METHODS OF REFINING HYDROCARBON FEEDSTOCKS CROSS-REFERENCE [0001] This
application claims the benefit-of U.S. Provisional Application Nos. 60/973,394 (filed September 18,
2007) and 6%9@%@%@ August 1, 2008), which applications are incorgg%?ltj%gﬂggggiglgy reference.
BACKGROU INVENTION 5[0002] Carbon-based fossil fuels, such ds coal, petroleum and
natural gas, are finite and non- renewable resources. At the current consumption rate, supplies of
fossil fuels will be exhausted in the foreseeable fiiture. At the meantime, burning fossil fuels has
resulted in a rise in the [ laxide | ich is believed to have
caused global climate %BE’%([@SO%% WQ&MM ‘%ﬂ%&ﬁ:‘uels for several
reasons. Biofuels are renewable energy sources produced from biomass, a material derived from
recently living organisms. Although biofudlR@&saFERBNECBased, they do not cause a significant net

increase in giYPRAR ISR 91‘&1&19ﬁ:&%&?@@é@%&ﬁ&&[&ig}ﬂ%% {@As.%%%?g%g the fuel

consumption is reabsorbed through new growth of the organisms. ( Because
transportaticfled Rapieraadifa 05N end (53,78 P iddechisagvet h ARy whish lipplidatinnsinfael use,
suppIementmg}&k@g}p&p&gﬂg{y{g@n\@gh liquid biofuels is expected to reduce our reliance on fossil
fuels and carbon dioxide production. Currently available liquid biofuels include ethanol and lipids.
Ethanol is typically produced from crops rich in carbohydrates such as sugar and starch. Complex
carbohydrates such as cellulose aﬁﬁ%ﬁ%@éﬂ&?&é&@%ﬂ%m down into sugar, which can

then be conymgzrCersihaasddisidieigacismsod, pidslbasas dintulis:Alseedalledhitgdigsels, are
vegetable oils derjyed from vegetables such as corn, soybean, sunflower, and sorghum. [00051 The
eeray bon ST T ST ST SRR SR BV D Qe CHILRE nto cuestion.
Ethanol hasckhwesedrieny feaieabihamugasalineseshiabmoig ihkanikis bresuisddite gevide the
same energy qutput. More significantly, both, ethanol and lipid productions are, currently driven by fossil
ool For e RGBS LREI LSO ICR A St RO FIAA G AL ALAIRAPH migaton.
transportinggivhdl gtincliaghregerop, producing pesticides and fertilizer and fermenting and distilling
ethano|, Th een concerns that the energy input.for ethanol prodyction may exceed the
energylgutp(ﬁitﬁ firacfr\#?t#émcsbarﬁ NS %nilé ﬁie“iﬁsa?ﬁcf S%rif %aﬂ@dﬁtl%rns,e\‘fvglrcfaﬂen%%aré’g% g%% é%t%ﬁyand use of
ethanol andriieviEdetneigysquires Yt@2e0HORBRALRCTMASR AOF6 FhH camsthviiing new

distribution pipelines ause.neither is syitable for transportation using existing fuel-distribution
infrastruct'urBel.gﬂﬁ%Jsrl'xe%\l/%i:r&l %?%ﬁlgrpg%?sscag e 58\%1%?3%%81?%?%%ggbn%gﬁﬁglgl%gﬁlggng}hanol and
traditional biodieseimdlhesplissteciobai dissidtd vedobrcascibdoadprduuation]easd dittimatey be limited
by the amouypt, of e 0 in e is.a need for producing fuels from renewable
sources, aslf\?vée%%%%gv%r!c%?girn%ﬁ}#gn %lria%v%%g g%?%%?ﬁqh%Pﬁgfﬁg@%ﬁMMARY [0007] Disclosed
herein I§ a dABgHkiBesraskimepsrotein islaivd ghintng sensyuiptipatspredsetpilsoagipdtnpeling contacting

e gt e s B b e

composition. The sesquiterpene, for exa e C ( ' 0ce
comprise prsduenyaiRasendonsihigligrbredatadjesids pinsietions Gragtsly il dtoliasidene, less
than 2% bepzangs Eéﬁa&@%ﬂ&%%ﬁd’l{%ﬁ@s. 2nthERiSHNAY RO QhacRANRINAGNRT cyclohexanes and

cyclopentanes. In another instance, the process comprises producing a mixture comprising
percentageSBYWEIFIRs Mgk Biem apdpigh. Complex carbohydrates such as cellulose and

20 hemicellulose can alse be broken down into sugar, which can then be converted to ethanol by

microorganisms. Lipids-based biofuels, also called biodiesels, are vegetable oils derived from
vegetables such as corn, soybean, sunflower, and sorghum.
[0005] The energy benefit of using ethanol and lipid-based biofuels has, however, been called
into question. Ethanol has lower energy content than gasoline such that more ethanol is
25 reguired to provide the same energy output. More significantly, both ethanol and lipid
productions are currently driven by fossil fuel. For example, the energy for producing ethanol
includes running farm machinery and irrigation, transporting and grinding the crop, producing
pesticides and fertilizer and fermenting and distilling ethanol. There have been concerns that
* the energy input for ethanol production may exceed the energy output from the combustion of
3¢ ethanol. In addition, widespread production and use of ethanol and biodiese! will require
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15 toluene and greater than 10% paraffins. In some instances, the cracking conditions comprise
heating the feedstock to greater than 350 C, and wherein said process comprises producing a mixture
comprising peyeeRtaassby; weight of greater than 75% of components with ghaaiang ymper greater
than 90. Also, a mixture as described can comprise percentages by weight of about 15% to about 20%
toluene and about 10% to about 15% paraffins. A mixture can also 20 percentages by weight of
greater tha”c%&%%u%ﬁ%mﬁé{% &X@Iﬁﬁ%@ﬁ@%&&%@?ﬁé@ ANRNer ghhodinent, ao%aa%%}f-'%iﬁra“'k'r.‘g process
is provided for crac n%g a d terpene, the process comprising corﬁlactlng Under ca ayatlc gracklng
conditions adeeiiieg de-Corridirting ifestitetpenkiovithy er.catakptig: coap dsitiopmimtaof imspelrsed the
diterpene is tgé. he proc ise producing a mixture comprising _percentage by weight
of eater Sl B O e PR SR e e
mono-methyppéwetfinsarii gtimet¢éhsteiossddr ddamomndifiarsdledmprise heating the feedstock to
greater thanggsfC, aadiuherain sald logess,comprisas producind a.mixure. comprising percentage
by weiglit of[grea &I than %0 componen[ispm ArPoctane number gréater than 90. In'some
instances, thererisuing tenipridesksefcentagesidyaseight of greater than 40% methylbutane. The
mixture.30 can also comprise percentage by weight of less than 1% C4 paraffins. [00091 in yet
another embodiment, a catalytic cragkiRg(Rgess is provided herein for cracking a triterpene, the
process comprising contacting under catalytic cracking conditions a feedstock containing the triterpene

with a catalyttP&d miskasehbereie itmaiacoarrBaspustehior GackEeoyrguanPeUBS2008/076716
[00101 Also pepvideshis-aingladiicSrading RragesSiRkaRekis B el AleIRa RS ISRARGRSS

comprising contacting under catalytic cracking conditions a feedstock containing the triterpene with a
catalytidconspesitrsperrrs ot sl eompsive aBtass T pRa e Feampldrtichit capeEmiytic cracking

process is prpvigied Aerein o6 EEackingmpH e QM@W%W he process
comprising contacting undeﬁrgf:)atalytic cra(?l’;iing;ﬁcongﬁ%ns a feedstock con aininggéﬁge%r%tixture

comprising St feRspiEFERTe RTINS At IR comRsB3RTSnIeTHBaR A8 %t SR 21y SIS can be

sesquiterpengs ib%maﬁ%at@&f@ﬁg@mﬁ%tﬂa%}g,itageﬁtgﬁesmﬁaaeme%ﬁa&p&@duCe a mixture
comprising percentages by _\g%ight_ of greater than 15% naphthenes, greater than 20% paraffins,

greater thanB50%es fOABEStORIGURGACPIRAT SOPIGHIBR BerPREAsHK DN eight afsBatmibaad 3¢ least three
terpenes; of diffRirnkgizessriRatied YRR IR WhcoRsISing, ldhafellowngipanQismaees,
sesquiterpenes, diterpenes, triterpenes, and tetraterpenes, A process can further comprise extracting
the mixture CSATBESEJCATEASK RIS FPEhe froMGRIHEC DB PIRCSTGHTAPEISTIBEIERE % catalytic
cracking proggsadsderaviag ierciraling oibiRof algae: dhiespIeERsnFaNREiSIIY e biagting oil from
algae to form a feedstock comprising a terpene; contacting under catalytic cracking conditions the
feedstock cowah%%fﬁﬁs&éﬁﬁe?%e fiPr & BATY RS @%ﬂﬂ%&éaﬁ%wﬁ@aﬁﬁ@mﬁ?&m@%}%ss further
comprises gehnaiiqatly nstdifyipgihehaigeamp tissutd the e xbatingoia-arane ticallymeogifying the algae
can produce increased amounts of the terpe ompared tq not genetically modifying the algae. In
some i@an@%%%%%?é&%@?&gmgﬁﬁgﬁﬁm Hgé%i’lrg%ﬁ'n algae with a fuel component
prior to contg@nns) the {eedsteckokpkexampleiafuahcompenantiswarietied.tion e gsenptoonsisting
of the following: fossil fuel, petroleum, a mixture for fuel blending, gasaline, diesel, jet fue], and any
combination BT T LA E R EAR R A ek BB TN A SR H ek e
tetraterpene diepete néthfacmedenecqhyseit e lataneste catndeiieri2bed0 hRyit). Shnedostanaes, a
catalytic cracking process comprises cracking conditions wherein the cracking conditi comprise
neating the ERREE oS AR S SR OO TO0 Co T el e B S kg
conditiorfs incdteffnkeatiergithedecatstoil ¢ bawerp of dbe iadlivears alboor B bruol=586.0nor between
about 200 and 400 ¢ of between abg z¥io35ocgndn"slogecﬁéoti%oflé%s!tgciot@e Qﬁ%ﬂ%&?s@éaat%y“c
cracking process comprises contacting A feedstock Wit gcataefy ic composition comprising a
molecular sisxteréiinsrihpheceinraigvisasauodecair gayiaeconmeisiig peica pabjngepare size greater

than 6 Angs.@ﬂe?ﬂ%ﬁi%‘é?& feliemaien obdQ:1RAPGSHoms 13- SaMG Wslanses, e large pore
molecular siéve is a 12-ring ze,olite, such as a 13-type, L-type, Y-type, LZY-72, Valfor CP811BL-25,

ELZ-L, or T-#iB4sixuregeapprises percentages by weight of greater than 40% methylbutane, The mixture

30  can also comprise percentage by weight of less than 1% C4 paraffins.
[00091 in yet another embodiment, a catalytic cracking process is provided herein for cracking a

triterpene, the process comprising contacting under catalytic cracking conditions a feedstock

containing the triterpene with a catalytic composition. The triterpene can be squalene.
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" instances, the molecular sieve is a 10-ring zeolite, such as a ZSM-5 zeolite. In some instances the
catalytic composition comprises more than one molecular sieve. For example, the catalytic
composition fiyrghgkeespryises a second molecular sieve that can be a diffgrept gizgsthan,he molecular
sieve. [0015] In an embodiment, a process of refining is described herein that comprises cracking a
feedstock comprising squalene in a flow reactor; distilling the cracking product; and obtaining a fuel
product with tane ratin(%(%etwe hout 85 to 125. In some instances, the octane rating is greater
than 90. 100 S B b e R Shtaning =
feedstock franmpmemetsaisinodifiedsayticaseclagphoatisymn hetialsrgaristuimng thentacting under
catalytic cra%l_ﬂ?ﬁ §%r%91%ﬁ%nc§1 tt ei%eoeo(iigtggl ¢ Ovl\{iﬂf?l% %:ez%%%g/tic com sitioQ thereby making a fuel product,
wherein the catalytic composi %[n coniprises a’large po%e%oq 07 sgiee\rfg'having a pore size greater
than 6 Angs{fiditiL] THe arackidgrean eirat @temMPetabdEes YRltid2h-Gin Theeatalytieegmposition can
be a 12 ging go%)”nt%i Tg?lgu%ltgrr% uct can av%geréso&'}[%nesnumbe{aott betwgeen out 8510 125 or can
have anoctane numBber of ¢ greatercﬂ%an 9B 6me Inetances. e method farher ¢ompHies adding a
fuel componentdit dhesffeeligookivotiavhierdie thetfue ccompinest s tharotrjehéaelitiiesel, biodiesel, or
gasoline. In g&r%%.instanceabﬁh%n‘;g{lﬂeodt%teg%r comprises adding a fuel additive to th%éfuel product.

[0017] In an e i%%’ﬁﬁsé composnloar? IS promg%efhcgfl cg%eﬁrgleeg.pgl ExtraLtEa S fgae and a

catalytic crackngchmpositigngisolpideidedds saogmpositiomicontprisipgsagdepemegnda catalytic
cracking COVQ%%%{PQP \é‘éhert?fa% %/t%r?ﬁtﬂgnggn t%gtsreégza%tggigomagﬁe roup cgg{]a%%qug*?f the following:
a monoterpene:-a sesquiterpene, a di erpene’,%’trl?erpene, 2 1t erpgﬁe, cuparéne, amesene,
squalerie, zingkgrtcraheh Sk dtbree. Glvanicompositibnsoeposbatd dagrdirdnelpetesot difipesition
comprising. %(%%Ei%&kéi@o&%ﬁé%‘%&% %%&%H}% GPRPesIomand A Gampesiion, comprising: phytol and a
catalytic cracking composition. The tatalytic cracking comp Sition 194 molecdlar Sieve” In some
instances, thétenpiacu litsievesisw lshpécporssmvipontss sieverthayngprporeisizérgrthater than 6
Angstrom ar}g(}%ﬁ% Sgﬁ%grgkﬂgh?tﬁh?%ge]c gssht&g]glég some Stances, the large pore molecular sieve
is a 12-ring zeolite, such as a |3- type, L-type, Y-type, fY-?Z, Valfor OP811BL-25, ELZ-L, or T-4546.
In other instdMeEY, thenmbleenlrisieve is-a:bbringzeplie:suahrasia-d BM-azeaglie H@01ikal In one
aspect,,there,i | =atalyti [ rcracki il from al comprising, extracting
oil from%lga%%ﬁ%%ﬁgg%% %%&%ﬁggﬂ%ﬁﬂ%ﬁ%gaﬁ f)%ék ?&g%ﬁ%#g@%’g%ﬁ%ﬁ%&& a triterpene

and a tetratedpapmingrigds nesdiihe sertitscopddtnnith Boatatitivneinipgshioarpernpitsing a large pore

moecuar SR EE e IR AN S RERUAL SISYR s GRS IendNGIREARALI O BY

REFERENCE [00181 All publications, patents, and patent ¢ tions mentioned in this specification
are herein in&sBEtaBYDY fserdrsing thsammealmeddyifecherl padivin prodisbliceriasdpatent, or

patent applicafionwasrpreiine by apddnd id-alirdicated:iiedncamroraiss v aiatence. BRIEF

DESCRIPTION OF THE DRAWINGS [0019] Many novel featlres of the invention are set’forth with
particuldfity HABEsR3pEntes oBRifs i peths ot demaaeribrSidrprryraritesiand advantages

of the inventigpudiihemtainedibysefgrenge toribefoliowing detailed: descriptignhalseis.forth

illustrative embodiments, in which many principles of the invention are utilized, and the accompanying
drawings of ffknolopsgdest drel retpiswa. 2 pixdesdadier Rpmding isrpdlinecdiemhite 8btions and
evaluating 19piedyehaisiiption. 1P 23krige 1B iscarschamptic diagram-shrningtbs: pulse reactor

in operation. [0022] Figure IC summarizes the various cracking products from cuparene obtained for

different temPETREHEJCtratfoRsRs] BRFTRCORILAYRS PR SORM P prockieedeBf cuparene at various
reactionfemmULe sokUsHh &N 2 ¢Ldialy Shacking process comprises cracking conditions wherein

the cracking conditions comprise heating the feedstock to between about 100-1000 C. In

further instances, the catalytic cracking conditions include heating the feedstock to a
teroperature between about 180 and 580 C or between aboui 200 and 400 C or between about
350 and 400 C.

30 6014} In some instances, & cataiytic cracking process comprises contacting a feedstock with
a catalytic composition comprising a molecular sieve. The molecular sieve can be a large pore
molecular sieve having a pore size greater than 6 Angstrom and/or have a cage diameter of
10-15 angstroms. In some mstances, the large pore molecular sieve is a 12-ring zeolite, such

as a p-type, L-type, Y-type, LZY-72, Valfor CP&11BL-25, ELZ-L, or T-4546, In other
3



[0024] Figure 2B shows the cracking products of cuparene at various reaction temperatures using
LZY-72 catalystn@eabt Figemdar 28y2D 2dQetiRE zsohimancteahe ZfiiMiifioaliionis eftivanstacking products
of cuparene catalyzed by LZY-72 at three different temperatures. 20[0 6%Fi ure 3A shows the
cracking proec T R B e R R R g Jbe DG Paet T0027
Figures 3B anthGisomontheizetieispsantiioadi mdeotibiraieracking 4urbd ucisTef-ptipiasding tatalyzed by

zeolite beta atoi\évccl)ﬂdifferv%nt temperatures.  [0028] Figure 4 shows the cracking products of cuparene
at various re3&tion ?éﬁlﬁ)e‘ratures 25using ELZ-L zeolite catalyst. [0029] Figure 5A demonstrates an

exemplary piSEs easterstiRacd fectack pifigxtraciad-from algae.{Q030kEgweasmB shows the
products resulting from cracking crude.algal oils. [0031] Figure,5C sl’égws the, products resulting from
Cracking re Rl T SEE B AITE D 6 e, Lt e GFARR AR O Chet AR et Broguct
from both crude=Bnddefined algetoit tathig, R8yendiBdnotsand prihokeus gasakae {O0da]digure 6A
shows the crackin g_ro%u%[asn%fofamesene at various reaction temperatures using LZY -72 zeolite
catalyst. [Odﬁﬂﬁﬂ% & 613°5Hows the blending octane numbers of famesene cracking products.
[0035] Figur§hBishakss trevalaidkingnaraduetbodifotmgaltirs sdntialrotnt vatiptisingasitamitemperatures
using LZY-72 zeolite catalyst. [0036] Figure 8A shows the cracki roducts of squalene. at various
reaction tem%EC%%%?%%i%%@ %%%{ﬁ%%%g?f&ifbg@?’joﬁ’aﬁ}%é%g%ﬁ%}%&t%‘g BIERGIAG octane
numbers of segdaleatetytiackitigngroshicionf0b38cEimulevdifh shavbthe enguidngpiattistsafiphytol at
various reactiqn temperatures.usin Y:72 zeolite catalyst. [0039] Figures 913 and.9C show the
carbon distri%%fﬁg rgn%%éhggalrgg%?%r@rfcﬁﬁﬁ’ ,0 g%%nnﬁg%?ﬁge f)gia ﬁg’ %Irﬁolgﬁ et%"’%‘f Bﬁ‘{/?ol cracking.
[0040] Figure®ihshoors thae hritetel ithgnot temestnerm Déscodcing ohr mcking progpetsm{Od i Figure 10A
shows the cr?ﬁ(@' roducts of the cracking.products of phytol from both commercial and algal
sources, as compiagir‘g%ctaom}cﬁécﬁ?/g%%%sg} %ﬁ%ﬁ%%ﬂ%&ﬁ%% Tﬁ{% i%lr@ng}neé) i %%p;’gﬂ?l%vg%ples. 15[0042]
Figure 10B siutens divalizesfdiciy eotaminimibé £ of phytakerackigponodcitetsod greamapianethio

Dhytol at vart e B e St L L et Y08 € B B 1 showis

the blendingvoizteaie e fud) ers:pbyxiny o lethyaidcie duihgd et ddteiesel, or gasoline. In some
instances, the method further comprises adding a fuel additive to the fuel product,
_ [0817] In an embodiment, a composition is provided that comprises: (;il extracted from algae .and a
catalylic cracking composition. Also provided is & composition comprising: a terpene and a
catalytic cracking composition, wherein the terpene can be selected from the group consisting
of the following: a monoterpene, a sesquiterpene, a diterpene, a triterpene, a tetraterpene,
cuparene, Tamesene, squalene, zingerene, and carotene. Other compositions described herein
include a composition comprising: ginger oil anci a catalytic cracking composition and a
composition comprising: phytol and a catalytic cracking composition. The catalytic cracking
composition is 2 molecular sieve. In some mstances, the molecular sieve is a large pore
molecular sieve having a pore size greater than 6 Angstrom and/or a cage diameter of 10-13
angstroms. In some instances, thé large poré molecular sieve is a 12-1ing zeolite, such as z f-
type, L-type, Y-type, LZY-72, Valfor CPB11BL-23, ELZ-L, or T-4546. In other instances, the
molecular sieve is & 10-ring zeoi_it’e, such as a Z8M-5 zeolite.

[0017a] In one aspect, there is provided a catalytic cracking process for cracking oil from algae
comprising, extracting oil from algae to form a feedstock comprising at least one of a sesquiterpene, a
diterpene, a iriierpene and a fetraterpene; and contacting said feedstock with & catalytic composition

comprising a large pore molecular sieve, wherein the large pore molecular sieve is a 12-ring zeolite.

INCORPORATION BY REFERENCE
[0018] All publications, patents, and patent applications mentioned 1n this specification are

herein incorporated by reference to the same extent as if each individual publication, patent,
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20[0045] Figure 12A shows schematically an apparatus suitable for large-scale cracking processes.
[0046] Figure 12B shows the compositions of the gas and liquid products resulting from cracking
squalene. DQ@%@,Q§§CRIPTION OF THE INVENTION 25[0047] Refig@g{%ﬂ)\@[g%wpon mixture
can be performed to optimize the types, shapes, and sizes of the hydrocarbon mixture to produce a
fuel product. Typical refining processes in the fuel industry include, but are not limited to, distillation,
fractionation, extraction, splvent extraction, hydrotreatment, isomerization, dimerization, alkylation, and
cracking. A grrgéi%rﬁ%a%é]g%aeggg @%ﬁéﬁﬁ“y’%&og?s%‘%‘ééls‘%%%ﬁ E)I}élé:ﬁ?sg%%wﬁ Wﬁ%%rg[r ogr?é into smaller
hydrocarbomsfefen®0 example, by scission of a carbon-carbon bond. Complex organic molecules such
as isoprenoids or heavy hydrocarbons can be cracked into simpler molecules (for example light

hydrocarbons) by the breakingyy Gariprse R PPRIBANEF WMW§ Cracking is commonly

performed by using high temperatures, catalysts, or a combination thereof. Example cracking
methods ind 8] Blararsonel katiess abthmisvertiaracksaforthioyidaralyicleriy faribe apperdstor catalytic

cracking, Calghfic &BEKP InIRBRHMAGKASnE, WAKRH ARIL Y NQEBL CRLaNIGIRGHIDGEProcesses

can involve scission of an organic molecule in the presence of a cafalyst, typically an acid catalyst
such as siliciaited i eksniste theblieingdgiailpd dessrintiondhatsetetenfridlyaisyimenetric) breakage of
bonds yieldiggaaifseris IRV RRRRAT RIRABIECT HSURARC AP RERHON AR YelniRalARe hydride
anion. Carbon-localized free radicals and cations are both highly unstable and undergo processes of
chain rearraffg¥Hghel #higkample C-C scission in the beta position and also intra- and intermolecular

hydrogen traguier piziydrideirangialliséhell fpeeRiiy 0ceeaes Ntk RECIAINeRINg reactive

intermediates (radicals, ions) are permanently regenerated, and thus the reaction can proceed by a
self-propag &t HreHanism. The chain of reactions can then be eventually terminated by

radical or iopoaeprikinatiBis QQAGH AN Lrakosiven tbedaiaMbecragkipaiprocess and catalytic
cracking corgﬁg Fs_com rise contacti%g an organic molecule with a molecular sjeve, for example a
zeolite. 15C g i R S BRI XATQIS P TSk Re i fﬁ‘@"h?%’i‘b%ﬁiﬁ%&%fﬂ%, for example
from 100-10fiffentncatpeatiesiment, cracking conditions comprise heating a feedstock to between
about 100- Further, catalytic cracking conditigns comprise heating a feedstock to between
bout 180 S e S NG OB AR E AR CoRHOR TR e ating the
feedstask tamsitg Si¥ET atBdetween about 200 and 400 C or a 20 temperature between about 350 and

400 C. Cataj%ﬁiﬁglckingﬁ ditiqﬂs can com rf'isethetatin?ra feedstock to a temperature wherein C-C
bond scission s encduraged i the presened 8F At i e 16 A5 G PP AR 4S8t P eIVt cracking

S Catafy/
process is distig$2Y 32 cetatkshg a terpene, the process comprising contacting under catalytic cracking

conditions ck c ining t 25terE)ene ith a catalytic ¢ osition. [0051] Terpenes are a
large and vi'rsiﬁe%%csggg%o%/ rot%? onss, pro ﬁ%%g%/% ur%ré%mﬁg{ylg \‘/’Vi?‘e \(/:éaﬁe{rf/gc[ﬁr %%%%%synthetic
organisms. Whepateip eafelyzakbm bdifictd ehtmeicdifisrenicbnasfatumsidation or rearrangement of the

carbon,gkel t [ rall rred to.as terpenoi [ isoprenoids.
Terpertaids e S L 0, SR B e
can be usedsingeeditbddergiaimtis or isoprenoids. [0052] Terpenes can be the primary constituents of

(he essentiaypls) o giansly P 2 laMta A IONGIRAERR0 IR Al useHaNAS dndafyral flaver

additives for food, as fragrances in perfumery, and in traditional and alternative medicines such as
- aromatherag§tabppdrstreolite beta at two different temperatures.

[6028] Figure 4 shows the cracking products of cuparene at various reaction temperatures
25 using ELZ-L zeolite catalyst.
[6029] Figure 5A demonstrates an exemplary pulse reactor setup used to crack oil extracted
from algae.
[8030] Figure 5B shows the products resulting from cracking crude algal oils.
[0031] Figure 5C shows the products resulting from cracking refined algal oils.
3¢ [0032] Figure 5D demonstrates a comparison of the cracked products from both crude and
refined algal oil to 87, 89, and 91 octane petroieum gasoline.
[0033] Figure 6A shows the cracking products of farnesene at various reaction temperatures

using LZY -72 zeolite catalyst.



WO 2009/039201PCT/US2008/076716 variations and derivatives of natural terpenes also greatly
expand the variety of aromas used in perfumery and flavors used in food additives. [0053] Terpenes
are a diverse\95§®pggﬂﬁynthetic hydrocarbons comprising multiple units ]1 reDe 16
(2-methyl-buta-1,3-c{iene), which is a five-carbon hydrocarbon. The isoprelr)%]c uﬁr%?s@cgﬁr? (e linked
together to form acyclic (including branched or linearly arranged carbon atoms) or cyclic framework.

Among thes iterpe congsjst.of ane isgprene ynit (far.example is ren? onoterpenes
consist of tmfg()l%%ﬁﬁeperégi%ﬁgg %ﬁ:ﬁ%@ﬁ eo,c ‘F%%“#%’Bﬁé?ﬁﬁ%%ﬁéﬁ@ gﬁﬂ‘g m%ﬁ:r ﬁ%r%%%esquiterpenes
consist of thj@lisfgdigenc’ rdamuds anadkinglprdpasydldpesasitatipbsibs (faiexaspienfarnescne) and
cyclic scsqujterpe es?gfor. ex cuparene, 10curcumene, zingiberene and bisabolene); and
diterpenes égﬁkﬁegﬁ‘g{ DU R %%@r%@?a%g@ﬁ%}-mude, for example, cembrene, taxadiene;
triterpenes 0b34$ tFofisix8sohrenciresiakasg: pnalind wdeqfoeexampliops epiatenaempeldatraterpenes
consist gf eigs%isgg{g% rejli'lpuegé]aad include, for example, carotene, the acyclic lycopene, the
otén i :

. ZEO, < . . : .
monocyclic 7-C and the |3§/CI|C a- and 13-carotenes. The size of an isoprenoid refers to the

total numbe {88t d b3k tateths Wéthimgsmamnoichirasrodismekl eanctdskdypipaifinasmultiplicity of five.
Table 1 sho lary,t nes.that.ar itable substrate or feedstock for refining. TABLE 1
ﬁﬁ%@%&%@?ﬁﬁs e crgékamﬁ St%ﬁ?tg g? 8%0%3 vanolés Wci}p_n Pernperaﬁu%s

Name Struc isoprene --;,, rcen
using LZY-72 zeolite catalyst.

[0039] Figures 9B and 9C show the carbon distribution and the degree of branching, among

10 the paraffins products of phytol cracking.
[0040] Figure 9D shows the blending octane numbers of phytol cracking products.
[0041] Figure 10A shows the cracking products of the cracking products of phytol from both
commercial and algal sources, as compared to the hydrocarbon components of the commercial
gasoline samples. ,

15 [0042] Figure 10B shows the blending octane numbers of phytol cracking products as
compared fo commercial gasoline samples.

| {0043] Figure 11A shows the cracking and hydrocracking products of phy’mi at various

reaction temperatures using Nickel/LZY-72 zeolite catalyst.
[0044] Figure 11B shows the blending octane mumbers of phvtol hydrocracking products.

20 [0045] Figure 12A shows schematically an apparatus suitable for large-scale
cracking processes. '
[0046] Figure 12B shows the compositions of the gas and lquid products resulting from

cracking squalene.

DETAILED DESCREIPTION OF THE INVENTION

25 [0047] Refining a hydrocarbon mixture can be performed to optimize the types, shapes, and
sizes of the hydrocarbon mixture to produce a fuel product. Typical refining processes in the
fuel industry include, but are not limited to, distillation, fractionation, extraction, solvent
extraction, hydrotreatment, isomerization, dimernization, alkylation, and cracking. A cracking
process typically refers process that breaks down hydrocarbons into smaller hydrocarbons, for

30  example, by scission of a carbon-carbon bond. Complex organic molecules such as
isoprenoids or heavy hydrocarbons can be cracked into simpler molecules (for example light
hydrocarbons) by the breaking of carbon-carbon bonds in the precursors. Cracking is

commonly performed by using high temperatures, catalysts, or a combination thereof.
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Example cracking methods include, but are not limited to, thermal cracking, fluid catalytic
cracking, thermofor catalytic cracking, catalytic cracking, steam cracking, and hydrocracking,
[0048] Catalytic cracking processes can involve scission of an organic molecule in the
presence of a catalyst, typically an acid catalyst such as silica-alumina catalyst or zeolites.

5  Catalysts promote a heterolytic (asymmetric) breakage of bonds yielding pairs of ions of
opposite charges, usually a carbocation and a very unstable hydride anion. Carbon-localized
free radicals and cations are both highly unstable and undergo processes of chain
rearrangement, for example C-C scission in the beta position and also intra- and
intermolecular hydrogen transfer or hydride transfer. In both types of processes, the

10 corresponding reactive intermediates (radicals, ions) are permanently regenerated, and thus
the reaction can proceed by a self-propagating chain mechanism. The chain of reactions can
then be eventually terminated by radical or ton recombination.

[0649] In an embodiment, the catalytic cracking process and catalytic cracking conditions
comprise contacting an organic molecule with a molecular sieve, for example a zeolite.

15 Catalytic cracking conditions can also comprise heating an organic molecule, for example
from 100-1000 °C. In an embodiment, cracking conditions comprise heating a feedstock to
between about 100-1000 °C. Further, catalytic cracking conditions comprise heating a
feedstock to between about 180 and 580 °C. In yet another embodiment, catalytic cracking
conditions include heating the feedstock to a temperature between about 200 and 400 °C ora

20 temperature between about 350 and 400 °C. Catalytic cracking conditions can comprise
heating a feedstock to a temperature wherein C-C bond scission is encouraged in the presence
of a catalyst.

{00560] In an aspect, a catalytic cracking process is disclosed for cracking a terpene, the
process comprising contacting under catalytic cracking conditions a feedstock containing the

25 terpene with a catalytic composition.

[#6051] Terpenes are a large and varied class of hydrocarbons, produced primarily by a wide
variety of photosynthetic organisms. When terpenes are modified chemically, such as by
oxidation or rearrangement of the carbon skeleton, the resulting compounds are generally
referred to as terpenocids or isoprenoids. Terpenoids or isoprenoids generally comprise a

30 heteroatom. As referred to herein the term terpene can be used to describe terpenocids or
isoprenoids.

[0052] Terpenes can be the primary constituents of the ¢ssential oils of many types of plants
and flowers. Essential oils are used widely as natural flavor additives for food, as fragrances

in perfumery, and in traditional and alternative medicines such as aromatherapy. Synthetic
7
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variations and derivatives of natural terpenes also greatly expand the variety of aromas used -
in perfumery and flavors used in food additives.

[0033] Terpenes are a diverse class of biosynthetic hydrocarbons comprising multipie units of
isoprene {2-methyl-buta-1,3-diene), which is a five-carbon hydrocarbon. The isoprene units
can be linked together to form acyclic (including branched or linearly arranged carbon atoms)
or cyclic framework. Among these, hemiterpenes consist of one isoprene unit (for example
isoprene), monoterpenes consist of two isoprene residues and include, for example, limonene
and myrcene; sesquiterpenes consist of three isoprene residues and include, acyclic
sesquiterpenes (for example, farnesene) and cyclic sesquiterpenes (for example, cuparene,
curcumene, zingiberene and bisabolene); and diterpenes consist of four isoprene residues and
include, for example, cembrene, taxadiene; triterpenes consist of six isoprene residues and
include, for example, squalene, and tetraterpenes consist of cight isoprene residues and
include, for example, carotene, the acyclic lycopene, the monocyclic y-carotene, and the
bicyclic &~ and f-carotenes. The size of an isoprenoid refers to the total number of the carbon
atoms of the isoprenoid framework, and is typically a multiplicity of five. Table 1 shows

exemplary terpenes that are suitable substrate or feedstock for refining.

TABLE 1

Name Structure Size CAS MW

isoprene \{(\ 5 68.1
|
myrcene \/ﬁ\/\)\ 10 136.2

ocimene JVW 10 13877-91-3 | 1362

limonene >—Q_ 10 136.2




phellandrene 10 99-83-2 136.2

WO 2009/039201 PCT/US2008/076716

terpinclene /\=<Q* 10 586-62-9 136.2

phellandrene >—-®; 16 99-83-2 136.2

farnesene \\JL/\/IV\)\ 15 204.3

cuparene 15 2023

cuprenene 15 5046-93-5 2044

isobazzanene 15 88661-59-0

bisabolene 15 - 495-61-4 204.3

sesquiphellandrene % 15 20307-83-9 | 204.4
9
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y
barbatene 15 53060-59-6 | 204.3

[0054] In some embodiments, the hydrocarbon has a polyene structure. As used herein,
“polyene” refers to a hydrocarbon having a main carbon-based backbone wherein the carbon
atoms are linearly joined by single and double bonds. The main carben-based backbone refers
to a longest straight-chain of the hydrocarbon structure and comprises at least two double
bonds. One or more carbon atoms that form the backbone can be further substituted with alkyl
groups, in particular, with methyl groups. The polyene can exhibit both E and Z (¢is and
trans, respectively) geometric isomers. In some embodiments, the polyene includes terminal
cyclic structures (for example, cyclohexenyl or substituted cyclohexenyl) at one or both ends
of the carbon-based backbone.

[0055] In one embodiment, the polyene stracture comprises at least one “quaternary olefinic
carbon”, which refers 10 a carbon atom of a polyene backbone that is connected to two
adjacent carbon atoms of the polyene backbone via a C=C bond and a C-C bond, respectively.
The quaternary olefinic carbon is further connected to an alky! substituent (for example, a

methyl). A representative quaternary olefinic carbon is shown below:
quaternary olefinic carbon
&CJ\\\C,}%
H, H
j0056] Quaternary olefinic carbon 1s typically present in an isoprene derivative such as

terpenes. As discugsed, isoprene residue is a common structural motif in biological systems.

10
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Many biological derivatives of isoprene, such as carotenoids, are chain elongation products of
multiple isoprene residues.

[0057] Thus, in some embodiments, the polyene chain comprises two or more repeating units
of isoprene residues to provide an isoprenocid. An exemplary structure of a polyene backbone
segment having three repeating units of isoprene residues is shown below, in which the

quaternary olefinic carbons are indicated in circles.

MA}

isoprene residue
{0058] Depending on how the isoprene units are connected, the polyene chain may comprise
an alternative arrangement of the isoprene residues. As shown below, the polyene segment
comprises alternating C-C bonds and C=C bonds to provide a conjugated structure. An
exemplary structure of a conjugated backbone segment is shown below, in which the

quatemary olefinic carbons are indicated in circles:

isoprene residue

{0059] In an aspect, a catalytic cracking process for cracking a sesquiterpene, the process
comprising contacting under catalytic cracking conditions a feedstock containing the
sesquiterpene with a catalytic composition. The sesquiterpene can be part of a mixture of
organic molecules or can be a mixture comprising greater than 75% sesquiterpene. A
sesquiterpene is any organic moiécule comprising three isoprene units. Sesquiterpenes are a
class of terpenes that consist of three isoprene units and are C15 molecules, Like
monoterpenes, sesquiterpenes may be acyclic or contain rings, including many unique
combinations. Biochemical medifications such as oxidation or rearrangement produce
sesquiterpenes known as sesquiterpenoids, For the purposes of this disclosure, the term
sesquiterpene includes sesquiterpenoids or other organic molecules comprising three isoprene
units as well as additional atoms, such as oxygen. Sesquiterpenes include, for example
without limitation, cuparene, farnesene, and zingiberene,

[0060] A sesquiterpene can be cracked using a process described herein by heating a
sesquiterpene or a mixfure comprising a sesquiterpene in a reactor. For example without

limitation, the reactor can be a pulse reactor, plug flow reactor, or a continuous flow reactor.
11
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A catalyst, for example a zeolite catalyst, can be pretreated with a gas until the desired
atmosphere and catalyst is obtained. For example, helium (inert atmosphere), hydrogen
{reducing atmosphere), or oxygen (oxidizing atmosphere) can be used to pretreat a catalyst in
the reactor. After the optional pretreatment of a catalyst, the reactor can be maintained at the
desired reaction temperature, for example, the temperature of the cracking conditions. In an
exemplary embodiment using a pulse reactor, small quantities of the sesquiterpene are pulsed
through the reactor over the catalyst. Depending on the temperature and the catalyst used for

the reaction, different products from the cracking reaction can be generated. Optionally, after

- the reaction has proceeded, the reaction products can be identified by, for example, gas

chromotography and/or mass spectrometry (GC/MS). Other atom identification techniques
can also be used as would be obvious to one skilled in the art.

[0061] A catalytic composition can comprise an acidic catalyst, for example, a molecular
sieve. A molecular sieve is a material containing pores of a precise and uniform size that can
be used as an adsorbent for gases and liquids or to frap organic molecules. Molecules small
enough to pass through the pores are adsorbed while larger molecules are not. It is different
from a common filter in that it operates on a molecular level. For instance, a water molecule
may be small enough to pass through while larger molecules are not. In an embodiment, the
molecular sicve is a zeolite. A zeolite is an aluminosilicate, aluminophosphate,
aluminosilicophosphate, or other oxide that has a microporous or mesoporous structure.
[0662] Cracking catalysts such as zeolites typically provide numerous Br@nsted acid sites.
Under such an acidic condition, the quaternary olefinic carbor: of the biomass polyene can be
converted to a tertiary carbenium ion (shown in Scheme IV). As used herein, “tertiary
carbenium ion” (or simply “carbenium ion™) refers to a trivalent carbocation that is connected

to three other carbons.

Scheme IV

quaternary olefinic carbon tertiary carbenium ion

CH, 4/ q 4/}
F\ /l\ —
2
[0063] Itis belxeved that the tertiary carbenium ion is a reactive mtermediate that induces
carbon-carbon bond scission. As shown in Scheme V, as the carbon-carbon bond at the -

position of the carbenium ion ruptures, the bond electrons neutralize the carbenium ion.

