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effective capture of carbon dioxide from the atmosphere or from a point source of

carbon dioxide emissions for the production of liquid transportation fuel and/or other
20  organic chemical products, which can help address greenhouse gas induced climate
change and contribute to the domestic production of renewable liquid transportation

fuels without any dependence upon agriculture.

BACKGROUND OF THE INVENTION

25 The amazing technological and economic progress achieved in the past 100

years has largely been powered by fossil fuels. However the sustainability of this
progress is now coming into question, both due to the rise in greenhouses gases
caused by fossil fuel combustion, and the increasing scarcity of fossil fuel resources.
Hydrogen which can be generated through a number of different inorganic
30 renewable energy technologies including solar, wind, and geothermal has been
proposed as a replacement for hydrocarbon fuels. But hydrogen has its own set of
problems including most notably problems with storage. Ironically the best chemical

storage medium for hydrogen both in terms of volumetric and gravimetric energy



densities is quite possibly hydrocarbons such as gasoline, suggesting that
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As an alternative to higher order plants, photosynthetic microorganisms such

as algae and cyanobacteria are being looked at for applications converting CO; into

20  biofuels or other organic chemicals [Sheehan et al, 1998, “A Look Back at the U.S.
Department of Energy’s Aquatic Species Program—Biodiesel from Algae*]. Algal
and cyanobacterial technologies benefit from relatively high growth rates, far -
surpassing higher order plants in their rate of carbon fixation per unit standing
biomass. In one promising application of algal technology a high rate of carbon

25  fixation and biomass production is achieved by directing a concentrated stream of
CO3, such as is emitted from industrial point sources, through algae containing

bioreactors [Bayless et al. U.S. patent # 6,667,171].

Technologies based on photosynthetic microbes share the drawback common
to all photosynthetic systems in that carbon fixation only happens with light exposure.
30  Ifthe light level is deficient, an algal system can actually become a net producer of
CO; emissions. A bioreactor or pond used to grow photosynthetic microbes such as
algae must have a high surface area to volume ratio in order to allow each cell to

receive enough light for carbon fixation and cell growth. Otherwise light blockage by
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the W)Odz)rganic compounds, is powered by potential energy stored in inorganic chemicals,
20  rather than by the radiant energy of light [Shively et al, 1998; Smith et al, 1967,
Hugler et al, 2005; Hugker et al., 2005; Scott and Cavanaugh, 2007]. Carbon fixing
biochemical pathways that occur in chemoautotrophs include the reductive |
tricarboxylic acid cycle, the Calvin-Benson-Bassham cycle [Jessup Shively, Geertje
van Kaulen, Wim Meijer, , Annu. Rev. Microbiol., 1998, 191-230], and the Wood-
25  Ljungdahl pathway [Ljungdahl, 1986; Gottschalk, 1989; Lee, 2008; Fischer, 2008].
Prior work is known relating to certain applications of chemoautotrophic
microorganisms in the capture and conversion of CO; gas to fixed carbon [United
States Patent 4,596,778 “Single cell protein from sulfur energy sources” Hitzman,
June 24, 1986], [United States Patent 4,859,588 “Production of a single cell protein”,
30  Sublette August 22, 1989], [United States Patent 5,593,886 “Clostridium strain
which produces acetic acid from waste gases Gaddy”, January 14, 1997], [United
States Patent 5,989,513 “Biologically assisted process for treating sour gas at high

pH”, Rai November 23, 1999]. However, each of these conventional approaches
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20 In response to a need in the art that the inventors have recognized in making

the invention, a novel combined biological and chemical process for the capture and
conversion of inorganic carbon to organic compounds that uses chemosynthetic
microorganisms for carbon fixation and that is designed to couple the efficient
production of high value organic compounds such as liquid hydrocarbon fue! with the

25  capture of CO, emissions, making carbon capture a revenue generating process is
described.

Described herein are biological and chemical processes for the capture and
conversion of carbon dioxide and/or other sources of inorganic carbon, into organic
compounds comprising: introducing carbon dioxide gas, either alone and/or dissolved

30 in a mixture or solution further comprising carbonate ion and/or bicarbonate ion,
and/or introducing inorganic carbon contained in a solid phase into an environment
suitable for maintaining chemoautotrophic organisms and/or chemoautotroph cell

extracts; and fixing the carbon dioxide and/or inorganic carbon into organic
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streams and/or atmospheric carbon dioxide or carbon dioxide in dissolved, liquefied
or chemically-bound form through a chemical and biological process that utilizes
20  obligate or facultative chemoautotrophic microorganisms and particularly
chemolithoautotrophic organisms, and/or cell extracts containing enzymes from
chemoautotrophic microorganisms in one or more carbon fixing process steps. The
present invention, in certain embodiments, provides compositions and methods for the
recovery, processing, and use of the chemical products of chemosynthetic reactions
25  performed by chemoautotrophs to fix inorganic carbon into organic compounds. The
present invention, in certain embodiments, provides compositions and methods for the
generation, processing and delivery of chemical nutrients needed for chemosynthesis
and maintenance of chemoautotrophic cultures, including but not limited to the
provision of electron donors and electron acceptors needed for chemosynthesis. The
30 present invention, in certain embodiments, provides compositions and methods for the
maintenance of an environment conducive for chemosynthesis and chemoautotrophic
growth, and the recovery and recycling of unused chemical nutrients and process

water.
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200ne feature of certain enmbodi nents of the present invention is e

i ncl usi oANePr more process steps within a chemical process for the capture of inorganic
carbon and conversion to fixed carbon products, that utilize chemoautotrophic
microorganisms and/or enzymes from chemoautotrophic microorganisms as a
biocatalyst for the fixation of carbon dioxide in carbon dioxide-containing gas streams

25  or the atmosphere or water and/or dissolved or solid forms of inorganic carbon, into
organic compounds. In these process steps carbon dioxide containing flue gas, or
process gas, or air, or inorganic carbon in solution as dissolved carbon dioxide,
carbonate ion, or bicarbonate ion including aqueous solutions such as sea water, or
inorganic carbon in solid phases such as but not limited to carbonates and ‘

30 bicarbonates, may be pumped or otherwise added to a suitable environment, such as a
vessel or enclosure containing nutrient media and chemoautotrophic microorganisms.
In these process steps chemoautotrophic microorganisms perform chemosynthesis to

fix inorganic carbon into organic compounds using the chemical energy stored in one



one or nore process steps within a chem cal process for the capture of

i norgani ¢ carbon and conversion to fixed carbon products, that utilize
chenpaut ovoaphiiosersdcr oor gani sns and/ or enzynes from chemroaaiseawopiinr

m croorgani sns as a biocatal yst for the fixation of carbon dioxide in

car bon d \da4:B dBAsH Pk B ofiRPlvisk Do RlEPRARE herRAt MRYAr and/ or
di ssol vedgq%é?gqxﬁ?&gk%orr%s o?ﬂér org%gl c car bé)nrb?nto organlé conpounds. In

t hese prmckuslmghu&pst kmitbdto oheondi rugecatfmcaibﬂipwglg* | anemgnig; almoplitiess gas, of
air, i ani c .car .di oxi de, carbonate
i on, or W@%{?%H%’flg cgt 1onrxltg,“éj'l F‘%éeagg“dg‘gu@ |ohs§?dsr§g ‘as sea water, or

i nor gani ﬁleﬁarsblﬂtes mltaeloxdiephmstes suifates amhmstthmemlfdtemmtmdlﬂgcbmaobonat es and

30 bicar e ed or. e a d to a suitable

envi ron Ee é‘lﬁ%‘ ‘Hét}é{(’%}ﬁg’ér%? C‘\é‘ﬁéF ':flrfaz ﬂ'ﬂgg Srﬁuﬁﬁa?lﬁﬁrf’g?ﬂ nedi a and
chemaut gfif;edRuiés; ﬂﬁ@&.{t&&ﬂio%rf& trdniticRan&all P BRHSsuli®BSoxab@yDaut ot r ophi c

mi croorgam sms perform chenosynthesis to fix inorgani ¢ car bon i nto organi ¢

conpoundehalesigapides halidesnhydipxidas ogyhydrexides. sulfape or sarbppates. ay plublst

el ect I 0no ARATHRUIPAA, O o OLAIEI G RoRlRYibH RfkchrBnd ASONH SISOk @ | ncl udi ng
but not [im teP Sne-of nore | om ng: amoni a; ammoni um car bon
monoxi dematirinlsi diietetsctroh elopatsaire eutlized by lelediron a¢dspiess lrht\ytdr ogen;

met ap{ sul.fites; tr| oxide: nitrites u a i tes

i ncl udi n@heﬁrﬂﬁs ng %Tqaﬁl(fl}é egtr%rb%ﬁ Pﬁof%ﬁhgts'j'ﬁ%?é%gs%%gé cé}eh% ?ﬁ#%@%l fate ;
sul fi desreatiidh @sp higtlidedanazulot liskéted $61bhié diempret dfithe Afllowingicarbdne; transition

