ng .so.r the enerqay.needed for hydrotreating.
{5651 Mol e ol e & e b R Bo BB T g Y PR "5

di r ect |gyibfeyd @ & eRdn@d in PHAS BR0OVEQhE IRYIEKSIublB§roteink d5llddthe glutgins pTRGUCt s and
additives. Wile in other inplenentations, the neutral |ipids are

est er i ft@ragkenstefalaredby Asolverirtssehwpation ghthc alrahal sohdig protirscatied er s,
. ; ra o ot ] ot
b ocee PR AS, Thefiitobd Wb S R LEREH B et SBRLGRE I, T75H 11 Pt Fon as

well as any of the distillation techniques known in the art. For exanple,
t he di d0175]at eBrasans b Herextactod tbedbatb salgy @ersinddteshditst alghlatellgras shdbwmm t o

separ at.e wer chain fatt cids for refining. The |l ong chain

cneat urgERgSs LEH o1 B Treharso el gt B eh e e ST PS SRS, | n
sone enhadédBndiffébR JATE T Pase MABRIthE AR tHS BisPB s&BtEeih @nitI€oYM@r Ot reat i ng
process. Two of the advantages of the present invention are that it yields

pur e f eektcasclyextrachprogeivafiom epthomiinesh, orwhitvedtefalgasr s t he energy i ntensive
hydrotreati ng reaction, as descri bed above. [0166] 1 n sone enbodi nents of

At S N C R T M T

est er i ficeahhINRe@bHP BRSoveRRLBGs SRoWR INGS 17 herdspbvhiér AhAdR10br § ResiRl A&
l'ipids, and enables a greater anmount of the algal lipids to be formed into

usef ul 3hgeddicenass afe0e8EH RnGmils!. i Mixang ¢avishracomplished by aavapeiyod oetikgld f or

produci,ng nutraceyti cal .product romneutral .lipids. . .In e i npl ementation
bt *pr ocdBe MRS I 1 BPHEM T Loy MuREE e ier Bhcshy O BH85  F ha
separ atRfeafk AlfRfiteded kk@ivtibRMikhebodlhrry, damphiget 6 fitst RibdBnGAR; gid r om an
al gae source generated by any of the selective extraction techni ques

di scl ogddschades first yubsiaviaslly sohid phaser rldie spligprrbslicud phescs pigthe seppratdur ces,
such a C (o)l i . CO ing the
meut r arsPra o S bR A AROEAS i ! HERRGERNAR  OF,
car ot erl@miadicto xemtrifapitidnl, 8ecahtationdldtagune seelivh aitiiion, ahd fltadisar Baitfirsts D ai on
HP2OSS (commercial |y avajlable from | TOCHU Chenmicals Anerica, Inc.). The
neut r alsuPstpptdly digyidineatsentipieddn sBBERPI9t$iIN% bat ch- t ype process, in which
the neutral |ipid and adsorbent are held in a vessel for a selected anount
of ti ter . &1, r i.qul h arat ed
usingnﬁg%ﬁﬂiqugéggﬁg%ﬂ%?%&?%%Hggpﬁﬂg%%g@%ggsgﬁﬁﬁ@%%hfgﬁﬁgﬁgngﬁgRﬁdsorbent

i s hel dichéragmn @dsat hardd dxedctichndixitire onslutryadonhpriped 81 asopasssentibiipugh t he
adsor bent 'bed. Upon passing through, the adsorbent bed, the carotenoids

cont entlidyfd phuge Ardip pegongd pufisatipldy soliduhase. TheerByatampauks Mgurahsegveteri ch in
EPA. %&ﬁ%{ 7, -1/ 0 t j ecovered
from Y\% a soﬁa%e%qtﬁgﬁg%y?él%% %gﬁe%%l}l lg jo? %]éc-ﬁgf sog]?[gogn‘tg&g\na lg ﬁ“gﬁ&a%g}lf)pri ate
sol venttypicaltyt 3fdg/MoronputsingohaihiymifiNad’lt dhe adlabdal Iqusdiplmsesare thearsoparatcd opr opy!|
al cohol__,. butanol, esters such as ethyl acetate or butyl acetate, alkanes
such aé“ﬂ%%ﬁﬂ%?ygﬁ@ntﬁfgﬂEEPF@fTD?EFéfdE%gP@mﬂ?WPﬁﬂEhart showi ng a process
800 for producing fuel products 830

[0178] The second substantially solid phase is then mixed with water and heated to
generate a third heated extraction mixture or slurry, comprised of a third substantially liquid
phase and a third substantially solid phase. The pH of this third extraction mixture or slurry

is then raised to about 9 or greater, enriching the third substantially liquid phase with glutelin
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fromneutral |ipids 805. The neutral |ipids can be froman al gae source
generated by any of the selective extraction techni ques di scl osed herein.
However, wbeonenrr7al |ipids can be from ot her sources, ®0THSa&1{0BrAL
sources. The neutral lipids are treated in a degumm ng process 810, in

which the |ipids ar cid.ywashed to reduce the | evels of netals, and
phosph&rPtﬁ}ndsngﬁ seltCandgiguidp 4SPpiradhen R Bice: ‘Sﬁﬁ}l ARl PSS vel y
di | ut e Re|WrrRRePh SNeERPRIdifs acid is added to the neutral lipids, and the

m xture i s heated and agitated. The precipitated phospholipids and netals
are then separated fromthe remaining oil, for exanple, by centrifuge.