12
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Scheme V

e
\mﬁw

l B-scission

M*W\)@

[0064] Moreover, the reactive carbenium ions may also lead to isomerization and
oligomerization. Accordingly, the catbenium intermediates resulting from the quaternary
olefinic carbons play an important role in transforming the polyene-based feedstock into
diverse products.

[0065] As discussed in more detail herein, zeolites are widely used for cracking processes,
and they are especially useful for the production of fuels because of shape selectivity. N.Y.
Chen et al,. Shape Selective Catalysis in Industrial Applications, Marcel Dekker, New York,
1996. Shape selectivity refers to the property of zeolites arising from their precisely defined
pore structure, which results in products of rather narrowly defined molecular weights and
structures.

[0066] Typically, catalytic scissions produce light olefins or light alkanes, which are shorter
segments of the polyene structure. Depending on the actual structure and the point of scission,
the light olefin may be a short acyclic chain of the polyene or may comprise a cyclic structure
(for example, cyclohexenyl), In various embodiments, the light olefins comprise between 3 to
15 carbons, more typically, between 3-12 carbons.

[0067] Any catalyst suitable for catalytic cracking in petroleum refinery processes can be
used in combination with a feedstock. While commercial cracking catalysts include acid-
treated natural aluminosilicates, amorphous synthetic silica-alumina combinations, and
crystalline synthetic silica-alumina (zeolites), the most widely used commercial catalytic
cracking catalysts are the zeolites.

[0068] Zeolites are aluminosilicate, aluminophosphate, aluminosilicophosphaie, or other
oxide members of a family of microporous solids known as molecular sieves. The term

molecular sieve refers to a particular property of these materials, for example the ability to
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selectively sort molecules based primarily on a size exclusion process. This is due to a very
regular pore structure of molecular dimensions. The maximum size of the molecular or ionic
species that can enter the pores of a zeolite is controlled by the diameters of the tunnels. More
than 1500 zeolite types have been synthesized and 48 naturally occurring zeolites are known.
Typically used zeolites are from the favjasitic family, for example, X-, Y- zeolites, pentasils
such as ZSM-5, or other zeolites such as zeolite beta and zeolite L. Such zeolitic catalysts and
their manufacture are within the knowledge of one skilled in the art.

[0669] The hydrogen form of a zeolite (prepared by ion-exchange) is a powerful solid-state
acid, and can facilitate a number of acid-catalyzed reactions, such as isomerization,
alkylation, and cracking. More specifically, zeolites confine the hydrocarbons in small spaces
which cause the hydrocarbons to change their structures or reactivity, such as being converted
from quaternary olefinic carbons to carbenium intermediates. _

[0070] The pore size of the zeolite catalyst can be important in controlling the catalytic
reactions, both kinetically and chemically. Accordingly, in selecting a suitable zeolite catalyst,
the size of the hydrocarbons to be cracked needs to be taken into consideration, In addition,
the pore size may affect the selectivity of a cracking process of a given hydrocarbon
feedstock. Other possible types of acid cracking catalyst include mineral acids and organic
acids.

[0071] During catalytic cracking, intermediate cations from the hydrocarbons may be less
reactive and more stable than in other cracking processes. This can allow the cations to
accumulate at an active site of a catalyst, which may generate deposits of carbonaceous
products generally known as coke. Such deposits may need to be removed (for example by
controlled burning) in order to restore catalyst activity.

{0872} In addition to catalytic cracking, other industrial cracking processes such as thermal,
hydro, and steam cracking conditions can also cause carbon-carbon scission in a polyene
structure. These cracking processes do not necessarily involve a carbenium intermediate;
instead, carbon-carbon bond scissions may occur indiscriminately along the polyene backbone
to produce light olefins.

[0673] A process as described herein can comprise contacting a terpene, for example a
sesquiterpene, with a zeolite catalytic composition. In an embodiment, the zeolite is a 10-ring
zeolite with a pore size of less than 6 Angstroms. An exemplary 10-ring zeolite is a ZSM-5. In
an embodiment, the zeolite is SN27.

[0074] In another embodiment, a process comprises contacting a terpene with a large pore

- molecular sieve. For example, a molecular size with a pore size greater than 6 Angstrom. In
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an example, a large pore molecular sieve has a cage diameter of 10-15 angstroms. The large
pore molecular sieve can be a 12-ring zeolite or a zeolite larger than a 12-ring zeolite. In an
embodiment, the 12-ring zeolite is a B, L, or Y-type zeolite, Examples of zeolites useful with
a process described herein include, but are not limited to, LZY-72, Valfor CP811BL-25, ELZ-
L, and T-4546. A catalytic composition can be converted to it’s fully protonated form via
ammonium exchange before use. In an embodiment, nickel containing material can be
prepared by exchanging the protonated zeolites with Ni(II}acetate aqueous solutions such that
20% and 80% theoretical proton replacement by nickel cations results. In another
embodiment, a catalytic composition can be ion-exchanged to yield the ammonium form of
the zeolite, which upon heating can convert to the proton form with the elimination of
amnonia. A proton form of a zeolite acts as a strong solid acid for catalytic reactions.

[00775} A catalytic cracking process for cracking a terpene, for example a sesquiterpene can
also comprise contacting the terpene with the catalvtic composition and a second catalytic
composition. The second catalytic composition can be the same as or different than the first
catalytic composition. For example, if a 12-ring zeolite is utilized as the first catalytic
composition, a 10-ring or 12-ring zeolite can be used as a second catalytic composition. This
can be useful in a variety of ways, for example, when cracking a mixture of hydrocarbons,
wherein the hydrocarbons may be different sizes. In another example, a second catalytic
composition can be used that is of the same type or size as the first catalyst to crack any
remaining larger hydrocarbons or feedstock that did not crack using the first catalytic
composition,

[0076] In an aspect, a catalytic cracking process is disclosed for cracking cuparene. Cuparene
is a sesquiterpene. In an embodiment, cracking is achieved by contacting a feedstock
containing cuparene under catalytic cracking conditions with a catalytic composition.
Cuparene can be cracked in a reactor, for example a pulse reactor or a continuous flow
reactor. The reactor can provide catalytic cracking conditions comprising a heating the reactor
and cuparene to a catalytic cracking temperature, for example, 100-1000 C, 180-510 C, 200~
400C or 350-400 C. For example, cuparene can flow through a reactor comprising the
catalytic composition, the reactor is heated to a catalytic cracking condition temperature.
Cuparene that contacts the catalytic composition is cracked into smaller hydrocarbons than
the original C15 cuparene molecule. Example catalysts include those described herein, such
as SN27 (ZSM-5 type), ELZ-L (zeolite-L type), and LZY-72 (zeolite-Y type).

{0077] Cuparene has a boiling point of about 275 C and may require an adjustment of

techniques to measure its presence after a reaction with a gas chromatography column. In an
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embodiment, adjustments can be made to the column so that cuparene anatysis does not
contribute to incorrect mass spectrometry analysis. _

[0078] In an embodiment, cuparene is flowed through a reactor comprising a catalytic
composition with a carrier gas (for example helium). A feedstock comprising cuparene can be
in the liquid or gaseous phase.

[0079] In an embodiment, cuparene is cracked in a process provided herein by contacting the
cuparene with a large pore molecular sieve such as a B, L, or Y-type zeolite. Because
cuparene is a larger hydrocarbon (C15), a large pore molecular sieve may provide for higher
conversion of cracking a cuparene molecule into smaller hydrocarbons.

[6080] In some embodiment, a process of cracking cuparene produces a mixture comprising
percentages by weight of greater than 50% toluene, less than 2% benzene, less than 20%
xylene, and greater than 30% of a combination of cyclohexanes and cyclopentanes. In another
embodiment, a process of cracking cuparene produces a mixture comprising greater than 50,
60, or 70% toluene. Toluene is a hydrocarbor: with a high octane number, and therefore, can
be a valuable component of a fuel composition. In an embodiment, the cracked products of
cuparene are blended or added to a base fuel to generate a fuel product,

[0081] In an aspect, a catalytic cracking process is disclosed for cracking farmesene.
Farnesene is a family of sesquiterpenes, with three isoprene units. In an embodiment,
farnesene is cracked using a catalytic composition as described herein. For example,
famesene can be cracking using a 12-ring zeolite catalyst, such as LZY-72. In an
embodiment, a feedstock comprising farnesene is cracked. The feedstock can comprise more
than 50, 60, 70, 80, or 90% farnesene by weight. A feedstock can also comprise other
molecules and hydrocarbons, such as bisabolene and curcumene. In an embodiment,
farnesene is cracked under cracking conditions comprising temperatures of about 200 to about
500 C. For example, farnesene can be cracked around 350 C.

[0082] A process of cracking farnesene can comprise producing a mixture comprising
percentages by weight of greater than 15% toluene and greater than 10% paraffins. In an
embodiment, the mixfure comprises percentages by weight of about 1 5% to about 20%
toluene and about 10% to about 15% paraffins. In another embodiment, the mixture comprises
percentages by weight of greater than 50% aromatic hydrocarbons. In an embodiment, more
than 50, 60, 70, 75, or 80% of the mixture by weight from cracking famesene can comprise
hydrocarbons with an octane mumber greater than 90. A mixture can be used as a fuel product,

blended with a fuel product, or refined to generate a fuel product. A high octane number
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mixture or fuel product can be used as fuel product, or for example, as a fuel product for
blending info a fossil fuel based fuel.

[0083] In another aspect, a catalytic cracking process is described herein for cracking a
mixture comprising at least three sesquiterpenes, the process comprising contacting under
catalytic cracking conditions a feedstock containing the mixture comprising at least three
sesquiterpenes with a catalytic composition. A mixture of sesquiterpenes can crack into a
suitable array of hydrocarbons for producing 2 fuel product or additive, such as jet fuel,
gasoline, or diesel, Also, by cracking a mixture of sesquiterpenes, the diversity of the cracking
products may allow for the creation of a complete fuel. In another embodiment, a process of
cracking a mixture containing all or mostly all of one type of sesquiterpene can also be used
to generate a complete fuel.

[0G84] As an example, the mixture comprising at least three sesquiterpenes can be ginger oil.
Ginger oil can comprise molecules including, but not limited to, zingiberene, -
sesquiphellandrene, bisabolene, famesene, 3-phelladrene, cineol, curcumene, and citral.
[0085] Ginger oil can be cracked by a process comprising adding carbon dioxide to remove
gingerol from the ginger oil, A fully protonated catalyst such as a 12-ring zeolite like LZY-72
can be used to contact the ginger oil to initiate the cracking process and the scission of
carbon-carbon bonds of the sesquiterpenes under catalytic cracking conditions.

[0086] In an embodiment of a process of cracking ginger oil, the process produces a mixture
comprising percentages by weight of greater than 15% naphthenes, greater than 20%
paraffins, greater than 5% xylenes, and greater thart 5% toluene. Many of the paraffins of the
mixture can be branched paraffins which can have a high octane number. The high octane
number of many of the components of ginger oil can be used to as a fuel product such as
gasoline or a gasoline additive.

[0087] In an agpect, a composition is disclosed herein that comprises zingerone and
percentages by weight of greater than 15% naphthenes, greater than 20% paraffins, greater
than 5% xvlenes, and greater than 5% toluene. Zingerone is a product of heating gingerol and
can be present in the composition in trace amounts.

[0088) In another aspect, a catalytic cracking process for cracking a triterpene is disclosed,
the process comprising contacting under catalytic cracking conditions a feedstock containing
the triterpene with a catalytic composition. A triterpene is a C30 terpene comprising six
isoprene units. An non-limiting example of 2 triterpene for use in a process is squalene.
Squalene is a natural organic compound originally obtained for commercial purposes

primarily from shark liver oil, though there are botanic sources as well, including amaranth
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seed, rice bran, wheat germ, and olives. Most higher organisms produce squalene, including
humans. Squalene is a hydrocarbon and a triterpene. Squalene can also be generated from a
genetically modified organism in which an organism that does not naturally produce squalene
is modified to produce squalene, or an organism that naturally produces squalene is modified
to upregulate squalene. For example, an algal cell can be transformed to produce an enzyme
that produce squalene through the MV A or MEP pathway and the squalene produced from the
algal cell can be cracked using a process described herein. |
[0089] In an embodiment, a process of cracking squalene can comprise contacting the
squalene under catalytic cracking conditions with a catalytic composition, such as a
protonated 12-ring zeolite.

{0094] In another example of cracking squalene, a process of refining comprises cracking a
feedstock comprising squalene in a flow reactor; distilling the cracking product; and obtaining
a fuel product with an octane rating between about 85 to 125. In an embodiment, the octane
rating of the fuel product is greater than 90. Squalene can be cracked in any suitable reactor as
would be known tc one skilled in the art. In an example, squalene is cracked in a tubular
reactor comprising a pump that allows batches of liquid to be fed fo that reactor at a constant,
programmable rate. The pump can also allow for the flow of carrier gas or other gases needed
to be fed to the reactor, such as helium and nitrogen. In the example, the tubular reactor can
be packed with a catalytic composition and the feedstock to be cracked is fed over the
catalytic composition. The catalytic cracking conditions in the reactor can be set to an
appropriate temperature as determined by the user, for example, 300-500 C. Reaction
products from the cracking can be collected at the output of the reactor, for example, by a
condensation device. Cracking products can then be identified as described herein. In
addition, fractionation, such as distillation can be carried out to further refine the cracking
products. |

[0091] In yet another aspect, a catalytic cracking process is disclosed herein for cracking a
diterpene, the process comprising contacting under catalytic cracking conditions a feedstock
containing the diterpene with a catalytic composition. A diterpene is a C20 terpene
comprising four isoprene unit. As a non-limiting example, phytol can be present in the
feedstock to be cracked. Phytol is a natural terpene alcohol that is produced duoring the break
down of chlorophyll. Phytol can be extracted from a plant organism for the cracking methods
as described herein. In an embodiment, an organism is genetically modified to upregulate
phytol production. For example, an algal cell can be genetically modified to upregulate

phytol, the amount of chiorophyll in the cell, and/or a breakdown of chlorophyll in the cells.
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structure. As used herein, "polyene” refers to a hydrocarbon having a main carbon-based backbone

wherein the are linearly joined by single and double bonds. n-based
i %ﬁcﬁ?ﬁ}ﬁ ORI EAERR

backbone refers 5to a longest straight-chain of the hydrocarbon structure and comprises at least two
double bonds, One or more carbon atoms that form the backbone can be further substituted with alkyl

groups, in p é'&}" ith.m ups., The ene ca xh| oth cis trans
respectively?d eome rcflsonsers ne%(gpn?aéygrcn % gnatéﬁm 1553{% me"Me S%aedg%égl‘ml ycllc structures
(for exampI@echn@ma@hmhmaMSmmgdgp&dﬂﬁeméelya)candmexmfb(tﬂmpewmmﬁfaﬁwmm based

backbone. 0 rlses t.least aternary
olefirtic carﬁrg&,&]eﬁlg IErleg ers t(jJ)e a%%{érg} gfgﬂxdgfp a?o f)sc%yene Sﬁ%cfﬁa e 6%#ect%?o two
adjacent catpoduaingnsiof tredoolyexk dsapkblore Wraxah@mdmiﬁd tamsoad ephrahudtisaspectively. The
quaternary q| r C I subs ent (for e a 15methyl). A
represe%tat%g%%%t%?é%% él n%@%ﬂtﬁai&%%&?@hﬁn be&]o i pf(?g gte?ﬁf/ngﬁ nic carbon is
typically preé@ﬁ@ﬂbﬂ@ﬂféﬂp@ﬁéﬁ%ﬂsﬁﬂh@sﬂﬁ%rpenes As dlscussed isoprene residue is a

common S”W?M‘H%@MQ&%L fﬁlg‘égsqﬁf cracking phytol comprises producing a mixture
comprising percentage by weight of greater than 55% C5-C9 paraffins, wherein more than
70% by weight of the paraffins are mono-methyl paraffins, In another embodiment the

10 process comprises producing a mixture comprising percentage by weight of greater than 75%
of components with an octane number greater than 90,

[0094] In an embodiment, a process of cracking phytol further comprises extracting phytol
from an oil. For example, using an organic solvent to extract phytol from an algal oil.
[0095] A process for cracking phytol can also comprise hydrocracking phytol by contacting

15 the phytol with a catalytic composition and a hydrogen source under hydrocracking
conditions. For example, the catalytic composition can comprise an nickel ion exchange
zeolite catalyst, such as Ni/LZY-72. Hydrocracking conditions can comprise temperatures of
100-1000 C. In a further embodiment, the temperatures are 200-500 C. In an example, phytol
is flowed through a pulse reactor in 25ul pulses with hydrogen.

20 [0096] In an aspect, a composition is disclosed that comprises: a terpene and a catalytic
cracking composition. The composition: can be utilized to carry out a process or method
described herein. For example, the composition can be the reactants for cracking the terpene
into a composition or fuel product. The composition can be brought to catalytic cracking
conditions, for example in a reactor, in order for the composition to react and break the

25 terpene into light hydrocarbons.

[0897] In an embodiment, the terpene is selected from the group consisting of the following: a
moneterpene, a sesquiterpene, a diterpene, a friterpene, a tetraterpene, cuparene, farnesene,
squalene, zingerene, and carotene, The terpene can be any terpene that is suitable for catalytic
cracking into smaller hydrocarbons, including those described herein.

30  [0698] In an aspect, a composition is disclosed that comprises: oil extracted from algae and 2
catalytic cracking composition. In other aspects, compositions are disclosed that comprise:
ginger oil and a catalytic cracking composition, phytol and a catalytic cracking composition,
or squalene and a catalytic cracking composition. Exemplary catalytic cracking compositions

include those described herein without limitation. For example, the catalytic cracking
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Many biological derivatives of isoprene, such as carotenoids, are chain elongation products of multiple
isoprene residues. [0057] Thus, in some embodiments, the polyene chain comprises two or more
repeating un%@{{;&qﬁrﬁgp residues to provide an isoprenoid. An exempl }ﬁ}égg&kg/%?f”? polyene
backbone 5segment having three repeating units of isoprene residues is shown below, in which the
guatemary olefinic carbons are indicated in circles. ' isoprene residue [0058] Depending on how the
isoprene units are connected, th ene chain comprise an alternative arrangement of the
isoprene resﬁ%g(és.&,&?snscﬁ%t\?vcndbné%%&%glﬁﬁyen%%@%rﬁéﬁﬁ%’ ?Eﬁ‘ﬁ[b '%%‘Eaﬁﬁlg?{ﬁéﬁﬁ “@PBBnds and
C=C bonds toopaxkid gievebnijinga edrs tiae reeteAthaxe rmptargatridinge miammojuiated/bagkbone
segment is shown bel [ Wh%c{b_t]}e uatuilary oJefinic carbans are.jndicated in circles: "N. isoprene
residue [OOE@]V naarﬁgg\égé%%eé%a aly igg %%ﬁg% ﬁgr)g]f:ié%% S}r cra Z.%"g‘%'sé‘éﬁﬂ %@I{ﬂfg process
15comprisingadenacsieges nbrdeatithdic bratding X dnditidrgpe feditstonkckanihiig talgesquiterpene
with a catalyti pesition, The Ec‘!!:élt rpene.can be part of a mixture.of grganic molecules or can
be a mi;?ftur()-:-@j fg?n?grifs?r%%g%a%?rﬂ?zn Oﬁc}%%gahlaéar%cgnt% %g%qﬂritsé%%ﬁg ?s%%%g?aglrﬁ’c molecule
comprising thbeistipveheacoliits. Sesquiterpenes are a class of terpenes that consist of three isoprene

:Jrlrgltjd?rr:g grgi%gs%elg&&ﬁgi Like 20 monoterpenes, sesquiterpenes may be acyclic or contain rings,

ations. Biochemical modifications such as oxidation or rearrangement

produce sed80rpeerstaikrovpndinaes didterpeitoddeckosuiteblodop osfesngf (fhissxisgisure, the term
sesquiterpeng | i ' j | IS isoprene units
as well as a%%ﬁ%%%%?oﬁ%ﬁ%ﬁgﬁgﬁ%gﬁ?ﬁm %%Sg??gﬁe%zﬁ%%yggwithout limitation,

cupareHe, falssesbek Bigmassigrdaaske ciooonprsechyfmenhons exaadtes Sremlgsdetisily a process
described hejgify by eRINA 3FSIUIRIPRMELRE T WHEECINRERIDIAEIIUHGIRERE, 1A reactor. For

example without limitation, the reactor can bé a pulse reactof, plug flow reactor, or a continuous flow

reactor. 11 Lgkianigaraseedbiydimetonsanndesdnesuishloes frstéiexsnteassdinntiiosd desired
atmospherefand Gaiahes) iahtaingds GRrRramBR RS IR ANe LA RAIADRIE b Lo reducing

atmosphere), or oxygen (oxidizing atmosphere) can be used to pretreat a catalyst in the reactor. After
the optional bilbEsEtystehddhgificcan be maintained at the 5 desired reaction

tempergiurgpinnexanpleplatampesakn 8iekiie Kracking.ae RalitioRse e xR aH &Mbodiment
using a pulse reactor, small quantities of the sesquiterpene are pulsed through the reactor over the

catalyst. DefEHERGE PRI TERAISEIRIRS BIRTaTTEs Atk e Rackins e Astation larrehint products from
the crackingesgasiiaenen thbbiganaaie ANz braftardiien spstanhasnnaseadrslthrgeaction

products can be jdentified by, for example, gas 10 chromotography and/or mass spectrometry
(GCIMS). o?ﬁ%?‘i(?&ﬁﬁaﬂ%{ﬁ?%éﬁ‘?oﬁ?‘fé ﬁﬁé@&’éﬁ%ﬁ’&& B@’ﬂ%éa R BEFBYiEEs to one skilled in
the art. [0063ipAsaipliicabrmpasiiharabicenpiite by doitidweasalysidortsamema molecular sieve.
A molecular, sieve is a material containing pores.of a precise.and unjform, size that can be used as an
adsorbént & §§§%‘§ %ﬁ@ﬁﬂﬁ%ué%l?@%%ggﬁ% ?ﬁaé’%éérgghﬂ%é?&{h‘é‘?é}ﬁéﬁ’%%ﬁ H8§ pass
through the lighestane mdsonsd tbndritenjdegepinaoiieautey, ané soforthisAdiftetegdously, these

biomass feedstocks can be compatible with existing petroleum refining processes and the light

or rearranged hydrocarbons produced can be further processed or distributed using existing
infrastructure for refining petroleum.

25 [00101] In some instances biomass feedstocks are blended or mixed with fossil fuel or
petroleum based feedstocks before refining. For example, a feedstock extracted from algae
can be blended with crude petroleum and then contacted with a catalytic composition to
catalytically crack the mixture. Other methods of refining, such as fractionation, can be
performed after a biomass feedstock is blended or mixed with a petroleum based feedstock. In

30 some instances, the petroleum based feedstock has already been refined before blending with
a biornass feedstock. For example, the petroleum based feedstock can be gasoline, diesel, or
jet fuel. In other instances, the petroleum based feedstock is a mixture for fuel blending, for
example, a hydrocarbon mixture that when blended with another hydrocarbon mixture can

create a suitable fuel product. The mixture for fuel blending or the biomass feedstock or both
20



from a common filter in that it operates on a molecular level. For instance, a water molecule may be
small enough to pass through while larger molecules are not. In an embodiment, the molecular sieve is
a zeolite. Az&g}%lﬁ g&‘ﬁlumlnosmcate aluminophosphate, alumlnosmcoE; 9 Lo her oxide
that has a microporous or mesoporous structure. 20[0062] Cracking cataly?ts%%}c?&h asgzg((t)lltes typically
provide numerous BrOnsted aC|d sites. Under such an acidic condition, the quaternary olefinic carbon
of the blomass gol}% can Ffftt atgrtlar carb&lnlum ion skggwn in Sfc gme IV). As used
asa ro uc cnrcr T Instance ¢ 107 13

herein, tertlary carbenium ion ( r simply Carbenitm IShPy rerere 1o & &afbotation that is
connected tblthdee othiks banves fediStSkhematht is quitdelanary ﬁﬁﬁm«ﬂmﬁaﬁumfhnmgarbemu m ion
CHi3.4) H+ bightigta I0PRLIIS bslieved batdisderianasameniumdonds afsaelive intermediate that
induces carbon-c ond scision own |n cheme Re carbon-carbon bond at the
3-position ofribre m@bmmm&&p&msdmmleawowttMM1wm‘émum lest. 12 Scheme
V 3-scissio 59 4 reover, t reactl ¢ cafl bhenium. i nsMma d to, somerlzatlon and
ollgome§r|za§8 %GCé%IEf %?Y, ﬁ‘l%rcar eniu mtermetgﬁ %’ m\g a‘fﬂe qﬁg?er%ary 5 olefinic
carbons plajetgraatnyer saoh mlm&amsmmmg&h@fpm%hkekfamﬁb%e@WMtwﬁmrse products.
(0065 As disgyssed inmpre:deialher el aaclies arepidaly sireddnn sraskingpigeassen, and they

¥ Ifortg ? tio ﬂ?@ﬁ?%§ Hg eeo(}{ ;

are especially Use e produ ecaus ofs ctivity. N.Y. C en etal,. Shape
Selective Casslyeidiembiingeareppiic Vo rRaaisns. Iﬁelﬁka@W%Oﬂ@a@imcﬁhmé@dSelectlwty

refers to the,pragertycof zaglipsAtaing lemuthelRiaaisalAeINad ARRSIHUGE, Which results in

products of rather narrowly defined molecular weights and structures. [0066] Typically, catalytic

scissiots preabrEmegs.oRARI ERnlight IrDRss 215 oF hadesito o Rsneso it bipiBisene structure.
Depending qpithe. Akt fhSHGBUEB0 TIS0RIERS $6158/Q%bons, 10-40 carbons, 10-60 carbons,

15-40 carbons, 15-60 carbons, 20-40 carbons and so forth. In other instances, the hydrocarbon
has 5, 10, 15, 20, 25, 30, 35 or 40 carbons. The carbons of the hydrocarbon molecule are

connected via covalent single, double or triple carbon-carbon bonds and are typically arranged

15 in linear, branched, cyclic configurations or a combination thereof.
[00103] In some instances, biomass hydrocarbons take the form of terpenes, isoprenoids,
lipids, alkyl esters, alkaloids, and phenyl propanoids. Terpene can refer to any terpenoid or
isoprenoid that include heteroatoms as wéli as pure hydrocarbons. Biomass hydrocarbons
described herein can be used as feedstocks in industrial refineries. Like the conventional

20 feedstock, the biomass hydrocarbons can be cracked or altered. In some embodiments, the
biomass hydrocarbons are broken down into light hydrocarbons which refers to hydrocarbons
(as defined herein) having fewer carbons than the hydrocarbon feedstock. A light hydrocarbon
can be, for example, a product of refined biomass feedstocks. Typically, a light hydrocarbon
has fewer than 20 carbons, or fewer than 15 carbons, or fewer than 12 carbons, or fewer than

25 10 carbons, or fewer than 8 carbons. The Light hydrocarbons can be cyelic or acyclic,
saturated or unsaturated. Saturated acyclic hydrocarbons are also referred to as paraffin.
Saturated cyclic hydrocarbons are also referred to as naphthenes. Unsaturated hydrocarbons
are also referred to as olefins, Unsaturated hydrocarbons can also be aromatic. Exemplary
light hydrocarbons include, without limitation, C2-C20 olefins, C6-C2( aromatic

30 hydrocarbons (for example, benzene, toluene, xylenes, naphthalene and the like), C6-C20
naphthenes (for example, substituted or unsubstituted cyclopentanes and cyclohexanes), Cl1-
C20 paraffins and the like. Depending on the distillation ranges, the light hydrocarbons may

comprise fractions suitable as gasoline products, diesel, kerosene, or jet fuel.
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15 the light olefin may be a short acyclic chain of the polyene or may comprise a cyclic structure (for
example, cyclohexenyl). In various embodiments, the light olefins comprise between 3 to 15 carbons,
more typicall%(pgm%g%&m carbons. [0067] Any catalyst suitable for catgl%/,}jﬁ]é:{&i%mgfg ip petroleum
refinery processes can be used in combination with a feedstock. While commercia crachng catalysts
include acid- 20treated natural aluminosilicates, amorphous synthetic silica-alumina combinations, and

crystalline s IC silica- j ' ide ommercial, catalytic cracking
catalysts arﬁ#ﬁeg#eﬁg %’%@é@ﬁ%@%&%ﬁ%ﬁ%@#&%&@ﬁﬁgp osp\i%%%g,cs Lt
aluminosilicophkisp reaessersolioe exatigentiznhivarsso hpdfacaihons imgroperenssiclidisskbsitmeds molecular

i .Th - i icul .materi le th
;'bemteysto ° %gg%%@gﬁ%@gﬂﬁ%&{m% @oﬁ%%ﬂnm@a%we%%?e%m&%ﬂ _mfgcﬁcgngmp e the

ased primarily on a size exclusion process. This IS to a very
regular porecstditonsdfof enaiutelastefytie sstons tEmahmviydomersikingf Fhesswsetiviar or ionic species
that can.ent e | 0 jan rS;Qf 9 n 1500

s ﬂ-{t}éﬂl‘? &SRR gﬁlﬁﬁgi %ﬁ%ﬁ'i—-Jﬁ?@o%@fs@f%ﬁ?aﬁdér&ﬁﬁo&”l1@2?&%‘3&%&2&ally used

. C
zeolite types have been synthesized and 48 naturally occurring zeolites are

zeolites are Hgnsherehisupsartiontaariipanimibnttinssiespiblevo zebiesabentwéiiosutis weif@Ra-5, or other
zeolites suchas zeqlile heta.5id 2601l kerU GH.AROMNG SAlAlYT SRR ARSL RpRLaGHre are within the

knowledge of one skilled in the art. [0069] The hydrogen form of a zeolite (prepared by ion-exchange)
is a powerfulvbstitstauhon gentia. g fattramrle Rnsioed 61 stid-dasayzClereditiding! sfeh as
isomerizatiogyg JQelfedafion, and cracking. More specifically, zeolites confine the hydrocarbons in
small spaces which cause the hydrocarbons to change their structures or reactivity, such as being
converiéd fr&%&ﬂaﬁéﬁ%@%ﬂ%@@&ﬁb@ﬁéﬁ%é@;ﬁm& REERR S a¥ET fOUPDjsTRPIENSEte size of the

zeolite Cataw&ﬁdi‘e%ﬁ@?@H@Hﬁ%"fé%?é}tfﬁiﬁ@gc%&F&Wﬁ&d@s@@ﬂ%ﬁo%ﬁbﬁ@ﬁ%ﬁﬂ%&&%@emiCﬁ”Y-

Accordingly, in selecting a suitable zeolite catalyst, 15the size of the hydrocarbons to be cracked

needs to beRaikewaHIeeiHsTarpsdnging highlibrnshed foreosahomsiyusrees whickarestiabiotsa cracking

process of a,gveaddireasbarifearsieck. Other possible types of acid cracking catalyst include
mineral acids and organic acids. [0071] During catalytic cracking, intermediate cations from the

hydrocarbor80Hgy SR natcde darauardridssracdis melAsmas PAEUR rEeL BRBEE This can
allok\)/v the caimnﬁd%@m@ﬁ&ﬂasge,ﬁ%bf?ﬂ@gaﬂ@ mssqa@@ﬁg«g{mmm iaagteﬂeeﬁeﬁﬁi@d 5 peposidtS(of
carbonaceoys products generally known as coke. Sug posits may need to be removed (for
example by%@?ﬁ?FBﬁ%@cﬁﬁﬁﬁmfﬁ%th@r ?é%?@%ﬁf‘é‘?ﬁ}gf%M?W%ﬁﬁoa@mﬁlﬁ Bggalytic
cracking, otegrisoptastyasidirekiMBensonens esisuchabsHeIraa indbaycsecpulid ctadpareaking conditions
can also cayse carbon-carbon_scission in a polyene structure, These cracking processes do not
necessarily%’?ﬁ&gge&‘%ﬁ%ﬁgw{e' t‘g?fﬁoég?ﬁ ol e‘gd?"cpéﬁBB%‘?? ?ﬂ) @858‘%%@&1%@5%;/ occur
indiscriminalizhymiae) guiiteepa yenesia ke nmdopproadel certpahdob| EnesdD HRbA sqrakas st described

herein can Gp rise contacting a terpene, for example a 30 sesquiterpene, with a zeolite catalytic
Q. F e, . L - . . .
composition. Th'an embodiment, the zeolite is a 10-ring zeolite with a pore size of less than 6

Angstroms. [AA18XE Mipdss yos@srmdez colprensids Z@8hprise lpranched bubomentieth émdadites iBN27. [0074] In
another eml%o%'{:n

] %’&ta%a{é’%%ﬁ%&s ey e?é?b‘%%’%& %bg%?r%a%svgrlgrf% 364G pgre moleclar sieve. For
ular Itn a |

it
example, a molec ize'w ore size greater than 6 Angstrom. In‘an exal%ple, a large pore

molecular smmaé@%@émbmwmgﬂfﬂﬁmg@ﬂm e angie ot wibieckirigieve can be a
12-ring Zeoé};gﬁii) erﬁe&ﬁﬂﬂﬁ%ﬂ%@lﬁ SbAZHSHZENE ol RS EliFask t%?q&i@@ﬂglﬁétﬁg?e'i g‘tp’ L,

or Y-type zeolite. Examplés of zeolites useful with a process described heréin includ
limited 30, L 2N efmery sIp6ra0®811BL-25, ELZ- 5 L, and T-4546. A catalytic composition can be

converted qghgos{!ARIREANRISH [OFBRMIA AMEN QUM ENRNBF BRIV BMPRnIUAZBTRAGIMent, nickel

containing material can be preg%red by exchanging the protonated zeolites with Niapacetate aqueous

solutions suSFHh NS ASHBDS) 4hcommiey e BiriEp RideneAR (2 AidkEeethpnenaagid. In another
embodiment,; ghGAtalt 0 BOSIHORRANRENBRpaxehARasshieMel Ethe ammenimdrrm of

specifically, in internal combustion engines, a mixture of gasoline and air is compressed

30  before ignition. The compressed mixfure has a tendency to ignite prematurely rather than
burning smoothly. Premature ignition (or self-ignition) creates a knock, characterized by a
rattling or pinging sound in one or more cylinders. The knock results in a loss of peak power.
Typically, highly branched hydrocarbons have better resistance to knock than linear

hydrocarbons.
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10 the zeolite, which upon heating can convert to the proton form with the elimination of ammonia. A
proton form of a zeolite acts as a strong solid acid for catalytic reactions. [0075] A catalytic cracking
process for c%l&i&,g/&;ﬁypene, for example a sesquiterpene can also con]%jéﬁsgg t/ﬁl,g;ﬁtij(g the terpene
with the catalytic composition and a second catalytic composition. The second catalytic composition
can be the same as or different than the first 15catalytic composition. For example, if a 12-ring zeolite
s utilized ﬁéﬁfnﬂ[ Sk‘ﬁ?&&%}écncog‘e??é ggf%foarlelao'ﬂar}?it% ‘-.%%’%%ﬁ%‘é%%ﬁ}x’i‘ebseﬁéé?s‘%é’n&su? second
catalytic composition. This can be useful in a variety of ways, for example, when cracking a mixture of
hydrocarborwoekh &hesincthes myudrorrassiotesomieg be aifiprang Sicehatacenstive pBxgmgplies osecond

catalytic co iti i i the first catalyst tq crack any
20remainin%%%%ﬁ%ﬁ?%&éﬁé@@ggﬁ r?c%) %:nagcé%t%?ﬁg t é’ %rg;t %Oglt%?ﬁ%%omposition.
[0076] In an ch d ibisatichioftipssdesscsngiveints del tipicat hoiied) toupmserethCoganene is a
sesquiterpent, | A embpdimentoRracking s achisucd by eoniading-gesdsiack conigining cuparene
under catalytic cracking%ggngql%igns with a céta%c composition. %5 t%‘parene can tge cracked in a

reactor, for éragkpiceanpiiize ¢t oisopctane At Bbuy Hepteneadtossariiendadigh cataprovite catalytic

cracking Conghlions £0MRHSING ADBFEG BAEARIC: 3Ad. DR, AAIRMIG FURGHInO temperature,
for example, 100-1000 C, 180-510 C, 200- 00C or 350400°C. For example, cuparene can flow
through a reéhst.comprising the catalytic composition, the reactor is heated to a catalytic cracking

condition te pRerpfuissP.NRREAYR WSKSQR Rataifie.calalvilc caenReition suiestpdinto smaller

hydrocarbons than the or%nal C15 cuparene molecule.”"Example catalysts include those described
herein, ‘§ucH 8y’ SR 59 B0 Bapseyd Bydrqcathesientiudipe pubpitutrdaabeashidoyekaanle[0077]
Cuparene hasaiQitiRgReHY, alaRaciir Rl dmanready 808 e aTqbieghBiges to measure

its presence after a reaction with a gas chromatography column. In"an _embodiment, adjustments can

be made to INEPERAIERSARone Ipans oA ARG SE Soriss reastife e atdisbisdeptctrometry
analysis [0Q4 8di-hk: aBngab odiRaRtsURARNEsiSriRWatiOULh A IQRGIB SO P ReLAcatalytic

composition with a carrier gas (for example helium). A feedstock comprising cuparene can be 5in the
liquid or gasRSSETS e g STamulf aiema e caioas &b g AUIGRPIRDEE SRBLE ¥8%AGed herein
by contacting¢haupRene 4yl 1argadose ANaIRE (Hata M BrsHE N1 35 M d Bethafbl YobtRR zeolite.
Because cuparene is_ a larger hydrocarbon (C15), a large pore molecular sieve may provide for higher
conversion S'F’Eﬁjaeélgiha’ g&?@ﬂ@%ﬁf&%ﬁ‘?@l’iﬁf eé’?mﬁﬁ?ﬁ%@gqéfb - to [0080] In some
embodimen{paipipcoasep hatsklkingimosentitpmditedswnander 8 @RepIdsiog beteskiagesmby weight of
greater than 50% toluene, less than 2% benzene, Jess th 0% xylene, and greater.than 30% of a
Combination P 5SS S BB Mot FTAH OBy SR 0B U B R Aiking
cuparene prhigheesze fuedtLirelodenfui sitgngie dtenthah(Ehydborbiasdallie@s-Tbluene is a
hydrocarbon with a.high octane number, and thegefore, can 15 be a valuabl onent of a fuel
compoZﬁion%ﬁI%%wgﬁ%b@% %@%%ghg%gﬁéﬁoﬁgﬁc% %uﬁ%ﬁ’SH%%Pe U%Iﬁ%iﬁd?é%%%% to a base fuel
to generate Batizingrad betisf0a8d birdamnlbsipect, a catalytic cracking process is disclosed for cracking
famesene. K e.is.a family .of sesquiterpenes, with-three | ene ynits. In an,embodiment,
farnesene is@:ﬁr%?c%zd %a:fltr%ognc%:%%é %@%%%rﬁb%%ﬁﬁagasgs gsﬁcl:?l %Sd‘%ﬁgére%? %nrisé%hr@sllé?l E)?g(rinesene can
be cracking M@@E@iﬂ’g&hﬂlﬂ@@&tﬂi&s@éd@Eeasrﬂme?ﬁ_.tﬁfm esibotlicnaler wieensibck
comprising {agRgsant s £iARKeE G ICCHRRACAR AL MAHRG M BIBRR AR His Q0. or 90%

famesene by weight. A feedstock’can also comprise othér molecules and hydrocarbons, such as

bisaboRne ardeutiuipdnEheh wiosmbauiheardm esbiisagaiad kegnspyered aatingiedhditions
comprising ?Eﬁﬂief}gﬁx%ﬂ@%@ﬂ%&’b@ﬁ?&&?&éﬁ&&c'f?-@%@fﬁ%tﬁmf&%%@ be cracked

around 350 C. J0082] A process of cracking famesene can comprise producing a mixture comprising

percentagedsiudrsighers phrdatyragid T asotemnie shyamiles datsx anpicr vegeishiamb srodinids
embodimenwﬂesm{éty%@amggﬁﬁ&pe,@,mt@m&w@mm&%%w%pw 2¥ptoluene and

about 10% to about 15% paraffins. In another embodiment, the mixture comprises
Additional fatty acid derivatives include alkyl esters, which are transesterification produets of

30 vegetable oils. Typically, methanol can be used 10 produce methyl esters of fatty acids.
Alkaloids and phenyl propanoids are plant-derived nitrogen-containing hydrocarbons. They
are typically amino acid derivatives and are constructed based on cellular metabolic pathways.
[00113] As discussed, the biomass hydrocarbons are derived frolﬁ renewable biological

sources, which include naturally occurring organisms and genetically modified organisms.
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30 percentages by weight of greater than 50% aromatic hydrocarbons. In an embodiment, more than
50, 60, 70, 75, or 80% of the mixture by weight from cracking famesene can comprise hydrocarbons

with an octa ater than 90. A mixture can be used as a fuel p with a fue
th g SumhRLgeater th | e used as a fue! Progyial, ficfieg, Wi @ fuel
efined to e

product, or r generate a fuel product. A high octane number mixture orfu prod(bct can be
used as fuel product, or for example, as a fuel product for blending into a fossil fuel based fuel. [0083]
In another agpect, a,catalytic cracking process is described herein for racl%in a mixture comprising at
least three s%%qu?ﬁ%rrbpoenﬁé'éq eesef)l%é%(@sﬂg%(I)l?iuﬁﬁllsl?’n%c%%ﬁfgc%rﬁ%sﬁn e&%%g 8 §/‘fi%rc?rrgc%ﬁ%g nditions a

feedstock covitimingthie planttmetaofangisahgp atisaet dhasbise e boemsyiliydocatadytic composition.