netal s or thelr su] fi des, oxides, chal cogenides, .halide Xxi des,
oxyhydr oioyisls, fesii¢ frap ggothgt tr%’éﬁ’t%’erFt@Llon?rP‘g%tFﬁB’I‘té‘t‘ﬁr Oéﬂede"gf?g?e%f as wel |

as val enggle®in KPAduRd tietirsdearhteAnNs. i n solid state el ectrode materials. The
el ectron donors are oxidized by el ectron acceptors in the 10chempsynthetic
reaction. El edhe ehemesyaihete seackian s pr BepuRlesriain inNentbigawpsssshet i ¢ .
reactq Onwﬁ[ﬂ%& éﬂ@djﬁgxﬁgtanafo? II{H?%#]& %B&glstf&eﬁr]ﬁtoq{rg{mé €arBbn ihef O | OWi ng:
carbon dioxide, terric iron or other transition net Ions, nitrates,
ni trit esforoxgfgeganis ubthpdwsls and bivphass cambe pérfatmetian eemb@ctm@rd'eern’alperi al s.
The chenpsynt heti c, .reac Ste st ep certai cesses
15wner of e Borera e dec Qars Eondto B A Re Ao eh A Shh T bons el
carbon i p bdénd whdre tHe witgacolemadspedifited 1ﬁtbd1eiidbﬁkﬂh§?6rs(aad ab&rplar:f or rred [ n

aerobic, m crﬁ_ aer obi c, aanXI naer t) or fa uI t t| Ve con t| ons.
facul t at W’@rse Y O HEEiEvelamaipiain éP%tba AN deHRer etsléféteWa‘f" col um | S
strajpfig oR BeQdHemohadBophid REeAdaRe@Rind th@&'&ﬁl‘éd chégosinyigsss | evel

mai nt ai ne spa ially and tenporally in t he system w | |
reactions to be performed.

An additional feature of certain embodiments of the present invention regards
the source, production, or recycling of the electron donors used by the
chemoautotrophic microorganisms to fix carbon dioxide into organic compounds.

25  The electron donors used for carbon dioxide capture and carbon fixation can be
produced or recycled in the present invention electrochemically or thermochemically
using power from a number of different renewable and/or low carbon emission energy
technologies including but not limited to: photovoltaics, solar thermal, wind power,
hydroelectric, nuclear, geothermal, enhanced geothermal, ocean thermal, ocean wave

30  power, tidal power. The electron donors can also be of mineralogical origin including
but not limited to reduced S and Fe containing minerals. The present invention
enables the use of a largely untapped source of energy — inorganic geochemical

energy. The electron donors used in the present invention can also be produced or
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product ablsmni arfasdinakeep berbeaste Irgses@inseGtarhech. lasyl2006,B7-Mno r el ease of

carbon dioxide into.the.atnosphere. Ther.e are simlar reactions reducing
st fate to st Htianal AL e GhemPoifels a1 b shetion Beato Vue.
Shuyuan ke folkamitreandiragovely 6iNeAd otSadhOal oriefgaRdYhamis pyddcisifiat | cs of

reacti ons between Cl-C3 hydrocarbons and calciumsulfate 1n deep carbonate
reser voi ¢ chepweyhsticrsagtion siepoey, steps_ineipding but not Apmifedfoiqng 95g mPéf'a?fﬁ re of

certayn %{@mﬁbwﬁ{g St e o 8RANid deYRMNI QR SORESRC hBRs f@kdiR],i on and
recovery of useful organi ¢ and/or inorganic chem cal products fromthe
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! Sl , . e \ . e of
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or gani ¢ aci ano ut ano ane, ogen, hydrocarbons, sul furic
aci d, sulbbsese Thedetchemédab perduatls canibé appliesiub fusebeiacludingrtatt est limeed tac i ron and
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in mining or bioremediation; as chemicals reagents in industrial or mining processes.
An additional feature of certain embodiments of the present invention regards
the formation and recovery of biochemicals and/or biomass from the chemosynthetic
carbon fixation step or steps. These biochemical and/or biomass products can have
30  applications including but not limited to one or more of the following: as a biomass
fuel for combustion in particular as a fuel to be co-fired with fossil fuels such as coal
in pulverized coal powered generation units; as a carbon source for large scaie

fermentations to produce produce various chemicals including but not limited to
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chenDautotrophlc m croorgani snms in the chenosynthesi s process step/steps
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20 Other advantages and novel features of the present invention will become
apparent from the following detailed description of various non-limiting embodiments
of the invention when considered in conjunction with the accompanying figures. All
publications, patent applications and patents mentioned in the text are incorporated by
reference in their entirety. In cases where the present specification and a document
25  incorporated by reference include conflicting and/or inconsistent disclosure, the

present specification shall control.

BRIEF DESCRIPTION OF THE FIGURES

Non-limiting embodiments of the present invention will be described by way

30 of example with reference to the accompanying figures, which are schematic and are
not intended to be drawn to scale. For purposes of clarity, not every component is

labeled in every figure, nor is every component of each embodiment of the invention



20Q her advant ages and novel features of the present invention will becone
apparent fromthe followi ng detail ed description of various non-limting
enbodi merwe 20f1/a5h183i nventi on when consi dered i n conj uncPcomsadiootshe
acconpanyi ng figures. Al publications, patent applications and patents
ment i onegq, i t. 4 r r | ol krety. In
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r ef er enc @nderstandithedoventiont Imthedrghres: i nconsi st ent di scl osure, the present

specification all control. BRIEF DESCRIRTI ON OF THE FEI 3 -l imting
embodi nent s oﬁ‘?hJelqu“%eé‘Sﬁ?pf%\%snt[%?‘g%\ﬁrw f%reongg&qqdb%gftﬁ;%ﬁg& Vfglg g’f exanpl e
W t h ref gsrenegbdnocdphge and fiRmidiyprogessj gur es, which are schematic and are not
intended to be _drawn to scal e, For purposes qf clarity, not every conponent
is |abeled i nFéSef {F RIPERSH @P_erb?gr?g‘ @&é&?}ﬁ?&%%@é‘ﬁ?“t&fﬂ&@ S&bodi ment  of
the i nvedyeAfion SR WMAPMRESECOL lpeEbiAéd BPhydrofat oigiefRShethoh@oftbbiv t hose of
ordinary skill in the art to understand the invention. In the figures:

FIG 1 isesaltpgrinthe prodedtieaofiethanolli agram for one enbodi ment of this
i nvention for .C?Elli’cﬁﬁb t%@m@‘éégalﬁﬂ& Jdl#@%t QRorRELERESdinRhl §FF1&. S Process

fl ow di agram for another e I'ment o e present 1nvention wth capture
of CO 2 peacfing ©€X, Wwith klydo pgeducexttdingl;ng chenobaut ot rophs resulting in the

prodygcti on of hanol ; I 3 sh the, ms al anc l¢ul ated for
t he iﬁ‘oodi nenﬁ%fgg?cﬁ's 'ﬁ‘e%@@&l}'?}f@ ‘%\\%ﬁ%fiﬁoﬂhﬁ CF@OB%%SEF@?%W . 10FI G
4 shows thetieg Oorl with H v peeduesletiagdl;f or the enbodi nent of FIG 2 reacting
CO2 with H2 to produce et hanol ; FI G, 5 sho he en bal ance

cal cul at ed fof1Eheskawoide ﬁgﬁgy@plappgcalgulptggéqqtﬁ@e&oémq,ﬁnf Hfﬁﬁt% produce
et hanol ; reacting CO Fivith Hito bfoddcPemasas flow diagramfor the capture of CQ2
by sul fur oxidizing 15chenpaut otrophs and production of biomass and

sul furic aci dFl@ceds dipresesoflemaiagram for the capture of CO; by sulfur oxidizing

15  chemoautotrophs and production of biomass and sulfuric acid, according to one

embodiment;

"FIG 7. is a process flow diagram for the capture of CO; by sulfur oxidizing
chemoautotrophs and production of biomass and sulfuric acid through the
chemosynthetic reaction and calcium carbonate via the Muller-Kuhne reaction,

20 accofding to one embodiment;

FIG. 8 is a process flow diagram for the capture of CO; by sulfur oxidizing
chemoautotrophs and production of biomass and calcium carbonate and recycling of
thiosulfate electron donor via the Muller-Kuhne reaction, according to one
embodiment; FIG. 9 is a process flow diagram for the capture of CO; by sulfur and

25  iron oxidizing chemoautotrophs and production of biomass and sulfuric acid using an
insoluble source of electron donors , according to one embodiment;

FIG. 10 is a process flow diagram for the capture of CO, by sulfur and
hydrogen oxidizing chemoautotrophs and production of biomass, sulfuric acid, and
ethanol using an insoluble source of electron donors, according to one embodiment;