[ 0171] TIRE72r eatl belthaid substantidly sphé phabctinthon euxdd wigh pselyertscas! heatedéprove

chl orophyl | s and her . col or. conpounds, ln sone | t ati on bl eachi ng
ot ocem et AR bERE R liof SRR SNy RRE L aTEM SR or ben

mat eri at uﬁd-?lhlsél&nd)it At snBstehtayly (sbli®€pheNiooid greffrell ¥hbedinfengakd fblvenehi ch
reduce ;%e evel s of chlorophylﬁs‘and ot her col or conpounds in the oil. The
t r eat edFCbAMRIHERCthang)a dxeider omiitarercaRodiBey. dhespdvap oct camPEPCSId0Egenat es
and de e i1t roducts, for
earpl SR AR b RARCRL R, bOfoPilol el Bt NS BT ARCI S i o,
t he hydicetongalel e polot &sbli@R0 phdssoarcasespsated. dhaclunky seiscntibidy Gqedt i on of
smal | er chai n conpaunds, such as LPG and naptha. Any of the hydrotreating
pr oces SWESHSSBHTISddN REV AP IR R Be 1S EeM#Bing ﬁ9‘&?a’b%1}béé{‘ilﬂ£y_ Whidabes 2o

[ 0172] ThenfitHidihSiphds &%{ﬁﬁ@i‘dg%ﬁ & ERhRslitlon Jrits Azmhga{%%%ibﬂﬁs@r ocess 820 are
passed to a distillation process 825 to separate thiem i nto various fuel
products 830. Distillation process 825 can include any of the nolecul ar and
non- nol[@t80]ar @ sind ¢rabodimeitte,cixmctivasofgesteins e ftraidr abgal kelvim i n the art
for separation fuel conmpounds. [0173]1n somre enmbodi nents of the instant

i nvent iaaﬁ(?mblﬂ%@&m gy choses sbar B §Gesltr 361%@6# slgpheshs gyt nass.

Extr acty on bRfmA HeQicld Uil Rgxdd %ﬁa&g&&%%%@%gd B hSheARInADRN ages.
In particular, algal cells do not need to be [ysed prior t0 extracting the
desi r ecknppatieithesart Stivh a8, diupdt imiesl @nstirregagestian shd rakingx fhacpioosss The

nmet hods of the Jnstan i nventi.on exploit the so| ubili ofiles o

011 or darporafend Sl HsR et Rl iRt Ry Gird, Cobhelt O frobgeRlaftiany ot

fracti qaseaddnemst i®Raafalfl @AY phdet UM .soll %@ﬁﬁna ?_ﬁ@e@ arcQherC@¥8ratdd0174] For
exanpl e, an al gal bionmass ‘'may be subjected to heating and m xing to extract

wat er areadipn caiobadsicemplighedibyg ealctyedf r¢theds kmowariy thy asbwrciuding, Tiinot ni xt ur e
can then be subj ect ed.to.a _chan i.n. pH to recover | kali . sol ubl e

oot ei i P ATEg e ot RAAOT NP Pl SRS bl ARl aatisgia

sol ventsubasthllyeialdghasnis@hritiel ialgteuth psatiabl e proteins call ed prol am ns.
The remai ni ng bi onass would be rich in carbohydrates and |i pids.

[0175] Proteins can be extracted fromboth saltwater and freshwater al gal

cel |'s, [488dhowhh¢ firsepatstantizllypalidighascisdhqr msed sdthofatemind licated e geueratoat er

al gal culture or bi ss affects the extractien of differ | agses. of

ot o ei 1t bt hleRPARRD BhLEF STl o RER R ond St B P fERGRSRt ¢ ac
pr ot ei nmdfarseorgl shbﬁﬁntfalll?%bli@?hé‘s@] Thatelid @lddagid phbdSdrt thenapparedoThiyent s,
extraction of proteins fromftreshwater algal cells is acconplished by the
novel prerdsabspEiphyiligqur rhasq i enpekedipattamip pgdeingel | s or a freshwat er

al gal biomass are heated and m xed. M xing can be acconplished by a variety

of net kno in the art .such.as. but not linmited to tirrin

g ¢ at 1002 1ana s fohd Sl bufngsh b Afun keI A Rl i et s on
M Xt ur eze@érafel difhird heSodpktrseion fix@rd dr siirms Wbmbasdd ¢l d tHirl isebstLhtiphasiguiand a
first substantially solid phase. The solid and |iquid phases are then

separ atriigse ety isubptandigllp solgbrhngp| Thheld of thigthjrdaxeagtiopsmpptrp o8& URFown i n
the art._pnel nding, ey , - § Cotion
1ot at 1 A S B b Btk oML Rfl Ut w8 Rt gty B0 RERAMRLRR I,

phase igoteimsi dhedolidaral lquid phagseoireities. scpddiéd] the enifd Jubbtastidbistiapid plidsy sol i d
phase is.then m xed mﬁéh salt water and heated to generate a second heated
ext r actichig WB‘%F]?‘#(’@ el protgins. conpri sed of a second substantially |iquid
phase and a second substantially solid phase. The salt water may be natural
seawater or may be an aqueous salt solution. An exanple of such a solution
woul d conprise about typically 35 g/L conprising mainly of NaCl. The solid
and liquid phases are then separated. This second substantially liquid
phase is enriched in globulin proteing®