A mixture of seeghligience.canaiask Ne-Rabie ATaY AL dneahona ot roduging a fuel
product or additive, such as Jet fuel, gasoline, or diesél.”AIso, by cracking‘a mpaure of sesquiterpenes,
the diversity{(bfothasgracking products may allow for the creation of a complete fuel. In another

embodimen recess. of 10cracking a mixture containing all or mostly all of.one type of
cesauitepe R e B e R G R B AS acre
comprising apteabytbresrsasouiteny end sosanotiegphgesoith€ingreruinalikealgprisenmoypetiles
including, bulrmgl imieeia, Angiberens, O sasadiphellandienc. Pisabolens damssene, phelarirene,
cineol, curcumengl,l an ufpal ?S%glnger ol Gan be cracke y a process comprising adding
carbon dioxityecteene fyovergings rok fkaow thieogiagedoil. A fully protonated catalyst such as a 12-ring

zeolite like -72 can be used to contact the ginger oil to initiate the cracking process gnd the
scission of bél@lgnﬁ-carﬁ%enr@5ﬁ3§tt8#31%055%{%&%}?%rﬁ’%rshﬂﬁ?fi‘f %%%&i@%ﬁé%ﬁﬁ%&gc 818" 100861 In
an embodimendwttiarpbecass dfar satking phistgemdiksibépeoaesyrrddtioaam rix keamBGlaemprising
percentages by weigh reater than 15% naphthenes, greater.than.20% paraffins, greater than 5%
xylenes, an?&e@%@?ﬁ%%%%oﬁsu{?ﬂgmﬁfﬁg %er}‘epa%?ﬂgr%ngﬁﬁcésr%&fl 'refj glglﬁebcéogér’a%ri%eed paraffins
which can henlg afingldestaridakenpezabiEiantighl dotamet merbe arofrrizativnofytiterc ddoponents of ginger
oil can be u fuel spline or. a.gasaline itive. 25[0087] In an aspect, a
composition%l?é% éﬁ?@#ﬁﬁ%ﬁ%ﬁﬁgtgﬁ%ﬁé%%%@%l n’gagg}%lgﬁetgaé)elg 1r():/a‘\gﬁ((aglllgeht of greater than
15% naphthbiesmthetapsedbetie20Boapetentfins, greater than 5% xylenes, and greater than 5% toluene.

Zingerque i predvetathgal y.ggzgg&! @g}&&%@g%ﬂm@gz%%&&%%ﬁg%ggm i trace amounts.

[0088] In another aspect, a cat ing proceéss for tracking a't els o)IlscIosed, 30the

process conhmg:m_é%@@m%@vmﬁ(ﬂlﬂﬂg Surmiiténsay keedsotktontaining the triterpene
with a Catawa&@m%%f&%éhmsm Qﬁ’d‘M@%&&@?&B@@Eﬁﬂ&eﬁ’ﬁ@ﬁQﬁ@_@ﬁé&rﬂfgaéo‘n

non-limiting example of a triterpene for use in a process is squalene. Squalene is a natural organic
compound GifiiEahyprastas ety s g&m%ﬂj’cﬁpﬁlﬁ%@ﬁ’mhﬁa}ﬂ?ﬁr@ms%ﬁhelF\?’é‘f‘e@ﬂ?m@egh there are

botanic sourees-R3 \Y5HleBGMEING AINAIAUR 158 BohdiSRERNWHRERE 95TRnRRLAlIVRS. Most higher

organisms produce squalene, including humans. Squalene is a hydrocarbon and a triterpene.

Squaletfe caRusraHadyExerRiar fdnsdrsiatdedns Wfi@@%g;a RenanesRTPngHsBidtnism that does

not naturally,kefbuaeBckd aleasnisanpaitiaddomirdace squalene, or an organism that naturally
produces squalene is modified 5to upregulate squalene. For example, an algal cell can be transformed

to produce ARUhZLHbHaPRTHA AR LaE STRHRPERISH t NI GioMERsking It AR et & ualene
produced fronadiie edgpkisalkCanrngifs ke 5iBg: BIHRSESRARRRIRESRABINLAY8; In an

embodiment, a process of cracking squalene gan comprise contacting the squalene under catalytic
cracking cor?aﬂ}gﬁgl%ﬁﬁfig&% Wg@gﬂ%‘é H}"éﬁ&ﬂgg‘g%m& Gortaining the sesquiterpens with

25 a catalytic composition. In an embodiment, the oil from algae comprises a terpene, for
example, a naturally occurring terpene such as a carotenoid. In another embodiment, the oil
from algae comprises a sesquiterpene, such as cuparene or farnesene.

[00118] Algal oil can be provided to a process in a variety ways. For example, algae may be
harvested and dried and then the oil extracted from lysed or destroyed cells. The cells can be

30 chemically lysed or mechanical force can be used to destroy cell walls. Oil can be extracted
from the algae using an organic solvent such as hexane. Other methods of extracting oil from
algae can also be used with a process of the invention as would be obvious to one skilled in
the art.
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10protonated 12-ring zeolite. 100901 In another example of cracking squalene, a process of refining
comprises cracking a feedstock comprising squalene in a flow reactor; distilling the cracking product;
and obtaininga.f el Rk FL ct with an octane rating between about 85 to 1 iment, the
octane rating%‘ (?? t%‘ebfﬁeg plfr'oduct is greater than 90 Squalene can be cracilg% |fn aEr][]’y SL?ltagI: reactor as
15would be known to one skilled in the art. In an example, squalene is cracked in a tubular reactor
comprising hat allaws. batches of liquid.to be fed.to that reactor at a constant, programmable
e The T R L R DB O Gy S D8I e
reactor, suchhaf helgtinCandmdigpregenths themaiigmater, iths dah Oiffareacipretanbdpacked with a
catalytic compositon Andedecdsiopk i cracked fs fed over ac Z0catalyliceomposition. The
catalytic cra€king conditions in"the reactor can be set'to an appropriate témperature as determined by
the user, foraexampief 30000 MhrRkac o sproc cfafpaen theomakingiaenthdheaibted at the output
of the resactmi for exa{él{ﬁle bgtca cor&densa;tlgp tdewce. racklngl roducts (ﬁ%now%n b%lldentlfled as

: albae com -An Merease ouly enés, In some embodiinents . € :
describéd he m.?ng %lon, ractionation, suc%rpas is |Ifa%n can pe carried ou ?o fuﬁ?}er refine the

cracking 25poatuises. Rt} hiysthanibyheodspdbly thealilytic cracking process is disclosed herein for

cracking a dj the pr. omprising contacting under I cracking conditions a
feestonk oo e L B A R
comprising fuel ¢eoypreaet prir Ksentcinlthit fepdsketkhdior plamplaabbelpisdgdtan 2hd @@feedstock to

be cracked b{g}%}m roﬁ]@bfgiggwp%%&%tg %Q&%%%gﬁgﬁ%%éga&s@(gg@éﬁwﬁof chlorophyll.

Phytol can be extracte a plant organism for the crac erein. In an

embodihengcarperiganidrrns enegatly. mbaribef elgalnegoibasedngidipraaiictigespiiesrample, an
algal cell Ca@oﬁ?a&&i‘%‘tﬁadlbfaﬁl&ﬂg GrhipdpiaoriRig oL RG.ARHRLAT GBlRIGRIMb R g cell, and/or

a breakdown of chlorophyll in the cells. [0092] Phytol can be cracked catalytically using a zeolite

catalyst, sucilated from the grouy pensisenecofihatolontirgiifosiinelaptialppnytoniviaeier &shdition of a

temperaturep@f@hRUb A3 de, BIQLUGETD MEaRY @S iAHRRBLRRfeSS than 1% by weight benzene
cracking product. When producing a fuefproduct, such as gasoline, it can be favorable to avoid the

production dP813&h7Z8 A8 enketimeyuiBrss APRTSS rpirahoneddn Hiscists paer eerformed as

describgd prgyigusly HERIR esHER QB KRIdMR: PRk ArRMBACingRL thssRiRsasH Of cracking
phytol comprises Producing a mixture comprlsir%épercentage %}%veight of greater than 55% C5-C9

paraffins, wERETAISSBRIBSE Fhatdas g kg Rtodr tHen Rl ismARes LIS SRS IFREAY PR AASHARY. In another
embodimentEagrAfkREARE SE:£08 RESASIRRA WS IRG AdhiXnike 6ABYAISHE PRIgeMage by weight of
greater than 75% of compagnents with an gctane nhumbey greater than 90. [0094] In an embodiment, a
process of &%%?ﬁ@liﬁlﬁﬁéﬁﬁgﬁ?&%%ﬂﬁﬁg R bhiTReRo MELRE B BaPSREHI RS using an
organic SOAV%@&épI@m;aﬁtanhﬁsﬁ,aigﬁomﬁ@m@@aﬂ@h dﬁiﬂ%ﬁieé\mgmmh ' Slﬁﬁf;lﬁt@fk&i&ﬁ%)tmlt wdalsr? ;
comprise hydrocracki to cqntacting.15 t tol with a catalytic composition and a hydrogen
courte TincHPRURR L B B HTRS Op i SRALE ARy o RSSO AT B brise an nicke
ion exchangdezaitienasalyRi asotbor asbidizidn/ heHygroncapiangatnddidis canmegutisthe
temperatures 0411](‘: 0;,10‘%0

S Q.n frgher cmpediment ine IBmperaies,are 200:500 C. In an
example, ph‘?/to 1Eowed f\ﬁ?oug a pulse reactor mn fgu pulses wi hrnyc?r‘ggeh. 5%096] In an aspect,

acom pqsitimdedﬁigdqgwﬁmﬂnbmm:aaa@qnemm ﬁieahﬁs(l&(td:g: Méhlpiatngmp@bﬁion. The
compositiongap e wiligedio Gorex s ARIBcesR At tAdASSE RSO HIBin baLRugple. the
e t composition or e

composition can e reactants for cracking the terpene into . product. The
composhiontexperiséhiat doghuabnetiralyicosradkitig exgaviisions, this wanthslergarsreaetdre in order for the

Composition&&{@gjﬁt{@e&m@é&%&é&%ﬁea&%&%ﬁgE}M&%gmsthw%]ﬂm&ﬁmﬂgiment, the

terpene is selected from the group consisting of the following: a monoterpene, a sesquiterpene, a

diterpene, afrfdipinneo i dginmdshd os gpampin e meteme bsqsarisd! viedifieddo ardeErotene. The
terpene can;fe ARYISHRAAR Uratis qHitARIRCN Catahiis Graskinsikms Moty Ry desarkors, including
those described herein. 30[0098] In an aspect, a composition is disclosed that comprises: oil extracted
from algae HsEcsc transformation éncoding an enzyme that generates a sesquiterpene can be inserted into
36 the algae. In an embodiment, the sesquiterpene is cuparene. In another embodiment, the

sesquiterpene is farnesene. In yet another embodiment, the sesquiterpene is zingiberene. An

algae can also be genetically modified to generate any size terpene, for example a

monoterpene, a diterpene, a triterpene and the like. Examples of terpenes that can be

generated from genetically modified algae include, but are not limited to, phytol and squalene.
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catalytic cracking composition. In other aspects, compositions are disclosed that comprise: ginger oil
and a catalytic cracking composition, phytol and a catalytic cracking composition, or squalene and a
catalytlc 'crac‘lg{}g{}%gwﬂﬁtlon. Exemplary catalyt!c crack!ng composrqpnspleﬁzjkégze0 &ng,??e”%escrlped
herein without limitation. For example, the catalytic cracking composition can be a molecular sieve. In
another example, the molecular sieve is a large pore molecular sieve having a pore size greater than 6

Angstrom. re molecular sieve can have a cage diameter of 10-15 angstrgms and/or be a a
o5y reollE T S8 BRI TR e I HB S REIR M TR Fay type
zeolites, suctpas theé Yrddsdaifoprb@PakiBithiboiEfra algacltotfod ol featiteckivstamidrifie molecular
sieve is a loarin nzee_%g S| Cchir?s u% e|\r/|65t qieo(lzi'g% igmasaiﬁggsdtﬁtgf:élégst%c 0(909 Ilrlmﬁcer in
embodimenfs}J lomass f}é)eci’s%o&s Suit ev?or re |nn$g°?flor example, cracking Ahdmethods of
converting thepsaneirtho kgt wicreanpasged. by doeosrbmey¢hd frdese fivdnr Biomass feedstocks can
comprisgs hydr baons.extracted.from genetically madified hiological sources,.such as algae and
bacteriafT %5%%%’1 rg%:%%n(ﬁ oI gl,%ggg%g tI?g Sﬁ%‘i%? aor%?jg rhefl%lfngégfr e(’)nr?s8 %@r u{c)(eﬁ YAte suitable as
fuels (for extm@megas pliodicdizsaiahed aomjattfudppashadditipasddnd@arosiethicaddifyinirther
processing itlﬂ(t_:oa | §tics, resins, fibers, elastomers, lubricants, gels and the like. 15[001001 More
specifically, certdin biomass hydrocarbons are selected as feedstock, which can undergo one or more
refining prod8&E: ifchellingofreit kiewy age: site tatimnformed nzing enyd dimeatalytih eobipptions
hydrocarbo r ' ler f thr scissions
of Carbon-ngb%JI’Sl% ﬁg%gg&ﬁ%’%’#g% ﬁn@ﬁ%ﬁ%ﬁ%ﬁoﬁ%@%ﬁ r%%%%[ﬁss gggggiér%(%‘%grexample,
by alkylatiordascraghinerpanthsripddIcy avinD enaiypingh owamimmdrciertiuy Sieudtdressigbubhn as branched
hydrocarbong, iy osatRaRsdaY e hISARANHEHNESR A MPRPIe o RanL DR ,Rnd so forth.
Advantageously, these biomass feedstocks can be compatible with existing petroleum refining
processes atehpehgliumod hearashine dieguesibs neppiion cabedaenbed MineraEdlsed or distributed
using existingeiRi AR HERHE Qhd %Pﬂﬁ@ﬁﬁ%@% 1%5{%91%45 8 ﬁ%&%ﬁ%@ﬁﬂ?@ﬁﬁs feedstocks
are blended or mixed with fossil fuel or petroleum based feedstocks before refining. For example, a
feedstock eftPatteeEroMtlgae can be blended with crude petroleum and then contacted with a
catalytigs Conyp@aiom i Gatahdicatty GialolnBomiXie cAatherempieds-ohelning nushas

fractionation, can be performed after a biomass feedstock is blended or mixed with a petroleum based

feedstock. IFPEEFdSHiTRIsERMERYS, hcpdsdlsthaiberacys fubirstet ora R BRERS SAhifgd before
blending with-gdbimaps:iRessiackomer sxaipilehdreupetiolt vincha sed-desssiegkstandsregasoline,

diesel, or jet fuel. In other insttﬁnces the petroleum based feedstock is a mixture for fuel blending, for

example, a FY/GPSRERBoRARIZE LAsETRET BB R AR R RSP AHSTRTSE BSn create a

suitable fuekgrediwiidilae: Mmixtniéefagiveil Mentvdperbbe dismasstieddstael azdpth can be suitable
as a fuel product before ref'%ig% In another instance, the mixture for fuel blending or the biomass

feedstd@k oF HBRAEP T8 OREME™s a fuel product before refining. [001021 As used herein, "biomass
hydrocarbor8fids] binmaspéer d stogksitcany déecribed nenpriviope aighrgidompdemdsaoiftined from a
biological orqanism i3t as ale N hedast o 50 veachand. compiise predominanty garbon and
hydrogen, and may 0%) I0 comprise‘heteroatoms Such as oxygen, nlst‘rogen Eh§ € Unlike
fossil-basedfimgmistibevebichaobpreted ifr the qlapbditen m totG0O amidhoher ye as gadfisatiie hydrocarbons
described herejn ar. r fr i Iy liyi | , h e.higlogical
sources Incl L N Y e 10
emboddnenis asiestbodimaenitiths compsdioniyderivedbiiore darymgone metasscesphsiiomass
hydrocarbon,fas el e aha! i B RAREn] GO AHRARS d#.cerBoRErl 500 garbons, 15-40

carbons, 15-60 carbons, 20-40 carbons and so forth. In other instances, the hydrocarbon has 5, 10,

15, 20, 25, dossi4ust bokepwhseTHe earmenti T eae Asairenarise nambiae ol deseicitribasd via covalent
single, doubjg @rdeinisCARATeAERQ Pands-aRd arsdyRrieaitarrangededmin linear, branched, cyclic

configurations or a combination thereof. 1001031 In some instances, biomass hydrocarbons take the
form of terpdHE26ksop A8 ratedipRat teRicprasiiendRAABiFE, fenml PRI BHABIRERS. Terpene can refer
to any terpepqigesisapicriaibinabinclgae Wptarpateasmasweh asiHieONgkosREASN In BiOMass

hydrocarbons described h%rein an be used as feedstogks jn industrial refineries. Like the
conventionaBePfRaRtdaK e gm&’ﬁ%%&ﬁ% *dET 8-cracked or altered. In some
embodimenigg¢iiejbiosmagsokyidrabachbebirreibraken goeratédtadightdnydiogprbons, whickinafers to
hydrocarbons (as defi?e%herein. ha\{irég fewer arbonsﬁhgr%the hxéigroctirb n feedﬁotock. A light
hydrocarbonlt?an"i‘%etfi of examy e?“égp? qact oFreffea blomass feedetocks. Vprﬁ:aac yr’zg light
hydrocarbon has fewer than 20 carbons, or fewer than 15 carbons, or fewer than 12 carbons, or fewer
than 2510 carbons, or fewer than 8 carbons. The light hydrocarbons can be cyclic or acyclic,




saturated or unsaturated. Saturated acyclic hydrocarbons are also referred to as paraffin. Saturated
cyclic hydrocarbons are also referred to as naphthenes. Unsaturated hydrocarbons are also referred to
as olefins Ur?.%[%g&@d h%ldrocarbons can also be aromatic. Exemplary light hydrocarbons include,
without limitation, :8 olefins, C6-C20 aromatic 30 hydrocarbons (for 3% m&gﬁ}%{gﬁ%@ne, toluene,
xylenes, naphthalene and the like), C6-C20 naphrhenes (for example, substituted or unsubstituted
cyclopentangs %ﬁgcéﬁ%/clohexag)jes%,gl-czo paraffins and the like. Depending on_the distillation ranges,
the light hydF&& 3 SR B HATYHY SRIReETS QS TYEHn e&ﬁ%@?&@é‘@ﬂ?@m&ne, or jet
fuel. [00104drEmetain thetmicatshuticturgdnibing antarsticds pay affesd particular advantages in the

cracking pro ~£0r example, the biomas drocapbons may have specifically substituted and
positioned c@r%?c?r%ig%?e%?%%g i%ég%(g%o%%ﬁiag}/ﬁw{%rfg Eﬁ\ge%f'gﬂ?f%ﬁf’é‘?g Cﬁﬁr‘?&éf*’&f}a@%ing conditions
]gforhexamptl)dalmamwsc?heé):mvtdm'mﬁl}qgﬁﬂ%@mg@?kmﬁﬁe%hmm@&ub eiﬁéﬁtﬁgﬁéighgigtﬁaéabcilitate
urther carban-carhon bond scissipns and praduce light hydrocarbons. Bran rocarbons are
particulagi‘ly gﬁns%ee%t%er?g A Soﬁq%c%’a&ﬁ%{%oggfgs%%ﬁ&ﬁ%&&%ﬁét@%ﬁcﬂe&@éﬁt er@ﬁrg? DHtion and
steric accelatatimicrirstwafvehicifialengisacatetwitTha fattitectaatbobtembiys dBae, for example,
Ruchardt C. gt &l.. Angew. Chem..Ed. Engl. 18, 429-44Q (1980). 10[001Q5] In other. emiypdiments, the
biomass feedjgﬁlzig loélc%rﬁﬁrr’f)srgse 03\1/%1?-8’:;83%%%%? ﬁ%ﬁl %fqéééfgﬁaarg é?lg(éﬁ R s{:j%%\%aegr’t%ﬂﬁn six
isoprene reditplysicitie serisfarening der dsolsreihcicts ar e Prirticplartysas edulafer ghadiselhg highly branched

hydrocarbo r ' itakle as high-octane fuels qr fuel additives, [00106] In particular,
Iower-orderqgﬁﬁﬁoﬁ%\%}%@fe}%ﬁﬁ%ﬁt&%g%’é%#é‘f%eerspe%%ge .gf%axixggv%oz}s%ar[%onn ngelasues),
sesquitérpesaspCigebighinbmhehahhydimsertsopseitebie sidugsdtiterpehas {@26dEtvendsdaving four
isoprene resgh i FHIRIARA R ARRD TELRRNER A RERBHBRPIARe erid sl de isgRene
residues are arrangtgd’ in linear or cyclic configurations. Speci ic’examples’of ower-order terpenes
or i;opr?n?i&qmﬁﬁggﬁphre not Iimitz(;%)%;nﬁ;nefng{c;parﬁrg, mércene, famesene, geraniol,
terpineol, a@ﬁsg] 0l MBS G A £ AR - [ e comprise
branched cairb%r; pente;sm(in%lgding bott;ﬁcyclicra_n(f a&yoligl%%rbo%%])ﬁ gﬁg%%é&h%éjﬁ?@%ﬁtable
precursors fERpr@iEER dagHbscsses i eaavgainginbliomasicieedatosk sowith ariglemsdighte ratings and
other desirapla-BEaRBRICAdIRMER GERCHIGnAIE RS HAR ARG KRR foCesses typically

employed 25In refinery operations. [0(510 ] As used herein, "octane rating" refers to knock resistance

(anti-knock FAGRFFERE Spctirngy Migkneicaldirdqcabars beripmsperiBos rptirbobimibaiatigrean
(2,2, 4-trimethyépeaianal sohigkly RIRRGRRS SROYArP MR 3R hERIARE oRetiaig i C7

hydrocarbon. More specifically, in internal combustion engines, a mixture of gasoline and air is
compressed 36 B fsFE M SPrnirletian i beies vhtketicrptheravidica exryrls: lisherafaturely rather
than burninggeipethlyd e Mg/ gntipR e f-Hanitiond sieaie SR Rk GhARAIRHZa6DY a rattling

or pinging sqund in gne or more cylinders. The knock results in a loss of peak power. Typically, highly
branch&l hy&?gggfﬁoa@h&?}@‘b@ﬁ%{%?’é PR SERER REoPRiTEeT Mo RS CarbshEkeleh1091 An octane

number is thesethiedfotantiply branckaliipiel @asokneisteaistanceia opekantple, egtne number is
determined by comparing the characteristics of a gasoline to isooctane_(octane numpey 100, minimal
knock) and Hg%fgﬁlé)a?cc gﬁ(éuﬁ B omah aw&%lﬁsé)ﬁ%gﬂn ﬁ?ﬁ?@gPC&g s S tRkse two
componentdisifypidaly hsengtapprepsueedtionstaiealprupertier (@ cepmipby i gasatinean hes, a

gasoline witQ 1%@&%&?”% um %rdggig Hac i%@% am krﬁg%k as ?erréiat r?cog 9 ‘{? isooctane and 9% of
heptarte. M used heréin, %lgh octane rating refersto an octane Aum gr or 8 OIghigher, more typically,

to an oziand WithcCofed prgheg, heoditisBasesyesnthebiendtistodkscanspizightatyticgasoline

typically have_ oc Qlfﬁgtb e rbons, including substituted
naphthenes gfﬁ gi%%%lnp e, rﬁéﬁ?@?c{%%%%%%&g%gﬁnﬁﬁ%%ggﬁﬁF%%?da Salfggrrﬁ%zcasiﬁ%ve higher than
90 (90+) ocﬁﬁ@ﬂ@h@béhgmipﬁbf:@nmm having 90+ octane numbers can be used as additives to a
fuel to boosyqis Htans. ARG chIGCAAUGS G SRR 6L 10.AR {0ERABR RORSIRLS - Typical

octane boosters include, for example, aromatic hydrocarbons of high octane numbers, such as toluene

15(octane ntANBEFIDRA DGR ARS gadarpesbingeatiheinlinarertrely embodiawminde (octane

30 biomass feedstock comprises at least one hydrocarbon having a polyene chain structure, the

polyene chain structure comprising one or more quaternary olefinic carbons. In some
instances, the biomass feedstock is exclusively of algal origin. In other instances, the biomass

feedstock comprises triglycerides from algae.
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number 113), and organomatallics such as tetraethyl lead, and so forth. [00111] Under suitable
cracking conditions, the lower-order isoprenoids can be broken down to shorter (for example, fewer

than (212) awcgfe%gggégﬁ}fydrocarbons. The fractions suitable as high-ocw&ﬁ!&m%%%e, for

example, branc drocarbons, cyclic C5-C7 20 hydrocarbons, and aromatic hydrocarbons (for
example, toluene and xylenes), The desired fractions can be isolated by distillation. [00112] Apart from

the isoprengj r classes.of bigma rocarbops include lipids gnd.nitrogen-containing
nyctrocarbon B AR GRS E BT A B SO ety mci
typically corapniseing Hemy hydracasbonahawrtermhinsiteghwiitheaa 2L gt yyhiduasidiigdre hydrocarbon
chain can be either. saturated or unsa d and typically. ranges inJength from 12 tq.24 carbons (for
cxample, CTS LA o R G T e o Ry SO e Bk, ATegly cerides (for
example, velgetabli Gieate ipigpesd dssitiy bagtydartii{prbparerticd] MtripHad sboptelipiple with one or
more fafty acid groups. Additional fatty acid deyivatives include alkyl ester ic o
transestgerifi‘gélﬁ%n 5’r A D@:et%gegf%%v%%ce 8%?%%?13“‘&%%?‘?5@,&%8%? é})y tc%m0 t?%%@%?t}(%sroguce methyl
esters of fattyGacd&0NIKa dleshahchahahyiprdga tiei deedsteqid and-cealyeeb thtrogekigprtatiivng

nydrocarbone, Hhey as ARGl ATNayINGERINd Al s IR RsR ngeLIar

metabolic pathways Iscussed, tfie bromass rocarbons ar e

biological sddtGéEguihistritaiudgnatdralyCoCawlkfns b rydnisrscandyganblidaitprhvedifiésd organisms.

Hyd b i i ' ' ic), which
il e B Dl i
can be6btainédhfrotheoiniiviisgpagataisscaelianescEhelgaralys-beg Andsassrborsrangs)tsl 001 141 In
particular, the, polyenesdeseRRed DRIEIN AR PEES pRIGARO(RR UGG eNIE hakpiG Aalially occurring

in plants and some other photosynthetic’organisms like algae, some types of fungus and some

bacteria. Cafotefisitisasiesugls.Lbarbesigebydwsrstent rrayceh sltse rrandtiiopasselng-carotene) are

known isoprengids; Q% LlRaHEPIRSRAL RSAUICT e nRIoMARsIPAIticHlaT SN iaRIR:for biological
hydrocarbon 10 production because algae rely on photosynthesis for energy production and can

accumulate BahidhrcBrraenady cisblchrbw qra 2K Anip B0 asiemspie S WMIsNRA sauna). Unlike crops,

algae cytivagensosnia iakeiapibisdend snddnraAnkiss e BRIR Sfism. Moreover,

algae are diverse microorganisms that can be genetically manipu ated 1o increase the biosynthetic

production ¢kpavibeeke sn 1k GoATH pid HIsidN srducE r B elastbith Sdredupers preelfced from
algae growrrdpyharkesiRg-Rands (Renrpding.endhedires al-algas MbeIROFABRY fontain fresh or

brine water. The algae are harvested and dried. Carotenoids can be extracted from the dried algae

using an orgarensEHie st try Brsanys BASHFISSNimERESIMCE Avdiabie foseerctine LBR/ERE™an be recycled
(for exampleayigsisiiaonanssanecnsatiamyMasREbe wRmione AR ikgpsaneestised

Exemplary solvents include, but are not limited to, hexane, carbon disulfide, petroleum ether, acetone
and mizture¥BFE & cRaTrtef iR r R R e YAt oSG et pBURI@a S Ebicking oil
from algae, 'ﬂafﬁv%@?ﬁpm%h@qrﬂﬁaminﬂe;mg&@a@mﬁefm(ﬁahadst@@acﬁ&m@aﬂsing ﬁ terpene,
contacting under catalytic cracking conditions the feedstock containin sesquiterpene with 25a
catalytic corﬂlb‘ﬁgffi’fﬁfﬁ‘i/ﬁsé‘ﬁegﬁq grﬁ'fet BIPHEHRTR IR EHATHNLR ?E%QW%'}‘{BF%xample, a
naturally ocegseRg-icueg fier Sucheps-aairntetieidChn "anetherermbnsliysshentlewikdrhebatga¢ comprises
a sesquiterpene, such as cuparene or famesene. [001181 Algal oil can be provided to a process in a
variety way _%%%egggﬂ%ﬁg,gﬁgﬁc ay be harvested and dried and then the oil extracted from lysed or
destroysd c@iii3ihescelisieatytaef cracking process is also envisaged for the biologically derived

feedstocks, though in certain embodiments, milder condition are employed with the primary
purpose being to reduce the overall molecular weight without necessarily removing carbon or
~ increasing the H/C ratio of the product. A process known as thermofor catalytic cracking may
be used.
30 [00135] Inone embodiment, the biomass feedstock comprises at least one hydrocarbon
compound. In certain embodiments, carbenium ions are formed due to the action of the
catalyst on the biologically derived feedstock, which is believed to induce carbon-carbon

bond rupture in a f position of the carbenium ion (for example, B-scission). In other
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30 chemically lysed or mechanical force can be used to destroy cell walls. Oil can be extracted from
the algae using an organic solvent such as hexane. Other methods of extracting oil from algae can
also be used wi ?4 rocess of the invention as would be obvious to one skilled in the art. WO
2009/039201\% S 076716 [00119] In an embodiment, the oil frompéjlggazg%sr%%ﬂ%%s

hydrocarbons and terpenes of longer chain length CIO and greater that naturally occur in algae.
Different species of algae nerate,0il with differe tq%ydro arbon mixtures. [n some
embodimen%‘}gﬁ I%ﬁ"#oﬁﬂr&%gégf%tgﬁ%{fﬁ’wgﬂ?%ﬂ? %e&%t eL6t dGae. In some
embodimentasibe athiionilbpgaacanpriisaman increased amount of terpenes. In some
embodiments, the oil from algae comprises terpenes not naturally produced by the algae. [00120] In

some instan@2438] fuEberCaRaAmen ROHArRL Do ARSI S REERORH P BRI Component prior
to contactingdiacieRoistaskess Gcaxannigiha sl atgpboihdack caslomRaiayR santhe, provided in a

process as described herein and contacted with a catalytic lo composition. In another example, a

blend of alg Ao umE e Pepdingrtieagannimuiiasaroombasiag anelyenestEs e Bt position. For
example withslytdinattation, dhagtdhgsompaisntiguaaifaiodkancthe@mup consisting of the following:

fossil fuel, petroleum, a mixturiﬁfor fuel blendin%ﬁgasoline, diesel, jet fuel, and ang combination
thereof. [001%HAA aifhsmpddishews hesrarbeg ¢ 'W%tégedén@t%llh?ﬁgﬁﬁﬁm&l'th 8algae prior to the
15extractingpil2, F@rtenpple el ast e cle sy ofithesalgas-aiavHes tanaiwoneddo generate
enzymes that facilitate the production of terpenes, The teg)enes can be naturally occurring in the algae

or heterologtl&<to M EbaT R -FRIFsH AR with afeRitepualuh Cob IRP AR e gulate the
produciion ofjrigeremrihatnrtal i acawenintheR ItRSAbdiisinanngkdie elifgrndbeclgae

comprises a greater amount of terpenes that are 20capable of being cracked under catalytic cracking

conditions iPeRHEEREE & theParositinn o the qudentvaion dihetholeitit: drmstainidis3fdalgae are
genetically meaifigtl i0-{IsREIAE - NBURAdN oM S5 A HEHRENE H0ah £ SRANQL gt alqegur in the

algae. For example, a gene encoding an enzyme that generates a terpene through the MVA or MEP

pathway can-Belimstirsé inmd theea Ko el Ese R TarisE crREng IR i Odhfigured to
generate a 2RIREPRARABAIEIOSS MM ABHAMLORSULEN Henoraanisy) Hayhisovaydhe.aigapism can be
designed to comprise a measurable amount of a large hydrocarbon that may be useful in the
production SFECKIE FbeRRSIOle srasansRBIeRkthe algae can be genetically modified to produce increased
amounts of a sesquiterpene as compared to not genetically modifying the algae. A genetic
transformation encoding an enzyme that generates a sesquiterpene can be inserted into 30 the algae.
In an embodiment, the sesquiterpene is euparene. In another embodiment, the sesquiterpene is
farnesene. In yet another embodiment, the sesquiterpene is zingiberene. An algae can also be
genetically modified to generate any size terpene, for example a monoterpene, a diterpene, a
triterpene and the like. Examples of terpenes that can be generated from genetically modified algae
include, but are not limited to, phytol and squalene. [00122] In an aspect, a catalytic cracking process
is disclosed herein for cracking oil from algae, the process comprising: extracting oil from algae to form
a feedstock comprising a cuparene; and contacting under catalytic cracking conditions the feedstock
containing the cuparene with a catalytic composition. In an embodiment, the process further comprises
5genetically modifying the algae prior to the extracting oil. For example, genetically modifying the
algae can produce increased amounts of cuparene compared to not genetically modifying the algae.
[00123] Cracking of oil from algae can be performed using any of the catalytic compositions as
described herein. In an embodiment, algal oil is cracked using a zeolite P catalyst. A reactor to for
cracking can be fed by a pump or a syringe pump in order to flow the oil through the catalytic
composition. In an embodiment, the oil is injected into the reactor with a carrier gas, such as helium.
The cracking products of the reaction can be identified by any suitable method as known in the art,
including but not limited to gas or liquid chromatography and mass spectrometry.
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15[00124] In an embodiment, crude oil from algae can be refined before a cracking process is carried
out. For example, the crude algal oil can be subjected to an RBD (refining bleaching deodorizing)
process. In aﬂgfla% %gwlole the crude algal oil can be fractionated into dﬁﬁ’fﬁ.@z‘b Q}HQ{] nts, such as
by distillation. Fractionation can be predetermined by a user or can be set to frac tlonatet e crude algal
oil into hydrocarbon components of desired sizes, 20compositions, or shapes. 1001251 In an aspect, a
composition is described comprising a triglyceride and less than 25% paraffins by weight, wherein the
paraffins comprises Cl 1-C13 paraffins. The algidtemmMie or fragment thereof can be present in the
composition in a trace amount orina significant amount. The compositin can be similar to a fuel

lle composition

; also comprise paraffins
of a larger size than are*preseqt in fossil fuel hased gasol ne, for example C11 to C13 paraffins.
1001261 In an embodiment, the composition is derived from carrying out a process 30 comprising
cracking oil from algae, wherein the composition ciomprises light alkanes. In an embodiment, the light
alkanes comprise a gasoline fraction. 1001271 A ¢omposition described herein can be generated from
a cracking process, wherein a biomassznaterial comprising terpenes ha
the flow reactor as desctj
Triglycerides are present , 3
feedstocks are suitable gfining on an industrial scale as well as Iaboratory scale. Conventionally,
the refining processes converttrude oil contalii§ a WIHE B4R e of hydrocarbons, into fractions of
useful substances, which are typically hydrocarboEj characterized with specific length or structures.

The fractions can be obtained by direct distillation (Wuvemorea@zﬁir@I@atlﬂyﬂ?nby@:@f&@(Ing longer hydrocarbons
into shorter ones. In addition to physicafty transforming the crude oil, certain.refining processes can
also chemically transform ‘drocarbns to more deswable structu s. For example, alkylation
process 10 can provide € £
See, for example, Petro ary J.’et at, Taylor & Francis
Group (5th edition). [0012¢ biomass feedStEekEEdf be refined in a similar manner as crude oil.
Thus, certain embodiments describe a process of tonvening a biomass feedstock.to one or more light
15hydrocarbons. Advantageously, dep@hding on t &Fired specification light hydrocarbon
fractions, biological hyd bons having spe |f|c structural charactenstlcs!
obtained from natural s '
manipulation of the bios ptic pathway. For example h gh octane gasoline products typically
comprise about 3 to 12 carbons and are molecules which are more 20"compact” than linear paraffins
afforded by structural proprietiés such as carbon skeletal bggpching (for example, branched
hydrocarbons), naphenic character (for example, cyclic ngn-aromatic structures) or aromatic
characters. Based on these specifications, biological hydrocarbons having appropriate carbon skeletal
properties (for example, carotenoids) can be selected to produce the desiredifractions through, for

example, catalytic cracking, thermal crackiig, ing and hydrocr, ckir]
isomerization, alteration or chemical conversion. [00131] One embodimentprovides a composition
suitable for a catalytic cracking process, @

@
[66138] The light olefins produced can be used directly as fuel additives through blending or

reforming. They can also be further processed to produce a number of gasoline products. The
5 light olefins can also be used directly in petrochemical processes.

[00139] In anéther embodiment, the biomass feedstock comprises at least one lower-order

isoprenoid, such as a monoterpene and a sesquiterpene.

[00140] In other embodiments, the biomass feedstocks are subjected to hydrocracking to

produce light alkanes. The hydrocracking process produces saturated and shorter alkanes.