30 and
FIG. 11 is a process flow diagram for the capture of CO; by iron and hydrogen

oxidizing chemoautotrophs and production of biomass, ferric sulfate, carbonate and



enbodi nment ; FIG7. is a process flow diagramfor the capture of CO2
by sul fur oxidizing chenoaut otrophs and producti on of biomass and sul furic
aci d t hr omghotisesienosynt heti ¢ reaction and cal ci um carPbonsL@ W)L he

Mul | er - Kuhne reaction, 20 according to one enbodi nent; FIG 8 is a
process Lhow fee) HEndirflh picRes

chenoaut S{h?}gl%ﬂlgﬁ%}%mpélg%l?ﬁ}?82%%%?3%%s ar%g)élgg !():lﬁunq.car bo atesand

r ecycl i nghaptlo¢smon solif gaseous| Q4 eroissidos) accordingtth end/binbedinénhne reacti on,
according to one enbodinent; FIG 9 is a process flow diagramfor the
capture of CQ2by sul fur and 25iron oxidizing chenoautotrophs and production
of biomass and sul furic aci DESANERDESCRIAMION source of el ectron donors,
according to gne enbodi nent ; ) FIG 10 i rocess fl.ow di ggram for
the capture of NOEESEH 1BYFTGR %ﬂﬂd?&&%@wwg%‘sﬁﬁﬁ’ fé‘?{ﬁﬂ%géttﬁ”étar"gphs and
product i qRkifdsThOMKB 2 SptuttnldUiiatioR 6 Barbai dioRideanéth chiof @ickidd-nsol ubl e source
of electron donors, according to one enbodinent; 30 and, =~  FIG 11 is a
process fthaainiiggpsatredms andier atmesphesicerrioariexide phearberdieyifiedBen oxi di zi ng
chenpaut yet i ' y=Y(IA ; & pgpat e and

et hanol ﬁépﬁg@%%ﬁ%ggagﬂé%hg?%r%trh& boﬁ‘e{%&ggth g}tﬂééle l?(g(t)ron gonors in a
process tuhltesthbdigateatr fauitat gadenmmuOBDpbitisisianggniswcardpargcularlone

enbodj ment . Al LED DESCRI PTI ON 5The..present invention provides, in
certaln & @iﬁﬁ@?ﬂligt,m%%%?‘f%n%“ Wace”v?f‘ﬁg‘%§ C?Q)t?mfr}gee'ggﬁlteﬁ?rgmand fixation
of car borhétheatitéteohi Offi G asigaisEl dX bhteor ot pbEYsH StegaSCEIl ELtpdtss iagkider

at nospheric carbgon, di oxi de or car bg‘%’dj oxi de-.in_ |iquefi .ar

cheni cal Iyt %‘_SGHHII‘I“&FMQZ I‘?rl}%’&h_eé“%‘ﬁ ion OéﬁHIIQF‘gBPBg]@uE‘a?X?‘g?‘BE%SS t hat
utilizes cﬁahb%a%ﬁereniﬁﬁyb&as MRatChR W R R 3PAIafl FARUYFRLSMS and
particul arly IOchenolithoautofrophic organi sims, and/or cell extracts
cont ai ni wherapauieteephic misredrgapiams onradgdition the preseit daventag, INGCBHE or nore
process . L : | i ate,
i ast, RS gresthbo LR Mol frthl rech ek ol sind, WESL T,
acti vi t y usdraf the ahethakpredu@s obyhem@pdihetc reatti@dsep posteps performed by

chemoautotrophs to fix inorganic carbon into organic compounds. Finally the present

invention, in certain embodiments, provides compositions and methods for the
production and processing and delivery of chemical nutrients needed for

20  chemosynthesis and chemoautotrophic growth, and particularly electron donors and
acceptors to drive the chemosynthetic reaction; compositions and methods for the
maintenance of a environment conducive for chemosynthesis and chemoautotrophic
growth; and compositions and methods for the removal of the chemical prod‘ucts of
chemosynthesis from the chemoautotrophic growth environment and the recovery and

25  recycling of unused of chemical nutrients.

The genus of chemoautotrophic microorganisms that can be used in one or
more process steps of the present invention include but are not limited to one or more
of the following: Acetoanaerobium sp., Acetobacterium sp., Acetogenium sp.,
Achromobacter sp., Acidianus sp., Acinetobacter sp., Actinomadura sp., Aeromonas

30  sp., Alcaligenes sp., Alcaligenes sp., Arcobacter sp., Aureobacterium sp., Bacillus sp.,
Beggiatoa sp., Butyribacterium sp., Carboxydothermus sp., Clostridium sp.,
Comamonas sp., Dehalobacter sp., Dehalococcoide sp., Dehalospirillum sp.,

Desulfobacterium sp., Desulfomonile sp., Desulfotomaculum sp., Desulfovibrio sp.,
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generatlon step; delivery of generated electron donors along with electron acceptors,

water, nutrients, and CO, from a point industrial flue gas source, into chemosynthetic
reaction step or steps that make use of chemoautotrophic microorganisms to capture
and fix carbon dioxide, creating chemical and biomass co-products through

30 chemosynthetic reactions; followed by process steps for the recovery of both chemical
and biomass products from the process stream; and recycling of unused nutrients and
process water, as well as cell mass needed to maintain the chemoautotrophic culture

back into the chemosynthetic reaction steps. In the embodiment illustrated in FIG. 1,
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t he reduepdonkilynepdarid Bhenikay satbpa dioddedmicsiendry oplswpabogr ow (e. 9. Hz,
H2S, ferrous, iron, amoni um NM2+) can be readily rodticed usi ?e%

el ect r oc KBYSIOR anged renewabls SoHEIsa 9 eawerpmswégge%mpén@mo‘? RCtHReNUGIan o f
chemygal RHGLMRAES, BsdIahei@. OPtional Iy be powered by a variety carbon

di oxide em ssion-free or |ow carbon enission and/or renewabl e sources of
power i ncl uQérfidn winbadinfencdy afahepiesért invendbease carbon dioxide emission-free or

low-carbon emission and/or renewable sources of power in the production of electron
donors including but not limited to one or more of the following: photovoltaics, solar
thermal, wind power, hydroelectric, nuclear, geothermal, enhanced geothermal, ocean

25  thermal, ocean wave power, tidal power. In certain embodiments of the present
invention that draw upon carbon dioxide emission-free or low-carbon emission and/or
renewable sources of power in the production of electron donors, chemoautotrophs
function as biocatalysts for the conversion of renewable energy into liquid
hydrocarbon fuel, or high energy density organic compounds generally, with CO;

30 captured from flue gases, or from the atmosphere, or ocean serving as a carbon
source. These embodiments of the present invention can provide renewable energy
technologies with the capability of producing a transportation fuel having

significantly higher energy density than if the renewable energy sources are used to
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cal ci um thicisiihiefutfate ; %ulﬁdesiex&hsasqiydﬁ%ehxdmgeﬂuﬁﬂébfthdﬂatesmlaimtees

thionate; thionite. transition metals or their sulfides, oxides,

chal Cogemaaggon W&}q %@'§h€lﬁ9@fl§§$ gaydes, chalcogemdes halldes hydroxides,
25  oxyhydroxides, sulfates, or carbonates, in soluble or solid phases; as well as valence

or conduction electrons in solid state electrode materials.

Certain embodiments of the present invention use molecular hydrogen as
electron donor. Hydrogen electron donor may be generated by methods known in to
art of chemical and process engineering including but not limited to more or more of

30 the following: through electrolysis of water including but not limited to approaches
using Proton Exchange Membranes (PEM), liquid electrolytes such as KOH, high-
pressure electrolysis, high temperature electrolysis of steam (HTES); thermochemical

splitting of water through methods including but not limited to the iron oxide cycle,

14
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pLov 0o Lhe SETRRULOLE Q0 <, Skt IR0 o ANERRDEMRSHIIAE 1, 2o 11
chenpaut glet@dinediatdrs t progidenhd ExpnmBantotrophs tlacoreddieds foenties of the present
| nvent| Oghetrrrl](?st)/ntlillset(aic ?ela?:g(tngsi lg:yarlnegr?svc\ﬁ‘rdirfegtrextpg%re of said electrode materials to
20  the chemoautotrophic culturing environment.
Certain embodiments of the present invention that use electrical power for the
generation of electron donors, receive the electrical power from carbon dioxide
emission-free or low-carbon emission and/or renewable sources of power in the
production of electron donors including but not limited to one or more of the
25 following: photovoltaics, solar thermal, wind power, hydroelectric, nuclear,
geothermal, enhanced geothermal, ocean thermal, ocean wave power, tidal power.
A feature of certain embodiments of the present invention regards the
production, or recycling of electron donors generated from mineralogical origin
including but not limited electron donors generated from reduced S and Fe containing
30 minerals. Hence the present invention , in certain embodiments, enables the use of a
largely untapped source of energy — inorganic geochemical energy. There are large

deposits of sulfide minerals that could be used for this purpose located in all the

continents and particularly in regions of Africa, Asia, Australia, Canada, Eastern
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generation of electron donors, receive the electrical power from carbon

di oxi de em ssion-free or | ow carbon em ssion and/ or renewabl e sources of
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i ron. eS can neous ro ntary rocks
or congl dactlitated by deﬂammmﬂ)omlasemtssﬁtﬁelmmnSmamtiortanpearsmwwrgabl e part of a
m neral ore, ot her, cases_ suc th coal reci ous
recal Q. « RBbisgideniedo e R M iEveal mvghieh FRpse e ooy ACRREve BhehT oasi
fuel's, reghhdlobpns such as CGean Air Act require the renoval of sulfur