[0178] The second substantially solid phase is then m xed wth water and
heated to generate a third heated extraction m xture or slurry, conprised
of a thireo=xotigeartei ally |iquid phase and a third subst aomitské/osmbki d
phase. The pH of this third extraction m xture or slurry is then raised to
about 9 greater, enrichi t hird substantjally |iquid phase with

ol ut ol (0TS 53kt %@éﬂﬂﬁ%gggimﬁ% 1%hen B%ic@wﬁ@? Séﬁ@r}tgsi %@H%?ﬁt?ﬁf‘? qui d
phases @ngratheruafhasad 8bractibe nditiufdoSuRs), abhbalddorlal Bl sasgalhei ng
enriched in glutelin proteins. [0179] The third substantially soli'd phase is
t hen miliquid phasth ard s Gurbrubgentiaipdohéabasd. Troonpeprefeatcd cenbbdimenh theso eht

extraction m xture or, slurr C rise f a fourth substanti.ally liquid
phase. aRECRSS: Realndt Aher tar e sdiades. 1 st Ehd PP HE s B8  ment
t he solyeRtof iRt fol WG sSB&nBt Mdahol, IsBpBh ey, dtefdnt, dihyllabgatenddi ments, the
sol vent set conprises one or nore of the follow ng sol vents: nethanol,

i sopr opgpienitrilge dthenelid endhquidplhasgs ere thgngseaeatednilhes fowurth yuhstansplilyligwd | i qui d
phases are. : ted. i85 f | akd Ul e i
enriché%afﬁggﬁgﬂ§ﬁ$ﬁ5§¥% gﬂ%&k th§%%%%ﬁ?%ggﬂﬁhﬁhﬁ%gﬁﬁgﬁ%ﬁﬁ&@?ﬁvnéi|id
phase meyenbieh@hiniliphdddépendingiotshe eepgiiiond ol dtireing algpbsibidagy of t he
starting algal biomass. [0180] 1 n sone enbodi nents, extraction of proteins
from sal ter_algal, cells i cconpl i shed by the nove| process shown in

FI G 1401 Hit wdhe Aisgiog m %Piissﬁ& prgvgiafmgf grleglvg a1 s tionud iidFrentigited and
mi xed. JyxbiBgs CRRNGEN AEERIMYLRNSChPYF B Vidhd Sttihe SordRLTBAS) KMo N the art
such as, but not limted to, stirring, agitation, and rocking This process
gener atpgsceas farr st penaned sartately fioomthairsst of thesteps ruondyr, tocelepnvadedxtofct a fi r st
substantially l.iquid se and.,a first subst i.all ol i hase. The solid
and | quide b Bgbe? TRine SlnuR arehiS b L ERb A T eml 1 BebsabeBrpi  shed by a
vari et ydefonS@itbe ﬂ%Qﬁﬂﬂwﬂ%x%ﬂﬁm@%&ﬁh&ﬁh%@?mga but not limted to, .
centrifugation, decantation, flotation, sedinmentation, and filtration. This
first substantially |liquid phase is enriched in globulin proteins.

[ 0181] TR r sin s pystigmiinggNappieRiabupn asscing cambnseaciieely vk ¥rteafrem aand

heat ed . -k . J ] . u npri sed
of o sasondHERE iR IR RENE R ARh A Bt W Rlp W b ECT
phase. hebedseiradioamixtire ol duphasepriaceof hasaepdlyaiqdd pldit angecond

substantjally |liquid phase is.enriched in albumn proteins. [0182] The
second byaitadyisalid phassy iTae pelisand; 151“&‘?1%1??5%% seadheg bseparpisd. éﬁl?a?uqé ed to
gener at thjr i st : conprised of a third
bt ar ey Py G b Y ol 1 d phase.  The pH of
this third extraction mxture or slurry is then raised to pH 9 or greater,
enri chi[A$8Glhe thinothes mbstamtingbtample,qlbvwnip pasteingicahbgbalecaively eptratted ns. The

solid d liqui ases are.then. separated, the third, substantially liquid
ohase HBmg S HePANEGES bR S Sy 15 B ReR basBiridp 057401
[ 0183] Teatct Rkfrsktiouhsikané badlinty,s@hipdisethasesubstahhdry iqui€phatbhd @ sol vent set
and heated to generate a fourth heated extraction mxture or slurry,

conpr i sebstaftiailyfselid phassuBbe seltd and guid plisises gindben bmmwparatedurlthh liguisst anti al |y
solid €. 0 ferr . e n e .sol v set conprises

ot hanol e st RATa RIGBLAR pRIET o ORIkt et compr i ses one
or nore of the follow ng solvents: nethanol, isopropanol, acetone, ethyl
acet at 018 d atei Gnihicr hdrelimliirey s@hiptt, prodahingqirodinslvas &s sae@iviehyenxtiaepar at ed.