10 Typically, the cracking process takes place in the presence of an clevated partial pressure of
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comprising a biomass feedstock and a cracking catalyst. In a particular embodiment, the 30 biomass
feedstock comprises at least one hydrocarbon having a polyene chain structure, the polyeae chain

structure conwgim%%g%?r more quaternary olefinic carbons. In some insﬁ%%&}lg%%i%rg}ass
feedstock is exclusively of algal origin. In other instances, the biomass feedstock comprises

triglycerides from algae. [001321 Fluid catalytic cracking (FCC) is one of the most widely used refinery
processes for convertin avy hydrocarbons into.more valuahle gasaline and lighter products. Figure
1 shows sche‘/'r%g %%%Sa' afﬁiafgﬁ@é%%@?%ﬂﬁgﬁ%'?6??@81&%‘&’%8%?&% “é%d%f“‘&gﬁ&?he
feedstock isdfeateehaing mptayetimntbthedsse obdnyiserél(ayatiieg ndupaatd stopetdpipe), Swhere

the pre-heateld eedsto%kc%ontz}%tls fluigéea&i'(zeolite catalyst at about 1230 to 1400 F (665 to 760 C).
cK a

The hot catéifs%é% riz6s the feedst 8“85'talyzes the cracking reactions that break down the

high molecul8éM&jght dielranboliomsintthdipluenedisiandntsrawibiding tiBefigligakiigkeum gas such
as C3-C4 olefins), acyclic ar cyclic hydrocarbons (Cs-C12). The catalyst-hydr on mixture
flows upsvvarﬂr?ﬁ?ﬁ Hgé% ‘rﬁﬁ'ﬁ@ﬂ%ﬁé‘\ﬁ%&%ﬁ@? ah e&ﬁ!ﬁ‘t‘ﬁ@?ﬁf%\%ﬁ?@%%ﬁé@&% cyclones.
The catalystpiteantydibeartir® o dlho tethtd enéraptigreliive atpriiatinlysb aeeshytisgdarbon products
(for example, C3-C12 hydrocatbons) from heavier fuels. The shorter hydrocarbons, many of which
are suitable §& Bgsgﬁﬁ% é ﬂélfg?sa?}émlﬁ%rré{]%?ﬁ%’%‘gﬁ%ﬂ@ﬂ%@%ﬁsﬂb@){?ﬁg%@g{ﬁ Pfuels include
diesels and jetrfyels:thied! fractiomathn dikt hlhetwesne2héGidiccBbRiGgatreindbgpidtidopressure. 1S[00133]

During the trif) U L‘he riseg the cracking catalyst is "spent” by reactions which deposit coke on the
clinlngtion reac 1015, .. . oo
catalyst and greatly reduce activity and selectivity. The process of coke formation is important to the

overall proc e h¥icdnisthét mdredisestth cheMdithys fegisndo earbuneaticoofithe gaskiagsoproducts to a

range more Suli A [ y y EQIX% I ed from the cracked hydrocarbon
vapors and g‘é@?’%ﬁ%’[ﬁ%ﬁ%&%{%ﬁ%\%n Eav{/%w%ere [ |ésac§({)1§?é)c%gﬁl\}\]ﬁté%%néﬁsgﬁé%ﬁg@e g)lldrocarbons
remaining irsttemcahtysifiydrescdline fepant (aadbdys 8 #086) f[Despintnasiuidiced- bedla egeterator where

air (or in some cases . air plus oxygen).is bsed to bum off the coke ta restore catalyst activity and also
provide thenﬁaﬁ ﬁélssf}fr)t/i?11 é?’?gﬁit%@ H%Q}cr{ééggtitgﬁ k&%z%c.%% (‘f\es'(g%:jﬁeg"nmerrfgﬁ%3E %3?&?&/% fﬁgﬁl flows to the
base of the tiseremtweatid duineceyelileB&{ 0D%3 7 ypi sittyil lighy pefsaraganty@bcess is also envisaged
for the p'olo | i‘ﬂé’ |é/ ugh | rtain embodiments,. milder condition are employed
with the prirf?gﬁfy pLcrtggsg%x{el?r%gdﬁt@%%a%%%h%gggg%gl ?ﬁ%{le%al?lgf \?\fg?g \lf\}lx%é%l%tﬁrecessarily removing
carbon or inbydessiarhonain thaprestoce bilvapeo thuse. Z&obite catelyknodarslasth dr tho Bxavenkaytibecracking

may be used, 304003 dn e Rt 0% AIRraA S8R 06k SRABAKSH obigast one

hydrocarbon compound. In cértain"embodiments, carbenium ions are formed due to the action of the

catalyst on tHRr&ISR)feEi sarbed 96 tediwdecarhicrbringarecked, themmedisicdispdnitarisah bond rupture
in a 13 positinn,of hencaRERIA WRigPbaXAMRIBHER SEIRNRAM! ,ﬂ%@%&?ﬂwms a0 alkoxide
on, W

type of intermediate can be formed at the quatemary olefinic car ich.will also léad to

(3-scis3fbn. T0LIEE WIninKerERmBahaNErARA S EbHEoRE o wraksdriadyaFocarbons comprising
contacting aipRpsReising W aracARHRGSABbME LR SRR e EiRAKIYR ovllion. Sthe
ar

biomass feedstock including at least one hydrocarbon having a polyene structure, the polyene

structure coRfBHRigGHEARASAS Besibioris (91ettby ia rrskingeenditans ke eckingmsolddie cracking

of 3-carotengy{slif: ikdud Spteirametty dxdudiic, Wia (26, Grisimeity e ¥slahgxeny D dagagasl, 3,5,7,9, |
1,13,15,17-?\%??5%@0 a biologjcal SOU{Ce. As shown, 13-carotene is_contacted with a zeolite
catalyst (2), WhEFBY'S: GEREEMH AN SoF SR RaRbBASERAORE PEFRAREEREHT on. The carbenium

intermediateyfrdesigoas Wt hhepRed QIBER aéites 1o-pastianchédpereine AikpRitas Adight olefin (1):
gt olofn (B HIELR TEESS 5 ST RS TTORP I A FEED ARG TBPLFAbking process
Other lightef@é1gghés céanmahpliénonon otaritep esoduah lasinyhadne: (i smpatsarde produced upon
15¢racking %?oddgc%%s ép &%ér?d&??%?ﬂ? %&pcratures ranging from 200 °C to 500 °C. Depending on the

desirable products, an optimal temperature range can be empirically established at which,

30 products of high octane numbers (for example, aromatics other than benzene, naphthenes) are

maximized and products of low octane numbers (for example, linear paraffins) are minimized.

Typically, the temperatures may range from 200 °C to 350 °C, or'350 °C to 450 °C.

[00146] The cracking products are thus produced in high yield and are of desirable and/or

diverse structural characteristics, which allow for them to be used as fuel, fuel additives or for
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WO 2009/039201PCT/US2008/076716 Scheme VI  p-carotene in contact with a zeolite |

Conversion of Quaternary ()lent Carbonic Carbonate lon [001381 The light olefins produced can be

used directly&%%%{ﬁggj}qves through blending or reforming. They can alsg be further Erocessed to
G

. : \ PCTIUS2A08107671 .
produce a number of gasoline products. The 5light olefins can also be used diree y'in pe?rochemlcal

processes. [00139] In another embodiment, the biomass feedstock comprises at least one lower-order
isoprenoid, such.as .a monoterpene and a sesquiteyp npgi.%OOl 0] In_.other empodiments, the biomass
feedstocks are Eﬁﬁ&t@@?ﬁrﬁ%@géclgﬁ‘é’@%dﬁ@& Sﬁl@’éﬁ‘i@%’é T[fi?ﬂﬂg Y Pfocess
produces sasuitabbetfanadhiingtatatsafesiiatyqeisaliy, diseiaeling olesesssiptenrliagssil the presence

of an eIevat%clJl artii ressure of 30 hydrogen gas. Hydrocracking is normally facilitated by a

bifunctional Ca alf%? [ %igr%%eﬁﬁﬁle of rearranging and breaking hydrocarbon chains as well as adding

hﬁ/ch_)gen to{&%ﬁtihﬁaﬁrﬁ@b@dﬁfﬂ&?ﬁﬁﬁtuﬁ&h ﬂl@}iﬂﬁﬁhﬂl @ﬁﬁi?aﬂgsﬁisc?lﬁgﬁil_]{i@ﬁhﬂh I&?{r&@?%ﬁe&mlbodirients,
the biomass feedstocks are subjected to mal cracking to 5produce light olefins. Thermal cracking
takes p:%lce %r?%%%&gtae%%?ﬁor% aré %SB%U%&BE@‘M ?ﬂ%’é’éﬁﬁ%ﬁr 6??9%%5&?’%)3@??&%&7\& energy
typically causesabiimpaiydi tistalpricaiakibgverchtibanthofiedsank pithducts wivalepoiains. Because
homolytic fission generates yadicals, m chemical reactions can take place during thermal cracking,
including ajt i o@%%fﬁﬁﬁafh%{j rr%%@ﬁo%@&%&?ﬁ%ﬁ %cgfﬂ%?ségr%fﬁmﬂ% ;a?ﬁlig?)%ﬁqass feedstocks
are subjectedqmmwé@kinga@qmc@tmfyd;@mhgam?@temmE;raﬁﬁmgle%hgfed_;uhw&dmgt by diluting
a biomass f -\ ri eated in a furpace (at about 850C). roducts
produced in%t%%?é&g%{%ﬁgﬁggf%%%%#éi@rﬁl ;%%i%%ng&gt"ﬁgp‘f‘é%&&[ﬁg‘ ﬁ%}%gav} cﬁ!y tgﬁé){?%%sm ratio and
on the @acﬁm@@mpb@muhetmgu}afiad@ resitletice dfimerfypidaliy dobidiedinsgaretproduced.
15100193] ThepiRmRRSIINIREORSASSSIRGE RS RIBEANIE GAsKe P dSIGh AYgiggarbons in
the presence of one or more zeolité catalysts. As shown in the Examples, the cracking pracesses
typically resafci tethperaaniendepelytientaskoaicomdiionsiorks. douditiens as described herein.

For example, the cracking can occur at a temperature up to 420 °C. The catalytic composition

in contact with the genetically modified non-vascular photosynthetic organisms can also be
15 any catalytic composition as described herein or a composition that would be obvious or
anticipated for use under catalytic cracking conditions as would be known to one skilled in the
art, In some instances, a large pore molecular sieve is a 12 ring zeolite.
{00148} A fuel product produced from a method or process as described herein can have an
octane number between about 85 and 125. A fuel product can also an octane number of
20  greater than 90.
f00149] In some instances, a process or method can further comprises adding a fuel
component to the fuel product, wherein the fuel component is a blending fuel, such as ethanol,
jet fuel, diesel, biodiesel, or gasoline. For example, the fuel product can be about 5-95% of a
mixture comprising the fuel product and the fuel component. In another embodiment, a fuel
25  additive, such as MTBE, detergents, and oxidizers can be added to the fuel product.
Compositions and Products
[00156] Provided herein are compositions and methods for creating products from terpenes
and creating product from terpenes from biomass. Examples of products include, but are not
limited to, fuel products, fragrance products, and insecticide products. A product can be any
30 substance that releases molecularly stored energy. In an embodiment, a product is organic
- molecules. In another embodiment, a product is a hydrocarbon. In some instances a product
does not include hydrogen. In some instances a product does not include oxygen. In some
instances, a product does not include antibodies or proteins. In some instances a product does

not include fatty acids.
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depending on the structure of the hydrocarbon being cracked, the product distribution can favor light
hydrocarbons of high octane numbers. Additionally, the type of catalyst plays an 20 important role in

determining RQ% 9&,@}599%1(1 distribution of the cracked products. [00144] A;ch;‘gg%ﬁ?égéﬁl&\a/er order

terpenes (for example, cuparene, famesene, ginger oil, phytol, and squalen jected to
catalytic cracking conditions. The cracking products typically include paraffins (for example, C4-C9),

naphthenes - [ ; I I thalene).
Among the ﬁggﬁxﬁ%ﬁ&?}%$ﬁé@ﬁ§§rﬁgﬁmﬁﬁﬁ%@@%ﬁc§%%%ﬁﬁ%ﬂ%g ranched
paraffins, nagsretienesetanben tataties tensthd bethepeivicheninat indigtno Gl emdetsarsitids; example,

higher than 91) 5 inampodi i C ' i mbers are
produced at?g%/g%%%gg’ éié‘?gfgﬁ%ﬁgg%%fu%@ﬁ%ﬁgﬁg %%&%’t?&%@%ﬁ%ﬁ?@ %ﬁ%e desirable
products, arpgtirsas thergsdr her&uehprodustmizebe mnsitifulgerssadinistabstaateshic ma@ipioducts of high

t I t imi d
octane UMBES (R hEXUMPIEAOMANGS D lﬁgﬁﬁﬂgg st 5%8@%‘5%%@%%&3;@& j”

products of low octane numbers (for exarmp are mini

temperaturefithes feshedverinrotcuedse @ndrero wetoas 8Gde0din 6] yenerdiaeiiadithetucts are
thus produceg inhighpisid.ang&ie g das ARG RAHULGYE seRUveIak chptastgistics, which allow

for them to be used as fuel, fuel additives or for 31 usedirectly as petrochemicals. Accordingly, the
biomass hy&beEBERn P eladirmsgoliaeamenis. sigssbragirescivh pRE N andeniiesu Fued peedicnd can be

used to replags AESHPRLEASH-iRas! Jlehdn FEfiNNEHRIOEASAAONALMIE Aln 3sRect. a method for

making a fuel&roduct is disclosed herein that comprises: 5 obtaining a feedstock from a genetically

modifietf noHLEdu Brasies of nipdirtssipsmpated fursarincdwhuduenbatanriueiaaidng conditions the
feedstock withgayeatrly decRMRASSIRRENRLIERN RAKING EHikeb RP didticvihiarsint ARR £ aldMlig.sOmposition

comprises a large paore molecular sieve having a pore size greater than 6 Angstrom. For example, the

feedstock cARIRTEHENEHBS IR FHIBRREETAGTE: Yherdighe REFreeges ek ARG n a variety of

ways Jo inclgiirgdhneseatbal. IespRief thecRiaes ifihat iR e he: lihAgi esnbiedisaent, genetic
modification allows ths organism to generate a hydrocarbon or terpene that does not naturally occur in

the organisr* BeRafie AAGRESER U SARTBIREHS E Srvd e bt st 8l ket Brample, the
crackings ca@ecnva] S0 OPES alsiresepaiedRoduct he oty icnen PO SHibshimadRtRepMiththe
genetically modified, non-vascu)ar photosynthetic organisms ¢an also be 15 any catalytic composition
as describe&%@?&ﬁ%ﬁ‘?‘gcﬁmﬁ Wi éﬁgwaﬂ‘? fe %%ﬂ?gf %ﬁﬁgﬁbﬁ?gﬁ'for use under catalytic
cracking corj08tisBp Bselwatithdis vhwiHniaoer sl emin BheracuriorsomediairoassAitaie pore

lecular si isal2ri lite. 1001481 A f duct praduced f thod
doscriod APV RAURTEA ChEEASIE NN BetoBi ABUEH R 1280 R G cam a0 an

wee
octane numbierah? Qgsebtey ith@scs) iG] 1dtidaisgmé Inatanesscad propesls, orasdhadiean further
comprises adding a fuel.coampgnent to the fuel pr t. wherein the fuel compaonent js a blending fuel,
e - Hon bR e E A
5-95% of a misktons) ser psisistaine dhehpodpatcndittent ef ldompanertsed fanbtatngmipbdiment, a fuel

25additive, %Hg%@&%‘%@ﬁaﬁg@%%@ﬁ& BINESID FAPS a?ﬁ'%?ﬂg‘%g & Wk Arogdhgl- Compositions

and Products FOVIC erein are cCompositions an or creating products from
terpenes anbeckbeningl protudmiish Idprentexifiointh beathon Hompplel asmepdeietdignilude, but are not

their precursors. Other fuel products may be about 5 to about 12 carbon atoms or cycloalkanes
25 used as gasoline or motor fizel. Molecules and aromatics of approximately 10 to
approximately 18 carbons, such as kerosene, or its precursors, may also be fuel products. Fuel
products may also include molecules, or their precursors, with more than 12 carbons, such as
used for lubricating oil. Other fuel products include heavy gas or fuel oil, or their precursors,
typically containing alkanes, cycloalkanes, and aromatics of approximately 20 to
30 approximately 70 carbons. Fuel products also includes other residuals from crude oil, such as
coke, asphalt, tar, and waxes, generally containing multiple rings with about 70 or more
carbons, and their precursoss.
{08154] The various fuel products may be further refined to a final product for an end user by

a number of processes. Refining can oceur by fractional distillation. For example, a mixture of
33



limited to, fuel products, fragrance products, and insecticide products. A product can be any
30substance that releases molecularly stored energy. In an embodiment, a product is organic
molecules. IWQ&%%sgmpqdlment, a product is a hydroc.arbon. In some w&t,g;&gg&}sa}ﬂ g%jﬁuct does not
include hydrogen. In some instances a product does not include oxygen. In"some instances, a product

does not include antibodies or proteins. In some instances a product does not include fatty acids. WO
2009/039201PLCT/US2008/076716 1001511 les of fuel preducts include petrochemical products
and their prta%é%lcr:%%)ﬁ%u%glsfcf’ Hir SfePEu sﬁlﬁ%@gﬁﬁé wu]gg%ﬁ%%tg %9?88ﬁﬂﬁ1fwmdustry. Fuel
products inanehdforparasipiey paitiecomanoaitichy, fard o dirsitasonl petroleum, as well as

petrochemi dprecursors, thereof. The fue). product may.be used for generatin sgbstances, or
materials, 5USEfU inﬁhee pee%oa%lg%%a ?lﬁkffﬁﬁﬁggi%%%éﬁ%tﬁ?ﬂlb?c?’o‘f?&%gc%’i’a ?)%Qr hemicals. The
fuel or fuel progidtchmneymigeatsigstinsachasiasionsta phsiaboeienikinmiryBeaniftaice. Other

examples of combustors.are internal combustion, engines such as vehicle engines, or generators,
includin%sga%%)lﬁsesl% é‘fﬁe’é%’l@%% eﬁ‘g?rl0 ?%@f’@ngﬁé@éﬁﬁgﬂb %Y%ﬁgf%(fbﬁgffg'?glﬁ%y also be used to
produce plagiitisiole Sinsiifthproceiastaydss butuficadts; dndigets. réfih@iht fexanypiésof products
contemplateg hgieiphcluds iytocarban:eroluets and iydiosasbon derivative praducts dhat can
consist of hyarrogen Molecules and carbon Molaeules And Sometines one or more Ré&terdatorns,
wherein the thetstgatrefsrameaioweshof whivbtahy kinogemoomearbedinEyasiaplestlef freteroatoms include,

but are not I A Q rus. S0, oducts are hydrocarbon-rich,
wherein at Ie%s%&@:%@%%g%%/g‘%S%%ggyﬁ é%ﬁ%é’%%?%é’ﬁ%%ﬁ% %/géjvﬁei%}#%h%ade up carbon
and hydfogdwessizgre Biridiogimdrne somown eriscsso8oiatieigReceropiapdpyldrogah atoms. 1001531
Fue' Produchh SRl AeINAIAGRENCNR e BE PR B AR OLAa Gtk genygrrionaly derived from

crude oil, or petroleum, such as, but not limited to, liquid petroleum gas, naptha (ligroin), gasoline,

kerosene, diB8E$7iuB e duelprorupe may glse, hedilendedsahmbined et avaidereo ® Pbiamanaepte, fuel
products mayjaelude,pall Ak anasdierRsaTRg, vk ARR QIMAGh A AR sHgARS, methane,

ethane, propane, or butane, which may be used for heating (such as in cooking) or'making plastics.

Fuel produc@8seitip #¥b tr¥ifbreubidhitvesdubriratinenilon vasrpoei gt apptesadsatbiyostee gbproximately
9 carbap ateRRRYsRIaS RRRINADEEDFIN nekHhelip ﬁamagtﬂa@m&hmgﬂs;m%@;e about 5 to
0

about 12 carbon atoms or cycloalkanes 25used as gasoline or motor fuel. Molecules and aromatics of

approximatdi§P DS 49pressitiene Bf thy Suslrspdudly eerere hssin aybiescombinad erdlandsd also be fuel

products. Fughipfed yetadBeyRiaRdaovdadnpigsules, or their precursors, with more than 12 carbons,
such as used for lubricating oil. Other fuel products jnclude heavy gas or fuel oil, or their precursors,

typically corl2 il Ahepraduet drdcs ey brrahsatiaiesons Qe8! fsapproximately 70

carbons. Fughiifostaism|soodctdissieines esiduals drameydenivawahas sRiRcasapaliotar, and
waxes, generally co tai%ipqﬁr)nultiple rings with apout 70 or more carbon? and theiy precursors.
ki y

1001548 THEF G BRI SR RIFHAY Rl S oo s drsLivr LBz by a
number of pregarsempdRafinitigsanaensitbiffragtinphl sistidaianef Ox axpnie padobduie of fuel
products, suc%ia mié orf%%gfeé%nt h droc&ré)ons with different varipus chain lengths may be
separated iNto VArtots COmponeHts Bé’frlgg ﬁ&%&’t’i’lf‘&%ﬁ??ﬁtﬁ%ﬁ af#@lﬂ?g?%roducts may also be
refined by c@ldbiBind: tvem insanenifiaatiodust &ochors extash pteduytistingaptahybierdnchnygiptatinum or a
platinum-thegiup ik e HHIER R EPER SRR RGN PITE R Y diRAaRBAR A Product which
may be used'in cracking.

25 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, or 99% of the carbons of a product

as described herein are derived from an inorganic carbon source. Examples of inorganic

carbon sources include, but are not limited fo, carbon dioxide, carbonate, bicarbonate, and
catbonic acid. The product can be an organic molecule with carbons from an inorganic carbon
source that were fixed duxiﬁg photosynthesis.

30 [00160] A product herein can be described by its Carbon Isotope Distribution (CID). At the
molecular level, CID is the statistical likelihood of a single carbon atom within a molecule to
be one of the naturally occurring carbon isotopes (for example, 1*C, °C, or '*C). At the bulk
level of a product, CID may be the relative abundance of naturally occutring carbon isotopes

(for example, °C, °C, or MC) in a compound containing at least one carbon atom. While it is
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[00156] The fuel products may also be refined by altering or rearranging or restructuring hydrocarbons
into smaller molecules. There are a number of chemical reactions that occur in the catalytic reforming
process of WRL&“;Z&,B%%‘;%‘{V“ to one of ordinary skill in the arts. Generally, (I:)a';ral '[Iz((:] re{}orming is
performed in the presence of a catalyst and high partial 10 pressure of hdeoé 18R mmon
process is alkylation. For example, propylene and butylene are mixed with a catalyst such as
hydrofluoric acid or ric acid,.[0Q157] The. fyel rc%gucts may als %@ blended or combjned into
mixtures to ngtérglgiaﬁd)%% .Saﬁ%%%ﬁ%ﬂig%ﬂ? S &“ﬁ?ﬁﬁ?}%@rﬁ ?@%ﬁm%wgasoline of
various gradesagesdtindgossihfoslyfihextingdeifvesielinpiaaiiapeailes vadiplsshuaighithand grades,
kerosene of 15 various grades, jet fu%, lesel fuel, heating oil, and ¢chemicals fqr making plastics and
other polym(ia‘:rL o ggﬁfﬁg@iﬁ%g’c ’ E%Eﬁo%%f&%‘?cﬁﬁ%atﬁgpé’ﬁ?%ﬁ%%&%%% ‘or blended with
fuel productd.doduaite OiDsphetoraraNef{04 88] Jitecp rodtsis-bisdlesthouay hadadturally, or
non-natyrally, (as a result. of the transformation) produced by the host cell and,organism(s
transforryhedg hﬁ%s rogsﬁ%fnn%%{}frglslosq%%”eh egen%%/g urﬁcglgimg}%ﬂ%%rs%é)ﬂt‘yﬁsnc%?& §8§1§§%‘g1ple,
products nathealiyqpharec Edlphigeadon) ayidre ttetipaliEs cfuciarbsrchaait oaigs (iarmaderbple
beta-carotene). Ex les of pr dgu ts not naturally produ e%g I include a npn-native
terpene suc ﬁago %%(g{;\e%ﬁlel% Tﬁ%f% ]]S%Onr%gmeéeinsﬁg%ceesf}a%rg ug Egtj%%@@gal U 36}8 tic ncontemplated
herein comprasesbne doxisrprodrbeisy derivedifigom fassihbadaifio esmople soalcatirebgeembodiment, at
least 25 100(/%1#2/9;)/ et?oqg/ﬂ&j()%' 50%, 60%, 70%, 80%, 90%, 95%, or 99% of the carbons of a product

as described herein are derived from an inorganic carbon source. Examples of inorganic carbon

sourcesd nclLﬁQéﬁIiJfFaﬂ@m fiistitddtion txalson dionideitadbhdte theatwmstemdmticarbonic acid. The

product can he.an o ' [ fo3 were fixed
during photo&;gnthesﬁgggo% %%%%#Zﬁg%&(ﬁ%%ge%ﬁ%ghégke%%gg %ﬁég%%%%%&%%%?ﬁ% ?ope
Distribution f@mpunetheambrasattio ésine Girrosmsi deatisitduittikaithesdlbft-desivedi:6darbon atom within
a molecule tghg @ne of the naturally occurring carbon isotopes (for example, 12C, 13C, or 14C). At
the bulk level of a product, CID may be the relative abundance of naturally occurring carbon isotopes
(for exampldB41&] Cachopispheppsrrg vetvpy Atabued anenarrbsitbindiffmsohcarnaundile it is noted
that Clfp; of %ﬁ@'ﬁa@%&%ﬁi@&@ﬂﬂ&‘uﬁﬁ?&aﬁﬁé@&l@ﬁ‘f&%ﬁﬂ%%&i'Qéfﬁﬁ}sﬁﬂ%!, %H&HEEH% CID of carbon in a

fossil fuel, for exanégle, petroleum, natural gas, and coal) is distinguishable from CID(atm) (for
example, th&'¢ ErBPels BEFssset iruel sdritospbray feansismrtinesidbg oxeraltiahumanesiof pFoto-atrn)
refers to the SHixotA @Ik gRcRATRASRBRANNRH MAEES PYorRRAIRSMN NSRS ERGsHigtory where the

source of inorganic carbon was carbon dioxide in the atmosphere. CID(photo-fos) refers to the CID of
a carbon ba¥EPRhHSRRe N eEdsy Pristas b frtans f OB IHEe of substantially

all of the inciganie: sk enads CabeN thexidetprotheachiyndsis, burning of fossil fuels (for example,
coal, natural gas, and/or petroleum). 10[00161] The exact distribution is also a characteristic of 1) the
type of%hotL@ﬁéﬁﬁﬁm g—?ﬂgmgﬁﬁfb é‘-ﬁ?g m%ﬁm%a%%@@ﬁﬁé@mﬂ&a%wcarbon.
These isotopidisilizusonmgaeraehaaachlq fiebnarifle earapesias. SohlzaiDsytihbpicalytderived fuel

products. [00162] Carpon isotopes are unevenly. distrjbuted among and.wijthin different compounds
15and the iég?gﬂ'%‘ fs Fo%?ﬁ%)%a%ﬁ‘?%%a?tfﬁf’gﬁﬁé hiﬁﬁgﬁﬂ%%d%%gi@a@%%?ﬁ}]@éﬁrand metabolic
processes inuaipesition daiban tsh rsiareniation seffdvhamiesh ibadepniiaieecaibdld Goelative to 12C in
photosynthetic graanism tissue is co nly less than. in the carban fatmo%piaa ic._ carbon dioxide,
indicating thélgtgcigr on' iggc)ﬁg’f)aém |l'§éﬁr%1%né§%’r¥ do%%uorsssar?'fé]ep ?r%%%g}rla ic rlml 8 caarbonélgfg%é)lé) nto
photosghthetfddsichias3?2q[60¢:68] Semefudispraisoibadreim produved §iitniisitngss, ometimes

f
after refining, il Qj'%%]tiggjlﬁgo_%‘;g}iQgspogt[%e[g%s rfuoqro%amg@tﬁ sir '?f te, gome of the fuel
products may not be the 'same’as existing petrochemicals. 1n"an embodiment, a fuel product or
compositionpkedaerticampodiiexisiimilse irgotes thicaine is ep eestttgfessibbielipeopeeaisaiibudion. For

example, it g bglieved andassildRkPaiipohamionls,hais;a S5AC difribuion S5oiiess than 3250,

whereas fuel products as described herein can have a 813C distribution of Iéss than -32960, -35%0,

-40960, -45% 0 esenaithosghsoneleclsorey RebsIdIHEeRTBYinAR AetradRramisAldTceBrBsiposition is

similar fut nakiNeiFsMmeaRs anrdistinaIfersiHuelRRFRCIaMiERLAR basiR prhaicalishdbutian of less
than -32%0, -35%0, -40%0, -45%0, -50%0, -55%o0, or -60%0. However, although a molecule may not
exist in conVBRABHABREPOEEHI AR TR fAhGacould be used as gasoline or an additive, even

though the hydrocarbon does not normally occur in gasoline. A fuel product canbe a

composition comprising: hydrogen and carbon molecules, wherein the hydrogen and carbon

molecules are at least 80% of the atomic weight of the composition, and wherein the §!°C
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30 may still be useful in these industries. For example, a hydrocarbon can be produced that is in the
boiling point range of gasoline, and that could be used as gasoline or an additive, even though the
hydrocarbon(?,% ALO mally occur in gasoline. A fuel product can be a iti prising:
hydrogen and carbon mo?ecules, wherein the hydrogen and carbon molecﬁgﬁ%g%%{?e@ggtn%% of the
atomic weight of the composition, and wherein the 813C distribution of the composition is less than
-32%%0. Fot.some. fuel-products described herein, the.hydrogen and carbon molecules are at least
30% of the Al O e S o o Bt AR ot et Gty e ey ester (which
have less thtie Bl depdwelymrbandobdubes anobe beds S8y vidtghaiomizyweighb efike tahtisittamposition. In
still other co itions, n carbon oeee ul§ are at leas r 99% of the atomic
weight of thg%:?o%n%%kgél:%gﬁ?}?ﬁ ?/gegtldétpr%?rtyc%%‘gp%%ﬁgﬁg,e{h w}r%fy? %aggnegsn aélatgra%rg }}%cié%rb?é]s are 100% of
the atomic weitbn mibtbanies npesig naysotie rstafites;tnpostiopdsitidih dther kouishsiticather
instances, (e GomBoSIURR s Akl fddilyeerAdueberodust JORLOMAISe dgsaried herein is a fuel
product comprising & composition comprising ydrogen and carbon molecules, wherein the
hydrogen artgtopebitinnaio [pet ithsranampokite g 0%ohylitbesntohiorhaigl ofiee aroiiebsitfoh and wherein
the 813C disgibition: of EOmROSIMSIS5R AR 2 BANY BUBL A IRONEN, ysome
embodiments, the 611 C distribution ok?%;'e compo%i%%% |S§ eess ?ﬁgﬁ §l(:)}ou%'i‘ 15%%1 4%}%% -45%o0,
-50%0, -55%taaecs B compenition i sthwstadditive fyelfedmmsdnent is a blending fuel which may be fossil
fuel, gasolingydiggeh eiRRahBUERHSS PRRAMS AnARgantp MY clfigigiances, the

blending fuel has a 813C distribution of greater than -329Go. For some fuel products described herein,

the fuel&ontpigsniang sadoadenicalamivherst heehfraen and sprondorietrisn Andslease 8ent, a
corrosion ineLGHIE FENEUPHOBURPIRASE And\HELR ARUP @RAGREHBE SR i maibe a product

generated by blending a fuel i%roduct as described and a fuel component. In some 2 instances, the

fuel productihissitEeasnbe e ergpernel insmaaubedimesthdhdstasiggbuiarabMsroduct has a

813C diStribéB}ﬁTﬁbQﬁilﬁﬁﬁ (320 EnE Xample.4860npRsitinn.extrasied fraskRNRIgRBISM can be
blended with a fuel component prior to refining (for example, cracking) in order to generate a fuel

product as dB&&bsermonsht inathlending Sish abich vapke fassd feel neawoling disselishench itfixing blend for
generaiing gfsiehpipdbshvnotiexanerist & 36Imkkaderdctiendngnay be adiidrocarbon mixture

that is suitablgﬁ%l)br %:)Ien ing with another hydrocarbon mixture to generate a fuel product. For example,
|

a mixture ofJh SHASF IBPRATE S O8 omT Serradiaih b v eisitaths fofla type of fuel,
however, it campmdieRdaaendidioVogthiokiaae v MUBE fanoamesaigaa fue bpiodichdminn example, a
composition with ai313C distribution of less than -32%0 |s blended with a hydrocarbon mixture 30for
fuel blendin§ Y8 EHIARLPHIE a&‘gﬂ&c?%k%@iﬁgfaﬁéés%“ﬁ?@@ mb%ﬁ?ﬁ?%?g&ﬁ%m%h%ﬁt alone are
not suitable predudtigdpraitly blendng, fotlginodocn biestritnel/aadmfiis eomflonkin Gsluahd n other
instancees, eithgzr the t?ﬁor&‘pf)sitign &Efﬁgheggﬁl] orrgxt).nenﬁor bot indi\{%aé are suitable asﬁzla fuel
productj‘. In )}3? BtheEr IS %é%g, e Lo égﬁl HERR SheESAL Ba’ﬁé sfn® ‘gdﬁ%tﬁng% 8s gasoline
or jet fuel. Infyabpotthert estadcEsditbivmhodfifmothent 38%e Rueek fimopheparemepeattienredmatet, such as
bioethanol, ?riorgliesgg biosggagéjnligeb%plg e@gi{bkg 139%850%;&(%%0%%6 feeggtpg)%(a% are suitable for
producing hig -0C ar'%alhly rOCArBoN products. {lhus, 0 e'emBodﬁ'men Heser e H Mathod of forming a
fuel product eetkipgsingr&formingane Wchpordulitin depcibodhsmis Kafelgentpot@tasbons having an

Octane numi 130,61 NSV URGH MG HIORBRS P EdRIaE, L DISRAI el gL pore o

hydrocarbons with the Octane number of 80 or higher with a hydrocarbon having an Octane number of
80 or |e¥s. TpitaEf Yot ardes Betidhabitjosrroamirdre hisds sfigblofackistdiagadti| fuels derived

from refining, eIl dmmRRmcHA SBBRMIRS LS RIRMASdeRRoskHaiRebian At least one

hydrocarbon having'a polyene structure, the polyene structure comprising one or more quaternary

olefinic carb@KanesitBHoERYMbeTAR ACtIpR IR e adeRsfane iype sldheb devsmen dhet-order
isoprenoid, g glefinedhereinf0ee fiReRignassdeedslocknan e Medifigsdoy tagged to afford

verifiable characteristics that are preserved in the cracked or altered Ii%cht ocarbon products, such

h
that the ligh ETBROHIEETIBA B ie AR G AR e 3 Sl e OB AT S8 o ook, For

30 for fuel blending to create a fuel product. In some instances, the composition or fuel
component alone are not suitable as a fuel product, however, when combined, they comprise a
fuel product. In other instances, either the composition or the fuel component or both
individual are suitable a5 a fuel product. In yet other instances, the fuel component is an

existing petroleum product, such as gasoline or jet fuel. In yet other instances, the fuel
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example, carbon isotopes can be introduced into a biomass hydrocarbon in the course of its
biosynthesis. The carbon isotopes serve as markers in the hydrocarbon feedstocks produced. The
tagged hydro%(?(% /ngj(a?t“ks can be subjected to the refining processe %?ﬁ% rein to
produce light hydrocarbon products tagged with carbon isotopes. The isot%éiée/s% % g ov{%g]](’or the
identification of the tagged products, either alone or in combination with other untagged products, such

that the tag %t? ct canﬁ traced back to their biomass,feedsto lE lomass Hydrocarbon
Production % %g%“%rs%/e%ﬁ g %1}1051 ot Ctl’;lgcrﬁ%oélac ﬁ’esrugl}hac?abﬁol%@mﬁlrogp 1Pe§‘(1f %%ll’etl?g’ﬁ.@,%é g an
organism 25atd dmlde.the production by such organism of the product. The organism can be

photosynthefs ! 183 IR FARSIRNARD: (aaniaMs. [Oas Bxammes. al.grganisms that can be
transformed using the compositions and methods’ erein n$c e vascu ¥ir and non-vascular
organisms. Phehatgahism osretrbuliokatoleticrive 80 exakaxbyfito: v arfizhisndwardeptisiigellular or
mu't'ce"y!arﬁgl%g%ﬁe%%pé?%ﬁfﬁ %ga?eggg%&ggwgvmfae%%%ﬂg@ﬁmﬁ tﬁ&'a%%%ut;ge%m{yes’ such as
marchantiophytes or anthocerotophytes. In some instances the organism isa cyanobactetia. In some

instances, tH4 ordighisrhyistatiing biomassfpotdsionkerd lendmgtlicoalgamnrT ightlgae can be
unicellular of el AR LSO ME SIENAES: e el AN ST RO gﬁca!;?ggeﬂhyt&

heterokontophyte, tribophyte, glaucophyte, chlorarachhiophyte, euglenoid, haptGphyte, cryptomonad,

dinoflagelluiiBb sy tshoaifetod ypiodyothFardeseathphs hivingiorOaterean@hhenyfcib mdesssneinhardtii
may be trangleimee MR o E6lR s aRERE LAUBINE S SIS RGN B BIBRER SR RapIer

embodiment, the 5 microalgae may be transformed with one or more vectors encoding a limonene

synthad® andhvese donstipslovsarmbeithevingtnelisne sooarm, theephemuniedirtebe exemplified using
the microalggyiprpiphRediimbRegusRmbPINYARIAR IR S TP RS hE PAYRERUAR BE BIaial complex

according to a methaod of the invention and provides the advantage that large populations of the

microalgae &83sRekHRlded of lsast emsdorsmprdrcizmraeihstadingddgseincailua-Kona HI), thus
allowing for pprsstoR: ansh it desikeshiisaaion afifRkns apontsabaidesires PradudtfHawever, the

ability to express, for example, functional mammalian polypeptides, including protein complexes, in the
chloroplaststeAt4FRpTsTTY Ca‘hmefﬁaﬁ?%%ﬁéﬁ@fl@gﬁ‘g?%éﬁ%&%én&% féedighie ability to
convenjentihpirdtited poeuaronis AEHIE R0l RaRiHReLAS e IdInghn iR MR 5can be practiced

using any plant having,chloroplasts, including, for example, macroalgae, for example, marine algae
‘Ei‘é“’&’g ﬂg

and seaweeTE S IPRE ISPARESAN R HFAAUSEH If0A bomereiiskorapiamia ibe cuEssRiadly herein to
refer to a euliasyofiesiy giRCANKRDIRG PAStIAMAREICIH AbhTHoRRRS BeanstiI pladas@ny such
organism at.any stage of development, or to part of a plant, inclyding a plant cutting, a plant cell, a
plant cell culﬂl?é?%g éﬁ'tc gf%fgq gﬁf}féﬁ%fggjgge g%laegp éﬂﬁéﬁ?%%&%ﬁf&ﬁﬁﬁssg?%ﬂura| and
physiologicdieneiit of fheysaighthydpristbaneppidicplagzansith catbuvaloBeiartieekaagde in the form of
an isolated single gell, or. a cultured cell, or can,be part of higher organized,unit, for example, a plant
tissue,%anta?%vasnf,é%r Sf%??%‘?ﬁa&lﬁnaogflg%#ggﬁdc%rﬁ 86'5% f !%?BBT%%? % g SRR RBR I 85%%”, or a cell or
collection ofurédigtdarachntsegwhdhatéhintaz ged hokuplacin Bstsiceh backee theivhicimascomprises multiple
plant cells apd i ?Qable of regenerating into a whole plant, is considered plant cell for purposes of
this disclosure. A plant tissue or plant organ can be a seed, protoplast, callus, or any other groups of

_ Bivimassdhvdrechibim xoduction| or functiongl unit. Particularly useful parts of a plant
inelude harGrRie RArSrARAIo BEIACR RERRRORISY LALRIOPSY Rl A, RrgalRple Part of a

plant can be any us part of a ‘
25 to cause the production by such organism of the product. The organism can be photosynthetic

prior to or afer transformation.
Organisms
[00168] Examples of organisms that can be transformed using the compositions and methods
herein mchude vascular and non-vascular organisms. The organism can be prokaroytic or

30 eukaroytic. The organism can be unicellular or multicellular.
[0816%] Examples of non-vascular photosynthetic organisms include bryophtyes, such as
marchantiophytes or anthocerotophytes. In some instances the organism is a cyanobacteria. In
some instances, the organism is algae (for example, macroalgae or microalgae). The algae can

be unicellular or multicellular algae. In some instances the organism is a rhodophyte,
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30plant, for example, flowers, pollen, seedlings, tubers, leaves, stems, fruit, seeds, roots, and the like.
A part of a plant useful for propagation includes, for example, seeds, fruits, cuttings, seedlings, tubers,
rootstocks, agd.t ' [ 01731 A method as described herein can generate a E)Iant containing
chloroplasts that aré genetically modified to contain a stably integrated po@%ﬂ&%gﬁggfﬂgger and
Bock, App/. Microbial. Biotechnol. 54:302-310, 2000). Accordingly, a method can further provide a

transgenic ({ran omic) plant. for example C. reinhardtii, which comprises one or more chloroplasts
containing aglggiﬁﬁgéﬁ%ﬁ%ﬁlg&a%ﬁﬁ%tﬁa&% ?ﬁ%r‘%ﬁ u@?ﬁp Sg((:)\yufgs)r%%f 5 ff&@s?ﬂg e g polypeptides
that can spduifitgitytassyptatetedolimddgntaralphsooplmkamplex. A 5 photosynthetic organism as
described heteiRGan compri t least one t cell that is m.ogéﬁ .to generate.a product Expression
Vectors andﬁ%@ﬁ:gﬁ? rga%%gsgﬁ()gf%gt%ﬁm%i %%’?é’gﬁgreﬁ% 6%%&‘1%%?3}%‘%#%‘5%%& trahsformed to
modify the predoctimndiigljpronket (yhthitie mpeximedsiaumenecionfathenenhpiimtattheease production of
a product(s),,Ihe MARIRAEl LARE AN A Pl nalraly Ripduced by e rpanie. [00175]
The expression vettor can encode one or more homaologous or eterd ogous hutieotide Sequences
(derived fromretanhésimprsiimooerfegmodudifferent organism) and/or one or more autologous

nucleotide sgiican(daie ML SR IAHELAY

coié?rt se.that&n e hor?oIOgous or
G roalga. C réinhardtii. UsCO
heterologous polypeptides. Examples of Heterologots nucleotide I5 sequences that can be

transforme e & Bag aaxmess @@Pim@@genééeﬁmlmd@tm@ngtpplamépfbhﬁtb@ynthetic bacteria
o other alaag.draiTiales Gl aloamun ANC AR S SAUANRSR NI CARRG HANSIRRR AN an aloa

host cell include isoprenoid synthetic genes, endogehous promoters an UTRs froi thé psbA, atpA,

or rbcLi§endaclidisg sranmstainte SCvanetasholgsns KaiduekeraiE Natine alloy ingofen noidepsios sequences or
homologous,eqienses; SMMelaaus b RAANSIGRAre ARG ALIRYE ahlsaRi§qg0, 60%, 70%,

80%, or 90% homology to the sequence in the host cell. In some instances, a homologous sequence

is flanked by et s @ igstned mamadia arlsaidmdindrdine gerieineepieses Bnable
recombinatigq efiispNate HTIRROMESSILRNES PrtRthsd %@&?%% of {henheskospanismtheHirst and

second homol_o%gus sequences can be at least 100, 200, 400, or 500 nucleotides in length.