I mpurities to prevent sul fur dioxide em ssions. The us

i nor
geochenical e $lectrgn dppergiged wyth %ém@?tﬁnweauwrhesregquﬁ ‘éré t

i nventi on,;aPRRRIGI §SurbR V{/lﬁEHﬁ{dudjeq}ﬁ@Qfeerﬁ)‘?qjiﬁMeQQO oﬁ@gr ﬂ%@@f thee present
I nvention represents a nqvel alternative ener%;r/mt echnol og The

el ect r on folbmwing: elementahFe heidenite<Eelt O3)hmagnétin 94}§@}’Flt§fqr earcasiem nat ur al
T 3L o9 S BT SLL AR BB RN LT AR sES T o
mar casi t drdvoftE€NEFe)Spyarsenopyite (FéASS), 9:Sother=itort mlfided) reajgan(AsB)di t e
(Fe, Ni) 9%§p1mve|n? éASzébeCO(bNitlte ?84 ASS) rhodochrosite (MnCOs); chalcopyrite (CuFeS;),
bornite (CusFeSy), covellite (CuS), tetrahedrite (CugSb,S7), enargite (CuzAsSs),
tennantite (Cu;2As4.S13), chalcocite (Cu;S), or other copper sulfides; sphalerite (ZnS),
20  marmatite (ZnS), or other zinc sulfides; galena (PbS), geocronite (Pbs(Sb,As;)Sg), or
other lead sulfides; argentite or acanthite (Ag,S); molybdenite (MoS;); millerite
(NiS), polydymite (Ni3S4) or other nickel sulfides; antimonite (Sb,S3); Ga,S3; CuSe;
cooperite (PtS); laurite (RuS,); braggite (Pt,Pd,Ni)S; FeCl.. .
The generation of electron donor from natural mineralogical sources includes
25  apreprocessing step in certain embodiments of the present invention which can
include but is not limited to comminuting, crushing or grinding mineral ore to
increase the surface area for leaching with equipment such as a ball mill and wetting
the mineral ore to make a slurry. In these embodiments of the present invention where
electron donors are generated from natural mineral sources, it may be advantageous if
30 particle size is controlled so that the sulfide and/or other reducing agents present in
the ore may be concentrated by methods known to the art including but not limited to:
flotation methods such as dissolved air flotation or froth flotation using flotation

columns or mechanical flotation cells; gravity separation; magnetic separation; heavy
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in certain embodiments of the present invention through chemical reactions with
hydrocarbons that may be of fossil origin, but which are used in chemical reactions

25  producing low or zero carbon dioxide gas emissions. These reactions include
thermochemical and electrochemical processes. Such chemical reactions that are used
in these embodiments of the present invention include but are not limited to: the
thermochemical reduction of sulfate reaction or TSR and the Muller-Kuhne reaction;
methane reforming-like reactions utilizing metal oxides in place of water such as but

30 not limited to iron oxide, calcium oxide, or magnesium oxide whereby the
hydrocarbon is reacted to form solid carbonate with little or no emissions of carbon

dioxide gas along with hydrogen electron donor product.
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not limted to nmethyl and di nethyl nercaptan, ethyl mercaptan; carbonyl

sul fide; carbon disulfide; al kanesul fonates; dial kyl sulfides; thiosulfate;
t hi of ur arnwQ 20hiviBe8anat es; i sot hi ocyanat es; thi oureas; tRColus20daphenol s;
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i nvention I nclude but are not Iimte . the thernochem cal reduction of
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m croorgani sns for CO2 fixation is, hydrogen s Ifi%{ePE]HZS) or the H25 can by
Ty

further sadate Bydespgarbosadpscedirsy Gspcham: e C ‘to produce H2S

el ectron donofrydidtr JAIHRC eREON KB ks harcakD, o xhem oaacengi neeri ng.
The solid carbonate product (CaCO3) also fornmed in the TSR can be easily

sequest el8@atte 8Ppprasticedean brufisiber whctgd witreand appeiiedudisadut pisul ting in

essenti al,l el e n. di oxi.de. | : re are
sim Ilgr rllgétcela ﬁ%hgﬁef‘ fg%gré?sﬁlugrﬁgjt%%a{rgh t8 gilds’lﬁrfssa g({ﬂll;gtn?%tnvoi veoleigcr)l%-er chain
hydr ocar harkciroe Hobirsgels hothiosubfart (gD usitde by ahdraoreotenpiis.c bmpdresn al i phat i ¢
10 and aromatic co unds [Ch tao.Yue,. Sh B, Li . Kangle Din Ni ngni ng
Zhong, THK H@mﬁsﬁr%gbagﬁasc{g 'Hgﬁ%%ab?n troeféﬁ:r{l|l(l‘%(52:<j:3 bERadee 'fto&aﬁ%é’%car bons
and cal cididRigedrhiaéionfite d6@10e SadHOMNRIGal ®uedey Of basic fdnehle icluditg but 2006,

87-94]. . . The |.l er-Kuhne reaction fornula is 2C + 4CaSO4. 2Ca0 +
2CaCOB + nespmitedipc mﬁ}"&&a%nﬁ%\@tﬁ’é‘@%?(‘ﬂ@? coRARINgL Wetdh 0¥dsnd a base

i ncl ygi NgeBUktifdQlontaining a metal oxide, ultramafic deposits containing metal oxides, and
underground basic saline aquifers. For embodiments.of the present invention using
variations of the TSR or Muller-Kuhne, hydrocarbons sources may be utilized which
have little or no current economic value such as tar sand or oil shale.

Examples of reactions between metal oxides and hydrocarbons to produce a

25  hydrogen electron donor product and carbonates include but are not limited to 2CHy4 +
Fe,O3 + 3H,0 -> 2FeCO; + 7H; or CHy + CaO + 2H,0 -> CaCO; + 4H,,

Since reactions like the TSR are exothermic, for embodiments of the present
invention that utilize the TSR for electron donor generation heat energy released by
the TSR may be recovered using heat exchange methods known in the art of process

30 engineering, to improve the efficiency of the overall process. One embodiment of the
invention uses heat released by the TSR as a heat source for maintaining the proper

bioreactor temperature or drying the biomass.



15limted to |linme, magnesium oxide, iron oxide, or sone other netal oxide
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chenosyneléetroragesnior fises wpeganisy casparpdioxide e ogganed egmpausdeasd f | ow of the
present ippyention is illustrated in FIG 1 by the box 3. |abeled

" Chenpaut otroph bi oreactor”. At each step in the process where
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The chenosynt hetic reacti og driven b nsfer of electrons from
el ect r on 2pGHOFSaN earben ingderle kineticalty ;'ann GFHAMES YRS TeRAUORISIRR- i nt o

orgaphC qRRRAPAY Sf #Hethresent invention is particularly applicable to embodiments of the

present invention using poorly soluble electron donors such as but not limited to H;
gas or electrons in solid state electrode materials. The delivery of reducing
equivalents from electron donors to the chemoautotrophic organisms for the
chemosynthetic reaction or reactions can be kinetically and/or thermodynamically

25 enhanced in the present invention through means including but not limited to: the
introduction of hydrogen storage materials into the chemoautotrophic culture
environment that can double as a solid support media for microbial growth - bringing
absorbed or adsorbed hydrogen electron donors into close proximity with the
hydrogen-oxidizing chemoautotrophs; the introduction of electron mediators known

30  in the art such as but not limited to cytochromes, formate, methyl-viologen,
NAD+/NADH, neutral red (NR), and quinones into the chemoautotrophic culture

media; the introduction of electrode materials that can double as a solid growth



15bi onass. In certain enbodi nents of the present invention electron
nmedi ators may be included in the nutrient nediumto facilitate the delivery
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20  maintained in aerobic, microaerobic, anoxic, anaerobic, or facultative conditions
depending upon the requirements of the chemoautotrophic organisms and the desired
products to be created by the chemosynthetic process. A facultative environment is
considered to be one having aerobic upper layers and anaerobic lower layers caused
by stratification of the water column.