This fourth substantially |iquid phase is enriched in prqglamn proteins.
The e;ﬁgﬁrﬂmﬂ@erfﬂ&t{ﬁsgwa@ag iaém@fea@lgﬁp@amaas ﬁhﬂ&g‘émﬁ%gl%gg SSREATT 1 pi ds,
dependi g albnl 06 OIMRAL ORI %S Blobl00vAhd3bIRMAIRSS! hdfABA The

di scl osed net hods al'so provid or the selective extraction of different

t ypes generate a heated extraction mixture or slurry, comprised of a substantially liquid phase and a
substantially solid phase. The solid and liquid phases can then be separated. The liquid

phase is enriched in prolamin proteins.

[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
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of proteins, as shown in FIG 17-20. Any of the steps of the aforenentioned
extraction process can be perforned separately fromthe rest of the steps
in order wo2ssleetizvel y extract a single protein producPCTisR01@%3¥Pl es of
this appear in FIG 17 and 18, as the as denonstrated by the dashed box

around extraction step la. [0185]1n a pon-limting exanple, globulin

pr ot ei FSUAGIPHE ag@ﬂ@ifh?@?sy&@sz% l&@taé%fl wams%thQSS lisnicie! i gaFrals Bhass by

m Xi N9 S@heid AIRGS oWty 38k brvaing s p’ﬁ'@hiﬁg@ﬁﬂﬂﬁ hiQue Neh ekt tichgat ed
extraction mxture or slurry, conprised of a substantially liquid phase and

a substeantpiriaéd 9f snibsenpdbslequidhlass ehd d sebrsthnitinly belidyiase sThawlidhed ligeid
separated. The .liquid ase] s;.enriched in.gloebulin.proteins. See FIG 17,
oxt 1 acigses S gren e SRR ORs T Rh SR bR n e ol ol o, "ai buni n pr ot e hs
can be selectively extracted froma saltwater algal bionmass by m xing said
bi omasq0Y89|h Weleihgddeh HERAD R sgGREBIE iR ineaitied, etdfarilli@mhdarkt ure or
slurry, rised of a substantially liquid phase and a substantially solid

phase. wﬁﬁgg@abla teyprleqtivaly; ertrasfasdesirediprofdie fropecidisha frashavptermisaltwyei d phase
. . > ! . X . ‘ s
o AR PP BIAL LSRRt Bl s AL S00 ORI B 17
ext r actlagt 6f bmiwsitdnh disclasiie patewdtskil]l iathsat tvwoalddre ablgtal intetrchamgsthasrdehofin i n

FIG 19, The segl quti ve extraction is acconplished Hé m xj ng t he al gal

bi ormassharbayeAlisshsod Rltiaier sEraNeR e oPIgrided agths nreisme@nisrt pHEE on

M Xt ur €191 nSkyiddthe %&H’Bﬂftfﬁ% %ieéo?ﬁ&@??@c@ihk 8f in¥erbdt A Ik ARG RO Eht 2
substantTally soli1d phase. Tﬁe soli1d and |1 quid phases can then be

separ at@tlicr rhleodiinguts df thisalswldssd ewthiodkettyiimcopparhtanm wasprstpdictween[c@dl88] | n yet
anot her nor}fl imting exanple, a protein fraction can be selectively

ext r actBHHHYNE t her a freshwater or saltwater al gal bionmass as shown in
FIG 20. The selective 39 WO 2011/127172PCT/ US2011/ 031421 extraction is
acconpljosdgd byonini dTghd fiecladcdProtRinQXBastioM tbthads Hovditcts@ mb-@urig@nefat e an
extraction mxture or slurry and effecting a pH change in the m xture. The
m xt ur EndysbeHaptdirasat gfheated tamnoagtuicdpr g:p@rilqﬂntgl%a@e%oaw@@ub@tt&mq ally

lid T . i QUi The liquid
hase | Ao RgR s Gefhed A a By ARG AEEE AOB RS, SRR elC L edt's
of t he dbowtedlt imdrutesome s@he sdpictts, the ckthetian inivetd d nipgntaldké at ohawddect i vel y

extract a desi rgil protein fromeither a freshwater or saltwater al gal
bi omas deBPerafurs ey bstwsen gheutS0apingtes and abayh 08 rupwes  Ingythey appacts; thet ep

ext 1 actd,gnc gy i fanl @ 21 Heligat A SGLOSH SoouRSnPludkibl | in the
art vvoulxgg%engﬁ e te(l) llaﬁlt er change the égl?ﬁcfgérl rgf tﬁe a oveoudi e ol}sed