251001761 LI eREBiNB s EshipHsEts of s nabratden desariingive thomsthedased for
expression iguihe pradRiaReingRasRrmed-nihemkitedatisag wikRepnareabiigecpdon-bias”

exhibited by a specific host cell in usage of nuclegtide codans to specify a given amino acid. Without

being bound EdRFB Aenigud AerTedi SRSt Al BbHBASITRS IR lof translation may be greater.
Therefore, VigEITHY ThegisiTplangeRe ded HopidyYReaXBFesRIon MeatddRsieatisth Mavahfmdesirable to
design the gene. such that its frequency of codqn usage approaches the frequency of preferred codon
usage of thi’%ﬁé&c@ﬁfﬂ%ﬁ%ﬁﬁﬂ@@é‘?{%@ﬁéﬂ‘é}‘gW *%&?fﬁ?"é%ﬁ’fﬁf@f $382%8h in the third
nucleotide pisitlopnadther cogdans T phigaliysikimAd prshcatendiRadsdisediiar alpagiiespme
embodjments, at least 50% of the third ,nucleotide position, of the codons are A or T. In other
embodl&en’t)z?lgtofggg’t%g@/g}%&%9@1%@%‘; %rp%g/c%u ﬁ%‘?ﬁf?ﬂ%ﬁ %%Qaeyﬁ@%%%ld’lﬂfﬁ codons are
A or T. 10018 fl@nempgpicagh tootolstrmedio el wat eAafiaalbelinanipuiathed fotiaiof af alglatédvolves

transformation with.a nucleic acid which encodes ne of interest, typicall enzyme 5capable of
converting aSIB &E?%?SF i })%téuﬁ;“e(fe%fr{gaﬁ%? g? %@&%T’%f%&uei%ﬁ%‘%%ﬁ”%%%ﬁ% %F‘ﬁ tdiments, a

transformat@suna#ﬁnﬁmgmﬁceraﬂmim'&wi@sﬂm @Hycpidstihuitpbdostait pelldfcngxelinple,
chloroplast), Ligpiaifbehel e ipian IRIRIGH ar-"eiariv e e LU wind ipdyction of

exogenous nucleic acids. This method mayalso comprise several steps far screéning. Initially, a

screen2f pretapyispansibiricamestistipiod iy condla st g aatugtatmineaiiplantonembidesdroper
insertion of i PaARRA LA B AR ik o phicA, Sy s igaPLtagalay may be patched

and re-screened to ensure genetic stability. Such methodology ensures e transformants contain

the genes oPipkIHast, 9# IHsafATHSRHIE EE0UICH Blers splilsghs iseemmived islp potypeawaberchain reaction
(PCR); hOW%Ei@QV&Ih@aﬁﬁB{&EX@@E&?FB{Q%S ﬂﬂ@&é@ﬁbﬂﬁﬁ@m@smﬂﬂ%@ﬁ&g%mﬂiﬁerem
t (for e time

methods of PCR are 15known in the art xample, nested PCR, rea PCR). Particular

m
examples afSrWiDREPHINOE EREFRY RIAHe S hBNEsBIR RIS R elast BR&rsKas ik Rar e will recognize
that other PRIR:iefohBigHtRWOE, Pulistitvéed ifgs theaartiaular eretoceks dask!iket, kallowing

screening fqr, clopes wi’[.; oper iptegration of exogenqus nucleic acids, typically clones are screened
for the presi’#g'e’%?afﬁé’ ?}E%B%&f?ﬁ’i TP et }'é%ﬁc?ﬂrseéf’é‘é‘ﬁﬁ@e% iSYertSrmed by
seedlings, tubers, rootstocks, and the like.
f00173] A method as described herein can generate a plant containing chloroplasts that are

genetically modified to contain a stably integrated polynucleotide (Hager and Bock, Appl.
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20 Western blot analysis and/or enzyme activity assays. [001781 A recombinant nucleic acid molecule
useful in a method of the invention can be contained in a vector. Furthermore, where the method is
performed uWﬁ@%Q#q (or more) recombinant nucleic acid molecules, ﬁfégr/%%tgggg%f]gﬁgmbinant
nucleic acid molecule also can be contained in a vector, which can, but need not, be the same vector
as that containing the 25first recombinant nucleic acid molecule. The vector can be any vector useful

for introducipg a polynucleotide into.a £hlo st and, preferably, inclu a nuclegtide sequence of
chloroplast g@ ﬁ’f)or%lfé ' Igylk?k Ct%%(fﬁsb %’Ll?ﬂ?c?eiﬁt %gglﬁd%%og(}%ﬁyo |%*§18¥d" Y c}ecg?)drlﬁe"glllhcéﬁ) 5?1wv§ﬁﬁ chloroplast
genomic DN#Apfgerax dmpielastoroic)gd tudefecauaemie Comiphisidg atitcl d80ptt:dSHE or moee

substantially t leotid | ast genomic DNA..Chloroplast 30 vegtors and methods
fo setecting S A HGIAE LR L R AR e S RIS, Sl
Bock, J. Moin8idling 12145 B8 12004y geeifmklly, Stacltandidtalghnbtiam] Griteln39:x3ed 902;
Kavanagh clyah, GERSICS A8AdLA kLR 999, each afwhich is Incormarpled figrein by reference)
[00179] In some Instances, such vectors include promoters. Promoters may come ffom any source (for
example, virahdifieddei genfretgalpradiist, animal). The promoters contemplated herein can be specific to
photosyntheiic oraanisms. NoRVasgwan sl gg]%ﬂc organisms, and vascular photosynthetic
organisms (%L%—mﬂ—@_rw%‘gj% example, algae, floweri - A3 Used herein, 5 the term "non-vascular
photosynthdfl@ 1G] ahisnerseatenshoshesiprigerivstanmdie wrnsferoet spieodifysheprodnetiodiels but not
imited to, algagnayanaRaslls-aut PRI BB L HoceiR- VSR ARRRAS DRRANGS Gl system

a

such as that found'ih higher plants. In some Instances, the nucleic acids above are inserted into a

vector tHat deAiBEéDTan hrombielpPanphetbsiihtisaduerd Rnitmotsmemmple, algae. The promoter can
be a promoigpies e SHIPRIRIN RGO eigRIARHR QI HBRY ]{Hﬁ@%ﬁ)lﬂ SPREORIGRES, the nucleic

acids are chloroplast based. Examples of promottas contemplated for insertion of any of the nucleic

acids hereirfHsotie spyespra dervrddom st ergasigm Uy mAisEmR, NEBOA0E 174, The
promoter CaghBeraherOplidiySuR RIMNQIBIOIaNINGY [HBIR A RAIEE Ho oRIARNTY Rigalivingludes

necessary nucleic acid sequences near the start site of transcription, (for example, a 15 TATA

element). (o84BT ePiRIOmAeRINOPE BERPIEAMRE B Blidatnkxamilss o leserseshensife on the world
wide web, atdeAdRlhRiolady Haie.natdGhia By 1aanRM eI GhinKe: e (RaR bYieNcompiete genome

as text file" link and "maps_of the chloroplast genome" link), each of which is incorporated herein by
reference (P RIPER Ry IR AR 287 Sheht BRTpEIHERKS TE RS BREHRITI9%°8H02; to be
published aﬂxaQaB?@ka%Mmh %&ammaeenﬁﬁﬂb?dmo@b@iﬁatfgﬁmd Lg%ﬂ@f &ldheaiioroplast
genomic DNA is selected s that it {s not a portion ene, including a regulatory sequence or
oding SeqUETRS AR AH bega (R AR A A L PSS WA LA even,
would produgqemteltfidied bifecd witblsgepasytrribe eldompllasiudesmuarap Hofaslsgplication of the
chloroplast genorne, or to a 25plant cell confajning t loroplas his respect, the website
contairfifig t %qtt’.“?g?n%%\%?ﬁec f%%ttiﬁaéggé %@&2@2&5&&%&)@8@%@% %%ing coding and
non-coding segiens of thehobieedplasbogenomaecdh e tavitatingssglention HMrksbbyisrnce useful for
constructin ector. For example,the chloroplast vector, p322. is a clgne extending from the Eco
(Bco Rl st0t st LA e P R PR Pt SIS SRR coe. worla
30 wide welthahétreolsRivs stglogyrduketietksioitamjthgdnsimesiniomn Fifirdrddiiskint on "maps of the
chioroplast %8@%58@"4&%&%%%9%& s i, 3t ARCassIResaY ‘ﬁﬁ&bém‘%i’&éé’%{'f%ﬁ%lﬂ? web at URL

"biology.duke. am-y/chloro/chloro140.htmr). 10018_11 A vector utilized in the practice of a
methodor pl¥Bdéd Hwetrnarseiaayreiontadl emeptsgmorteettit setvanerschas Herecadepbinswssionat confer

desirable charaeteriaticsnIba MeCh e Mk diRMOTRE ARG 1 RRIN GREES SYER ABRioning sites that

facilitate manipulation of the vector, regulatory elements that direct replication of the vector or

transcription eiendistiqshidipddycepediedipstisellamusags of nedectidn wdebtie spselycaiienmarker,

and the like oAgguels. HANKEIRL GRIR MO SXARRIE « ROS Qéim%%fﬁi%iegdﬁﬁﬁ%%&%& as a multiple
cloning site, 5which can, but need not, be positigned such that a heterologous polynucleotide can be

inserted int RGP 3HY BpBieaiRrellPiFtRs -t 1en Sxtber 2l meriE TRmsFh s s R dhtain a
prokarygte arigist edirgipticationdtemiviofarsipplbe aenk swplvan ey ffegasimidDibddiisaowing passage

of the vector in a prokaryate host cell, Il as in a plant chloroplast, as desired.
v agl)proa%{]cs ?hg ?rcqucncy_ o%lprgfsm\l\és cotfmll usage or} the ostgei. 1;fhc cot?oris can be
generally A/T rich, for example, A/T rich in the third nuclectide position of the codons.

Typically, the A/T rich codon hias is used for algae. In some embodiments, at least 50% of
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[00182] A regulatory element, as the term is used herein, broadly refers to a nucleotide 10sequence
that regulates the transcription or translation of a polynucleotide or the localization of a polypeptide to
which it is opﬁ,rgg'y@w;%pd- Examples include, but are not limited to, an g@ﬁugz&@mgg{, enhancer,
transcription terminator, an initiation (start) codon, a splicing signal for intron excision and maintenance
of a correct reading frame, a STOP codon, an amber or ochre codon, an IRES. Additionally, a cell
Compa”me%%'{ﬁagoﬂc?ég{téé Qi (AN on%‘a%e%&“ﬁe}é%% e Bﬁt'é/ ReRide g ine cytosol,
nucleus, chlorophrisflmem rane or cell membrane). Suc 'S|gnaf§ are well knownn tﬁe art and have
been widely #&pottst Poes oidt¥kafiptchitl BudtatiNopasilin, 688} ja@bh83leAnyrdf.the expression

vectors hergj frrt IS t . regul C | sequence may
include for i@ﬁﬁe%&%@ef S), gf)%@%%%%%%&%%@ﬁ%ﬁ g%ﬁ%%:%%%%% ?gr%gé%%t{}%ﬁgtermination
sequence(sjastisaba(syithatmedritae drahshdorder gese ofgutatsryhoonliplzsegaenee(s) that are
compatible "c"e{glﬁi%e hastealhand fé%”tsr(?r' {16 SHRIGSSI: O e Duslelp a@éﬂ] prodtict! fsso%some cases,
a regulatory ¢ ntro?sequenc includes transcrlptlgn controPsequence S) that are able 1o control,
modulate, oemtiebmgnssinitratishrmaiting aorintedior aecininatidn nfotrapetrittdof frdrekegiple, a

requlatory 2agentalarpe R ARLICRaRtIrARsCIIg @g&é{g&%&@émf&i@cavgégmﬂCiency of a

gene or gene product in'an organism, wherein expression of t ene or gene product is upregulated

resulting (difebayiog intidetipninfttretsneunsuelgw eendatibn onatirdtistdresumisisheensiil The

regulatory couOkeegUEicg TRkRSe iR ATieRTS AAIOHUAINOLBRIRIIGLY increasing

the stability of a gene or gene product. 30[00184] A Tegulatory control sequence can be autologous or
heterol#youdstgiing Mdb@%@%ﬁgﬂw HerHinp gbths craecrays dpic st P seguEhid may encode

one or moresRA/RERHSIRS WRISh AR RASHRRLRI Ole-RXPES SRR 3BskREQEmatignsabiproducts. For

example, a heterologous regulatory control sequence may be derived from another species of the
same genud"Sthelongaeniresbridha o conirin thp eenesy e BUBABYITARES in an algae.

In another exampliReARAN INSBRHSINSOMAIRREORHAL SEAUBACRGAN PR SRkVed ey an organism in
which an expression vector is to be expressed. [00185] Desendingfon the application, regulatory

control seqUPRENSTRISAepRniuSkIRRT Rt SR AIDE Wilizeh Lk pdsrd’ Q% &%egulatory

control gequeReaSCaR e Wseskaikbeandect Nuglaale VIR). Pxtrchionaspieakeiipekondrial, or

chloroplastic_ origin. [00186] Sujtable regulatory contrgl sequences include those naturally associated
with the nucﬁ%ﬁﬁ@ﬂg&a&m@%@?& e erbfr%%%ﬁps ﬁ%}@%rsfsméfiab@ ked with an

algal-deriveekéinideedig seasdetria fatthepatidiihble dspgolotiesyrtral IIkedug saesmiagifide regulatory
control sequences not naturally associated with the nucleic.acid molecule to be toexpressed (for
example, arP SRTHHBRTSNER DR G SL 1B SRRPSAVEIT HARR FEPATAL R 46 SEERHC of another
organism orthégetsspecisfiie Eheothiterseiu Biowincontmstsagumeniag taicklty dsgerfoanettihat controls
express}}on anotrbeir gen within/the same sge ies gor example, autologous) or can be derived from
a differéht o g%srtﬁg?n or Sp |"essfﬂ(l o?ree%azm?ﬁéi? \élté(r%slsog%us). 15[00187] To determine whether a
putative reg{teidsy contcolbagmencaddas scitalddcitie ysafaltimea regthtat oftheontenkisegaehee is linked to a
nucleic acid mqlecule typically gngodes a protein that. praduces. an easily detectable signal. The
constructon A FRER SRS DA T AL S A R G e
expression titerebiientonltiredidrorlexdenhe, séebrd merstmbiratithnsbisowid mobsybsBalominant

selectable market, ine: 298,040 HAAATHIA RE4R60HS feslad dokie AR IR QiRuy Rihe presence

of' a compound for which the marker provides resistance. ) ‘
25 first recombinant nucleic acid molecule. The vector can be any vector useful for introducing a

polynucleotide into a chloroplast and, preferably, includes a nucleotide sequence of
chloroplast genomic DNA that is sufficient to underge homotogous recombination with
chloroplast genomic DNA, for example, a nucleotide sequence comprising about 400 to 1500
or more substantially contiguous nucleotides of chloroplast genomic DNA. Chloroplast

30 vectors and methods for selecting regions of a chloroplast genome for use as a vector are well
known (see, for example, Bock, J. Mol. Biol. 312:425-438, 2001 see, also, Staub and Maliga,
Plant Cell 4:39-45, 1992; Kavanagh et al., Genetics 152:1111-1122, 1999, each of which is

incorporated herein by reference).
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[00188] In some cases, a regulatory control sequence is a promoter, such as a promoter adapted for
expression of a nucleotide sequence in a non-vascular, photosynthetic organism. For example, the
promoter m [%% promoter, for example as described in U.S. PquC A }v ”
00610234358 2 S8 0014174, and in Flalmann. Transgenic Plant J. 1:51— g é%%f The
promoter may be a chloroplast specific promoter or a nuclear promoter. The promoter may an EF I-a
gene promo@ﬁh‘?ﬁ“{.ﬁ&%&’@%‘e{f 13008, Smpodiments, e sythase ie.onerabiyinked 1 fhe EFl-a
gene promoter. i other emBo%ﬁme’nts, hé synﬂ%ase ig opera%]y TREE 0 e promoflerY 30[00189] A
regulatory camie! ($ecpxampés viexkivectanabhduingah giotiatyanieah ol leqatimotsrsnohiding died example,
coding and pg Qf&%%':[}}% %&%ﬁb ggto‘{%g{lﬁé%e&éﬁ%%sn@%&%@wE}‘fo%%,?ﬁ{%n R #2 [pjrom the
coding reglonf, an untranslated regions (for @xample, regions downstream from the coding region).

Thus, in sorme mstadarehetnsgoliadtg orgsrostheffratogols, slgatcbiverveqlense Axwséddledmone or more
3' or 5" yntrapnslated. regions, Qne or more intrans.. or one. or more exons, (001901 For example, in
some embobiaia el Sl ERIRY (e R AN SRR B oA
carboxylaserianiswa insthidiolr dgliatdimitat ool gey apnodaste S @i atdrymhetit bactarety |- CoA
carboxylase, i WACRIRRE LSRR SRR RAURRCR T RN AuRCREBHOPRLELL A
regulatory control sequence may also encode chimeric or fusion polypeptides, such as protein AB, or
SAA, that ptberodelexpde sbivie afchrtetteddgousvatierdbtickesptisrsidersmeidr Bicteins. Other regulatory

control sequeneeSHEHAS AIGIPIONS RN SeaLianeesdnate! Sl by AHRMeNG ?@@i}ﬁg&%ﬁ’f a

heterologous sequence. [001921 The redulatory control sequences used in any of the expression

vectorsheréirrisidgreridsiduéibie hauplemié hesumstoisianseirBlesatimnedds w?é§9%moters, can be
inducible byglight, foraxRIAIGRRUAAIANAARIR BPALERERDMAY Aer ReRuaeauigiaple. Examples

of autoregulatable regulatory control sequences include those that are autoregulated by, for 15
example, erli@ganehierpptst gpldeshess disslopsdintsr-Omplietion Nac28P ANtk /4n1d6me instances, the

regulatory cARIRLSIHBRGEBRMIRR IREMEIBIR DI HHEARSIOMSRIASRIRGF idegiple elements are
well known In the art and may be adapted for use herein. [00193] Various combinations of the

regulatory cBRHREFSBefGETIEL askde Atid SeorurasRs ey 1he i RARAmiSl YRR features
describgd hepein, dpseRpe cases, an expression 20vector comprises one or more regulatory control
sequences gperatively linked to a nucleotide s(gfgéjenpe encoding ‘a%%(%k/peptide that effects, for

example, upfOd8Phtd S5 PRI Ras oG s rBRa B &R VA AT th oublic AndbBression vector
comprises oReriarwitiRrRdie G LR OBl SedURRdasIpaiabadmiinketbio Bmligretidrwequence

encoding a polypeptide that effects, for example, u ulgtes production of a product. 25[00194] A
vector or ot BT AR TR ASEORS M ORI GEI S ATERUB ol Kbt o Qhbring a
reporter polypeptigeraedtiresisblecifbtecedrhé] heMeliilvrepbteB. Stciacteptdiitdat ackedts; refers to a
polynucleotide.(or enc lypeptide) that confeys a detectab)| type. A.reporter generally
encodéd a &8¥é€f{a§% gggg}é%&%g%&iégﬁﬁe@?%%ggﬁﬁgs%gﬁ%gﬁ, %lfrggyé zei/me such as
luciferase, vnidentilbesyoantactet withrapl 30gimoraio e ageeadoantobiaitienele pgttioof light or
luciferin, respectively) generates a,signal that can be,detected by e sing apprapriate
intrumentatbb (s oL Bl R b ST AR 06
Gerdes, FESiS gt WM@I&%@Q@@M@@M@@W,M@M\EM@%W et _

I auouron @ kpariuRIAMANE 8 oeial 5@ eleaile o viaBRRSROL AL SYRigpsed In 2

cell, provides a selective adva e (or disadVantage) to the cell containing the marker, for example,

the abiRéy toptpwwelh aprianinsdhe shivraplasydnthisaemerdribiswahein gaairiagdan C. reinhardtii

chloroplast genome sequence also provides maps showing coding and non-coding regions of

the chloroplast genome, thus facilitating selection of a sequence useful for constructing a

vector. For example, the chloroplast vector, p322, is a clone extending from the Eco (Eeo RI)

site at about position 143.1 kb to the Xho (Xho ) site at about position 148.5 kb (see, world
30  wide web, at the URL "biology.duke.edu/chlamy genome/chloro.html", and clicking on

"maps of the chloroplast genome" link, and "140-150 kb" link; also accesstble directly on

world wide web at URL "biology.duke.edu/chiam- y/chloro/chlorol40.html").

[00181} A vector utilized in the practice of a method or process herein also can contain one

or more additional nucleotide sequences that confer desirable characteristics on the vector,
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[001951 A selectable marker can provide a means to obtain prokaryotic cells or plant cells or both that
express the marker and, therefore, can be useful as a component of a vector (see, for 5example,
Boc;k, suprq,%g Aymeles of selectaple markers include, but are not I@@g&%éﬁgﬁsﬁﬁthm confer
antimetabolite resistance, for example, dihydrofolate reductase, which confers fesistance to

methotrexate (Reiss, Plant Physiol. (Life Sci. Adv.) 13:143-149, 1994); neomycin phosphotransferase,

which confers yegistance to the aminoglycosides.neomycin, k myein and paromycin
(Herrera—EsPrI((el}réi?1 B9 8%&9%9%%&%%)%11% %cﬁwﬁ%%ﬁ@%%%? 3@?81}8 ﬁ%}%romycin
(Marsh, Gened,;468:485y 2e8vhttnhE, dirbicepliicaiencethd vastiizer indateipapladewfdoyipgsophan; hisD,

which allow til istinol in place Rf histidine (Hartman, Proc. Natl. Acad, Sci., USA 85:8047,
1988); man%eo%%g-%-ggr%}%%ﬁa%g%éﬁfﬁé}ﬂgg%cﬁ%c A oﬁsaég g{rg%gﬁ%{éerrf\%%%lgeh 6553?50627);
omithine detrbestytase cottith forfemplessianoade thenom tivs sude as doomlfiplse lntiity e,

2-(difluoro vl)-DL+: 15 omithi DEMO; McC.anlogu 87, In; Current.Communicatjons in
Moleculér gﬁ%ﬁ%&"%&‘é‘ g%erral‘ﬁlé) {H aar%‘c))sr1 A ég\réaut(gﬁr)&l gld?%egéﬁéi%o%oéhsnﬁr? ]Csél ?%r%%gﬁg%nerg ﬁ?ﬁgr{%é:reus, which
confers resisitaribe YecRrmwiprg autinkel 1B néesirBioteubno[Bivetienalsb $2386t4838, 1995).

Additional s | i those nfer herbicide resistance, for example.
phosphinotﬁ%%r@%t%ﬁ%%&gggi ggﬁgﬁiﬁgﬁ%%%n?gﬁsﬂgis?%nc%gtiapéﬁ%s&?rﬁqéﬁﬁﬁsunB(Wte 20et al.,
Nucl. Acids Feessge 9fthevectergo appancrrtedett cPHetrwoalbpt.iGeplent 7bl625168 B 4698 a mutant

EPSPV-syniage WoichsaBis SRR TR RFIs ARe R dklinaeRIRt Bk BipTRShGIggY 91:915-022,

1998), a mutant acetolactate synthase, which confers imidazolion€ or sulfonylurea resistance (Lee et

al., EMBO Jseruepenthpp mgulptrsdiicdransaapligserArapisancoi iond wesisetifeotdhatieszlirati®meda et al.,
Plant Physiqlr 1931 PdehtRik fo H396h 149 OpRlWia T RE I BRI IRPYRR BifMPcﬁl?o(%%ﬁté&% Ept, No.

5,767,373), or other markers conferring resistance to an hérbicide such as glufosinate. Selectable

markers incRig®: pBR MM AIIacHEBaTpH e g HRFIRIe T dpitatiosd Yark rerar bAMEIn resistance
for eukaryotigealisanddetiasyelingd ampichincesistance fRRrakaatessieh @, £oil; and

bleomycin, gentamycin, glyphosate, hygromycin, kariamycin, methotrexate, phleomycin, 30

phosphinotrtResHRBRgEH 28R B %%W%Yoﬁ&ﬂimmﬁ%ﬁ%ﬁ%ce in plants (see,

for exampleeidialiga pleghedeihads sarPiantaissstarBiolaon GRMERDENGHMRkLahaiatory Press,
1995, page 39). fOOl)g%%l?lze orter genes have been successfullé used in chloroplasts of higher

plants, and AigH! TSR SRRt AR e bR Pegbrtidel rearttat dttereporter
genes havegdeemisediig.the adosopiegsof. C. reinhardtii, but, in most cases very low amounts of

protein were produced. Reporter genes greatly enhance the ability. to monitor gene expression in a
number of éﬁécggraﬁa?g%ﬁ%rﬁg’r S&‘Fﬂo"r%b?&%%%mﬂh FASRPHRTARGHARSE R Staub and
Maliga, EMB&@uind2 £0dgtiatrl 983 hequeycinmahospiii fanstengsie, pinilbi&anephaioals) Mot Gen,
Genet. 241:49-56 93), adenasyl-3-adenyltransf-.erase (aadA, Svab an aliga, Proc. Natl. Acad.
S U oBERITS SRR R RSN P Tty B BN 200,010
1999) have basiztiss drashepegtdrigenesitbledgizndisrthemie &MpETHEGGHR 0RM0psEathand these genes
has attributes t, glttglake them u;@ul reportera of %ggpﬂr?gtt) Igg@e expression, such als ease of

f .
. con € EXPress1on . € JUCIiCIC ACIG mole . a5 regulatory contro .
anaIyS|s, sensitivity, or the ag'ﬂl?y 0] t‘Blexamlne expression In situ. ggaseogﬂpor%ytﬁese studies, other

heterologousgprateinschelve thaetripiipressédlisegnenct(®)rbpl astsidt tighetrglantddeehas Bacillus
USA 56 1500 TAte T040) o Bt s i T B Solln s e 5000, o
potentidl biojrEphieaeteaasacerat ttaveetintign aad thnslatwante apléssdticiandiot algroplast of

gene product in an organism, wherein expression of the gene or gene product is upregulated

resulting (directly or indirectly) in the increased production of a product described herein. The

regulatory control sequence may also result in the increase of production of a product by

increasing the stability of a gene or gene product.

30 [060184] A regulatory conirol sequence can be autologous or heterologous, and if
heterologous, may be homologous. The regulatory control sequence may encode one or more
polypeptides which are enzymes that promote expression and production of products. For

example, a heterologous regulatory control sequence may be derived from another species of

the same genus of the organism (for example, another algal species) and encode a synthase in
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15the eukaryotic green alga, C. reinhardtii, including aadA (Goldschmidt-Clermont, Nuct Acids Res.
19:4083-4089 1991; Zerges and Rochaix, Mol. Cell Biol. 14:5268-5277, 1994), uidA (Sakamoto etal.,
Proc. Natl. Ag@gl 06 Eﬁﬁ 90:477-501, 19933, Ishilcura et al., J. Biosci. B;l = LpQr-314 1999),
2009/03
Renilla luciferase (Minko et al., Mot Gen. Genet. 262:421-425, 1999) and tr?e g%ﬁ?]ﬂgfglflzclgside
phosphotransferase from Acinetobacter baumanii, aphA6 20 (Bateman and Purton, Mot Gen. Genet
263:404-419, 2000), 10307 L {n-same nstanses, e eelors il coniain slements suchgas an E. col
orS. cereviaae%n'gm oPrepllcg{?gn.’grbc]ﬁ egf)ures,g?:om ifed with %pproprla & SEIREEBIE markers,
allows for thee vegtostoibhelishuitledrbeivneactthés targeetpostsedll and the bacterial and/or yeast cell.
The ability t a h,gét Ctor eco ow. for mor. nyenient
manipulatioﬁogﬁatﬁe %e%g%&?é (%)L? tﬁ% v éigarg dr? %@ggﬁ%ggﬁga%@n X 6?{99 %8%%?&#\8 tﬁ% vector and
putative inserdsdijoynuoktittidesafirsdre st basa b ramnistoyneentivitecguaies oietrostdelte such as E.
coil, amplifie d.goll d wsing. routine methods, and examined to identify vectors containing an
insert orp cor?gﬁaé%:? g ?r%%?ég%ga?f i%?%rde%go%agﬁz?%ﬁo % Fuit recrﬁ!lrﬁig)ﬁ?ga §te%$‘?or example, by
performing $#él 8le Sistatisutaykrmyisoofrt scguehvse itstifoliroisaiettially; abroniatgdinitutislifying and

selecting vegigi i &5@%@&9&@9&%&%&8{3@&@{%wg%@g%&s&gs%%%@ggfﬂaﬁggwa%i“tfoduced

into plant cell chloroplasts, wherein a polypeptide of intere e expr esired, isolated

according t@%ﬂi‘n@tﬁmﬂl nl@m_’@wpawmmbﬁa@é@m_mﬁam mei@mwwm can be
introduced intg pI3A! CHRFPRIARISHSING A Red KoMRHNHR e Rk R MEERISLan be

introduced into a cell by a variety of methods, which are well known in the art and selected, in part,

based bh thexprepedi(fr 1ssamplel ar alzebeimpmerplcopoipsciefcmeatively ekndto dussdanpiga plant cell 5
using a diregl Gene FANRIREBRMASHA AP BIRAPAAALRE: PLMRIRPBRIREISFaesliaesGiolistic)

transformation using a particle gun, or the "glass bead method," or by pollen-mediated transformation,

liposome-ma&aHsBCR HIsE RoptaRla GRPHPE R fher gensgHitlsn AR BE erpsieh I SEREING immature

embryos, ory & eREYNSreiRUBAelBmRMeIenicAlup dEQYIE eRaARR; Rev. Plant. Physiol.
Plant Mol. Biol. 42:205-225, 1991). to[00199] Plastid transformation is a routine and well known

method for RRBBIEME)a polynucleotide into a plant cell chloroplast (see U.S. Pat. Nos. 5,451,513,
5,545,817, 064 §7p4R A4Bimie VRéiey S 3udeR R RER!: chHR61 Nalbnde bl USABif301-7305,
1994). In some embodiments, chloroplast fransformation involves introducing regions of chloroplast

DNA flankin§&'alesieeriitlieiraecds duksiio amimig st rolis senelcamismAritetine 15

exogenous BN prblecih entasgbl dASNASEHOLTHE CodbS010a Mgfanacheafotindebild Hanking
nucleotide sequences of chloroplast genomic DNA may be used. Using this method, point mutations in
e by

the chloropla$f PESHR A GRT iP5 T HPIERS A ARPIRSIT ELoRS S SRiKS and
streptomycisxatapid)éf titlizatch sid entkbitemadsa idoiansfoimnitdo faneh giealgRroc. Natl. Acad.

Set., USA 87:8526-8530, 1990), angd.can result in stable 20 homoplasmic transfoymants, at a
equerty of BB R R DREER 1005 e b BB IEAL SORB0EN B bicctie
mediated trainstomvkationslsoreamabecused to introduce a polynucleotide into a plant cell chloroplast
(Klein et at, 27:70-73, 1987)..This method utilizes microprojectiles such as gold or tungsten,
which are cOoEEE T e A B e e permmcine
or _polye;hylQmmlﬁmmm@pmwpmménf&mnelm ahﬁigmmg:g;%&;imlint C;[is]'csue )
using a dev - {BioRad: Fsroy Iif. b Methods for the
transformat;ig(:?if égi&r%ﬁc%eﬁ%ﬁdéﬁgﬁ gﬁ%ﬁ%ﬁ?ﬁ?i?\rﬁg art (éae o bt [

e, for example; Christou, Trends in

Plant Séiendipnt 49 2896/02050 Mt 3pP4[eeiHd Theahie Hathmatorfratiegetiadlgaeh BBlsed, for
example, togenaraterA RSPt BAIC RIAN: SPaSIRSGbIEIY £RIDN, 19BACES. RLN. hybrid
poplar and papaya. Important cereal crops such as wheat, oat, barley, sorghum

promoter may an EF1-0 gene promoter or a D promoter. In some embodiments, the synthase

is operably linked to the EFl-oc gene promoter. In other embodiments, the synthase 1s

operably linked to the D promoter.