25 The source of inorganic carbon used in the chemosynthetic reaction process
steps of certain embodiments of the present invention includes but is not limited to
one or more of the following: a carbon dioxide-containing gas stream that may be
pure or a mixture; liquefied CO,; dry ice; dissolved carbon dioxide, carbonate ion, or
bicarbonate ion in solutions including aqueous solutions such as sea water; inorganic

30 carbon in a solid form such as a carbonate or bicarbonate minerals. Carbon dioxide
and/or other forms of inorganic carbon may be introduced to the nutrient medium
contained in reaction vessels either as a bolus addition or periodically or continuously

at the steps in the process where chemosynthesis occurs. In certain embodiments of

20



15enbodi ments of the present invention for the production of chem cal
products and/ or bionmass by maintaining specific growmh conditions (e.qg.

| evel s ofwoi2oriogers3 oxygen, phosphorous, sulfur, trace mCTruspupoIBNLS such
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or bi car bonat Gasgsnarnddision @acdrbon dioxkdedtbateanel Assoleehimto fhercwbtuss brotharfgani ¢

car bg& ma%/ be i Et r.oduce(ﬂr flo t he nutr%.ent medilum cont aiert]e(ﬁ i n,reaction
vessél's &R Fmpedimagt qfdhe preseht ARV egHon By R B B3eRrS LAY at the
steps i Ncérfin BMB6&HTenWRER a8 Bermvs Yinditkasb hy@oge, Tardon edxadd) hedidgel nent s of
the present. invention, carbon dioxide containing flue ggses are captured
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e vessel 535 wh

nmodi fication into reactio 3 ere chenosynthesis occurs.
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or gani s r j i fd i flue gas
oroal STEFRE IR RAGREDS, MLADE SMAELATE B S8l o BE 1

conpr essbineatardedle hicrpbigh ctlheirgashat fredugto dnhef meae bbHthedpBowmgand heat

exchange needed to | o t he gas tenperature to.one suitable.for the

ni cr oor g&ﬂ&éﬁﬁ?ed@é@ﬁéﬁ!r@ﬂm@g@ﬁs {'gg_é%“l Ih SB?rW%e@W%?n%aﬁilgfua‘?rgspl ved into
the cul t cudin@blk ridh likfteded Uamb, @BHIALIdRRNbEdAIghhtieyPIRHGR] codtsent | on may

i ncl ude gaseous el ectron donors in certain enbodi nent gtsuch as but not

limted B I‘??Elbléﬁérﬁﬁor?jé’leb%i wﬁmrﬁe{n C}Waﬁ"cf@’él??dé‘?]i“l‘tfﬂ }‘t’irl’.r?ﬁceﬁbr sour gases;
and 50r gRlhAbls @80 abatiSHARY AR BSpforibe uE’i'h%%ﬁHﬁle OB bR theQtk¥gEN
el ectron acceptor, generally"fromair (e.g. 20.9% oxygen): The dissol ution
of t heselmeeftabn h@bOémﬁets afihoprsegny invsntipmgahdisspdutionis anhgncedba syst em of

15conpre . 5l t f i din the
art of b?%e(ragel%néf%rn% e Ivglh?na%r |”a€+ 8}(1:\{&"}[ @h?%ﬁﬁ f#ilytd?ae‘@g%f‘%{ré’% giﬁgé g)f nor e of
t he fol | eadungbubldekize.uEellowingtpasmgé thropgnthe nepcgasystamchaddingt i on: spar gi ng

cau prent, SLARSES. bCluding bt nele LSO, dor, hubulgge, o sc o
certasn erbeai MESisYenérdBy RB6RPASYd primarily of inert gases such as nitrogen, may
be released into the atmosphere.
In certain embodiments of the present invention utilizing hydrogen as electron
donor, hydrogen gas is fed to the chemoautotrophic bioreactor either by bubbling it
through the culture medium, or by diffusing it through a membrane that boupds the
30  culture medium. The latter method may be safer in certain cases, since hydrogen
accumulating in the gas phase can potentially create explosive conditions (the range
of explosive hydrogen concentrations in air is 4 to 74.5% and may be avoided in

certain embodiments of the present invention).

21



20i nvention surface aeration may al so be perforned using paddl e aerators
and the like. In certain enbodi nents of the present invention gas
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appr opti mal diameter for xygen transfer.
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sel ect ed t o beydinestal ehdihicaldhid ﬁd&llh@t& chaﬁﬂalft@llﬂMl& mahgepte amd giowthert ai n
cases [ Environnent Research Jour nal une 1999 p 3Q7- - %H’; I n
certai n #8KBpVe "é%@&irﬁﬁhb%a‘éﬁedttﬂ@ep“r‘% "t’rofl}]ﬂ’/‘iﬂtﬁwrﬁb?ﬂ‘%&sé’ shearing
the Oxyg?’?ﬁgwmé‘@mbs T‘lﬁ%%gnééﬁtlﬁﬁgﬁsed‘f%utn}f'érﬁ chihRhR Qicﬁﬁﬁ%ﬁ&ﬂaﬁ?tﬂéesc“ bed in

U S. Pat I'n certai n enbodi ments, bub size is controlled
to yield eimtrgeslomra@ndwapgm, nedysbe MaBtamedaselesga@s @ps&Mpé@ thgint hout

substanti_al slu

cherrggut 5?Srp80th gegﬁg‘nfgéégggﬁﬁrg%m%rﬂgm%ﬁﬁl gfoﬁvt{;%g&/&%é’rhgn be added to
the cult uupeakb fand Iﬁx@tﬁon:md/m piodudnmdlotﬁbrgamocﬁormpwnps,eﬁéch vaxmsehpermng The
concentrations of nutrient. chem c nd particularly.t el.ectron donors
and accerB’PB?g‘ %&VOB'étOHﬁBWéP?Fé%F QIZE?%Btelsgg(’%é’éfi%@%%gfhﬂtb u§5respecti ve
optimal | \@aued sxgefimeiBioNusbaS 6NIENE DI thE hit ©f Gilewtny chethoattoedphnn upt ake and
fixation and/or production of or glanl c conpounds, which varies dependi ng

upon the chend¥geePibgwden Heelse Bnegvasts Er@éu?}d?"qlss Pkl RARPESRWMERe B8 Ynabl e
wi t hgyt mgﬁ«e&w%én%atc%m&%&ﬂderg%s Qhd Blhil!fRAY fafest ASitatioh rk, &id turing

chenpaut ot r ophs
pressure in the chemoautotrophic culture environment may be controlled in certain

embodiments of the present invention as well. The operating parameters affecting
chemoautotrophic growth may be monitored with sensors (e.g. dissolved oxygen
probe or oxidation-reduction probe to gauge electron donor/acceptor concentrations, ),
25  and controlled either manually or automatically based upon feedback from sensors
through the use of equipment including but not limited to actuating valves, pumps,
and agitators. The temperature of the incoming broth as well as incoming gases may
be regulated by unit operations such as but not limited-to heat exchangers.
Agitation of the culture broth in certain embodiments of the present invention
30  may be provided for mixing and may be accomplished by equipment including but
not limited to: recirculation of broth from the bottom of the container to the top via a
recirculation conduit; sparging with carbon dioxide plus in certain embodiments

electron donor gas (e.g. H, or H,S) and for certain aerobic embodiments of the
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certil‘? n &BEACHETAN e?“hgg?gﬁé‘%o(’ﬁp%??eﬁ i“&veﬁl“@g'oggﬁsgrﬂngF glbr%?’ﬁ?lni ng nutrient
nmedi um i grdd@eBYIRsth bimid 44 inbgaRiy sdniatiude beeat avslinied idrcyoranore@fpl et el y,
5 periodically or continuously, and is replaced with fr,gsh cel L-f ree nmedi um
to mai nt efollpwingepseticgeidy pther preanisasedsiang sally ohRrgann aeids-£HA8E r epl eni sh

the depl ghedon HeltaABIEy dtdkeh Ry b OMb TR R RSt GARY Blehidiidpi t ory waste
products. The producti'on of useful chem cal products through the cheno

synt het i sulfurasutifides, sitratesoferre wpe and ather wansatiaremets! WwasoBersals.#etds®rors to

£ b o e . . . ¢
| nventt onsn OBUfTabe i AR ot stosfiE) il RRHL TR R B8 52 ™
i ncl ude Iy teraehieoed In gertamderhioodiments rof ther mresht invential thowmighgontroktfi ¢ aci d,