mul ti - stbept Eimrmmedsi on schenes, provided that the protein content of the

al gal mass and the solubility properties of the proteins of interest are

taken into account. O her enbodi nents of the disclosed nethods nmay

i ncor pdPhl a IdnseBpPdiwenedhc eHElTtien FHYEEY OHTS ey bogalodidor any of the
di scl osednBLOLE! 1Py aHAT AUl SRCTEHRGHS usdlR. BELIARKD WLIIA WELSIMRTY My be
mai nt ai ned at a heated tenperature for a period of Time. I'n Some

enbodi meotems athextexted actenprratanes of less thamabhaut a0%e dnathea chbati@tntsethper at ur e
for between.about 20 mnutes to about 90 mnutes. In sone aspects, the

ext 1 actPGHC BT P Ul e drh O SRS ABSEBAe KabEPAGPETY of CHEEUREN about
20 m n%&&r@@ﬁn?quorﬁga%ﬂee@}tﬁé prdl AP 6tciRIRES i Rctcl R tefiffef Akl BRsdMoXt Ur e
is maintained af a heated tenperature for between about 45 mnutes to about
90 mi nuheboilihg poim} phths grisactioh saikmeeislurryt heotbgt ¢raleadimentssithe presyust isrry may be
heat ed ih&eased above atmospheric pressure, up to and including, 50psi, during the heating and

mixing steps to enhance extraction
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tenperatures | ess than about 50C. In sone aspects, the album n, globulin,
and glutelin proteins are extracted at tenperatures of |ess than about 50C.
I n ot her wotzodimerres t he extraction mxture/slurry i s hearas2a10/0a1421
tenperature close to the boiling point of extraction m xture/slurry. In
sone aspects, the prolamn proteins are extracted at tenperatures close to
the boiling point of the extracti oxgmpleste/slurry. In other enbodi nents,
the pressure is increased above atnospheric pressure, up to and incl uding,

50ps| | i Lo . :
20111 13 AR RGO b S b R 3PS R B B b el e s

d:‘ nor ptp]nstc(blﬁ@a}o(ljms.eSleainpteecd)f ivarymgtldiﬁ? c%matﬁﬁzvemmmmdr eﬁef]?mgerls?(vaSstarrEI es
of varyi | contents r arvest ed. r renoval o u er

centri ydatraishby fﬁgﬂéag@fé?n,?@%%gags%mel%é SRS 33{%% SFYES sbB0s at . 80C
until ygse ul. K grcaliGithidd %?ﬂo_ﬁ’t%‘f'%t Qlfgal"ﬁgmlgésq% cPInT @S S1dad v egams dry al gae

wei ght equi val ent) and 90 of ethanol solvent "'was added into a three-neck

fl ask eguivelpat) ani A nelontiethse solvethvaasiadded mita 2 thremgnenkdlaak cqeppwicwttipl e. | n
one experinent, the.m xtture s refluxe f@? 10 m n ur%dtﬁr nm crowave

i rradi ARBACNSPh, Mgc aé‘&%arka}mﬁﬁé‘n RGP CQURLe- - WG PSRBT e M) &L ¢ r oni ¢
heat i NGefidddeoMBl Bh$n ubdt® nlTtrotvd € irViRISane® Ol reflsceOnd, ARt x@ R &F A trbil 18k o 6k
separated into a diffusate and retentate by filtration. [0193] The tot al

li pi ds 1ofwish glaptrepierpeasiaendvisresrds.zemixfgicnipseoelesdde sram rnmsrataeend wat er
syst em ﬁé:rgtreglirﬂg atd?fg%al[egaqld%gt%nt%e& ﬁlttlatiﬁﬁ d extraction net hod. Thi s tot al

| i pid value was used as reference-for € lipid recovery cal culation. Total
| i pids were further separated into neutral |ipids and polar |ipids by

st andar[d193}| uniThe totdripidsgrfapiay sangtl boderainalyz&Dus2iDa oesiofeint-incahael— ( Mer ck
Corp., Germany). Each lipid fraction was transferred into a pre-wei ghed
vial, iWiel Séfﬁﬁyeyl %araargatpéﬁlg&tang@yerﬁéliprf’}%ra%%mtheaa%}sa%}ﬁ IgVARR; |

Swi t zer anddq a0 BRR fOf e dipkndes eg§(]941 MAGH MordiNgidlinl &6 e QL Alasy wer e

pl aced ungfegr ?lﬁér ogen and tﬁen e ed? The faottyﬁjéci d profil el%f each
sanpl e inmegtraliinids ad foyar Gp:dvd yast andarddwylinma throetatognaphm tnoethert usnget-Q0fret hyl
esters using. he ec ic acid (C17:0)..as.the internal standard. [0194] The
i TR Y e e A W R R i S el
best f%ei%l?éMﬁ' indfal NS apsh@d at gmv@lﬁsihg_atrmrj dVapbra®r(BadHi] QWitABRd) Aad
somewhat Tess effective for the separafion of neutral |ipids. Electronic
heat i ngh¢sdmgskundephigh spemm.j Fhednadastentsteserdre placedwadss nitthigen pichdiknyi el d i s
conpar abl. e m GhQ e assjsted extracti a l,ect.roni ¢ heating
il st op S SR R S R AT Y