30 [00189] A regulatory control sequences herein can be found in a variety of locations,
including for example, coding and non-coding regions, 5' untranslated regions (for example,
regions upstream from the coding region), and 3' untranslated regions (for example, regions

downstream from the coding region). Thus, in some instances an autologous or heterologous
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and rice also have been transformed using microprojectile mediated delivery (Duan et at, Nature
.Biotech. 14:494-498, 1996; Shimamoto, Curr. Opin. Biotech. 5:158-162, 1994). The transformation of
most diCOtyle\Q:B%Hé/?BLQH}S is possible with the metho'ds described abovgp C‘E{@g%ﬁﬂ]@y&n of ‘
monocotyledonous plants also can be transformed using, for example, biolistic' methods as described
above, protoplast transformation, electroporation of partially penneabilized cells, introduction of DNA
using glass fibers .g'ne lass bead agitation metho ,,ang, the like. 5100201] Transformation frequency
may be incr3L<'5LngC'(Jt1 ?/Sr PGB HEATY #%88%8”@%5 Ao rwgfﬁgmeiﬁ?ﬁ%ﬁc%%%@ﬁﬁ% genes with a
dominant selesiadle merkendrauding, but not limited to the bacterial aailA gene (Svab and Maliga,
Proc. Nat'l. @% 9 Sg.i.f USA ?01913-91711}1,019 3 .Apgroximatelg 15 to 20 cell division c%cles following
transformation arel gé)ng)rlgﬂl)? reéa%lsrpénac TR (s ea{lﬁbn{%ﬂﬁ‘s?%i oL{R ?‘i%‘f%“&%ﬁ%?%&ﬁ??o“ e of skill in the
art that a 10Cithrefitasyphiay etylaiio Acitiplevtapifsntitslged osgel anng dhrerefesgudine term

"homoplasmic”.or thomoplasmy', refers to the state where all,copies of a particular loc f interest are
Substantialy T RS By o ah T R g e TRt S SR BBL - Sombination

into all of theaseNera)tigisand copies of the circular plastid genome present in each plant cell, takes
advantage NEIMOouUS co umber advantage 150ver puclear-expressed genes to permit

expression (@2%‘ h‘gtﬂ3 r?a?%gdel%l%cf(fcgggge%%}gl & %Jfocgf%oclﬂu %nﬁloarnfl%'r%rf&%?’%&%eﬁj In some
instances, aswaktisquotzin AB, pe Fdrn tatprdmetad esing soreecbhstsioigonsisleicdidd saplaeate into a

hloroplast ; . e . : e, which
cncodks o g B N e e, =
polypemidef@bpmﬂtﬁetmhlﬁtém 0 ahstwolegotisiselfeneah, fifth, sixth, seventh, eighth, ninth, tenth
andfor subsafgsN RAVRERHARy BBl aRNERhaRe WPRS B AYGRARRIRARArglon pathway

may be linked, either directly or indirectly, such that products pro y one enzyme Ih the pathway,

once produdednduatile.drskeiblosighlajorny tetirdseaisngehaiaitpensentnieay 26 joadsliHe by
transformatigg e \kRRIRSKe e MARICERRRPLLREHE £ 16 e ilieaiianut Zisrambipant nucleic

acid construct which contains both a selectable marker and one or more genes of interest. Typically,

transformatiosseratidp rsauisry cppiral senpcnees iishisiohinseibat srentisrs prales WitHoavo constructs:
one conjainiag e Selais Baken al B 98-00 Y RARARRGR AL BAIGHSInSCreening of such
S is

transforman aborious and time 30 consuming for multiple reasons. First, the time required to grow
some transABEFD Y& FRERAGE IEATHiPhseaRas AmAY S IBFHT R e PR QsiRaRt d®F%or presence

of the selectahilieimiaskrARMIOHUIkRIRSEN GRS THRIGRABIS hOiRIEraSisd MRIGRIlY, Secondary

screening far the gene(s) of interest is performed by Southern blot (see, for example

PCT/US200P986%31 1887045 6abiPAYNI SF ety A ORI ANt Srerrr LI relshReEmEIAI Y oceurs after
translcriptiorﬁmﬂi%tm%ﬂﬁgifmm%lﬁ&iﬁﬁm%mg{&i&qam]{qﬂ é&@tﬁ(ﬁ@ﬁ@%@ﬁ&ﬂp}@ﬁf{;ﬁ? ehloroplast
translational apparatus, as well as nuclear-encoded regulatory factqrs (see Barkan and .
GoldscHmidt R B ST o %%@%%?%@F@@?@F&Eﬂm@%%@%bﬁp%ﬁm 5The
chloroplast iapsiatenaldppamiyscpidetait:fRseiblesdhplcuhegiblies wohapastacontain 70S
ribosomes, have m N%s? at Iaclirf' caps andﬂ%enerall do not contain 3'

ol aderéylated tails (Harris
et al., Microgﬁg‘é‘ﬁte % S5k, ele) ;c%& AL ?ﬁF%?PéHPﬁ%SE%@Fo 18 and in bacteria by

selective agegtdasughrasrchierenyahenzolii9 20k¢Bomanietidtdeqecesaibdaderein take
advantage of proper, pesitigni f a 1o rihosome binding sequence (RBS) with respect to a coding
sequence. IF%%E%%\%%&E@%%%r?oﬁ%fie%{ﬂg%tugﬂe&u%%s %@ﬁﬁ%’? 3%nalé@§ur%'sults in robust translation in
plant ckdorofl8t8d](skedc® oApplicttomioan/00deit Zdd mobrpiratey inckein dyupifetidace), and that

polypeptide A ' ' ' I ' olypeptides do
not proceed§t r%&% geﬁ%ﬁ?c%ﬁ%%@%ﬁ% y trg\%egr%ée%gb%%ggﬁﬁgg‘ g%ggg%e from a

“gselectable marker” refers to a polynucleotide (or encoded polypeptide) that confers a

detectable phenotype. A reporter generally encodes a detectable polypeptide, for example, a
green fluorescent protein or an enzyme such as luciferase, which, when contacted with an

30 appropriate agent (a particular wavelength of light or luciferin, respectively) generates a
signal that can be detected by eye or using appropriate instrumentation (Giacomin, Plant Sct.,
116:59-72, 1996; Scikantha, J. Bacteriol. 178:121, 1996; Gerdes, FEBS Lett. 389:44-47,
1996; see, also, Jefferson, EMMBG J. 6:3901-3907, 1997, fl-glucuronidase). A selectable

marker generally is a molecule that, when present or expressed in a cell, provides a selective
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15nuclear gene and, therefore, are not subject to certain post-translational modifications such as
glycosylation. As such, the polypeptides and protein complexes produced by some methods of the
invention ca to be produced without such post-translational ification. [00206] One or
SIEES G

) ) H08M76716
more codons of an encoding polynucleotide can be biased to reflect chlorop]ast Aha/or hiclear codon
usage. Most amino acids are encoded by two or more 20different (degenerate) codons, and it is well
recognized that various arganisms utilize certain cadons in prefefence to others, Such preferential
e Y i L S 0 B s el e P T e te S ST B vmger
The codon hakofiSirsytongmahae nhardie hasiddsih thepelted. See U.S. Application
2004/00141 amples of .nucleic acids encoding isoprenaoid bigsynthetic.enz s Which are biased
for 25exore 0N ek SR s BB TR A DL e e omes
(in the orgabistlisopxprésicthémeades wet) ceewig dscla tach) sofalyab e abgitab0%6f abaisGis, fabout 70%,
about 80%, about 90% or higher..Some vectors. comprise one or. more of the nucleic provided in Table
o g /of e SRR oL i 0TS R SRR e A HE Cap LS BA b1 B rsed i
reference talmsoiisigomeandgitiatibitseqgisance, Gira3nptzddihyirafpaty netdticatijeshiab been changed
such that the codon. is one that is used preferengially in the,t wtﬁ?w tz bias,is fogfar example,
Clom cors, cRETRC NG (IR HEEC TR TS o i PrAe sl el 113 DIy B Foolf
synthesizedndennouoploysphetrhespeseticbibt) modifiodsirimgeroutinenecghnbimdns RNAyEhniques, for

example, b ite dir j , h that they are
biased for %&gﬁ%ropﬁéﬁmﬁzﬁéﬁ?ggés oodg%? b%?%aagﬁ%g@é% é%iv ézj(glwed in different
plants, icludinfsrsorsisxanepie higaigreohidlogiasteras LM pitad % 4o bpBovhBhrlratisaire chloroplast
codon bias selasipfdgliesi RiPLPRibRon s agR & dnsyRiadiaAihis REIRGIRRRIR/Bd With the

nucleic acids For example, where C.reinhardtii is the host, the 5chloroplast codon usage is biased to

reflect alga bististopldsusoand irsadet{abrodt 34.6965 AT 144 Inl H88Xmaneesschibosiliels). [00208] Any of
the products.gespibed R BinGAlR]IERA S ARSI IR 2, SFERRIRAd.ARYSRde production

by such organism of the product. An organism is considered to be a photosynthetic’organism even if a

transformatisievesiders sestyanee WimnshEsne desabspatagintibitnr daftilumpoethdvdhsformed

organis (fonaAARERISFIAXRARAHSRHE PIR ROId SRS terhiRiRiRaeRSeREACiGBRIRBIGIN required for
photosynthe&ségtathways to be modified [002091 The expression vectors herein can encode

polypeptide (Y RApro Rshonhaberaatesd) tdsmathiafiun depatites praeufsBhcherrBivatives of

the productsdraeib edBIRIRIGINS FRLANAIRIR B AXIHRISRPNES GL52038- eTdeggolypeptide(s) that
promote the production of intermediates, products, precursors, and derivatives in the isoprenoid

pathway. [Oéﬁfﬁj%ﬁ%??&%,r’@ﬁfm@q&%% DY RphIRIcAf teRreafer StaRl%o terpenes.
Terp?neSfagglﬁmﬁ@miy@aﬂgmmmgm,Uﬂmﬁls&mﬁemm&&afel(ﬁm)pﬁ@ibmﬂd&mmﬁ%)- (Terp;:'nes
are classifie the humber of isoprene units, such as hemiterpenes (C5), 20monoterpenes (C10),
sesqui@rpeﬁ@y(é{i%})]”ﬂff%rﬁgnégz fﬂ%)‘%’rﬂe?ﬁ%‘?f&% efi‘féoﬁfé’ﬁﬁ@’?ﬁﬁ‘r’é’gt(éi@?ﬁ&6§R%rpenes (C",
wherein "n" i BPSONVgsaatasdhain diSjonfarpgingisosr fptitaaradnshdeat adn be modified (for
example oxigized, methyl gr e d, etc.) or its carhon skeleton rearranged, to form derivatives
of ter-penes:fEJ ’ fgﬁhg%??gggge%@?,@%?&%ﬁ%%%ﬁﬁﬁ%%ﬁF?ersgi% gfgs“rz’}H I%r??gﬁs well. 25[00211]
Terpene preaatidgeskcarectixoifgigltochecgienacai@adst tlvoFPpatiwayd 2Fhae 14k Vidith)atenutant

psbA, which confers resistance to atrazine (Smeda et al., Plant Physiol, 103:911-917, 1993),

25 or a muiant protoporphyrinogen oxidase (see U.S. Pat. No. 5,767,373), or other markers
conferring resistance to an herbicide such as glufosinate. Selectable markers include
polynucleotides that confer dihydrofolate reductase (DHFR) or neomycin resistance for
eukaryotic cells and tetracycline; ampicillin resistance for prokaryotes such as . coli; and
bleomycin, gentamycin, glyphosate, hygromyecin, kanamyein, methotrexate, phleomycin,

30 phosphinotricin, spectinomyein, streptomycin, sulfonamide and sulfonylurea resistance in
plants (see, for example; Maliga et al., Methods in Plant Molecular Biology, Cold Spring
Harbor Laboratory Press, 1995, page 39).

[00196] Reporter genes have been successfully used in chloroplasts of higher plants, and

high levels of recombinant protein expression have been reported. In addition, reporter genes
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pathway, or HMG-CoA reductase pathway, generates dimethylallyl pyrophosphate (DMAPP) and
iIsopentyl pyrophosphate (IPP), the common C5 precursor for terpenes. The nonmevalonate pathway
is an aIternath U? o form DMAPP and 1PP. The DMAPP and IPP @% ed to form
geranyl-diphospﬁgteé?g% ), or other precursors, such as 30 famesyl-diphgé%@;gt%}%ﬁ ?ﬂ?
geranylgeranyl-diphosphate (GGPP), from which higher isoprenes are formed. [00212] An expression

vector herein may encode pol ti ying a role jn the meyalonate pathway, such as, for
xample. BT e R b ST R PR R e Rt St

phosphe mepakenated paskcah® epenal gastesbegiy ephosp ket ebiice ar boxylarssnkespinessiembodiments,
the polypeptides are en es.in,the non-meyalpnate pathway, such as DOXP synthase, DOXP
reduotase. A ML O TRALS e BRI HENE D Aomeall T,
4-diphopho&yptidydnd Mdatiges M BOSyIPG I HGH A8 3 R 1@empthy piDephtitrtelede- oyt b dijptresphate
synthase, HYG-RE pyaihass, 1M By adbeiase, or OIS ieduptaisamernee, [Q0z42 In other
instances, an eXpression vector may comprise’a nucléofide séquence encoding a polypeptide in an
isoprenoid pdtgmyreachads Afor eSanipe, 20:943H9a3el8viboaid dheetrgeerce Vidiwyitifase may be a

Cl0: 15, Ufhofed e Of %&PXW?%@%%E,%@ HReBEINERIPaIEGMRIERS (ihRly comocene

synthase, limonene synthase, 1, ase, a-pinene Synthase, camphene synthase,
(+)-sabinen&isyintrés82:APpr666 8)h sk ohbiesa drene ey athidarestthebdickectymingBe, famesyl

pyrophosph ﬁmtﬁgﬁfgr%m(?{%gi%?eﬁgﬁbm’ 48 BisaRRlale SYnIAS e, dianpRiygene

synthase, or diapop e desaturase. Examples of synthases and their sequences are described in
Table 20 Talkeping saprpsaench SntRassd e thesa shdieu atheNERIgvetRPIDensihssn b At spicata

20NH A Ci%&ﬁﬁiﬁgéﬁﬁm&%ﬁﬁwﬁﬁﬁt@s&mdﬂw thuringiensis Cry toxins,
conferring resistance to insect herbivores (Kota et al., Proc. Natl. Acad. Sci., US4 96:1840-
1843, 1999), or human somatotropin (Staub et al., Nat. Biotechnol. 18:333-338, 2000), a

potential biopharmaceutical. Several reporter genes have been expressed in the chioroplast of

15 the eukaryotic green dlga, C. reinhardtii, including aadA (Goldschmidt-Clermont, Nucl, Acids
Res. 19:4083-4089 1991, Zerges and Rochaix, Mol. Cell Biol. 14:5268-5277, 1994), uidA
(Sakamoto et al., Proc. Natl. Acad. Sci., USA 90:477-501, 19933, Ishikura et al., J. Biosci,
Bioeng. 87:307-314 1999), Renilla luciferase (Minko et al., Mol Gen. Genet. 262:421-425,
1999) and the amino glycoside phosphotransferase from Acinetobacter baumanii, aphA6

20 (Bateman and Purton, Mol. Gen. Genet 263:404-410, 2000).
[00197] In some instances, the vectors will contain elements such as an E. coli o1 8.
cerevisige origin of replication. Such features, combined with appropriate selectable markers,
allows for the vector to be “shuttled” between the target host cell and the bacterial and/or
yeast cell. The ability to passage a shuttle vector in a secondary host may allow for more

25  convenient manipulation of the features of the vector. For example, a reaction mixture
containing the vector and putative inserted polynucleotides of interest can be transformed into
prokaryote host cells such as E. coli, amplified and collected using routine methods, and
examined to identify vectors containing an insert or construct of interest. If desired, the vector
can be further manipulated, for example, by performing site directed mutagenests of the

3¢ inserted polynucleotide, then again amplifving and selecting vectors having a mutated
polynucleotide of interest. A shuttle vector then can be introduced mnto plant cell chloroplasts,
wherein a polypeptide of interest can be expressed and, if desired, isolated according to a
method.



AAK83564 Camphene A. grandis AAB70707 Sabinene S. officinalis AAC26018 Myrcene A. grandis
AAB71084 Abietadiene A. grandis Q38710 Taxadiene 7'. brevifolia AAK83566 FPP G. gallus P0O8836

Amorphad|e%&09ﬁQ3%§O@AF61439 Bi sabol ene A. grandis 081086 Dlap%h 1%%%?;%/376716

[00198] A polynucleotide or recombinant nucleic acid molecule, can be introduced into plant
chloroplasts using any method known in the art. A polynucleotide can be introduced into a
cell by a variety of methods, which are well known in the art and selected, in part, based on
the particular host cell. For example, the polynucleotide can be introduced into a plant celi

5  using a direct gene transfer method such as electroporation or microprojectile mediated
(biolistic) transformation using a particle gun, or the “glass bead method,” or by pollen-
mediated transformation, liposome-mediated transformation, transformation using wounded
or enzyme-degraded immature embryos, or wounded or enzyme-degraded embryogenic callus
(Potrykus, dnn. Rev. Plant. Physiol. Plant Mol. Biol. 42:205-225, 1991).

10 [00199] Plastid transformation is a routine and well known method for introducing a
polynucleotide into a plant cell chloroplast (see U.S. Pat. Nos. 5,451,513, 5,545,817, and
5,545,818; WO 95/16783; McBride et al., Proc. Natl. Acad. Sci., USA 91:7301-7305, 1994).
In some embodiments, chloroplast transformation involves introducing regions of chloroplast
DNA flanking a desired nucleotide sequence, allowing for homologous recombination of the

15 exogenous DNA into the target chloroplast genome. In some instances one to 1.5 kb flanking
nucleotide sequences of chloroplast genomic DNA may be used. Using this method, point
mutations in the chloroplast 168 rRNA and tps12 genes, which confer resistance fo
spectinﬁmycin and streptomyecin, can be utilized as selectable markers for transformation
(Svab et al., Proc. Natl. Acad. Sci., USA 87:8526-8530, 1990), and can result in stable

20 homoplasmic transformants, at a frequency of approximately one per 100 bombardments of
target leaves.

[00208] Microprojectile mediated transformation also can be used to introduce a
polynucleotide into a plant cell chloroplast (Klein et al., Nature 327.70-73, 1987). This
method ufilizes microprojectiles such as gold or tungsten, which are coated with the desired

25 polynucleotide by precipitation with calcium chloride, spermidine or polyethylene glycol. The
microprojectile particles are accelerated at high speed into & plant tissue using a device such
as the BIOLISTIC PD-1000 particle gun (BioRad; Hercules Calif.). Methods for the
transformation using biolistic methods are well known in the art (see, for example; Christou,
Trends in Plant Science 1:423-431, 1996). Microprojectile mediated transformation has been

30 used, for example, to generate a variety of transgenic plant species, including cotton, tobacco,
corm, hybrid poplar and papaya. Important cereal crops such as wheat, oat, barley, sorghum
and rice also have been transformed using microprojectile mediated delivery (Duan et al.,
Nature Biotech. 14:494-498, 1996; Shimamoto, Curr. Opin. Biotech. 5:158-162, 1994). The

transformation of most dicotyledonous plants is possible with the methods described above.
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Transformation of monocotyledonous plants also can be transformed using, for example,
biolistic methods as described above, protoplast transformation, electroporation of partially
permeabilized cells, introduction of DNA using glass fibers, the glass bead agitation method,
and the like.

{06201] Transformation frequency may be increased by replacement of recessive rRNA or 1-
protein antibiotic resistance genes with a dominant selectable marker, including, but not
limited to the bacterial aad A gene (Svab and Maliga, Proc. Natl. Acad. Sci., USA 90:913-917,
1993). Approximately 15 to 20 cell division cycles following transformation are generally
required to reach a homoplastidic state. It is apparent to one of skill in the art that a
chloroplast may contain multiple copies of its genome, and therefore, the term
“homoplasmic” or “homoplasmy” refers to the state where all copies of a particular Jocus of
interest are substantially identical. Plastid expression, in which genes are inserted by
homologous recombination into all of the several thousand copies of the circular plastid
genome present in each plant cell, takes advantage of the enormous copy number advantage
over nuclear-expressed genes to permit expression levels that can readily exceed 10% of the
total soluble plant protein.

[00202] In some instances, a method can be performed by introducing a recombinant nucleic
acid molecule into a chloroplast, wherein the recombinant nucleic acid molecule includes a
first polynucleotide, which encodes at least one polypeptide (for example, 1, 2, 3, 4, or more).
In some embodiments, a polypeptide is operatively linked to a second, third, fourth, fifth,
sixth, seventh, eighth, ninth, tenth and/or subsequent polypeptide. For example, several
enzymes in a hydrocarbon production pathway may be linked, either directly or indirectly,
such that products produced by one enzyme in the pathway, once produced, are in close
proximity to the next enzyme in the pathway.

[00203] For transformation of chloroplasts, a major benefit herein can be the utilization of a
recombinant nucleic acid construct which contains both a selectable marker and one or more
genes of interest. Typically, transformation of chloroplasts is performed by co-transformation
of chloroplasts with two constructs: one containing a selectable marker and a second
containing the gene(s) of interest. Screening of such transformants is laborious and time
consuming for multiple reasons. First, the time required to grow some transformed organisms
is lengthy. Second, transformants must be screened both for presence of the selectable marker
angd for the presence of the gene(s) of interest. Typically, secondary screening for the gene(s)
of interest is performed by Southern blot (see, for example PCT/US2007/072465).
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[060204] In chloroplasts, regulation of gene expression generally oceurs after transcription,
and often during translation initiation. This regulation is dependent upon the chloroplast
translational apparatus, as well as nuclear-encoded regulatory factors (see Barkan and
Goldschmidt-Clermont, Biochemie 82:559-572, 2000; Zerges, Biochemie 82:583-601, 2000).
The chloroplast translational apparatus generally resembles that in bacteria; chloroplasts
contain 708 ribosomes; have mRNAs that lack 5' caps and generally do not contain 3' poly-
adenylated tails (Harris et al., Microbiol. Rev. 58:700-754; 1994); and translation is inhibited
in chloroplasts and in bacteria by selective agents such as chloramphenicol.

[00205] Some methods as described herein take advantage of proper positioning of a
ribosome binding sequence (RBS) with respect to a coding sequence. It has previously been
noted that such placement of an RBS results in robust translation in plant chioroplasts (see
U.S. Application 2004/0014174, incorporated herein by reference), and that polypeptides that
an advantage of expressing polypeptides in chloroplasts is that the polypeptides do not
proceed through cellular compartments typically traversed by polypeptides expressed from a
nuclear gene and, therefore, are not subject to certain post-translational modifications such as
glycosylation. As such, the polypeptides and protein complexes produced by some methods of
the invention can be expected to be produced without such post-translational modification.
[00206] One or more codons of an encoding polynucleotide can be biased to reflect
chloroplast and/or nuclear codon vsage. Most amino acids are encoded by two or more
different (degenerate) codons, and it is well recognized that various organisms utilize certain
codons in preference to others. Such preferential codon usage, which also is utilized in
chloroplasts, is referred to herein as “chloroplast codon usage”. The codon bias of
Chlamydomonas reinhardtii has been reported. See U.S, Application 2004/0014174.
Examples of nucleic acids encoding isoprenocid biosynthetic enzymes which are biased for
expression in C. reinhardtii are provided in Tables 5-8. Percent identity to the native sequence
(in the organism from which the sequence was isolated) may be about 50%, about 60%, about
70%, about 80%, about 90% or higher. Some vectors comprise one or more of the nucleic
provided in Table 5 and/or nucleic acids with about 70% identity thereto.

{00207] The term “biased,” when used in reference to a codon, means that the sequence of a
codon in a polynucleotide has been changed such that the codon is one that is used
preferentiaily in the target which the bias is for, for example, alga cells, chloroplasts. A
polynucleotide that is biased for chloroplast codon usage can be synthesized de novo, or can
be penetically modified using routine recombinant DNA techniques, for example, by a site

directed mutagenesis method, to change one or more codons such that they are biased for
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chioroplast codon usage. Chloroplast codon bias can be variously skewed in different plants,
including, for example, in alga chioroplasts as compared to tobacco. Generally, the
chloroplast codon bias selected reflects chloroplast codon usage of the plant which is being
transformed with the nucleic acids. For example, where C. reinhardtii is the host, the

5 chloroplast codon usage is biased to reflect alga chloroplast codon usage (about 74.6% AT
bias in the third codon position).
[00208] Any of the products described herein can be prepared by transforming an organism
to cause the production by such organism of the product. An organism is considered tobe a
photosynthetic organism even if a transformation event destroys or diminishes the

10  photosynthetic capability of the transformed organism (for example, exogenous nucleic acid
is inserted into a gene encoding a protein required for photosynthesis).

Pathways to be modified
[60209] The expression vectors herein can encode polypeptide(s) that promote the
production of intermediates, products, precursors, and derivatives of the products described

15  herein. For example, the expression vectors can encode polypeptide(s) that promote the
production of intermediates, products, precursors, and derivatives in the isoprenoid pathway.
[00216] Isoprenoids, or terpenoids, are a group of organic chemicals related to terpenes.
Terpenes are typically derived from isoprene units, Isoprene units are five-carbon units (CS).
Terpenes are classified by the mumber of isoprene units, such as hemiterpenes (C5),

20 monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), triterpenes (C30), tetraterpenes
{C40), and polyterpenes {C,, wherein “n” is equal to or greater than 45). Terpenes are
hydrocarbons that can be modified (for example oxidized, methyl groups removed, etc.) or its
carbon skeleton rearranged, to form derivatives of terpenes, such as isoprenocids. Isoprenoids
include other stercids and lipids as well.

25 [06211] Terpene precursors are thought to be generated by two pathways. The mevalonate
pathway, or HMG-CoA reductase pathway, generates dimethylally] pyrophosphate (DMAPP)
and isopentyl pyrophosphate (IPP), the common C5 precursor for terpenes. The non-
mevalonate pathway is an alternative pathway to form DMAPP and IPP. The DMAPP and
IPP may be condensed to form geranyl-diphosphate (GPP), or other precursors, such as

30 farnesyl-diphosphate (FPP), geranylgeranyl-diphosphate (GGPP), from which higher
isoprenes are formed.

[00212] An expression vector herein may encode polypeptide(s) having a role in the
mevalonate pathway, such as, for example, thiolase, HMG-CoA synthase, HMG-CoA

reductase, mevalonate kinase, phosphemevalonate kinase, and mevalonate-5-pyrophosphate
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decarboxylase. In other embodiments, the polypeptides are enzymes in the non-mevalonate
pathway, such as DOXP synthase, DOXP reductase, 4-diphosphocytidyl-2-C-methyl-D-
erythritol synthase, 4-diphophocytidyl-2-C-methyl-D-erythritol kinase, 2-C-methyl-I>-
erythritol 2,4,-cyclodiphosphate synthase, HMB-PP synthase, HMB-PP reductase, or DOXP
reductoisomerase.

[00213] In other instances, an expression vector may comprise a nuclectide sequence
encoding a polypeptide in an isoprencid pathway, such as, for example, a synthase-encoding
sequence. The synthase may be a C10, C15, C20, C30, or C40 synthase. In some
embodiments, the synthase is botryococcene synthase, limonene synthase, 1,8 cineole
synthase, «-pinene synthase, camphene synthase, (+)-sabinene synthase, myrcene synthase,
abietadiene synthase, faxadiene synthase, famesyl pyrophosphate synthase, arnorphadiene
synthase, (E)-u-bisabolene synthase, diapophytoene synthase, or diapophytoene desaturase,

Examples of synthases and their sequences are described in Table 2.

Table 2. Examples of Synthases.

Synthase Source NCBI protein 1D
Limonene M. spicata 20NH_A
Cineole S. officinalis AAC26016
Pinene A. grandis AAKRB3564
Camphene A. grandis AAB70707
Sabinene S. officinalis AAC26018
Myrcene A. grandis AABT1084
Abietadiene A. grandis Q38710
Taxadiene 1. brevifolia AAKS83566
FPP G. gallus POBR36
Amorphadiene A. annua AAF61439
Bisabolene A. grandis 081086
Diapophytoene S. aureus

Diapophytoene desaturase 8. aureus

GPPS-LSU M. spicaia AAF08793
GPPS-S8U M. spicata AAF08792
GPPS A. thaliana CAC16849
GPPS C. reinhardtii EDP05515
FPP E. coli NP 414955
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Geranylgeranyl reductase A. thaliana NP 177587 Geranylgeranyl reductase C. reinhardtii EDP09986
Chlorophyllidohydrolase C. reinhardtit EDP01364 Chlorophyllidohydrolase A. thaliana NP 564094 WO
2009/039201PﬁTlUg%ZOOS/O?G?16 Chlorophyllidohydrolase A. thaliana NP 199199 Phosphatase S.

cerevisiae A F930°FPP Al 18W G. gallus PCTAUS2008/076716
FPP A. thaliana NP 199588
FppP A. thaliana NP_193452
FPP C, reinhardtii EDP03194
IPP isomerase E. coli NP 417365
IPP isomerase H. piuvialis ABBRg0114
Limonene L. angustifolia ABB73044
Monoterpene 8. lycopersicum AAX69064
Terpinolene 0. basilicum AAV63792
Myrcene 0. basilicum AAV63791
Zingiberene 0. basilicum AAV63788
Myrcene 0. ilex CAC41012
Myrcene P. abies AAS47696
Myreene, ocimene A. thaliana NP 179998
Myrcene, ocimene A. thaliana NP_567511
Sesquiterpene Z. mays; B73 AABBB571
Sesquiterpene A. thaliana NP_199276
Sesquiterpene A. thaliana NP_193064
Sesquiterpene A. thaliana NP 193066
Curcumeng P. cablin AASR6319
Famesene M. domestica AAX19772
Famesene C. sativus AAUO05951
Famesene C. junos AAKS4279
Famesene P. abies AAS47697
Bisabolene P. abies AAS47689
Sesquiterpene A. thaliana NP_197784
Sesquiterpene A. thaliana NP 175313
GPP Chimera
GPPS-LSU+SSU fusion
Geranylgeranyl reductase A. thaliana NP 177587
Geranylgerany! reductase C. reinhardtii EDP09986
Chlorophyllidohydrolase C. reinhardtii EDP01364
Chlorophyilidohydrolase A. thaliana NP_564094
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[00214] The synthase may also be p-caryophyllene synthase, germacrene A synthase, 8- epicedrol
synthase, valencene synthase, (+)-8-eadinene synthase, gennacrene C synthase, (E)- 13-famesene
synthase, casbene synthase, vetispiradiene synthase, 5-epi-aristolochene synthase, 5aristolchene
synthase, a—%ﬁ]ﬂq%@gf@; E)-a-farnesene synthase, (- )-13-pinene synthagégjst%(}?ﬁ/ﬂ%ﬁé‘isynthase,

limonene cyclase, linalool synthase, (+)-bomyl diphosphate synthase, levopimaradiene synthase,
hal +hn

isopimaradiere-synthase(E)-y-bisabelene-synthase-copalyl-pyrophasphate-synthase,-kaurene
synthase, Iong?géwg@nﬁgg‘g?&ﬁ?umulene syntf dglé‘,r‘g'-"éelinene syngﬁ%s]eg,gig? phellandrene
synthase, terpipidgitaisynthase, (+)-3-carene sylihasevsie L0copalyadigbasRnate synthase,

a-terpineol synthase-syn-pimara-715-diene-syithase-ent- sandaaracopimaradiene synthase, sterner-

TR T

Tr ~7 Tr rlll TITOCA <
13 -cite synthIan%},) é—ifg%cimene, S-linalool synmgsé‘,’f&ffraniol synthasc, y-tcrpinene synthase, linalool
synthase, E-13-ocimene synthase, epi-cedrol synthase, a-zingiberene Synthase, guaiadiene synthase,
cascarilladiene sfi/}nthase, cis- muuroladiene synthase, aphidicolan-16b-ol s%nthase, elizabethatriene

synthase, sHf4M1 Theyrithese sa @ bidi-spiverhsdiengsyathes RINithise, scareol
synthase, cgpalalHRiase, A aRe L AALD: :&QQ&&@A&M@&%%%@&@% %gi 2scribed

herein may involve enzymes present in the cytosol, in a plastid (for example, el st), or both.

Exogenous ﬁrfmﬁ%e%m@mo@ﬁﬁgnhé%ﬂ@w&imiMﬁdeﬁ?emmlﬂﬁwﬁnmhwd into a host
cell, such IhalBehe Y a0eBoRARA S A ARG CAOSALALID £ PRSI, oL Rl dn some

embodiments, a naturally occlrring enzy ch'is present in oh combgfrtment (for

example, intthereptosoithaselibemxprested, imaldilfemathbiat(aeiulzl dphekpiiitr oxtmygle, in the
chloroplast), or in _both the naturally occurring and non-naturally occurring locales follpwing
he§ Padiens s %1%@%@0%?1 l}gﬁ?ﬁaes ?Xé?—@%a% fene @%ﬁ arsee]ycg?/ag

transformati6h of the hoat call. C ncep(f, an W y of example, a
non-vasculaymiphteghnhetithase loalgassgaties, dandifol g sidally, argineRiRd $atpedace an
isoprenoid, sych as limonenge olecule of high value in the specialty chemical and petrochemical
industries). i%?%ﬂ@%?iﬁbé%?@?ﬁ&%%ﬁt@%’ 6%“??%}6%%‘??@ , Ty RS SERHASF Y 8Fogen and
carbon atonggpdHNBFRRBHE O SRR AYeRRebced e ReRias. 30 Ciagydamenas rheinhardii.

Production of limonene In these microalgae can be achieved by engineering the microalgae to

express thesHERAERGEIY ¥hemiufinsn gadythsse ninthesenfoboysmaming itnbrrler syrbaese can

convert theésm&&%ﬁ{&%&%@{egﬁﬁ@ﬁ%ﬁyﬁmﬁﬁm%afwﬁﬁ%@@!pﬁg&mmU% menane granyl

pyrophosphate is naturally present in the chloroplast of tnicroalgae. The éxpression of the limonene

synthase cm%mmihh@de@yﬂﬁwnwmﬁeaemm@gwmﬂ@ﬁdh@linifenene synthase into
the chioroplashoraatme Shifsdusienlans. s adiied sBnalaisioanag.s tonpade

homoplasmic to ensure onene gene w stably maintaine € chloroplast genome of
all destendeymbage.pitrbent eyethrsen siprisalieyidhaey epsohsimthise nseplogghae, iwprsdent in all
copies of th Q@gﬁﬁ&gﬂlgﬁ&a&%js apparent to one of skill in the art that a chloroplast may contain
multiple copies 10 of its genome, and therefore, the term "homoplasmic” or "homoplasmy" refers to the
state wherel@#i#d8biBaliavayputiticefiorsneibods weerehedherdnmeas iniolye eurmess Prerestiindbression, in
which genegaieinseriacshy foneeiagy Hﬁﬁ%ﬂ@?%ﬂ%ﬁﬂﬂ@x@%ﬁ&&@ﬁ&@(@ﬁ@l&@&%@ﬂ% qgpies of the

circular plastid genome present in_ each plant cell, fakes advantage of the enormous copy number

advantage S¥ErPRIQESTRIpFEbSIiERtbs dRfrRdusas inteibhorvelk st el s ¥BAEN exceed 10%

of the tgtal spidbia Rlastw alens RYRIESSIRG pIRAE 1A et arPRIAS SnsuRRRR] Y GliMa ARpanelle of
photosynthetic organisms and a site of large of amounts of protein synthesis. Any of the expression

vectors her8fTHHERP 6R2¥ME e SRISHTE PBRTMBREHINLT soprasEmsh: Yonsimpelcordiforoplast

promoters fepmsblipheyr planisreiSebave deprdeserhadin Kaneg @dldnphusalaie AtdsiRes, 13:
7543-7549Lé198§§. Gene progucts ma?){g\k;‘_ge1 expresse%from the expression vector in the chloroplast.
Gene prod P @RELEES PEETPRBE DL PR AIE S95E TG et d i oroplast by chioroplast

targeting segurficestibobEtahpiecddrgeting an expression vector or the gene product(s) encoded by
an expIeSSiRT o ilae SP IRroRa T Wty BPRANSE R fiegi Rradsg by the

photosynthetic microalga species can be genetically engineered to produce an isoprenoid,

such as limonene (a molecule of high value in the specialty chemical and petrochemical
industries). Limonene is a monoterpene that is a pure hydrocarbon, only composed of
hydrogen and carbon atoms. Limonene is not naturally produced in the species,

30 Chlamydomonas rheinhardii. Production of limonene in these microalgae can be achieved by
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25regulatory control sequences and sequence(s) encoding a protein or peptide that allows or improves
production of a fuel molecule. [00218] Various combinations of the chloroplast targeting described

herein may b&&%%g}?ﬂ,find combined with other features described herein, For examPIe a

, . ) TIUS2008/076.716
nucleotide sequence encoding a terpene synthase may be operably linked Yo & hucleotide sequence

encoding a 30 eldoroplast targeting sequence. A host cell may be transformed with an expression

vector encodipg [imensac syahase fadeledionhe dhloroplast, and thus, may produge more lmonene
synthase as mparg o' RosELell ARSI MTed with &N expr%’%sion VERtor eResdh g fimonene
synthase buhivwoplashbinplest mrdkisegaampueat éicTapane praseshl gronghpysypltbepbetednpression may
produce moge of the Jimanene in comparison to the,host cell that produces.less. 100219].In yet
another exgiﬁrrflﬁlé?nghﬂggcfe?sug%%m\]fééto?ngg%?okfﬁg}éa%ﬁI%ac%ﬁrc?g Hﬂa%nrtul:résﬂé%{é%] it q%%loggnzyme that
produces a wiodelgh¢dhexameisduef tholbiuotefmgnathee prode et cbmpkdiditip ipsedugthaot naturally

produced b rganism by using precursors that are paturally produced by.the organism as
substraeggs,}l(lgqt}a??g)e%ﬁ Foer%ﬁgé gﬂ?é?%[})?%g{{eﬁys a%%st?nlgt?heeé%%}x eat% %ﬁ“é’%’ﬁ%%%gg ! %rc%ﬁ'ction of the

product mayienadifedsthin dompanigenisshanmed chimvipbemctive ey e tbedipoassed, but not
targeted to r ithot I thi tp Increased precursors
being prod e e e
encoded byhwraoplaseio deckiigsheshierchkrinortedgentatdsenioo 2Gppigsreidhe ciitoropkatnple fuel

product, Iragtarine ARG IAPRARAE AIRdH A iARRS BiRdlaed Rb Ao liplcomarices the step

of: growing/Culturing a non-vascular organism 15 transformed by on€ or more of leic acids

herein 1T he thistizeriz e pathtearfage He teom puswplnssie rof hemestismin g efes todbmitaie
Transformayigg:caf &%@w&%%&mﬁs&mfm%& Lﬁleta?o&mal%%sﬂ@&ﬂ PRIGINexRG RIS herein

can further comprise the step of collecting the product produced by the organism. 100221] The

methods h%%%%%ﬁi%%%@éﬁ%?%@%%ﬁﬁ%g’(@ﬁ%ﬁﬁ"&@b@b‘aﬂéé of inorganic

carbons, sugdpis dlugadsuli IRSIGRE et IIANIL CATPAREOM TR RIR\EER all of the carbons
necessary for making the product (for example, fuel product). The growing/culturing step preferably

occurs in a SRATHINGS SABNiOW e eA VAR BS O YRR AREHEESY rQ REFRIH SXRIGEIIDIE YIS related yet

distinct aspegt: M@&@ﬁéﬁe@m@%&%@@fﬂ%ﬁﬂ@ﬁ%@ﬁ%@&fUH 25product, fragrance product,
insecticide product) comprises: transforming a photosynthetic or. anism with an expression vector,

growing th ; and collecting the product from the organism. The expression vector is typically

the expressjogpyertohdesdieshereiduand isspetificahotisosiioRdeqaslditiona bigswithetic capacity
to an c_)rgan'sm or_to modify an existing biosynthefi é)athwa within the ori anisms, either with t_he
intension o#fﬁ%?@gmﬁl]%?ggé BRGNS %glﬁré&ﬁ&ﬁt&% SFBIW%?&YHQ%%F% %ﬁ@%gﬁ’/ﬁ%’éﬁ(‘f‘a&g anism.
1002231 Thelpedhodehhatplascexpaisiers@lentitg:gevhioibplacrproifefets Boprddlihee piiagiucts, such as
and B O ST O RS ARG Ao AL 3 SecBRSLoed. Organiams
for use herairodautsinesg bl erederseddinue thiexpréesitentetidoin the chloroplast. Gene products
encoded by expression vectors may also be targeted to the chloroplast by chloroplast targeting
sequences. For example, targeting an expression vector or the gene product(s) encoded by an
expression vector to the chloroplast may further enhance the effects provided by the
25 regulatory control sequences and sequence(s) encoding a protein or peptide that allows or
improves production of a fuel molecule,
[00218] Various combinations of the chloroplast targeting described herein may be embodied
and combined with other features described herein. For example, a nucleotide sequence
encoding a terpene synthase may be operably linked to a nucleotide sequence encoding a
30  chloroplast targeting sequence. A host cell may be transformed with an expression vector
encoding limonene synthase targeted to the chloroplast, and thus, may produce more
limonene synthase as compared to a host cell transformed with an expression vector encoding

limonene synthase but not a chloroplast targeting sequence. The increased limonene synthase
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bioreactors, which include, but are not limited to, batch, fed-batch, cell recycle, and continuous

fermentors. Further, they may be grown in photobioreactors (see for example US App!. Publ. No.

20050260553*&%(% E]’%tml}lo. 5,958,761; U.S. Pat. No, 6,083,740). Culturirb%%ﬂ 2%'(35{:0 e conducted in
e e a

o . ) : : 1
shake flasks, test tubes, microtiter dishes, and petri plates. Culturing 5is carried ou 'allt(’emperature,

pH and oxygen content appropriate for the recombinant cell. Such culturing conditions are well within
the expertise of one of ordinary skill in %e rt. [00224] A host orggnism m Iso be grown on land,
Tor oxampl SRR LG BOEES Y Sh RO T 510 0 AP LA BROBGET o plants or
other facilitigssor regions (for example, cities, highways, etc.) generating CO2, As such, the methods

herein coni&ag gie 10busintflan%rserpeth%dgggr srgéliln% carbon cr:IEeditms:1 to ethfmg(l_]glants or other facilities or
regions generatin E(%? WRIETHA w% fuelsxlgy gsrgww?ﬁ Bne oPrrlﬁor%ao[%ut%eeomo&ﬁ?élgnS?ganisms
described hereidimear dhaaththaodpdndeciiprodlantofGR2aplHuddhesdthe higantepsdaay be grown in
outdoor,open water, su nds, the ocean, sea, rivers, waterbeds, marsh water, shallow pools,
akes, résen e oL P B e AR B T ey R Tl ke object
comprising sitiegty kedpeadibiethe Thgahisto :olsjtetratasits ket dghe chiwtoplloty Bit tergetagn nutrients
from the wajer e%‘%grﬁé‘ig WQE:'%%P&Q%%H&%%%@" D 995%% '&F%%é?e% Nstances, rganisms can be
grown in containers wherein each cdntainer comprises 1 or 2 or a plurality of organisms. the
containers dagt bdlodrdienrbd ¢ozfivistioexp@acmtdntmot Bxzotep o, theodiaiphstciYitbeufileddy a

binati [ t [ ' in i t. A host
SR ol L G SR s R

ocean)&nd ané s rsaremixivibelaz bispiodiewdichacnaymetrnersisthbytthisantgginedmudletide is any

damage to fhe cpntainer. [00227] In some instances a plurality of containers can be contained within a
halo-like 25structure as described above. For example, up to 100, 1,000, 10,000, 100,000, or
1,000,000 d¥sthe@ders can be arranged in a meter-square of a halo-like structure. [00228] In some

embodimenggyiag HOFMEI R0 LXAMBIE ke bRIB Grafiagia pRsIRO et plidda Rrad YeY i

collected by harvesting the organism. The product may then be extracted from the organism.
30[00229] IAedRHRd SinbBy t fom BRSSP R SRS R b SRR SAN M fragrance
products insesiigigRdr oAU dS ISR nliBRiPHRA HerBRY HIR dHuegHGhe fxmiaseed. Expression

may be inducible by light. In yet other embodiments, the production of the product is autoregulatable.