ASIREA LML R RENC A R L e e
sul fi des go:Hutdicht RSelsf @hdte fevielsOpHaREhREANGTE, $dliARS] dibRvedixben B, ot her
salts, a%::lr(lj)gn C()iiroxide, gas and liquid flow rates, agitation rate, and pressure
20 The high growth rate of certain chemoautotrophic species enables them to
equal or even surpass the highest rates of carbon fixation, and biomass production per
standing unit biomass attainable by photosynthetic microbes. Consequently the
production of surplus biomass is a feature of certain embodiments of the present
invention. Surplus growth of cell mass may be removed from the system to produce a
25  biomass product, and in order to maintain an optimal microbial population and cell
density in the chemoautotrophic culture for continued high carbon capture and
fixation rates.
Another feature of certain embodiments of the present invention is the vessels
used to contain the chemosynthetic reaction environment in the carbon capture and
30 fixation process. The types of culture vessels that can be used in the present invention
to culture and grow the chemoautotrophic bacteria for carbon dioxide capture and
fixation are generally known in the art of large scale microbial culturing. These

culture vessels, which may be of natural or artificial origin, include but are not limited
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artifici aerapfitgichy, totekdtelepbxy, fitfetglagy glabsyimiaeadarh Qlashick, |sbﬁdl seglaat, or s;

bi ol ogi cal scrubber col u bi qreact ors; bubbl e colunns averns; caves;
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base, siding, Maﬁﬁembbdﬁﬂéﬁts dthd presckid eoMeati 616/l chifimiizOMmatfial sty e
material Susinrécéhlér%log)gntl?eg}c vrzacs)éel lgle(gpngt%%s i)gvutl)lgta gv? rs]urfgceeﬁené to volume ratio,

20  such as but not limited to substantially cubic, cylindrical shapes with medium aspect
ratio, substantially ellipsoidal or “egg-shaped”, substantially hemispherical, or
substantially spherical shapes, unless material costs are superseded by other design
considerations (e.g. land footprint size). The ability to use compact reactor
geometries is enabled by the absence of a light requirement for chemosynthetic

25  reactions, in contrast to photosynthetic technologies where the surface area to volume
ratio must be large to provide sufficient light exposure. |

The chemoautotrophs lack of dependence on light also can allow plant designs
with a much smaller footprint than photosynthetic approaches allow. In situations
where the plant footprint needs to be minimized due to restricted land availability,

30  certain embodiments of the present invention may use a long vertical shaft bioreactor
system for chemoautotrophic growth and carbon capture. A bioreactor of the long
vertical shaft type is described in U.S. Pat. Nos. 4,279,754, 5,645,726, 5,650,070, and
7,332,077.
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with a much soal |l er. footprint than photosvynt hetic approaches allgw. In
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che rrpau]t 5y nssHineorg b AYINg: eRish Wegh €13y eConsraig. gy Q51> 1BPTERRAE | ong
verti cal ,§ ' rd ' i 5,726,
5, 650, 0 78’,%2{1%’&7’%8 9% 7#.%9’ ,dr Qﬂgb% e ?;nlggg*gp*ﬁ %834‘5153%’ ng’perﬁp&é

consi der pelyorethane doanahaviegibigh speeifis surfaerased rlhgshempatetiopit nay

advant ageou i.ni.nl 1 ' ' ' f ter,
it 1 et Db i pERREln, SHd ARG aREHERTMbE huco bl ©f water
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present beadedanasilibiless bEITBING] Flass) péramics; small diameter plastic discs, spheres,
tubes, particles, or other shapes known in the art; shredded coconut hulls; ground corn
20  cobs; activated charcoal; granulafed coal; crushed coral; sponge balls; suspended
media; bits of small diameter rubber (elastomeric) polyethylene tubing; hanging
strings of porous fabric, Berl saddles, Raschig rings.
Inoculation of the chemoautotrophic culture into the culture vessel, in certain
embodiments, may be performed by methods including but not limited to transfer of
25  culture from an existing chemoautotrophic culture inhabiting another carbon capture
and fixation system of the present invention, or incubation from a seed stock raised in
an incubator. The seed stock of chemoautotrophic strains, in certain embodiments,
may be transported and stored in forms including but not limited to a powder, liquid,
frozen, or freeze-dried form as well as any other suitable form, which may be readily
30 recognized by one skilled in the art. When establishing a culture in a very large
reactor it may be advantageous in certain cases to grow and establish cultures in
progressively larger intermediate scale containers prior to inoculation of the full scale

vessel.
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25  is maintained, using continuous influx and removal of nutrient medium and/or
biomass, in substantially steady state where the cell population and environmental
parameters (e.g. cell density, chemical concentrations) are targeted at a substantially
constant suitable or optimal level over time. Cell densities may be monitored in
certain embodiments of the present invention either by direct sampling, by a
30 correlation of optical density to cell density, or with a particle size analyzer. The
hydraulic and biomass retention times can be decoupled so as to allow independent

control of both the broth chemistry and the cell density in certain embodiments.

Dilution rates may be kept high enough so that the hydraulic retention time is
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In certain embodiments of the invention, the biomass is further processed

20  following drying to aid the production of biofuels or other useful chemicals through
the separation of the lipid content or other targeted biochemicals from the
chemoautotrophic biomass. The separation of the lipids may be performed by using
nonpolar solvents to extract the lipids such as, but not limited to, hexane, '
cyclohexane, ethyl ether, alcohol (isopropanol, ethanol, etc.), tributyl phosphate,

25  supercritical carbon dioxide, trioctylphosphine oxide, secondary and tertiary amines,
or propane. Other useful biochemicals may be extracted in certain embodiments
using solvents including but not limited to: chloroform, acetone, ethyl acetate, and
tetrachloroethylene.

The broth left over following the removal of cell mass may be pumped to a

30  system for removal of the products of chemosynthesis and/or spent nutrients which

may be recycled or recovered to the extent possible, or else disposed of. The position

of the process step or steps for the recovery of chemical products from the process
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In embodiments of the present invention involving chemoautotrophic
20  oxidization of electron donors extracted from the mineral ore, there will in certain
embodimentsremain a solution of oxidized metal cations following the
chemosynthetic reaction steps. A solution rich in dissolved metal cations can also
result from a particularly dirty flue gas input to the process such as from a 06a1 fired
plant. In certain of these embodiment of the present invention the process stream may
25  be stripped of metal cations by methods including but not limited to: cementation on
scrap iron, steel wool, copper or zinc dust; chemical precipitation as a sulfide or
hydroxide precipitate; electrowinning to plate a specific metal; absorption on
activated carbon or an ion-exchange resin, modification of the solution pH and/or
oxidation-reduction potential, solvent extraction. In certain embodiments of the
30 present invention the recovered metals can be sold for an additional stream of
revenue. Chemicals that are used in processes for the recovery of chemical products,
the recycling of nutrients and water, and the removal of waste, may advantageously

be selected in certain embodiments to have low toxicity for humans, and if exposed to
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Recovery and/or recycling of chenosynthetic chem cal products and/or spent
nutrients fromthe agqueous broth solution nay be acconplished in certain 5
enbodi nenwve 20f1/tsbB3pr esent i nvention using equi pnent anectraskaigues2 known
in the art of process engineering, and targeted towards the chem cal

product s of HRALEIsGEA that TOREVAENbakAhtd HE gRIAREBhtaldRY,. a0 teﬂlcilt'y s tHei ng but

not limted to: so vent extraction; water “extraction; di sti ation;
f ract i onahembattotrépiisibemg uwsedent ati on; cheni cal precipitation; alkaline

sol ution absorption: absqrption.or adsar.ption on tjvat car :

on- exchange. PRePTRBERIBRERASTT &F efPR Blarvte SR A AIFEoBRRREER o

and/ or oxhembsymrhesisd Ndutralizpiohaitiacil in thy/Biot @éndfesaccdmplishedimbertain
crystallizers, soljd/liquyid separators, nanofiltratjon, and all

Conbi Hat I<BHReMmEHEBY the additionaf Pzsi @}uﬁlﬁg%%%mv - Hmerare dimSal uabl e
product s shaRm kyiRoBHE G@SRomh, @ashc FREM, fHaBfeditn ©RIdeirdn 8RidedINBHan t he
renoval of the waste products nay be 15performed as indicated by the box 8.

| abel ed "embodimensgnthbase imayreqroducettfeom agarban dipXidoernispa)-TFe spPricGr ned t o
th | t RITRN R ; : Ot | i fi.desired
e cul tuhéh Xﬁ%ﬁ‘ﬁjaugggvaggﬁ%%%é Eﬁnléég%g l’ﬁgdgﬁcpégbg{ ndt M5hifddlh i8R oJ&de esire

[ see the process ar Fnutrients” in Fl 1]. In
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200xi.di zation.of electro nor tracted fromt mneral, ore, there wll
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by nmet hods including but not Iimted cenentation on scrap iron, steel

wool , coppemningralyihpeughtbe catelitiepetion ¢frchemeputatrppliic aecrporganismednor hydr oxi de
precipit " MaJar. | S [N oRT X : | n

et Bt eqerarEnRUIAMO0 B0 ot Qe BhRns RO LEGIIRER of BORREMUARAEY, 0 o1
and/ or oxaugdmentcthe cation camnredsbrengh ahgmesynthesis vatt biacdtalyred tmecar t ai n

enbodi mentﬁ) of the 30(§£%Psent in}\{enti N tq@ recovered nmet albi c€n be sold for
an addi t i GPoM SEIYRURY ee‘{fgr?lﬁé.erﬁﬂ% CHNLC PRAPOTRARSTS &8P1 e?) ocesses for

t he recoweithstadlingheliiph pH phatbuctisere th®oh divkidd I8 ghedmoldydniesllysfaasekdwat er

and the renoval. of waste, may advantageously be selected in certain

enbodi rerb SRCIPIREAS CRERITRSIY PYadvGRIaREORSR Ceripn CAfeSe Ky S@EPangte o

20  biomineral precipitate produced may be removed periodically or continuously from
the system using, for example, solid/liquid separation techniques known in the art of
process engineering.