f ast er,intoVWty 8did el ¢S UsIdS A pthd O3h ik aclIX@TPI08 ag tHRriffeiah stexdar@ct i on from
al gal biomass [0195] (1) Acid Leaching: Al gal biomass was soaked in water at

pH 4.5 for 1 hour. The sanples were then centrifuged at 3000 rpmfor three
mi nut ed1%Hd t HBe Eaplét Watediot shasvedicata that Birp W Yrgpsgister g3trigdion Wasdheld 3

times Wl BnflyhtEndpod: (R f dd AR AL&RAS K AfthonlddabltLrrdlikakdr i
extrac}t@lbon: Al gal %Pon%s@ vv%as solgﬁeé ign vvateg’r at 0pl—e| 11 %eor 1 hlour.r ©
separation of neutral lipids. Electronic heating is more consistent in extraction effectiveness.

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

assisted extraction, but, microwave assisted extraction is significantly faster.
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followi ng the addition of pH adjusted water. The sanples were then
centrifuged at 3000 rpmfor three mnutes, and the supernatant renoved. The
super nat awo0 20ms12nat ral i zed with acid (pH 4.5) foll ow ngCrhes2011/031421
centrifugation. The remaining solids were washed 3 tinmes with dilute acid
(pH 4.5) and freeze dried. [0197] The rpi"a%ts of acid | eaching and al kal i ne
extraction are shown bel ow i n Tabl ¢X3Mm |l e 4 ProcessProtein YieldProtein
Purity (% wei ght)(%V\BI ght of protel n yield) Al kaline Extractionl645 Acid
Leachi ng7032. 5 [0198] Pr ot ei Rrofeim ¢xt méweé'r%@!%alwsa wei ght basi s,
conparing the weight of the freeze dried solids to the wei ght of the al gal
bi omasgopgsjor {Q &&@hbmlﬂg‘m 1 Bt Qs WEHKRH in WaRk QﬂﬂHI@léSrfbM’h%S The
determned by the Oficial Method of the American G| Chemi sts' Society

( Ba- 2a38inplayeasathien genthiéigrdwtip00opmior thageminutest tiel the seprenaaitednecidi ds  of

oPCn | PERS Daiite 2Rt Kefhu ey Aeh TRl Rl RO R MR poR g, DF Vel v

feedstocks with varying |l evels of protein in the systens and met hods

di scl oqed9dier e(2) AlkM@é&ﬂr&étﬂoZﬂMg”a%ﬂnu&a%ié&%éaﬂw&eamw1chEx1t icaet i on of
Proteins from Saltwater Al gal Biomass [0199] The saltwater algal culture

i ni ti alfPllowmgdhqpddsionsefgi-adingtadavatar, dB¢ paaplehwei) t%l%a%eélﬁrlﬁ%%d HeS90e aprflo 50C
and nai fﬂf f’fl'r&erqm%[est eﬂldsthé %H%ﬁfa%nlﬂ 3&%[1 ':ll" hP s%p In«ﬁat{t éﬁ@eﬁlz%h Wi yac
I qui e m t

centrifuged to separate phas ase. | qui d
ext r act(piass detlewimigrke cénorifogationc Hl Hernrephming soﬂndpmteewa@e(i abmws wzlﬂ%lhfte t he

t ot al arC?J(%wfs)ogn%s enetZe hrr}eé he original algal bionass).

[0197] The results of acid leaching and alkaline extraction are shown below in Table 4.

Table 4
Process Protein Yield Protein Purity
(% weight) (% weight of
protein yield)
Alkaline Extraction 16 45
Acid Leaching 70 325

[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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[ 0200] The solids were then suspended in fresh water and heated to about 50C
and mai ntained for about 1 hour. The resulting slurry was centrifuged again
to separ awe 20tw12ri7qui d fromthe solid phase. The |i qui dPpinaseomasi421
determned to be rich in al bum n proteins (about 10% of the total proteins
present in the original algal bionasi% 1]The solids were then
suspended in ethanol to achieve a 70%% xture This m xture was heated
to about 75C and nalntalned at f hat tenperature for about 1 hour. The

resul ting sIurry was CeHLs plagirgmosaltwafgr Algal; A%m t he solid
phase. The 1|i phase was deternlned to be rich in albunln pr.ot ei ns

(about [Qb%lof tTh%S@flmaéffr abgab ceifre PHabemeds w efwbost 1 -0 way hsdidads) .