The productH R I st afibatsioeipe daremismel T aEoprRAoBHB PESARTING FaBIsBetict, fragrance

product, inseigide Meodtistesaohahar€a! EiD el shexpssinfuehthedipdschnaylg inhibited. In
other embodiments, the leyel of a, metabolite of the organism inhibits expression of the product. For

example, efAOTHABHE RFPSUSE BERAUSHIRY the BRGRISm as a result of increased energy production to
express thejgrgriictiimaydads edd s ahadkdbepconmiubitexerasSiar il eophe dugnikmyet another
embodiment, 1C‘}Sljﬁzlroguction of thEPprodugtt m@g be inducible, for exa%nl}gle, tgl Ilght I an exogenous
agent. For SXEIHHTE FREAWS LEOFTS GREISH 11T PO RS S rEERIE R AYSE organism
may compriseddeiudiudiliie cahuirtosyecantfor seduente thahis glotivaiachier foelghivéated). Aan
exogenous agent. qu%%o gthe ng&;ehﬁ)(fs (%%scr%geds hgg%n C Elurelgltl(gh:)gsmeet %?E forrmscgr%gning for new
109enes/e><%r%ess R vectors 1 Breate gny of the Fae procrlrlljc S Gedbedherdin S ieh Méthods
and/or vitamins.
[66222] In arelated yet distinct aspect, a method for producing a product (for example fuel
25 product, fragrance product, insecticide product) comprises: transforming a photosynthetic
organism with an expression vector, growing the organism; and collecting the product from
the organism. The expression vector is typically the expression vector described herein, and is
specifically used to add additional biosynthetic capacity to an organism or to modify an
existing biosynthetic pathway within the organisms, either with the intension of increasing or
30  allowing the production of a molecule by the photosyathetic organism.
[06223] The methods herein comprise selecting genes that are useful to produce products,
such as fuels, fragrances, and insecticides, transforming a cell of a photosynthetic organism

with such gene(s), and growing such organisms under conditions suitable to allow the product

to be produced. Organisms for use herein can be cultured in conventional fermentation
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comprise the steps of: (I) inserting a candidate expression vector of nucleic acids into a photosynthetic
organism, (2) collecting a putative fuel product produced there from, (3) applying the putative fuel
product to a mass spectrometer to determine a characteristic of the putative fuel product, and whether
it may be used 288 f?%fz?)lroduct. In some embodiments, Is step (2) may cB%H@‘E%‘Wéaﬁlg a known

fuel product and whether a candidate expression vector increases production of the fuel product
relative to a photosynthetic organism without the candidate expression vector. [00231] The present
disclosure ?stplﬁfﬁ?‘f’g%ﬁlWM&@B@%@?HMQ&@M&@?@F@%%G@ EBE-@Bfstrued as limiting in
any way. Thesimetnfeniatiprodadieesieygenchaigdhe taiBodpishennarediscaasaldiysnore detail
below. The disclgsyre.ha ribed in an ill lve manper, and it is to be understood that the
terminology%%ég%%llhﬁleongéﬁ ?g%ﬂe? ?rf’tﬁe% hg%?goo# §g§?ﬁlﬁ)’uﬁ]§r ﬂ‘iﬁfhgﬁ%imﬂ}téﬁgWE&AMPLE 1
[00232] Crackinipobthemiasrdiiehakefl aksaesnmbuanieatiay dtiv e arpsresesrgiged 25herein.
In this e§<arr}glce, a &ro-rinlgarpolecu ar sifil}(%%jé%ytic com@gosition was selected to demonstrate the

It

catalytic cracking of tliparenar FRESed 59 SRS ARRERIIAG BT e Lo il has
relatively hiddil anituréngomtéitioiorazcSikibvjthin renditpstab alfont 37 61dGiR3/AiPG3 Hidhig material was

5000 in 8 P et R e S S B P i eataytic
reactions ofhrt bigsweina)lyredEoive dday diivoai pond:ciescplbed drartior. fxdisign ariteiimdititide minimizing
the quantiti a ts. roduce.-reliaple results a llowing for evaluation of the
products ar%% %&%cﬁ%&?ﬂ%ﬁ%ﬁ%ﬁg\i{éﬁgﬂn it g%u?% ﬁ?ltﬁlée&%%%régg SRR RS ructed of a
30-cmithg dusinessuirihads fapelbieg otxbith stedititgetbmpigranises other HODEE: Fhegiuartz tube WO
2009/03920 ' [ I inlet : qutlet 28 at its respective
ends. It hasgﬁ%&%%%?ﬁo‘g@%%éﬁggrﬁg? :% %%ﬁﬁggg %g%l%%pog?thg%gg% y%itsosrg?nmpsllgs(n ot shown).
Quartz Wooﬁmmb@éé@@@ﬁaﬂibﬂéﬂimbm&@ﬁmﬁm. catalyst in the reactor to hold it in place. An
0-ring connegiessf il 190 AUAMISHOR, M BAGIRGIANLPHn & AR ARRIEBLALT ARG IO 00 &t the

bottom is 5 used to connect removable U-shaped trap 70. Optionally, an additional'tube 80 can be
attached to $RED-MigrTwem: Botesbedaaathoriensuion opelt ipkewietervrirmeto-Whgn Teermain tube 20

can be;placerina, Rk inACE BRERALRMRIGI AL ﬁggﬁ%lés{é&ﬂ{ﬁmvgm@@.ﬁﬁ&hed- Figure 1B is a

schematic g;,%q_ram showing the pulse reactor in operation. Briefly, a flow stream of a carrier gas is
typically proRAtistpintaa galp phisst racrsesitw Hegeradrllownill osiinauitanSinm Hiesv e syringe

injection poBeaRvHI kabinOMUah HiRLatlalyat sample, and into the trap. The carrier gas carries the
hydrocarbon reactants to the catalyst, as well as optionally provides certain reaction atmosphere. For

example, thif d8le MMS0mE AP RRE IRTRIER T A Bh SRR S EERE S ossiaesB SR EnsEing

atmospherejofpiieygan 1oxigRlingliainosfpaskas. e eaialishApie smayha rsatseatad in any of the
desired atmoa%\?es and at 15any_tempe%§ie rior to introduction of pulses of reactant. The reactor

is broutht t& 8 GeEFAPPG A RITARH e AR A A DY A RRRInahonGha Ashwefele stk drocarbon

reactants arenrgisetesidnke st depaignsiienimbvbyeht cCRtRsdhismianisal ko.thpteatalyshatreaction
temperatureq Eﬁvgé)tllegt reactjon products thetU- be trap 70 at the e%t_'ﬁ)m Is immersed in a cold trap
equipped with iquid nitrogen. PROJUR R SR [ ReperibR I8 HEF VERtbe BBtrap and can be
retrieved bynrerhowsnoativevt fén betdnaghi @dehtvas o grifaniitn o Setveintate. dapmet hatheJodtkiggproducts can
then be an with GC/MS for qualitative determination.of product species.and{or GC with FID
detector foﬁlgﬁ?r?t]itg%sgmgﬂeler%%egtlﬁlﬁ%lﬁo‘%ﬁﬁ%ﬁé&t’g?gﬁ% t&é)mfgns?és e%n%,al %?Hﬁ{({:?ﬁﬁ chromatographic
columni§ wittrigbmt enfl csshitredh dernp dietexenregranoiiiy 10666 6,508, U S8 A0T e JelE8HED-M PONA

capillary comegragﬁ;%ié'%ﬁm%%%%%@a ggga%@ggﬂg%%)q%esé [00234] Cuparene is a CI5

molecule, such that it olling poin out erefore can require adjustment of

chromatogrHi#@Rbrocemerenibedimanysi shoradmos ysamlatas! psetith fagaysipoidecscking products.
[00235] Expeeinentioraata icRREERY %H&E@ﬂ@&%&é&%gﬁgﬁo%&%%%e%@e fully 30
e an

protonated form of SN27. The cracking conditions wer e cuparene was provided to a
pulse reactSFHREHFAION A ¥gARYas (100 cc/min) at 25 [IL pulses. The conversion of cuparene to

cracking pProghiky WASoRRAINAaRE tReMRMQGMAUUESWRIS IAIHENE]IENZE Product,

fragrance product, insecticide product} is inducible. The product may be induced to be

expressed. Expression may be inducible by light. In yet other embodiments, the production of
the product is autoregulatable. The product may form a feedback loop, wherein when the

product (for example fuel product, fragrance product, insecticide product) reaches a certain
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xylenes, ethylbenzene, and heavier aromatics. In order to avoid some aromatics such as benzene and
the xylenes cracking was also performed under cracking conditions of lower 58 temperatures: 450,

400, 350, ang, 300¢ A mary of the various cracking products obtaine é',j e different
temperatures%é sh0\5vn ?rylﬂ-]igure 1C. EXAMPLE 2 [00236] LZY-72 is a Un?(’)‘ffﬁI g%gﬁ%glfjtlfpe zeolite

which is often used as a cracking catalyst. 5 The catalytic composition used in this example began
with the LZY;-72 base which.is generally in a sodium form,.from which the pase was ion-exchanged
with NGB B g L A S R T e S o FG I g, the
artunonium pegdttelitonf/trt srgasise prbtbits fonsresvitin tiiche nokhatidrooéampigrigiofBsm aton form of the
zeolite acts id acid. '[-type zeolites have a 3-dimensijonal pore network with pore to
mouths of 2B B e 4B e AR e o 154
[00237] A secanthratafssth SNRGpit ankBieSpresiite dfdsepmdtetidh yaanfdei et dmeAWAG in
Germany. It 102441203 ratio of 27/1..This zeolite was als pplied in the sodium form, and a
similar a¥nm r%%%ﬁéﬁﬁgﬁ é%g%églcﬂféef‘gﬁg%@ ’b‘f/rﬁ)é% %B’S’% E%gé’g%%%ﬁ%?ﬁfﬁ?g' t%ng acid.
ZSM-5 zeolitsample.cincaepressicn sdotonfoncidomensiohimtioh af agkshsteimthe okt isgmighymaylindrical in
shape with g, pore diameter-of about 5 Lnd 02 §‘1 [ l§in f a sesquiterpene, in this example,
cuparene, was éerformed bly gon%ﬁctﬁnrg cunparesr?é w]}%qt‘ﬁae ’ N‘%‘?%S‘?ﬁ%r%aéﬁg’d" {%((ierb&%nducts resulting
from the pro®&EEsnaNs 8gentnarized in Figure 2A. As illustrated in Figure 2A, high cuparene conversions

were obtaingga4f o2 IRSIaES: 20y SACEIANHMANE ARG PG produCt, with smaller

amounts of benzene, xylenes, and ethyl-methylbenzene. [00239] Using 2 catalyst, cuparene

was craékeERRIHRIGHCRSI0B v estons dpamgresamt o Hihied ernduatsiserioshhpuire fech ssthorinarized in
Figure 26. T AIoheABRORAN) M AAIOAUGE AR BAHGKIAY QA6 PARIGUIINREL ¥ 72 catalyst

was toluene. Xy 5benzene derivatives were produced preferentially at higher temperatures,

similar to th@heesahstis opanismot2)ealeriormuiatefinst paeduss predncedithstedrasydidbentane and
cyelohexanepesa PIedueat drsippilisantor aptlisscnitergny litle-enzene.iodicating ghigh octane

fuel product or fuel component that may be suitable for blending or as a fuel product. Figures 2C, 2D,

and 2E illusPERIHSdUEh Aok ard Whithanit maydanscdrs a fesbrednnh miome vubpdissite 30at 200, 250
and 300sC, spgpestivglyohpaseuniensdn Raseathrsisdadicala ihadandeAbnciarepuahers for the

various components. [00240] The hydrogen-to-carbon (H/C) ratio of the products from cuparene
cracking wa¥°SIb BB SEoRH e el praristr A2 PhofnmahstigenesmiFm Withoutit cuparene
cracked exaibdyantidile: baprfaieis vigs, the products would be would be 54.5% trimethylcyclopentene,

Csl114, and 45.5% toluene, C7118, and this mixture would haye the identical H/C ratig of the parent
molecule, 1dl2952§$ e g}saéﬁﬁff ﬁ&ﬂﬁsﬁr‘i%é%ﬁ thectdloying ExagHisiarhich should
trimethylcyclepsatanssiahdsditridtp/icysiohexanesipsieachal pisoetideyciepentens. dince the
saturated napthenes have a higher H/C ratiq thap the unsaturated napthepes, we might expect 5 the
cverall od D E5 AR 0 R AR Yo T FEME GRS APGEIIE 927 SHSHaR ool
require hydnageregdoiitiors. thibeverderstine thatdbe tecth /b gativedfishetackddrotdibe shnvevin Figure 2B
is 1.43 and t&nis isigé)%??}ile %%‘OPE;QX{%{%%‘%” addition because the actual toluene weight fraction

. 0.

(62.1%) exceeds: here?ore, a cracking product comprises a high octane product that is
suitable for a combustion fuel product such adigagditidEdr jet fuel. 10[002411 Also, more cuparene

was oracked iiy|cos, SANG6R VS IRRE 32 SUNE\ B8 SRTRAISA R ne ST, gaighst,at most

temperatures. This difference may r om ifférence In’ pore sizes: S a pore diameter

of aboudf 5.5harcERdntHEs serm Bl liras aodson ansiemtatalpin atimpisiiorhwesiselsited and shape of
cuparene My {36 gl (90 A0 e ieih P N BRr e d I RIRG 2LNES ARRAR LR fgauired for

catalytic cracking with SN27,
SN27 which has a relatively high alumina content for ZSM-5 type zeolites of about 27/1

8i02/Al1,0;. This material was converted to the proton form by exchange with ammonium
cations followed by calcination at about 500°C in a pulse reactor prior to use.

30 [00233] A pulse reactor was constructed to study catalytic reactions of the biologically-
derived hydrocarbons described herein. Design criteria include minimizing the quantities of
reactants necessary to produce reliable results and atlowing for evaluation of the products and
product distributions. As shown in Figure 1 A, the pulse reactor 10 is constructed of a 30-cm-

long quartz tube 20, capable of withstanding temperatures over 1000°C. The quartz tube
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15 but the selectivity suffers at higher temperatures. With pores of about 8.6 A, LZY-52 appears better
able to accommodate the cuparene molecule. [00242] In another instance of the example, there are no
measurable tenes or alkyleyclohexenes in the product, whic " gl irable in fuel
products sucﬁ)gs&%{g@?%%. Such unsaturates, though possibly acceptable?ggitﬁ ﬁc%ufjasé@ﬁ‘ficuIties in
reactivity in large 20 quantities in gasoline. Benzene, another undesirable molecule in a fuel product
such as gasoline. 0 i [ties. ' LE 3
100243] Zedh B B D B e e A teria
is known asivticetR 8td@dlis26edtih asproBie 2ArdyeS ratte Ghetisbow2b QuanavaDEsismbiked in its acidic
D ol (o e R P01 R GIANAR BUNEKBAT T & NRRP WS e AGBRE Paricles
prior to loading into'a pulse reactor via pressing it into pellets, grinding in @ moftar and pestle, and
sieving. [002uhE Siprllie feroliysingainidenopett e did Setherikringieiitélré thetwdtemB-ring,
three-dimengional RIS SYHSB. A AaANE.E AR BIERAID sARdG: S ARY/Zed R BuUCh higher
3OSi02/§,‘6\nI2I(~)%I rcgt'?os.' 1S givesv#se tosaif‘gwera ensit ocf’ progtb%]ﬁic&saﬁejs,%ut each individual site is

generally stagaglsdite theoltaingsein{60 s plemept cerdenwtiopafidrpreivatere hvsd-pagdited in a pulse
reactor at catalylig,c7arKiRg AR ARCLERHAGIRCING RRaRE R eaeliigdpshavipy cuparene

conversions were observed at conditions with temperature as low as 200 C and toluene was the major

product at afteshedeligure BB i pechematicidispanchrinedinpdst anacivicnonpatioty Brisddysivity of
cuparene CraGing AIBeZ80HLP é%@ﬁ@t%ﬁﬁﬂ&gpﬁ%l& Bloda pRidivetanddhedpastuaisrabtained
U

therefrom. Figures 3B and 3C illustrates product detail for cuparene crackiné using zeolite beta
(Valfouf cPerglepdjeuansthasyoneaiiostoneotniorn s ditsrspabe ridsds#hcattne octane

number of theSReess Thd ehgerisd \disaleg s difereaideamer mwaid haxewdiffgeent octane
numbers. EXAMPLE 4 [00246] The ammonium form of ELZ-L zeolite was prepared starting with the

potassium feRHPREtHIRERs CaTEAITRASHON Ao Rlictiet Bh EXaRIBlS: 15 FAOETES ARG REEFE Sirried in a

10 solution ﬁgfﬁgéﬂi@ﬁbﬂt(atglggpﬁmQﬂ&ﬁg@p@&ﬁ&iﬁg%&ﬁﬁﬁ%ﬁﬁ@rg{w&@{ﬁﬁ@as warmed and
stirred overnight, then the solution was filtered off, and the pr%:fﬁggvas re ea%ﬂy? sec(?nd time. This
material wagTHOseieh J5e oA IATNE B PRRTEIGSH IMARY e BRSBTS A thents show

strong protam ¢ entpaiaaftieisnalekiedaitendoyingsat bORcINOTAL tacaskitgakatpakene was carried
out in a pulse reactor hy contacting the cuparene 15 wijth the.ELZ-Z catalytic composijtion. The
cracking pr@%ﬁ‘é% W%%Oaﬁ%{w*fé"d“g%ﬁ%%ﬁa“&&?ﬂh@?@ﬁ%a&ﬁ}%s@&a&ﬂg" %%fg}tge&céa%de array of
cracking prageiiiizcrd it the fiavigyweeienvdachitineiss Qivlypnéek sovlithcatidas strtaea$nd % of the largest

peak area on the chromatogram were analyzed,, T _ngg{rect k,?i ontributed abput 0.3% each to
the total nuifBEFSrEs ‘r(%%a %%lgga(%tﬁog %ﬁ?%r‘ﬁséltt(%lgﬁa?rﬁg efl§1|§§§ S‘gea %?t\?vrgrg then identified by library

20 search usihtap\iGiphs Fitly Sgpiihtittateh aRmdieou8le CatadKingeaapar drvezwiththih & BitE-L catalyst
ﬂg , as shown in

produced primarily toluene and hthenes ic alkanes) at all temperatur
Figure ‘;ZEP Hitgrﬁ%?%Xf5&%??81%‘6@g%%%%%a&ﬁ%@d%%%r&k?g%ﬁgf%%%qgnﬁgl‘%#ﬁ%ﬁ%ﬁ berZene) and other

benzene dentitaned.(Thopidrdrerandhen mmmmm&,amm@abwmdnm@a@m cost of 25
naphthenes ?8&80?@%%%8'&%{7& é@%ﬁéb?ib é?e%{(ﬁhﬁnp{ﬁ’gﬁ’i‘fﬁﬁx)@%?c&?ﬂﬁf?% 1Piling.onty made up 1

and 9% of the cracKing products at 250 and 490C, respectively. No significant amounts of

naphthaleneed CLEMS syrtemic sJatieplyahermantapyephje eplwort aiiing sidiel by ferpgrdaeiced. [00249]
The ELZ-L catalvstyigidsdsmreckingeRr aalucia:sintlar soie dabitiah? BRELES QHIE Phidng
25  injectors are used on both devices.
[00234] Cuparene is a C15 molecule, such that it has a high boiling point (about 275°C) and
therefore can require adjustment of chromatographic procedure for analysis. A GC/MS

system was used for analysis of cracking products.

[60235] Experiment for catalytic cracking of cuparene cracking were conducted on the fully
30  protonated form of SN27. The cracking conditions were 500°C and the cuparene was provided

to a pulse reactor with a helium carrier gas (100 co/min) at 25 pL pulses. The conversion of

cuparene to cracking products was near 100% and the major products were toluene, benzene,

xylenes, ethylbenzene, and heavier aromatics. In order to avoid some aromatics such as

benzene and the xylenes cracking was also performed under cracking conditions of lower
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30 catalysts demonstrated in Example 2 and 3. In particular, LZY-72 and ELZ-L produced similar
amounts of toluene and naphthenes. However, the LZY-72 catalyst produced more xylene and
benzene tha - % s at corresponding temperatures, but LZY-72 alsg had hetter conversion of
cuparene at g\&%ﬂ%o %%’&? Zeolite beta produces more toluene than ELZ-PI_(I';]E{UZ%?)O&/ Hhd below. Like
LZY-72, zeolite beta also produced more xylene and benzene than ELZ-L does at comparable
temperatures. Zeolite beta.a duc thalenes at.400C and abgve, while peither LZY-72, nor
ELZ-L, progtggléjgrglt&rrﬁ%i?aggt iéarﬁ’gﬁtsa%cfgga%hmaFe“nﬁem}g’fya?tfﬁfgr%aﬁlg}l tﬁ?é?“&%mﬁ 1?8% to zeolite beta,
ELZ-L exhibitesinpddve tieotiffersio e aapace el @0DFignte €. 5[00250] Cuparene cracking over
zeolite beta, LZY-72, and ELZ-L produced su j ounts of toluene; never less than 30% and
usually 50% or better as demonstrated in this éxample and Example 2 and Example 3. At high
temperaturd§i2%) ) Z¥ B s Weie Cetsde g paastlibuhicns pled ustdtsboautPogcaRbsteasing the
cracking temperatures to between 200.and 300C produces.about, 3Q9 hthenes using LZY-72 and
ELZ-L gata@sﬁt%?%%{ GderAte %aor%p%géra u%‘s? alss' Pzed%‘%ge%‘é’h%%é%rf”et’%%f’gg me%glrﬁ%ﬁson. All three of the
large pore ngohetallpisicsedsufo faup drenevbicticltin §aap peaicw-dehengel| eithddHaategiéontracking
cuparene ingo high nefuel %E%gﬁ%sfbﬁg Qnents, 0 gﬁ iv? . I%(AMPLE}E&OOZ Oil extracted
from algae was c%&%%%ﬁ\ a pulse reactor W% a{'3 setulg a@ S o&vﬁln‘%lﬁ’15&Iflméll]ﬂlrﬂé1 .ZE?egél zeolite p
catalyst as desesiticd hermptandermseichfthe shivtinatasiah gramparinidapzetondidon pffbe realide. The
cracking expedments et REHReH At 200 Bvé 9. Anth AR 3R Gerk B EARIGRG Products were

analyzed by GC/MS. Peaks were theh'identified by a combination of retention time and library search
using dNISTmauSsirfabastiR tchribiskepmeine Inees riln aptss sakergrealipeiameerabarporint or GC
retention timg were labeled as 20 unknown. 100252] Oil was extracted from algae via CO2 and
provided a first crude sample. Some of the crude algal oil was refined by an RBD process to provide a

second refilB6R32mpiseqoné KagayshRNAAdctdeRd S 2esiio basonaiguelapansieteed BiekindVcondition
temperatureggl@0@adlahherchuee algah oibsracked 1o paREOYIAEh SARLAPRMNSRE paraffins, olefins,

25 C8-C14 aromatics, and naphthalenes as shown in Figure 5B using the processes described herein
wherein 0.19ERRIERg and7 HaLaRReaimHReLhMSdE Illeddsticativatisdtehiberatures.

The C4LC13pavatling anadapbidatsnes amriege’ deiacdthal Bioduaisiwbilgdne daphthenes and the

olefins averaged 16%. Methylbutane was. the primary product at all temperatures, comprising about

9% of produ?%?@é?@ﬁh{%%ﬂﬂ%ﬁ&ﬁ@%éﬁmﬂﬁ AResanstreabReiAn ifcreasing cracking
temperaturggoBa)zengkinlusmecKylang i) th@RsClampanaiaren) Wi pegrasadydthihagacking
temperature Naphthalene production peaked at 400C. Oxygenates of indeterminate structure were
os than 1ORBRTE FHBLE A HF N BRI P R AEer R SR A gnificant
reaction proaiiiguro e Ves iliateited as Fighe Q) liigid cupinghthesessfiasi ey obadheta higle unknowns at
350C resulted 62 from inability, to identify 18 peaks, .each contributing between 0,1-0.5% to the
el ceer TR CUARIT e S BN e MG T SN GTALER H908K ho o1 octane
gasoline as liskemndyanicacsiantl etigigasthiytiestedon. Compared to petroleum gasoline, the products
from 5 the ¢ Igal.extra ined_ significantly fewer paraffins and more naphthalenes. Gasoline
also tonde (ol S e R e R ST e o
example, paigﬁin@a;megmdihwmw@wﬁmpmm_mi paFadfireslip. the maqumpmdmdtsalhnged up to
C13. This G NGl 511 (Rihe AARIRARGROIRISAA08 Gt LOTRIGS 351MiElludf (002551 A

second sample of algal oil was cracked by a process of the example, wherein the second sample was

refined?by aberBmE éﬁd&é@@pﬁ@?ﬁ@@ﬁg@ﬂ@@@@@@ﬂm Mm@%mimt@&émmtgll. Figure
50 shows that paalies, WeLe thepIRG A CFATKIN GRS QS inpd Alaah ol c PMEHRRING 20% across

all temperatures. Olefins, C8-C14 aromatics, and naphthalenes’all avenged around 18%. Benzene
averaged 2 Botearetaenddssiprbsans puptitissouitivrestitlebaasasimdisisimidighrdon eNo
oxygenates pueitoldgpified fiamearacking e seiingd o vREwalR LWes pRIdicepiprRsent; Less than

1% of peaks, on average, were unidentified. Naphthene content decreased with increasin

temperature*RiRd 88 Busiralrdhe Amepatinn st e sbrupas s 3eltke Srodud e the refined

algal odgwerg s00] 250 @i 0D UdR PHctively. The numbers in parenthesis indicate the range of octane
numbers for the various components,
[00248] The hydrogen-to-carbon (H/C) ratio of the products from cuparene cracking was
also observed. The reactant cuparene is C;sHaz, with an H/C ratio is 1.47. If cuparene cracked

exactly into its two basic rings, the products would be would be 54.5% trimethylcyclopentene,
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20 cracking products. Also, the toluene and xylene content are lower in comparison to the gasoline
samples of the example. Figure 5D compares the cracked products from both the crude and the

refined algal Qi 7 and 91 octane petroleum gasoline. On average ' ignificant
difference be\t%v]\él)e%r% { 3e§ g\]/'o sets of products obtained by cracking the alga?%]ﬁgs%irﬁ%g@?%?ﬁggesting that

RBD refining does not enhance the cracking products. In some 25 instances, the cracking products

may requir ventigopa| fractionatign refining in. order to produce a suitah! soline. product. In other
instances, ?I%ﬁgﬁa%cﬁr%] %r{%&g‘é sﬁislaa%/-III e%@@& 8% &?&gr (E)"]rj(é))i i ,%cﬁgfn%lghcenﬁ%’%g%%l?v%? EXAMPLE 6
[00257] Famesetesksdsduileieneavds crackied irpdotadtngsfaftbs ensmpitheth@ib Y-72 30 catalyst

that was the same AmeniLeXehARdRS IS ern Rieioys-cuRiRNa raskinasamples. This
material converts 10 the acidic (protonate&% orm upon heating during the prgtreatmen process at
500C. [OOZI_E'SSHH?{ﬂaé mﬁhhwg@mﬁbﬁméf@aﬁ&_byhemmymmseﬁmmm%mm%gmmmw to be
very compligat [ 0 C articularly at lower temperatures.
Only peg;ks ﬁv%tagggaelfgg}%{% §g‘§i%%%%§%ﬁﬁ§g%§§%%§%qg%}§ﬁeﬁge c%ro%%fggféﬁ I\?VaegrﬁeolgnaIyzed for
this report. Tealdnequiae hrdikgeareadiidor Bowatbutbubetmeddl € ativ iof the astal prdiser area of all
peaks on a ghromat eta) NS Al ifi inati tion time and
library search usinﬁg%%g%ﬁ?ﬂ%%%zﬂ%ﬁ)rint 5%%%%15%%1{ Fgg{l{wgﬁtg%%%%ﬂg %ﬁg%fg%%gﬁ%ég%?%y the MS
fingerprint dplB@eBrigkoreaiea (féreihprend w65 MiknBvereifon 2391k inn produet wispoisercentrated to

O1% by repRRIPEIVRI s [IARIERUANECS SN QLT agridamesene was

collected, the composition of which is shown in Table 3. 10Table 3. ComponentWt.”% Famesene61.4

Bisaboaaneiﬂﬂ%‘*iqu KrieswRSTOBIBTEREUFIE AarkadovElidire Arongalis B B Y5 Shpgtalysys1 -propyl- 1,
3-1.7 Cyclopgppadieasite e asi(3:metid Rulirtedtées. This difference may result from the

difference in pore sizes. SN27 has a pore diameter of about 5.5 A, and the pore structure is
known to admit aromatic rings, but the size and shape of cuparene may be slightly too large to
fit into the pores. High temperatures appear to be required for catalytic cracking with SN27,
15 but the selectivity suffers at higher temperatures, With pores of about 8.6 A, L.ZY-52 appears
better able to accommodate the cuparene molecule.
[00242] In another instance of the example, there are no measurable alkylcyclopentenes or
alkylcyclohexenes in the product, which can be undesirable in fuel products such as gasoline.
Such unsaturates, though possibly acceptable, could cause difficulties in reactivity in large
20 quantities in gasoline. Benzene, another undesirable molecule in a fuel product such as
gasoline was also not present in measurable quantities in some instances.
EXAMPLE 3
[06243] Zeolite beta was obtained from PQ Catalysts (now part of Zeolyst International).
The material is known as Valfor CP§11BL-25, It has a Si0,/Al, 04 ratio of about 25, and was
25  supplied in its acidic (fully protonated) form. The zeolite beta was converted from a loose
powder to 20-40 mesh particles prior to loading into & pulse reactor via pressing it into pellets,
grinding in a mortar and pestle, and sieving.
[00244) Similar to zeolite Y as demonstrated in Example 2, zeolite beta has a 12-ring, three-
dimensional pore systemn. Unlike zeolite Y, zeolite beta can be synthesized in much higher
30 SiOy/AlOs ratios. This gives rise to a lower density of protonic sites, but each individual site
is generally stronger in zeolite beta.
[60245] A process of cracking cuparene was performed in a pulse reactor at catalytic
cracking condition and contacting the cuparene with zeolite beta. High cuparene conversions

were observed at conditions with temperature as low as 200 °C and toluene was the major
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enyl)- 2 -(4-methyl-pent-3- enyl)-oxetane Caryophyllenel.6 [00260] The enriched famesene was
cracked over LZY-72 catalyst. [00261] In aggregate, cracking famesene with the LZY-72 catalyst
produced 60% aromatic molecules, 25% naphthenes, and 13% paraffins. Cracking produced primarily
naphthenes TR EE3 200 and 300C and aromatics at higher temperattfr%gﬂuggﬂgﬁgzlﬁlfn Figure 6A.
Methyl and dimethylcyclohexane were the primary naphthenes at cracking conditions between 200
and 300C, comprisi 1% and 17%.ea Il thenes. Naphthene production decreased with
increasing Rt 5{:%88%8‘1%‘8? Eﬁ%&ﬁéﬁ’ é@%@%@rﬁééﬁta@bﬁffmﬂﬁcs naphthalene,
and benzenseditenbiweeardmwidiib estraetilig: emn@wdoie CPRMBIhY Heartyie 2 s the primary
C9-C10 aromatic mqlecule,.averaging 63%.0f th -C10 aromatic molecules across all temperatures.
Benzene reg%#é‘g sl‘%%éngg %?%%2%%{%6’ %sn#%é%%ac?egtp o“\?\?lﬁigtﬁ%%{:ﬁ‘ilﬁﬁr?ﬁ%esene at 490C.
Toluene andrpedaffimsngetel eddtao@tifelatfiidy 1G4 -2Onsinlgmntly 20(dht:rIp€raltcamntbaesdging 17%
and 12% each, respectively. Oxygenates of indeterminate structure were less than 2% of the products
at all tempe%ﬁ?ﬁhggﬁ(I)né}gd/ﬁﬁi%lgrﬂggaf“neolhur%g% g%ﬁs e\?\llgsr'er%?gcetles .\%ﬁgﬁf rﬁeeé%aé:}%{fﬁanowns at
485C resultedrfroswitngd hatildifrvadatdyefoumipeaks, each contributing between 1-3% to the total
concentration. 5 [002621 The increasing ten%wﬁéa}{nesene to crack into aromatic products as
cracking temperature increases is consistent wi e trends seen in the other sesquiterpene cracking
examples. |{PgR46¢ rahehmoesimitérpenEElcfackeditesing pZvaed padgthgoedhtierposasamas and benzene

at the cost . ing t ture. ' s, the average of
the researc%ggﬁggnﬁgmé&r%%%ggﬁghz%%%gégﬁ%ﬁﬁz‘%%e%%%%%ﬁﬁéﬁge arng\gé%e cracking
products. Thehgioa G@?tlmmzéﬁlahfmmm%@tpm&&ymﬁmgnfﬁtmmmW@ywmmdane, and the
aromatic malecylesq SYEERIMAREE AR LG Q% PRANE: RRLe RS ARAAeERY DTS

more similar to base petroleum gasoline blend stocks or straight run gasoline,”which has an octane

number betfEenTss Bterd Teodweatiar ki eydaigkistierabgsn vt Mditnchalpheadesoplivy 5%
products with high s RieRringRGIARG AR b RNEe iR A RGNS, 9P ddee _high octane products

from famesene cracking at 350+C suggest that the overall mixture could have a high octane number.

As demonst¥iéd! bF-arkisgaffmparens riccss sl G drimpUsRTaadipichy SEntReliBs tip S8RMSPesulting
therefreim cw@&@&%@h&k@émg%bsmm{e%cﬁﬁggﬂwﬁs hecampesiigroesambles base
S

petroleum gasoline feed stocks (octane numbers 60-80) and higher octane blending feed 20. stocks

(octane nuntieMoL Thehmansegrans eovisi & videamnpiad Fredag profesticRmbculsikaire of
sesquiterpen@eivatieaiiess. QRINJEIs Sxampie FipaeT abeanidinsabeut 30965arauiterpenes.

Zingiberene makes up 36% of ginger oil. The next largest compaonent, at 16%, is beta

sesquiphell AAEHRSEN TR arEysfnLhe Reslester rils SpURMEed P AR 8- presashiia thad8ti 109 each.
Ginger oil thadmwasaesaskeld foalhisexarplRiwas e Haineciyeilg farbaritigddadobyinimize the amount
of gingerol, which repre bout 6% of the oil. 1002661 The LZY-72 catalyst used for the cracking
of ging®t es ?Sb‘ﬁ%ﬁ{%ﬁ@% %{H?W&?ifﬂﬁ‘?f’gxchanged form used in previous cuparene cracking
examples. Thig4BptErirkieopueiis toikitrearlidid (Rretonpiedidal privpeiyhsiatingaddring the

pretreatmenr;[agf&cgéss (%%zciic alkanes) at all temperatures tested, as shown in Figure 4. Higher cracking

temperatures enhanced production of xylenes (dimethyl benzene) and other benzene
derivatives (trimethyl benzene, ethyl benzene, methyl-isopropyl benzene) at the cost of
25 naphthenes and some toluene. Less than 1% of the products were benzene. Olefins only made
up 1 and 9% of the ¢cracking products at 250 and 490°C, respectively. No significant amounts
of naphthalenes (C10+ aromatics) or oxygenates (oxygen containing molecules) were
produced,
[00249%}) The ELZ-L catalyst yielded cracking products similar to the LZY-72 and zeolite beta
30 catalysts demonstrated in Example 2 and 3. In particular, LZY~72 and ELZ-L produced
similar amounts of toluene and naphthenes. However, the LZY-72 catalyst produced more
xylene and benzene than ELZ-L does at corresponding temperatures, but LZY-72 also had
better conversion of cuparene at 250 and 300°C. Zeolite beta produces more toluene than

ELZ-L at 400°C and below. Like 1.ZY-72, zeolite beta also produced more xylene and
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500C. 1002671 Ginger oil was cracked similar to the methods of the previous examples in a pulse
reactor under catalytic cracking conditions and contacting the ginger oil with a catalytic composition.
About half of 25 2%1')9%% 8{' cracked into paraffins and naphthenes. Higher cracking }emferatures
enhanced production 6 aromatic compounds at the cost of naphthenes ahd Y5 53?3 fifis. Thus,
benzene formation increased from nil at 200-250C to about 5% at 485C. Olefins reached 1.5% of
cracking products af 2 nd were not detected at higher te ratures. O nates were not
positively id%mﬁm%gﬁ?ﬁﬂtﬁﬂ?&ﬁ%gmgagﬁ%&ﬁﬁ%@%@%@%\%&sition of cracking
products frompbtiueaess: ab@@ekivhavayihilenefise IENTNAOLELD-1higrakasddniioger oil. Cracking
ginger essential il yield ood variety of naphthenes, paraffins, xylenes, and henzene derivatives at
300C. MangBPHRE SLPArReTspe B mpeaRite, Somerie g Reshis btk e XL e & 1000268]
Squalene ispatrexemplaightoferperte B d3eEssedas described herein were utilized to crack squalene.
The LZY-7 st.used for the, cracking of sgual as t e ammonium-exchanged form
used in\gpre ﬁ)@gﬂiupg%rﬁgeacﬁa ?éz?ﬁé)ggrnze%(g%ec%%g?é%%#%I%‘i&eﬁ%ﬁgﬁgﬁg’%gﬂg% the acidic
(protonatedyfanmtsipiinlineatiney ctidssyifie 0fe traditsvaliy 500cesbatebOEmbheratariiigsproducts were
analyzed by GC/MS. The chromatqgrams tended iq be 15very ¢ icated.due to the wide array of
cracking prgcyiﬁrg{)lsiﬂ? Bré‘irrt%ﬁﬂﬂlfIgtafbgv%a%%ep%rﬁ%&?ﬁﬁ@%@%ﬁgﬁ% at’exa‘éegfslé”a{% Yo of the largest
peak's areaseepitdanchirapnadeufrarndue staabaly 288 fdrctinte siep drt. JHORIBY ehyremitaciitg products are

shown in Figuie, S0 LSBRTSIGAE SN Sioduiio bass ebseryedn provious facking

examples: more nap e er temperatures a more-aromatiCs a peratures.
AdditiolfallyMeGimstismpatatuseromsa mgrssibizcasod otsfof banadere HHIhze bihaedmpeexatures (>

450C), and pegliible amenpts, ot genates K Aol JO0A7 i ectangaumber of the cracked

products is shown in Figure 88, indicating t ge blending octane numbers of the product. The
higher blengiigteetatie hghtriesedighprodipiyisemnenepts aadditivesindicative of the higher aromatic
concentration of the product, The higher congegiRiyg0é lower octane numbers at lower temperatures
results from low octane number cyclic compounds. EXAMPLE 9 [00271] Phytol is a diterpene that is

often found iPEMItdY svagted Fpamml gas wanytatkedrinersbyaneasirs aitt bsate efctextbiton of
chloropiyll. ﬁ%@% § AARBPNR 1028 RARING WRISHREHRIAC DA (arkiPg. it of Hiviph.averaging

62% across all temperatures. The naphthenes decreased from 24% at 200C to about 1% at 490C. The

aromatic cofftédtied mHeENInke Gaddns mosiauiwitts reiipersd A fG 00406 330sed all products.
Benzene a%OWﬁQQ%@&:?&?Q@@&TJ Lo QRSOLE ¢ 6:0AREHRIRDG GRNRETIRRNS iRashed 3% and

2%, respectivelg/, of all products at 490C. No olefins or oxy%ﬁ:nates were identified from cracking

phytol. [002921bginkeiaieatiendimepdiiprary aeaish wingib MUSH Mivfingcumsigtdatgpralraking,

respectivelyhapang ibesptaitinsd B?%@E@S‘ﬂﬂ@&ﬁﬂﬁ?@f@ér%fﬁi%&%@%@%&é&@ - C?8 5 paraffins,
such as methxlpentane and methylheptane, while higher temperatures produce predominantly

methyHuta dfly of the paraffins produced by cracking phytol were mono-methyl, as shown in

figure 9C, ajtiesph OikaJS:RAMBILARHPNEY. iAW B EistRIrRaHaRIof el tal anshdinstngd paiRffins at
200C and 490C, re%)e,ctively. 1002731 The octane blending numbers of most phytol cracking products

were similaF &L 96 B ERH SR SRR FUPLOBIS St 82984 Ser B EXBRLE Eebrding to the
average of tepeseaserueird Botor bienshog.ed ERIe umlitiy thelitightasirfgursnber molecules in the

oL column Gt L Aot Repie, MR P ISR IR, 2k

25 (C8-Cl4 aromatics, and naphthalenes as shown in Figure 5B using the processes described
herein wherein 0.1 g crude algal oil was cracked in contact with 0.1 g zeolite beta at various
temperatures. The C4-C13 paraffins and naphthalenes averaged 19% of the products, while
the naphthenes and the olefins averaged 16%. Methylbutane was the primary product at all
temperatures, comprising about 9% of products. Paraffin, naphthene, and olefin production

30 decreased with increasing cracking temperatures. Benzene, toluene, xylene, and C9-C14
aromatic content increased with the cracking temperature. Naphthalene production peaked at
400°C. Oxygenates of indeterminate structure were less than 1% of the products af all
temperatures. As a result, water was expected to be a significant reaction product; however,

water was not quantified using these specific procedures. The unknowns at 350°C resulted
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15[002741 The LZY-72 catalyst used for the cracking of algal phyto] was the same ammonium;
exchanged form used in previous examples. Cracking was only conducted for a single temperature of
350 C, chosevr‘}(pg%%y%emi}t} was the expected those conditions ensure little or.no benzenegroduction.
The cracking products'were analyzed by GC/MS as discussed in previous g)?é?ﬁfﬂg%ﬂ?&?t] rward, the
compositions of cracked phytol were compare with samples of 87, 2089, and 91 grade gasoline
purchased at a retail station in Tulsa, Okla oma.,!o 2751 Six S les were investigated reported
in this exan?ﬁ?g? &%1%8}?%&%1 ?%@délgeﬁﬁsﬁa W&?&%ﬂ-@%@igr@m %%ﬁp hytol was
extracted freomdbraratigae and is referred to as "Algal Phytol Extract”; the products of a single pulse of
phytol which ariginated fr cammercial sypplier (Sigma- Lgr' h #gs referred.to as "Commercial
Byt the S0 e B T QD ETALe s PR BBFER G AL AEF EEBNEERH into abourt
'A cc produttisanipte asichéndanssiiatedaiivn. Jlaaparid|tandtisicaie pedlincathe Yrabaft Csrmercial
Phytol"; a sample .of 87.octan agoli%r{lfe'.a mple of 89 octane oline; a sample of 91 octane
gasoling. 1365%?%35%15%%%1%%%% P yt%%?%@ afc%?ee(li i %%S%aq?g% o?aﬁ%%‘%%e& with the LZY-72
30 catalyst &nsbéserzedehdy &ithaVhemiboriandepies dets th theckinytadbaseis ipawtocts thagweeel OA and
compared with the,apalyses of the gasoline samples. rack roduygts from phyjol show no C4
rycrocarbo b e L e B pascas LI RERBIREAIS O Rotked O ol
products thamthetsetajiedapdhirel 3. dhie treod beldt fatednsthf tohidmecsjgimmd (Bd 4asoline samples
contain 5%@%@% Q.Q,%lgenzene, are observed in the phytol products. 67 WO
2009/03920 §20 3/076716 [00277] A comparison of the octane ranges of the 350 C cracked
phytol frodie€28l ghsetiond sampbied sshoivwancrigadbyoBradess vitilhofesermpiee riatqiitol is the only
samle sionifizaia luAfeceR Sy B RBES USRI SO 06! RN nprimariy as a
i 35 3 :ﬁf W ead n#&.ﬁg%ﬁﬂ%& ks Cglé

result of its lower ethanol, benzene, and toluene concentrations. This Tould like rrected 5 by
adjusting theverdekinepeditn feFigure Yo daovothatnamdifioseree the prapipgerradingipradutieofial from the

single pulsersaBpiasIs kA QR oraiahint derchationwoRraCaler e Aty mgistribution.
EXAMPLE 11 [00278] The LZY-72 catalyst used for other examples was partially ion-exchanged with

Ni to 10 pro ence el 2y aiagedhaeeind e s dcazcecRyemaerheRing Eatedysts smestillexchange
procedure Wagas ilowsh LQr0:9rlier $RMONIYOnGs Ok iseade S aliing ioap 9 of water, and

2.4 g of Ni (H) acetate tetrahydrate was added. The mixture was stirred overnight at room
temperatureTapenz e sBinebeilnki Tirtrstas hastdikaly sutiandrlessdbap bl ehreakigion Catalysts such as

these have hot Ry oo GRatiahag Vel d e kel and. LRGN hacivily dathie e presence of

protons. For pulse experiments, 0.5 g of this catalyst was placed in the pulse reactor, and it was
activated urfefeEh$ aroelic fBeiat WOmes#dr 1 hour prior to use. Hydrocracking was conducted using

25p1 pulsegmizBhy PhitRYRERAFDIRK Bbrd TR R8RSR AR WARQIANE RIBE cRatedkucts were trapped

in liquid nitrogen, then washed out of the trap using methanol before analysis in the GC/MS system.