An additional feature of certain embodiments of the present invention relates
to the uses of chemical products generated through the chemosynthetic carbon capture

25  and fixation process of certain embodiments of the invention. The chemical products
of certain embodiments of the present invention can be applied to uses including but
not limited to one or more of the following: as biofuel; as feedstock for the production
of biofuels; in the production of fertilizers; as a leaching agent for the chemical
extraction of metals in mining or bioremediation; as chemicals reagents in industrial

30  or mining processes.

An additional feature of certain embodiments of the present invention relates
to the uses of biochemicals or biomass produced through the chemosynthetic process

step or steps of certain embodiments of the present invention. Uses of the biomass
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the process streamthat is recycled back into the growh container, |ow
toxicity for the chenpautotrophs bei ng used. In certain enbodi nents
of the prweentl/isesenti on there is an acid co-product of PCharse&ipnviIesi S.
Neutralization of acid in the broth can be acconplished in Certain

Senbodi E%@cp%cltuﬁg acdt tnbpf‘m'f’tgd RASHS: biBmasIiuBBrP 'dSmBQ§t10|n' iliphRRula®:

limesto , I um hydr oxi de, amoni a, caustic pota rragne5| um
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car bon di oxi de em si on- | sic
ni ner al s SFAETLA WY bﬁia?fg[’&f sosu(%?ed’r g%%ﬁaiﬁsﬂe?nr%%&aﬁ“swﬁgﬁg&ucgu?n&c%@?de i ron
oxi de, i vafiow ¢hemdaly/indkidin@riainoi igited fCB(tC&hmeDClaﬂenZ)S'ﬁﬂfsp&ﬂﬂblﬂt&:SJ.OCOﬂt ai ni ng

a rretal oxide, .yultramafic deposits co tai.nj ng net oxi des, and under ground
basi c” saRMP %‘iﬁ&? puprins; Boplgsies; glycerg é’érlg;oﬁ‘%af“b%gla AT APYHFR O ough t he

chenosyntehight grdvith @t ofier RficroBEstbroafisths; 8 Medd foRrhMAMRIineMURR KidRobE
captured and converted to carbonat es or biom neral s t hrough the catalytic

action oﬂlﬂEWér‘?@&@FﬂGI&hﬁﬂhlcblqlfF%Sﬁ @lﬁsg‘afnﬁféhﬁs fQ‘?d@E?@Erf@raql?P}&#ﬁbﬂﬁhﬁ’ént s of the
present Eﬁ]\fﬁa% A: fh ﬁ%?%héfﬁ@éu% dtl efarcl E?QQSSE??HC tno? he carbon

captured roug ermsynth SI'S W|t ata m nera car
sequest r dimited toKlirectdmefai:tlcmeﬁniauffmpsolphrm‘;emsﬂwh@mhSssntbe%fam&tﬂllé‘il%f

W th H sol ution where carbon d| mcally
Favorta tanbsBefistiot b febbil SmtrEtmGRIRRA0 UX bidBucion TR aes
Any cgr bqlﬁliaéee s@ck 40r Metahé er bibgay grodwditiont &s ﬁrtﬂtheﬁeﬂ ramyndierial dooved

peri odi ca yor continpuous|ly fromth st em usi ng,

sol i d/ | i dRA"Y fachginegric ﬁmicéLWr‘i’FEﬁﬁ%%S%ﬁ@ﬁ%u} ?Pttlﬁ’é‘teél?'f’t ?p’iﬁ’ﬁﬂ‘étggb engi neeri ng.
An addi t ippR raﬁ@lﬁ%ﬁlb‘i&oﬁfpaﬁ@fetp?ésﬂcﬁ rﬁ@@gﬂlr@@d"é HfmhhrRtipdlemedicidanyent i on
relates to the uses of chem cal products generat ed through t he

chenosyninhitionababplencesagniladditpesaad seik sePdiactsr ocess of certain enbodi ment s
of t hg i nvent 'AQPaddTp&la%ﬁ%mrg %% eﬁ{a(?lg%i)édlmenfs uféﬂégr gém%e'ﬁﬁpfﬁ §el§tfest he

pr esent invention Can to uses 1ncl t not mted to one
or nore o tlteh@trhukatmmofgheraeatbomn}w prgasisfsdastabén dioxidelrepiuradatbonon of
bi of uel s;

chem cal fBS?{]? ? 5{3%%%%?:91%3’@55 T%gﬁ'i#*}% g‘bc 100 glp &%H%&?‘? IS%haagcgc fe(r)nr c:[alhg
reagent s prétuctsd Usid d6@imi296n ¢dnicagr Iﬂﬁ(ﬁ.{gﬁhﬁﬁeﬁcludmg methods known in the art
of artificial breedmg including but not limited to accelerated mutagenesis (e. g using
20  ultraviolet llght or chemical treatments), genetic engineering or modlﬁcatlon
hybridization, synthetic biology or traditional selective breeding. For embodiments of
the present invention utilizing a consortium of chemoautotrophs, the community can
be enriched with desirable organisms using methods known in the art of microbiology
through growth in the presence of target electron donors, acceptors, and
25  environmental conditions.

An additional feature of certain embodiments of the present invention relates
to modifying biochemical pathways in chemoautotrophs for the production of targeted
organic compounds. This modification can be accomplished, for example, by
manipulating the growth environment, or through methods known in the art of

30 artificial breeding including but not limited to accelerated mutagenesis (e.g. using
ultraviolet light or chemical treatments), genetic engineering or modiﬁcatioﬁ,
hybridization, synthetic biology or traditional selective breeding. The organic

compounds produced through the modification may include but are not limited to:
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An additional feature of certain enbodi ments of the present invention
relates to the uses of biochem cals or bionass produced through the
chenosyntwetnt/g3ssess step or steps of certain enbodi meatrassediohaopr esent
invention. Uses of the biomass product include but are not limted to: as
a bi omasg,; gl iﬁcﬁfdiﬁgmqﬁt ifHitel Mo BRYdldsEIWrabnetvabie A&, diRard® gaSolfdel €d Wi th
fossil fuels such as coal in pulverized coal powered generation units; as a
car bon s dengoehaindrydregagons caethane andeprendd pgstabls qit pradeceddred bicdogigali ous
chem cal s_i ncl udi ng . n i 1] : ' j.biotics,

5am no aé?aﬁgl?nsvﬁntvé%’ %gfbrgbl %cp‘lloa o:ﬁggs, I"g?‘g@‘g%%‘fp?h@% e‘ﬁﬁg%%/%‘r%g%gﬁgﬁrol ; as a
nut ri ent bisfugleadfon liqtidefugl sratiictioh thiclhgh chéricalqgecessesor gani sns; as feed for

aninmals including, but not lipmted to cattle eep,. chi gkens igs, or
FreheS os Mood Te piegts e spcifib iy S13h¢ bresnd Bictbuiefiand SRPBIcaln 3 o
gasi fi caliQRsPRd ubihg YREAEAIORPH ORREESEahiRR el Ldigule CONAd prodideed to direct

| i quefaction, Fisher Tropsch processes, nethanol synthesis, pyrolysis,
10t r ans e diwnass apd pthenusedpl oorprodwitala riyphes o proseesfiqvo Aiagramey despbiBRoduct i on

of i qui 4, fb@ emBstihefd oﬂl‘fécé?g{eﬂf iVEh R fe BBWQieQ&ﬁ%dp_rﬂqw.?e@mc as

fertilizer; as raw materia manuf acturing or chem cal processes such as
but not lekamples shanld het teraasiceddoss lonitipg dakcpnesaid ventidw goanyaviband gk ast i cs;

as sources of arnaceutical , di.ci.nal or nutritional substances; soil
addi ?ﬁve?r%vﬁ%mgtgf Fheso PP s ! ?L%f&lﬁog'ddi tional feature of certain
enbodi nent s ofFIGh2 iPpresen flowndiegtanofor e ka¢replatyoerhbedimpehi ofi thapresentof

chenoaut ot r ophi ¢ oy gani sns f car bon di oxi.de capture, carbon fixation into
organi c d’b‘fﬁ?g%g@,tf“gﬁ@t‘;‘rﬁé)fﬁf%g}ﬁdg?ﬁe&foxb 178 @&PH%‘HPE"@W&?QCM