[ 0202] t , pH
0) - and Toaf LSS BT A FRARAR b borp Bt L 18 LROHERNR NN, P
hour. T acesuhigddrtg se;pamerte yheapiid plrtse lﬁfougtéd solod plepar Abeliquié ckirgnimvasf rom t he
solid phase. The I| p s d rich in glut Iin

o ot o1 HECTRISS Bosibin ERBATHRRI o Goattr 0 o b o ERs PRPHTRAIC bi ommss)
WO 201%&%%] 4B iokedy11/ 031421 Exanple 4 Step Fractionation and Extraction
of Al gal Biomass by Ethanol [0203] One thousand pounds of Nannochl oropsis

bi omass écultured fromstrain 202.0, obtained fromArizona State
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repeated. The liquid streamfromthe decanter was collected into a feed
tank was and then fed to the nenbrane filtration system The nenbrane used
was a 0. 3w 20t1122832nenbr ane nmanuf actured by Graver Techmolrase@s/o3iibe
operating conditions were 60C 5C and with an average pressure gradient of
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[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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[0210] An exanpl e of such a process mght be that in the first extraction
round, follow ng the protocol described in Exanple 3, 1000 | bs. of wet

bi omass cwotai mi2ny290% pure water and is mxed wi th 100@cCrrhs2010f3denat ur ed
et hanol (95% Et OH and 5% MeOH), resulting in a solvent m xture of about 50%

aqueous et hano e resul bi omass (350 1 bs.) is 40% The  sql vent
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Rhodes, Mig&yre A gbaut §groggcowy zthpnob glhgolidgppl hqyé%wré SPRAJMEMIYAE Bisi ng al gae
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Bi ot echno C review on usin gae to pro
b|od|ese@nﬁnﬁﬁ%ﬁﬁﬁeﬂ@mgﬂbMyﬁmakumhnugmaimﬁ@mL&&ﬂm&&AﬁhwﬁﬁG&da@amek|c revi ew
on usi ng algae to produce bi of uel and gas Catchpole et al., J.

Supercr d 47:591-597, 2 ed extract

spoc ailPgHTir i St in e (B8 hoGhanhd Bl o R o5 < el Wrﬂieﬁrlad

ext "aCtD&ﬁuﬁ*&ﬂetﬁb’f{dlfcbﬁt@ﬁﬁr@?S%ﬁhanell an@'S%ﬁ@ p hit&dhel wassedd 4n 917, 1959.
Christie, W W Lipid Analysis, ress, Bridgewater, UK, 2003,

416. AFpHECE, lwtmwgul@ﬁ netfie bm@ffe@m a@BS% eﬁlmiol ounSAsesthsnat.i Gse off  Cer eal

5011 2 oopseaig R ont e aapofR AP R el it s eersy et

conpr i sivagabladudevwabedonggristsbst antial ly intact algal cells to make an al ga
bi onmass;

[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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b. adding a first solvent set fraction to the algal biomass in a ratio of
about 1 part solvent set to about 1 part algal bionmass by weight; c.

separ at i yoaofiyrst72subst antial ly solid bi omass fracti onPCrarse@1fosragt
substantially liquid fraction corrpri Si ng proteins; d. conmbining the first
substantially solid biomass fracti i‘eg a second solvent set fraction in
aratio of about 1 part solvent se Xf‘B‘p dut 1 part solid bionmass by

wei ght; e. separating a second substantially solid biomass fraction froma
second substanti al bywhdefinizarfd Bgérhiforr ONMRIgaf Biten A8 b3 Edhhpélds; f. comnbining
the second substantially solid biomass fraction with a third sol vent set
solvent fraction in a ratio of about 1 part solvent set to about 1 part

sol i d HP¥ss Bpondiagrasting alaabpigmess gically kentains herstcamebaut Oy todh 3 & b| onass
f t
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wat er Iho C nd onega- 3
R b L T S e TR L G

| onger dnothler é@&aierlr[gmeﬁlodmaaﬁré wmed wsicohoee scnmpof the ngmaamgtfemovads tagdt onega- 3

fatty acids b ast  one of uymdjstillation sorption, and

| Fou ot Eneatedion i I ad PR PR odlii e et RGN | east
one of &banénhﬁugﬁelqﬁe ahe H@\@eﬁteﬁﬁ’geis BR1@roRt. tﬂnqmeﬁﬁage%fm% sybdfils sphend stock
and (ii) the CL16 or |longer fuel esters to obtain a diesel "blend stock. 2.
The rretrh@ledﬁdlml@aemh@relmméhaé|thrf: akwefor ﬂya qngactsomémdaﬂr%menlatm dpnatgall, a base
or an enésgmt%t 3. d enmegl od of Igl ({n ' further conprising isolating at

| east JRE™S @5%%]% eHolgS)! o?‘Pé’dgu aet“S? A, gl ycerin, carbohydrates, and
polar lipids. 4. The nethod of claim1l1, furt her conpri si ng isolating poI ar
|'i pi ds [D2DOD | MRurdxbinpk c;f@tmo@pmbssstdmghthaartﬁaﬁlﬁtthepﬁﬂsaéxtfaicﬁbldﬁounmollowmg

2011/ 127172PCT/ US2011/ 031421 met hod of claim1, further conprising
pr oces $haprotesel gescrped m;ﬁ&a@pﬂeh% d099 leeaEWede@méffs qopHNBRA% Puﬂ%‘f"éﬁe@ent s,

and foaqgly I olatin
car ot eni g TR Lodb 1007 dBRRE cilndt Op I BroL] Hid SRMEOTRTERHIR AP, 1 "9

f ur t hersobenpmi:sue@f abalta0Vng ukend dtivinol.f Bhnesulting hemeat (%Ollbmj isd0 dry.