The hy¥rociARRHE BroRGEIASTo R {RIHSRRAE MY AR L 28R KIST i ergRaseniodidane numbers of -
the productgasiibustisiarsintfe s Rz NP bénpard0 8 (9 ckBiSeXAIRB IR AEBEMARS Mmacroscale

preparation of fuel ‘][fr ducts derived from t{efﬁ)enes. In brief, squalene was successfully cracked using a
i

tubular reactBifo T RS 9 8B QBAY STt p AT PRFOIG T B (RO CRER 95 gallons
of the lighteitrnsigtintaned: tistilledandaemt innA&d M godatiecmabmis; sduahdmeieiigicbthe product
has an octane nfjmber of 91.%{4}%0&%% c‘kackin ﬁéoces%was %erformded in.a facility with a large
furnace and* LIRS HERETONE SHBEE RGRD AT PG FARE Y BRROUESdPiRESs given in Figure
12A. The 3Gideey dreecfaskiagerdbdtcts ey esyaireuwppemtions fridiemdianl esfieinpdnerd@Gdhat are 6
inches long and 600W. each, and a middle zone 130 that is,12 inghes long and 1180W..Independent
thermocoul L L T Ete s oA R 2V R oy ubular
reactor 170afasl prodiste coumpdizallyondthiititke threezone furnace 100. A thermocouple 180 is inserted
axially into the catalyst zone 190 of the tubulagyeagigryl £0 measures the

[00257] Famesene, a sesquiterpene, was cracked by contacting farnesene with the LZY-72

30 catalyst that was the same ammonium-exchanged form used in previous cuparene cracking

examples. This material converts to the acidic (protonated) form upon heating during the

pretreatment process at 500°C,

{00258] The cracking products were analyzed by GC/MS. The chromatograms tended to be

very complicated due to the wide array of cracking products, particularly at lower
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WO 2009/039201PCT/US2008/076716 temperature at the center of the catalyst bed. A
LabVIEW-based control program brings the furnace to isothermal conditions and the measured
catalyst temp‘%ﬁ?guggf (’)[q) 2 1set point. The same program also allows Ioggingpng all the[r(p7§%§ured system
parameters inc ud]mg OW rates, temperatures, and pressures. An ISCO pum&%‘&"feeds batches of up
to 500 cc of liquid feed 5205 to the reactor 170 at a constant, programmable rate. Flow controlled gas
210, in this gase, nitro can be co-fed intq the reactor 170. While the majoyity of the cracking runs
set 1. mERTESEHIEG PR L BRE Mo BFSELAEC SAAOH oxtruciate (Sid
Chemie); thehfisatathgesnrwes asihg Db chiofgguaBrosredetgrtkyecadedne vaiaibusingat %-inch OD

reactor filled wjth atPﬁciu 7.q of zeolite p (T=4546), As shown in Figure, 12A, ] u;%and 10 gas flows
erter the bl IR G T EERtoF P OLAT P oAkt T TR RO B B SRR TSI 520
packed withidai$ed dgds(@ bivatidiant etersjor thad Syd dirong eeialyisp bl B MSiingapyietthe bed of
glass beads,and the two are separated by a.metal scr 40. Reactqr products leaving the top flow
throughia cUTEe R i ol R e e B M WS o RS R oot exi
the heat exdstehgiers pdsesmough a valve 15arrangement which allows an instantaneous liquid sample
to be collec gknown as a "line sample” n they enfer a ¢ ol%%s parator 270. Uncondensed
gaseous pri e o B R T A b 2o
which is dedi€atelinm gag! Armlysisntivbaddarssrisariprebsies tegetatprsion ofethicktigas flow meter
300, and veﬁ;o%qn%pgckpressure regulator was set to about 5 psig for all runs. 20 1002811
Experiments of the example began by filling the reactor with a fresh catalyst bed of mass - 112g. The
reactoitfs then loaded into the furnace and heatdd&8rnight at 380- 400C under nitrogen flow to dry
the catalyst prior to reactior<] <% ' 500tCcofsgud Fne,;s‘roaded into the ISCO pump, then
nitrogen and squalene flows: : ' ' I J.EE&LAA.).and 4 cc/min, respectively
when the 1" OD reactor wag'agsdeneto 1 SLM and 252 cc/mifwhen the 3/4" OD reactor is used.
Usually, the reaction tempepatyipismet at 380C for the first 54 cg of squalene. The temperature is
raised to 430C for the secor[wéfi 00 cc batch of squalene to Offjﬁ ?sses in catalyst activity which

7

C U U
Yars iz

occurs during the first 500 c run?f’r‘lfaﬁding early runs where opriate conditions were being
established, all experimentsCéA'éC‘pﬁmﬁi‘med with reactor tempefatures between 300 and 450C, with all
but two being between 30380 @pg4a@C. The collection resenii (containing the liquid products) is
drained regularly, and line ‘Cr&ole_s are taken regularly, and analyzed by GC as quickly as possible to
ensure complete conversio df F8Ect&nt. (002821 When usingttfe 1" diameter reactor with -112 g of
catalyst, once the second 58(bedinfetiuydiérerbagibbgh procedsiéd (for a total of 1000 cc or 855 g), the
reactor was cooled and th shismaygd and replaced. In the case of 3 runs accomplished on the
‘A" diameter reactor with 57 &%f t?\ll)%s the catglyst was ch ged after 500 cc of squalene had been
cracked. Note that for eithergf ey e TSk RY 1B same ratid of squalene processed to catalyst
charged was used. 5 [00288pyWheh-Chtatpshrhpraygsdvere removed from the reactor, a very small
sample of catalyst was use@,i;}?_m@ﬁa@lance system to determine coke content, then the remainder
of the spent catalyst was placé rinﬁl ;ilontal tube furnace tq %e regenerated by burning in 80/20
Ar/02 at 575C for 4 hours. The.buned gatalyst.was-then.subject®d.t0.n-p gpylamine thermal
desorption analysis on the microbalance system to measure catalyst proton content towhich is directly

correlated t@paisHiUrat EHEAIH fhdisnecnliiersaialieRosulis efie- propylamine thermal

desorption analysis were compared. to the virgin catalyst to ensure that the catalyst was still

structurally &l alPBBEad SRR Y A e A Gyt Ararneed W% arineticd after one
full regeneratblecapsiestiowgvaenal) he Tewitiias aiekR psed ftes rtatalshipihendhan

regenerated. In tota|, 8.5 |_or about 7268 g of alene was 15processed and 1.37 gallons or about
4410 6 ot IR N AP A PR P R0 T BRGNS RS r UG from tne
7268 g of toiad siyueileyieyitahisgivenriniiahimdry habhehdneSlobaickiatevaliaiaiagween 200

and 300°C, comprising 21% and 17% each of all naphthenes. Naphthene production decreased

with increasing cracking temperatures, as shown in Figure 6A. Xylene, C9-C10 aromatics,

naphthalene, and benzene content increased with the cracking temperature. Trimethytbenzene
20 was the primary C9-C10 aromatic molecule, averaging 63% of the C9-C10 aromatic

molecules across all temperatures. Benzene reached 1.5% of all products at 400°C and peaked

at 3% when cracking farnesene at 490°C. Toluene and paraffins were produced relatively
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WO 2009/039201PCT/US2008/076716 [00285] From the micro-GC, a detailed analysis of the gaseous
product was integrated over time to yield a total amount of each gaseous product, and summed to give
the total Weigﬁ%lofﬂ%@%%huls rather than condensed products. The total weight of Ii%uid collected was
recorded as 44 6 g. Coke was determined to be approximately 12% by w @ngﬁ ?ﬁ/g@a’eﬁnt catalyst,
so 5this gives 13.44 g on 112 g of catalyst with a total of 8.5 separate batches of catalyst was used,

yielding 1149, Subtracting,these numbers from 7268 g f ields 508 g.unaccounted for.. The final
column in F%&P@Stﬂ@yraeppigrlegglr?%at%e%éwgéﬁgégj ’cj)"fal%tlgléju ?55%@%%‘%% eé"%‘fﬂﬁﬁf/@ollected and
will be usediiniéterthizrgrsaiyses. Winakso tnte2P itk prodoak lik el wwenrimsanisigifioaadures and
filling liquid lines. 10[00286] A simulated distillation of the liquid pr t indjcated that 58% of the liquid
product wasallélas% mC([eP%gg |%W%r§%§(§?ngp%eﬁ%?ﬁﬁaé’ ep%iﬁ??fg(gg?ﬁ é%n%ug .S‘('#Fwegrgf@ t,gfhe cracked liquid
product wagdisgiite th pdiontify R&Midekestach cOutiboting Hetergpal DA % fip thalveiifarmdsSitiMianalysis required
boiling the s4p 1o 275C . well past the gasoline cut.of 220C and this was not expected as the
simulateg]d disti glg n@ié%%%%%&grﬁggggg of t Oé%a%?s ng i fhe %ggé% Pr? ?%%lgces. ?ﬁgwgel\(}gﬁ this was
done to collémpegaliennasaseninivouastennwith the trandscsden théhtashiogpeFuitey®Rid/bmakinte contained

3070 g of th in I h soline boilingrange. The 1340 g of liguid, too heavy to
go in for gas‘%ﬁlr&l%qtgegétgiln Egrig#ﬁ%titﬁe:d&(ﬁg %%ng“‘n%gé%%%ﬁg%g%f%’f %%egtfﬁargr%%%e fﬁ%t the
research ockghecht#hBercostbiensplitishesvasoskh atanpramstocoetate was 84.6 yielding a value of

o5 for (Rsen Heiie &R MWL AFIAREIBSLAINA 3L Ve BB ARG RN G the fraction

of squalene recovered into the various fractions. The detailed analysis of the vapor compaosition is an
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from soualene. 92 T/US2008/076716 Cokel141.69[002871 Figure 12B
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example. A glgfailestRng! wais il SASeRUMEr gdSis Semanstialarinlakls & Bgoruse isobutane and

isopentane have blending research octane numbers of 122 5and 100, respectively, a reasonable

estimate forl 8263 i4reckinanfmesmne f60idorsrinced hatsetbenistaerahesubitichigd obtained if the
quantitigs obispiiEaReAOELIERRERNRMINENBERESS. IThE AIR QMY BrieiusladAnsdhcdigitid product.

The research octane number would be approximately 100.8 and the motor octane number 88.8

yielding (RATH572°8 84 ¥ Nofueats) it the Ry e el At digb os8newsleiabfe converted)

and isopentaagotianies brtng dimpkd ¥paidhe SUYAIRNG BERRRLHIMRS BREONRRG R RIded to the
sample recaoyered for thg ASTlﬁlgg%ysis the yield would g up 7.26% to 52.67% of the squalene

converted tg]ﬁfﬁ%ggh%fé et ik ARG 218y A SBROEE RIS RIME S the gas
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would have increased by 22.5 percentage points to 67.91% and since blending octane numbers for
1504 a?ﬂ% C%Ig)ocl%ﬁ?gt ae)l/“én% Sﬁzﬁom 109 to 176, therefore further significant improvements in the

octane number could be realized, possibly to EX¥a«MRIE T00 octane. Table 6. Detailed gaseous
product CO”{‘WHPMO@X% a%g ;g)rlcj)% { %glcj,%cﬁz% é& 1%&%'1@ crn?ggs&;'ﬁ/t% €8 was carried out in this
example. Ginger o1l contains about 80% sesquiterpenes. Zingiberene makes up 36% of ginger
oil. The next largest component, at 16%, is beta sesquiphellandrene, Curcumene, farnesene,

25  and bisabolene are also present at about 10% each. Ginger oil that was cracked in this
example was obtained using carbon dioxide to minimize the amount of gingerol, which
represented about 6% of the oil,

[00266] The LZY-72 catalyst used for the cracking of ginger essential oil was the same
ammoninm-exchanged form used in previous cuparene cracking examples. This material

30 converis to the acidic (protonated) form upon heating during the pretreatment process at
500°C.

{00267] Ginger oil was cracked similar to the methods of the previous examples in 2 pulse
reactor under catalytic cracking conditions and contacting the ginger oil with a catalytic

composition. About half of the ginger oil cracked into paraffins and naphthenes. Higher
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cracking temperatures enhanced production of aromatic compounds at the cost of naphthenes
and some paraffins. Thus, benzene formation increased from nil at 200-250°C to about 5% at
485°C. Olefins reached 1.5% of cracking products at 200°C and were not detected at higher
temperatures. Oxygenates were not positively identified in any cracking products. Figure 7
5  demonstrates the composition of cracking products from a process of cracking a mixture of
sesquiterpenes, in this example, ginger oil. Cracking ginger essential oil yields a good variety
of naphthenes, paraffins, xylenes, and benzene derivatives at 300°C. Many of the paraffins are
branched and provide & high octane number.
EXAMPLE 8
10 [00268] Squalene is an exemplary triterpene. Processes as described herein were utilized to
crack squalene. The LZY-72 catalyst used for the cracking of squalene was the same
ammonium-exchanged form used in previous cuparene and farnesene cracking examples. This
material converts to the acidic (protonated) form upon heating during the pretreatment process
at 500°C. The cracking products were analyzed by GC/MS. The chromatograms tended to be
15 very complicated due to the wide array of cracking products, particularly at lower
~ temperatures. Only peaks with areas at least 1% of the largest peak’s area on the
chromatogram was analyzed for this report,
[00269] The cracking products are shown in Figure §A, and demonstrate similar products to
those observed in previous cracking examples: more naphthene at lower temperatures and
20 more aromatics at higher temperatures. Additionally, GC/MS results show appreciable
amounts of benzene only at high temperatures (> 450°C), and negligible amounts of
oxygenates and olefins.
{00270} The octane number of the cracked products is shown in Figure 8B, indicating the
average blending octane numbers of the product. The higher blending octane numbers at the
25 higher temperatures are indicative of the higher aromatic concentration of the product, The
higher concentration of lower octane numbers at lower temperatures results from low octane
number cyclic compounds.
EXAMPLE ¢
[06271] Phytol is a diterpene that is often found in photosynthetic organisms, Phytol can be
30 the product of the degradation of chiorophyll. Figure 9A shows that paraffins were the
principal cracking product of phytol, averaging 62% across all temperatures. The naphthenes
decreased from 24% at 200°C to about 1% at 490°C, The aromatic content of the cracking

products increased with temperature from 7% to 42% of all products. Benzene and
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naphthalene concentrations reached 3% and 2%, respectively, of all products at 490°C. No
olefins or oxygenates were identified from cracking phytol,
[60272] Figures 9B and 9C show the carbon distribution and the degree of branching,
respectively, among the paraffins. Low cracking temperatures favor production of C6 — C8
5  paraffins, such as methylpentane and methylheptane, while higher temperatures produce

predominantly methylbutane. Many of the paraffins produced by cracking phyto! were mono-
methyl, as shown in figure 9C, although there is some tendency towards formation of normal
and dimethyl paraffins at 200°C and 490°C, respectively.
[00273] The octane blending numbers of most phytol cracking products were similar to those

10 derived from farnesene. Figure 9D groups the molecules according to the average of the
research and motor blending octane number. The high octane number molecules in the 91+
column consist of the aromatic species, methylbutane, methyicyclopentane, and
methylcyclohexane.

EXAMPLE 16

15 [00274] The LZY-72 catalyst used for the cracking of algal phyto! was the same ammonium-
exchanged form used in previous examples. Cracking was only conducted for a single
temperature of 350 °C, chosen because it was the expected those conditions ensure little ot no
benzene production. The cracking products were analyzed by GC/MS as discussed in previous
examples. Afterward, the compositions of cracked phytol were compare with samples of 87,

20 89, and 91 grade gasoline purchased at a retail gas station in Tulsa, Oklahoma.
[00275] Six samples were investigated reported in this example: the products of a single
pulse of phytol which originated from algae. Phytol was extracted from the algae and is
referred to as “Algal Phytol Extract”; the products of a single pulse of phytol which originated
from a commercial supplier (Sigma-Aldrich) and is referred to as “Commercial Phytol”; the

25  products of multiple pulses of the commercial phytol which were collected into about a % cc
product sample and encapsulated in a glass vial and is referred to as “Vial of Commercial
Phytol”; a sample of 87 octane gasoline; a sample of 89 octane gasoline; and a sample of 91
octane gasoline.
[00276] The samples of phytol were cracked in a pulse reactor in contact with the LZY-72

30  catalyst as described herein. The cracking products of the phytol are shown in Figure 10A and
compared with the analyses of the gasoline samples. The cracked products from phytol show
no C4 hydrocarbons in contrast to the samples of retail gasoline, C5-C9 paraffins are higher in
the phytol products than the retail gasoline. Lower concentrations of toluene, oxygenates (the

gasoline samples contain 5% ethanol), and benzene, are observed in the phytol products.
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n-Pentane0.860.29 Hexanes plus1.570.52 [00288] The ASTM sample was sent for testing after
being distilled to minimize the amount heavy cracking products in the sample. The results of the

testing are ngm '}'&pﬁ 7, which also includes a column with the requw ?ﬂ (/irlﬁgf m 2004.
Many of the properties of the 5 product meet the ASTM standards for retail gasoline. For example, the

research octane (RON) and motor octane numbers (MON) were 96.5 and 84.6 respectively, for a
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perform whep s&ar Bg gllggh and driving. As expected, the sample drivability index exceeded the
allowable maximuin because the distillation curve exceeded specified boiling points. The example
demonstrates a gallon of liquid product from J§EaARFRL.BIASTM testing. 20Tab|e 7. ASTM results for

Saualene O/ R R B I I R BHETY
1)4814-10 MayodeeBidwvity 13 sbRINGT e Bd 39 0petossckivenstrdyain dbs monabdmgqay ASTM
D4176-04e1 ol Ll was as follows: 10.0 g of the ammonium form of LZY~72 was slurried in 50 g of
water, and 2.4 g of N1 (IT) acetate tetrahvdrate was added. The mixture was stirred overnight
at room temperature, then the solution was filtered off and the solid dried at 125°C overnight.
Catalysts such as these have both hydrogenation activity due to nickel and cracking activity
15  due to the presence of protons. For pulse experiments, 0.5 g of this catalyst was placed in the
pulse reactor, and it was activated under hydrogen flow at 300°C for 1 hour prior to use,
Hydrocracking was conducted using 25pl pulses of phytol in hydrogen flow at 250, 300, 350,
400, 450, and 500°C. Products were trapped in liquid nitrogen, then washed out of the trap
using methanol before analysis in the GC/MS system. The hydrocracking products of
20 hydrocracking phytol are shown in Figure 11A. Octane numbers of the products are illustrated
in Figure 11B.
EXAMPLE 12
[00279] This example describes macroscale preparation of fael products derived from
terpenes. In brief, squalene was successfilly cracked using a tubular reactor to produce 1.37
25 gallons of liguid product. From this raw liguid product, 0.95 gallons of the lightest material
was distilled and sent for ASTM gasoline analysis, which indicated the product has an octane
number of 91.5. '
[60280] The cracking process was performed in a facility with a large fumace and tubular
reactor set up in a hood. A simplified schematic of the apparatus is given in Figure 12A. The
30 threc-zone furnace 100 includes an upper zone 110 and a lower zone 120 that are 6 inches
long and 60¢ W each, and a middle zone 130 that is 12 inches long and 1180 W. Independent
thermocouples 140, 150 and 160 measure each zone temperature, respectively. A 2-foot long
tubular reactor 170 was mounted vertically within the threezone furnace 100. A thermocouple

180 is inserted axially into the catalyst zone 190 of the tubular reactor 170 measures the
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Clear & Bright Phosphorous Content (g/gal) ASTM D3231-07 0.891 0.005 MAX Sulfur Content ASTM
D5453-08a*, 40 3.8 ppm 120 ppm CFR, title 40, subpart H. Appearance Visual Pass Oxidation

Stability ASTHBRfmif,5052 minutes 240 minutes MIN Existent Gum (urp@q.ﬁ%gg()gmg/u}OOmL)

temperature at the center of the catalyst bed. A LabVIEW-based control program brings the
furnace to isothermal conditions and the measured catalyst temperature to a set point. The
same program also allows logging of all the measured system parameters including flow rates,
temperatures, and pressures, An ISCO pump 200 feeds batches of up to 500 cc of liquid feed
5 205 to the reactor 170 at a constant, programmable rate. Flow controlled gas 210, in this case,
nitrogen, can be co-fed into the reactor 170. While the majority of the cracking runs used a 1-
inch OD tubular reactor packed with about 12 g of zeolite B (T-4546) extrudate (Sid
Chemie); the first three runs using 500 cc of squalene reactant were conducted using a %-inch
OD reactor filled with about 57 g of zeolite B (T-4546). As shown in Figure 12A, liquid and

10 gas flows enter the bottom of the tubular reactor 170 and mix as they flow through 2
preheating zone 220 packed with glass beads (3 mm diameters). The 18-inch long catalyst bed
230 sits above the bed of glass beads and the two are separated by a metal screen 240. Reactor
products leaving the top flow through a coiled, concentric-tube heat exchanger 250
maintained at about §°C. Cooled products exit the heat exchanger, pass through a valve

15  arrangement which allows an instantaneous liquid sample to be collected 260 (known as 2
"line sample™), then they enter a cooled separator 270. Uncondensed gaseous products
continue to a point where a small stream is tapped off to go to a micro-GC 280 which is
dedicated to gas analysis, then on to a backpressure regulator 290, wet test gas flow meter
300, and vent 310. The backpressure regulator was set to about 5 psig for all runs.

20  [00281] Experiments of the example began by filling the reactor with a fresh catalyst bed of
mass ~ 112 g. The reactor is then loaded into the furnace and heated overnight at 380 - 400°C
under nitrogen flow 1o dry the catalyst prior te reaction. The next morning, 500 cc of squalene
is loaded into the ISCO pump, then nitrogen and squalene flows are set to 2 standard liters per
minute {(SLM) and 4 c¢/min, respectively when the 17 OD reactor was used, or to 1 SLM and

25 2 co/min when the 3% OD reactor is used. Usually, the reaction temperature is set at 380°C for
the first 500 cc of squalene. The temperature is raised to 430°C for the second 500 ¢c batch of
squalene to offset losses in catalyst activity which occurs during the first 500 cc run,
Including early runs where appropriate conditions were being established, all experiments are
performed with reactor temperatures between 300 and 450°C, with all but two being between

30 380 and 450°C. The collection reservoir {containing the liguid products) is drained regularly,
and lime samples are taken regularly, and analyzed by GC as quickly as possible to ensure
complete conversion of reactant.

{00282] When using the 1” diameter reactor with ~112 g of catalyst, once the second 500 cc

of squalene had been processed (for a total of 1000 cc or 855 g), the reactor was cooled and
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the catalyst removed and replaced. In the case of 3 runs accomplished on the %4” diameter
reactor with 57 g of catalyst, the catalyst was changed after 500 cc of squalene had been
cracked. Note that for either reactor, very close to the same ratio of squalene processed to
catalyst charged was used.

5 [00283] When catalyst charges were removed from the reactor, a very small sample of
catalyst was used in a microbalance system to determine coke content, then the remainder of
the spent catalyst was placed in a horizontal tube furnace to be regenerated by burning in
B0/20 Ar/O; at 575°C for 4 hours. The burned catalyst was then subjected to n-propylamine
thermal desorption analysis on the microbalance system to measure catalyst proton content

10 which is directly correlated to structural integrity of the zeolite catalyst. Results of the n-
propylamine thermal desorption analysis were compared to the virgin catalyst to ensure that
the catalyst was still structurally sound and catalytically active. No significant damage to
catalysts was detected after one full regenerative cycle. However, all the runs with squalene
used fresh catatyst rather than regenerated. In total, 8.5 L or about 7268 g of squalene was

15  processed and 1.37 gallons or about 4410 g of cracked liquid product was recovered.
[00284] A breakdown of the total products from the 7268 g of total squalene fed is given in
Table 4.

Table 4. Global material balance.

Y% oftotal % of total

Total .
- _squalene  known
grams .
o -~ fed  products
Gaseous ( -
o s 3076 33.07
free)
Liquid 4410 60.68 65.24
Coke 114 1.57 1.69
Unaccounted
508 6.99 -
for
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[00285] From the micro-GC, a detailed analysis of the gaseous product was integrated over
time to yield a total amount of each gaseous product, and summed to give the total weight of
gaseous rather than condensed products. The total weight of liquid collected was recorded as
4410 g. Coke was determined to be approximately 12% by weight on the spent catalyst, so
this gives 13.44 gon 112 g of catalyst with a total of 8.5 separate batches of catalyst was
used, yielding 114 g. Subtracting these numbers from 7268 g fed yields 508 g unaccounted
for. The final column in Figure 12B represents the percentages of total products which were
actually collected and will be used in further anaiyses. Unaccounted material most likely went
to sampling procedures and filling liquid lines.

[00286] A simulated distillation of the liguid product indicated that 58% of the liquid product
was gasoline fraction (for example, boiling point less than 220°C). Therefore, the cracked
liquid product was distilled prior to ASTM testing. Collecting the gallon of product for
ASTM analysis required boiling the products up to 275°C, well past the gasoline cut of 220°C
and this was not expected as the simulated distillation suggested more of the liquid was in the
gasoline range. However, this was done to collect a gallon as a minimum amount required for
the teéting. The ASTM sample contained 3070 g of the cracking product nearest to the
gasoline boiling range. The 1340 g of liquid too heavy to go in for gasoline testing remained

and is termed “liquid resid”. ASTM testing showed that the research octane number of the

“sample was 98.5 and the motor octane was 84.6 yielding a value of $1.5 for (R+M)/2 which is

the usual octane number provided at the pump. Table 5 gives the fraction of squalene
recovered into the various fractions. The detailed analysis of the vapor composition is an
average of 3 experiments that were performed. The detailed liquid composition was derived
from GC/MS analysis of a small sample from the pooled liquid cracking products.

Table 5. Overall vields from squalene.

-~ % oftotal
Total o
- squalene
rams D
& - fed
Gaseous (N, free) 2236 33.07
ASTM sample 3070 4541
Liquid resid (>275°C) 1340 19.83
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0.34 4 MAX 40 CFI 80.1220, 80.1230 (In 2011, will be 0,62 Vol % MAX) Oxygen Content (wt %)
ASTM D4815-04 0.08 1 MAX MTBE (vol %) ASTM D4815-04 <0.1 V/L-20F ASTM 04814-06a 199 20

MAX Vapor F{,{}%SZQ‘MB%@Z&OOF (psi) ASTM D5191-07 - 2.94 7.8-15 MAX EPP(:'%‘/U82008/076716

Coke 114 1.69

[00287] Figure 12B demonstrates the compositions obtained when cracking squalene in a
flow reactor in the current example. A detailed analysis of gaseous products is demonstrated
in Table 6. Because isobutane and isopentane have blending research octane numbers of 122
5 and 100, respectively, a reasonable estimate for the octane number of the liquid product can -

be computer that would be obtained if the quantities of isobutane and isopentane which
appear in Table 6 were included in the liquid product. The research octane number would be
approximately 100.8 and the motor octane number 88.8 yielding (R+M)/2 = 94.8. Note also
that if isobutane (representing 5.02% of the squalene converted) and isopentane (representing

10 2.24% of the squalene converted) were recovered and added to the sample recovered for the
ASTM analysis, the yield would go up 7.26% to 52.67% of the squalene converted to the
sample recovered for the ASTM analysis. If all of the C4+ components of the gas phase were
recovered and added back to the sample recovered for the ASTM analysis, the yield would
have increased by 22.5 percentage points to 67.91% and since blending octane numbers for

15 C4 and CS olefins range from about 109 to 176, therefore further significant improvements in
the octane number could be realized, possibly to even over 100 octane.

Table 6, Detajled gaseous product composition

Wt of gaseous product. - o Wt'% of squalene reactant
Hvdrogen - 059 | | 6.19 .
Methane 0.91 030
Ethylene 3.56 1.18
Fthane 0.67 0.22
Propylene 2174 7.19
Propane 4 .46 1.47
Trang-2-butene 5.54 1.83
1-Butene .60 L1%
Isobutene 9.67 320
Cis.2-butene 426 141
Isobutane 15.19 5.02
n-Butane 9.97 3.30
Trans-2-pentene 1.98 0.65
2-Methyl-2-butene 451 1.48
1-Pentene 329 1.09
Cis-2-pentene 0.84 0.28
Isopentans 678 2.24
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[00288] The ASTM sample was sent for testing after being distilled to minimize the amount
heavy cracking products in the sample. The results of the testing are given in Table 7, which
also includes a column with the required standards from 2004. Many of the properties.of the
product meet the ASTM standards for retail gasoline. For example, the research octane (RON)
and motor octane numbers (MON) were 96.5 and 84.6 respectively, for a (R+M)/2 of 91.5, all
of which meet the required minimums of 91 RON and 82 MON for gasoline. Bold text in
Table 7 indicates tests the sample failed. In general, the ASTM sample only failed tests
related to the distillation profile. These failures were expected because material outside of the
gasoline boiling point range had to be included to obtain the minimum sample volume of one
gallon. The ASTM distillation results show that the distillation performed only removed the
highest boiling point components (for example, anthracenes), but left adéitional heavy
components (for example, naphthalenes and poly-substitutéd benzenes). This led to a final
boiling point of 260°C, which was 35°C higher than the allowable maximum for retail
gasoline, The drivability index is calculated from the temperatures at which 10, 50 and 90%
of the sample was recovered and gauges how well the fuel will perform when starting, idling,
and driving. As expected, the sample drivability index exceeded the allowable maximum
because the distillation curve exceeded specified boiling points. The example demonstrates a

gallon of liguid product from squalene for ASTM testing.
Table 7. ASTM results for the gasoline fraction from squalene cracking. Failed tests in bold

AP1 Gravity @ 60°F ASTM D4052-02¢1  35.1
Appearance in Laboratory ASTM D4176-04el1 P1  C4+B Clear & Bright
Phosphorous Content (g/gal} ASTM D3231-87 (.891 0.005 MAX
Sulfur Content ASTM D35453-08a%, 40 3.8 ppm 120 ppm

Parameter o Method, Regulatory . - Squalene Cracking - Standard/Regulatory
" Reference” o Product Measurement Requirement (ASTM D4814-

' .0'4:1)'_

CER, title 40, subpart
H

Appearance Vigual Pass

Oxidation Stabikity ASTM D525-05 60.52 minutes 240 minutes MIN
Existent Gum (unwashed) ASTM D381-04el <05 SMAX
{mg/100mL)

Existent Gum (washed) ASTM D381-04e1 <0.5 S MAX
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(MINMAX)! 70% 394.8F (201.6C) 90% 4634F (239.8C) 185-190C MAX 95% 489.2F (254.0C) End

Point 500.0F (260.0C) 225C MAX Recovered 95.5% Residue 23 vol % 2 vol % MAX

WO 2009/039201 PCT/US2008/076710

(mg/10¢mL)

Mercaptan Sulfur (wt %) ASTM D3227-0da <0.002 0.035 MAX

(ctane Number- Research ASTM D2699-07a 08.5

Octane Number- Motor ASTM D2700-075 84.6 82

AKT - Anti-Knock Index, 87 (regular) 91.3

= (RON+MON)/2 89 (miid-prade}

91+ (premium)

Sitver Corrosion { 3 hrs.@122°F  ASTM D4814-075 A1 |

)

Coppér Corrosion (3 ASTM D130-04el 1B f

hrs.@122°F)

Nace Corrosion T™MO172-01 B

Benzene Content (vol %) ASTM D3606-07; 0.34 4 MAX
40 CER 80,1220, (In 2011, will be ¢.62 Vol %
80,1230 MAX)

Oxygen Content (wt %) ASTM D4R15-04 0.08 1 MAX

MTBE (vol %) ASTM D4815-04 <0.1

V/L-20°F ASTM D4814-06a 199 26 MAX

Vapor Pressure @ 100°F (psi) ASTM D5191-07 — 2.94 7.8-15 MAX!
EPA

Drivabitity Index (°F) ASTM P4814-07h 1749 1200-125¢ MAX'

Distiliation ASTM D86-07b
BP 117.6°F {47.5°C)
10% 207.1°F (97.3°C) 50.70°C MAX!
30% 270.3°F (132.4°C)
50% 324.8°F (162.7°C) 66-77°C = 110-121°C

(MIN = MAX)'

76% 394.8°F (201.6°C)
90% 463.6°F (239.8°C) 185-190°C MAX'
95% 489.2°F (254.6°C)
End Point 508.0°F (260.09°C) 225°C MAX
Recovered 95.5%
Residue 2.3 vol %o Z vol % MAX
Loss 1.2%
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Loss 2.2% What is claimed is: 1. A catalytic cracking process for cracking oil from algae comprising,
extracting oil from algae to form a feedstock comprising at least one of a sesquiterpene, a diterpene, a
5 triterpene and a tetraterpene; and contacting said feedstock with a catalytic composition comprising
a large pore molecular sieve, wherein the large pore molecular sieve is a 12- ring zeolite. 2. The
process of claim 1, wherein said algae is genetically modified to increase terpene 10 production as
compared to a non-genetically modified algae. 3. The process of claim 1 or 2, wherein the
sesquiterpen%aé&b%}%‘ﬁéddf'famesene. 4. The process of claim 1 or 2, wherein the diterpene is
phytol. 15 5. The process of claim 1 or 2, wherein the triterpene is squalene. 6. The process of claim

1 or 2, wherein the tetraterpe e.isc o ene. 20 7. The process of any one of the preceding claims ,
wherein the cra&iﬁﬁa h“d?ﬁ?ﬁ%n&‘?ﬁ%‘?‘@i% BEAS H%OT%%B@&W?OCBWWQW%%@ dme
process of claitz? tsoereinfsalceatabipriviagkini cooditions secludeheatindithedagdstock to a
temperature hetween 180 and 580C. 25 9. The process of claim 8, .wherein said catalytic cracking
conditioanjsring{#&gp Rea m‘gg;atﬁléetdr f%%rgg‘{'&ﬁ‘}% Cénfléarﬁ%é%g?ﬁéré)cgé ngéﬁw \%61 gﬁtél%coﬁ).mpo%ﬁf’%he process
of claim 9, whersinisaiglClatabyticreraockingl aonelitionbdrtiudie heatipgr¢thadd@ibedstocksto i2temperature
between 350 g}quzégg&. 11. The process of any one of the preceding claims, wherein the large pore
molecular has a'pore size greater than 6 Angstroms.  12. The process of claim 11, wherein the large
pore molecular sieve has a cage diameter of 5 10-15 Angstrom. 13. The process of any one of the

preceding claim s HRISIL e 21019 PRI LEHIALAIGY & df ey ShdafHBE § SRSl Gfphnl e Process
of claim 13, wherein the molecular sieve is LZY-72, Valfor CP811BL-25, ELZ-L, or T-4546. 15. The

process &f anfr et Etise rapathnh i ddipisewRirally tmedeliediplizaeomposition further comprises a
second molecular sieve of a different size.

3. The process of claim 1 or 2, wherein the sesquiterpene is cuparene or farnesene,

4. The process of claim 1 or 2, wherein the diterpene is phytol.
15

5. The process of claim 1 or 2, wherein the triterpene is squalene.
6. The process of claim 1 or 2, wherein the tetraterpene is carotene.

20 7. The process of any one of the preceding claims , wherein the cracking conditions

comprise heating the feedstock to between 100-1000°C.,

8. The process of claim 7, wherein said catalytic cracking conditions include heating the
feedstock to a temperature between 180 and 580°C.

25
9. The process of claim 8, wherein said catalytic cracking conditions include heating the

feedstock to a temperature between 200 and 400°C.

10. The process of claim 9, wherein said catalytic cracking conditions include heating the

30 feedstock to a temperature between 350 and 400°C.
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I1. The process of any one of the preceding claims, wherein the large pore molecular has

g pore size greater than 6 Angstroms.

12. The process of claim 11, wherein the large pore moiecular sieve has a cage diameter of

10-15 Angstrom.

13. The process of any one of the preceding ciaims, wherein the large pore molecuiar

sieve 1sa f, L, or Y-type zeolite,

14. The process of ciaim 13, wherein the molecular sieve is LZY-72, Valfor CP811BL-25,
ELZ-L, or T-4546.

15. The process of any one of the preceding claims, wherein the catalytic composition

further comprises a second moiecular sieve of a different size.
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