fracti Qﬂlecs%[vgglg cno%pdossm%rrlldof ?ﬁe@g gvet SO rfldls ?scé (}(yfg Ia(?ueco%ggt gr(la ri %Vlth another 350 Ibs.
of denatured ethanol, the composition of the mixture would be about 81% aqueous ethanol.
The resulting biomass (235 1bs.) is 40% dry. The solvent composition of these wet solids is
81% aqueous ethanol. With another 470 lbs. of denatured ethanol, the composition of the
mixture would be about 95% aqueous ethanol. The resulting solids would be 40% dry with
about 95% cthanol. This wet biomass requires 60% less energy to dry based on the latent
heat of water and ethanol. In this case, 100 lbs. of algae would have been extracted using

1820 1bs. ethanol. When compared with Example 3, wherein the starting material was 40%
algal solids, 350 Ibs. of the dry algae equivalent was extracted with 2085 lbs. ethanol.

46



8. The method of claim11, further conprising isolating onega-3 fatty acids
fromnon-fatty acid conponents. 9. The nethod of claim1l, further
conpri si yoi2elari7ag ei cosapent aenoi ¢ acid found i n thepPChiusdoizobsieanti al |y
liquid fraction fromnon-fatty acid conponents. 10. The nethod of claim1,
further conprising isolating docosahe %gnoic acid fromnon-fatty acid
conponents. 11. The nethod of clainqﬁgﬁﬁﬁﬁﬁher conprising isolating
glycerin fromnon-glycerin conponents. 12. The nmethod of claim1, wherein

at | eastheaBBoWhe!trBRrdncésSdre hSRAPMBrpaRAdttY fetbreRl Ve tHeirk@tifetEonpri ses an
al cohol. 13. The net hod of clalan, wherein at | east one of the first,

second, and third sol vent sets conprises at |east one of nethanol, ethanol,
i sopr ogafeoPatenicet4n¥0 et hyl acetate, and acetonitrile.
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CLAIMS

1. A method of making biofuels, comprising:
dewatering substantially intact algal cells to make an algal biomass;

b. adding a first solvent set fraction to the algal biomass in a ratio of about 1 part solvent
set to about 1 part algal biomass by weight;

c. separating a first substantially solid biomass fraction from a first substantially liquid
fraction comprising proteins;

d. combining the first substantially solid biomass fraction with a second solvent set
fraction in a ratio of about 1 part solvent set to about 1 part solid biomass by weight;

¢. separating a second substantially solid biomass fraction from a second substantially
liquid fraction comprising polar lipids;

f. combining the second substantially solid biomass fraction with a third solvent set
solvent fraction in a ratio of about 1 part solvent set to about 1 part solid biomass by
weight;

g. separating a third substantially solid biomass fraction from a third substantially liquid
fraction comprising neutral lipids, wherein the third substantially solid biomass
fraction comprises carbohydrates and wherein the algal cells of the third substantially
solid biomass fraction are substantially intact;

h. esterifying the neutral lipids;

1. separating a water miscible fraction comprising glycerin from a water immiscible
fraction comprising fuel esters, carotenoids, and omega-3 fatty acids;

j. obtaining a C16 or shorter fuel esters fraction, a C16 or longer fuel ester fraction and
a residue comprising carotenoids and omega-3 fatty acids by at least one of vacuum
distillation, adsorption, and liquid-liquid extraction; and

k. hydrogenating and deoxygenating at least one of (i) the C16 or shorter fuel esters to
obtain a jet fuel blend stock and (i1) the C16 or longer fuel esters to obtain a diesel

blend stock.
2. The method of claim 1, wherein esterifying is catalyzed by an acid, a base or an
enzyme .
3. The method of claim 1, further comprising isolating at least one of carotenoids,

omega-3 fatty acids, glycerin, carbohydrates, and polar lipids.
4. The method of claim 1, further comprising isolating polar lipids from impurities

components that are not polar lipids.
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5. The method of claim 1, further comprising processing the polar lipids into at least one

of lubricants, detergents, and food additives.

6. The method of claim 1, further comprising isolating carotenoids from non-carotenoids
components.
7. The method of claim 1, further comprising isolating lecithin found in the water

immiscible fraction carotenoids and other non-lecithin components.

8. The method of claim 1, further comprising isolating omega-3 fatty acids from non-
fatty acid components.

9. The method of claim 1, further comprising isolating eicosapentaenoic acid found in
the third substantially liquid fraction from non-fatty acid components.

10.  The method of claim 1, further comprising isolating docosahexaenoic acid from non-

fatty acid components.

11.  The method of claim 1, further comprising isolating glycerin from non-glycerin
components.
12. The method of claim 1, wherein at least one of the first, second, and third solvent sets

comprises an alcohol.
13. The method of claim 1, wherein at least one of the first, second, and third solvent sets
comprises at least one of methanol, ethanol, isopropanol, acetone, ethyl acetate, and

acetonitrile.
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