co- pr oduGk&ductibh 8f @RAAIT 28¢4rBéh idRideGicH luehtad idaphired fohiih aigissiehhods known
in the art of artificial breeding including but not limted to accel erated

nut agenesSPYrce such as\pspayer Phants reEneTy) @t cemeghprogucehdme diie gap ssthent s) |

genetkc ' ' hi ' L-di ' [ 94 Ogy or
tr adilF [ oﬁgﬁllpg%%{edc%}?l\}g; o eghllfon%%%g%l gﬂ%%%?x%ﬁ%%éﬂeﬁh%nﬁé{eﬁﬁ% g)rgg%{ miog%/ent ion
utili zi ndpydrogen ewidizingracstogenendwooatiotpplss suches butmaidinijeddan be enri ched

with desijable organis usi,n hods_ known t ar.t .of m crobiol ogy

t hr ough cg&Pﬁa‘frﬁg?‘WenOBr?@geﬁ%egoggesetréurmgvev oe’I”eAccte ;r}) ﬁnl (’)nniol%lg’, acceptors, and
25envi r orBmyYiialctee bintlinkilplsrophicum, BAryribdcdietivminaligéréalloseiddim aedaticaim

enbodi nent s of the present inyention relates nmpdi fyi ng bi ochem cal

pat hways (itlﬂStE’ﬂéﬁ%ﬁ ‘Eﬁ‘ﬂ’ﬁfﬂ‘fg’ s’”t’ﬂ’@’”p‘f%‘gi}@f‘i:”o%fff ! ’é{’f’@léfogd"ag?@eé’r‘f%
conpoyndCloshidm BEhbbi gl O3, CRRABURTERMRbIENESN, CRErRIBARIEVeRY

mani pul ati ng the growth envi ronment, or through nmethods known in the art of

30art i f i dilaftrigiuselivragantic (Clestriduputhereraceticim ddosftydit el er at ed nut agenesi s
o odh 117kl RleRly, CLRed B os R o B el et v
br eedi ng.théfhesercharileicomidesidgivg ddueem!/ v Bubgcierien Fodisfmcat i on may
i ncl ude %tpto%;rgp[(}%t)cclu.is Ir;]r(; ugtuts.o ﬁydrogen electron donor is added continuously to the
25  growth broth along with other nutrients required for chemoautotrophic growth and
maintenance that are pumped into the digester. In certain embodiments, the hydrogen
source is a carbon dioxide emission-free process. This could be electrolytic or
thermochemical processes powered by energy technologies including but not limited
to photovoltaics, solar thermal, wind power, hydroelectric, nuclear, geothermal,
30  enhanced geothermal, ocean thermal, ocean wave power, tidal power. Carbon dioxide
serves as an electron acceptor in the chemosynthetic reaction. The culture broth is
continuously removed from the digesters and flowed through membrane filters to

separate the cell mass from the broth. The cell mass is then either recycled back into
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bi ofuel s including but not limted to biodiesel or renewable diesel,
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t her moace&tlcelated for s [R-Ki Sinnptcrhemisaldeneinasring HesEnoolyme byt
ther mhy@ﬁ%&#ﬁl@&mh@aﬁéﬁm BRESACH I Psrelafeal itigaitient Ghogier | di um

t hernocel'Tum Eubacterium|inosum Peptostreptococcus productus. Hydrogen

el ect r on persemtrinyentiguddtie owdel wavdeveloped using esBhliged e s imtheissisgtifiFt h ot her
' : ' f : :
s TGt fof fholigf SRR RGERPI B U B A BN ABRARE AR o7 e

punp certain e n ogen source is a
car bon diofxhaheiceningiieoringd.r €k potsedosthe Thodel cagatdindmiagberganisingt i ¢ or

t her nochem cal processes powered_by. ener t.echnol ogi es _i-n di ng but not
[t od POBREIGS GeR e Hegrisnafn bsratroRaHEY. s - al o et e

hucl ear, jQeedshiyr ti@broddtidNbRaRAD! Goai Mrirobial fephedatible UsaPateticean wave
power, tidal (ﬁower. Car bon dj oxi de servais“ ag an el ectron acce t?r in the
chenosynt’R8%4%2- Psh@Bi20A7; HevaisRandyr$., gfrabt Andigect or direct fermentatioh o

20  biomass to fuel alcohol”. US Patent Application 20070275447. Nov. 29 2007,
Heiskanen, H., Virkajarvi, 1., Viikari, L., 2007: The effect of syngas composition on
the growth and product formation of Butyribacterium methylotrophicum. 41: 362-
367] for acetogenic microorganisms were as follows: 1) stoichiometry of
chemosynthetic reaction producing ethanol: 3H; + CO, -> 0.5C;HsOH + 1.5 H>0; 2)

25  conversion of H; each pass through bioreactor: 83%; 3) stoichiometry of acetic acid
side reaction: 2H; + CO, -> 0.5C,;HsOH + H,0; 4) Cell growth rate in plateau phase
steady state ~ 0; 5) percent of fixed carbon going to ethanol during steady state:
99.99%; 6) growth medium concentration of ethanol at steady state : 10 grams/liter; 7)
ethanol productivity at steady state: 10 grams/liter/day; 8) concentration of acetic acid

30 at steady state: 2 grams/liter; 9) cell mass concentration at steady state: 1.5
grams/liter.  The mass balance indicates that 1 ton of ethanol will be produced for
every 2 tons of CO, pumped into the system. This amounts to over 150 gallons of

ethanol produced per ton of CO; intake. The energy balance indicates that for every 1
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continuously renoved fromthe digesters and fl owed through nenbrane filters
to separate the cell mass fromthe broth. The cell mass is then either
recycl ed wackiossss WO 2011/ 056183PCT/ US2010/ 001402 t he pdirgmssaiensi4ozr punped
to driers depending upon the cell density in the digesters which is
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chem cal TR@iiORSHirdSraid NA L) TUidnitRIspirb eharmidphild, §degbdicrius M cr oor gani sm
performance taken fromthe scientific |literature [Gaddy, Janmes L., et al.

" Met hods Apdsetherpalia Jhiapieraspise sautiinG VO Thiabardis reandligésobi al
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“Indirect or direct fermentation of 20bi omass to fuel al cohol". US Patent
Appl i cat tothigolfze2msitagen subfide, ppsulnare adsled ieantémiously to Vhe grgpvah broth |

L L
acet ogeniinto tecdigestaran psividereygensas hoklectnsn adcppst.oTbdcamet byotbiis
ﬁgg;rm%/ntcgr%nlu%uglg ?gl}ul)\(/)e% 1‘?ornqq}lxjeccliirégstg}s fa]lg(ri] ?llo:weg lfimzroﬁghcr%%rﬁb?anoe' t?l%zrls_| ;Som * 1.5
separate the cell mass from the broth. The cell mass is then either recycled back into
the digesters or pumped to driers depending upon the cell density in the digesters
20  which is monitored by a controller. Cell mass directed to the dryers is then
centrifuged and dried with evaporation. The dry biomass product is collected from
the dryers. Cell-free broth which has passed through the cell mass removing filters is
directed to vessels where the sulfuric acid produced by the chemosynthetic
metabolism is neutralized with lime, precipitating out gypsum (CaSO,). The lime
25  may be produced in certain embodiments by a carbon dioxide emission-free process
rather than through the heating of limestone. Such carbon dioxide emission-free
processes include the recovery of natural sources of basic minerals including but not
limited to minerals containing a metal oxide, serpentine containing a metal o‘xide,
ultramafic deposits containing metal oxides, and underground basic saline aquifers.
30  Alternative bases may be used for neutralization in this process including but not
limited to magnesium oxide, iron oxide, or some other metal oxide. The gypsum is
removed by solid-liquid separation techniques and pumped to dryers. The final

product is dried gypsum. The broth left over after the sulfate is precipitated out is
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25conversion of H2 each pass through bioreactor: 83% 3) stoichionetry of
acetic acid side reaction: 2H2 + CO2 -> 0.5C2HSOH + H20; 4) Cell growth
rate i n pvatenuwsptsase steady state - 0; 5) percent of fipkedSe@oborroyoi ng to
et hanol during steady state: 99.99% 6) growth nedi um concentration of
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grans/ | |t .The mass bal ance indicates that 1 ton of ethanol w Il be
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product imasg# ther eigher reqygiedack mpe the digesters pf B@na%wrm dependingpassed
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lime, prdoegted s thegiryars isghers centiildgedband drfedwithewaporation. The dry biomass
product is collected from the dryers. Cell-free broth which has passed through the

cell mass removing filters is directed to vessels where the sulfuric acid produced by
the chemosynthetic metabolism is neutralized with lime (CaO), precipitating out

25  gypsum (CaSOy). The lime may be produced in certain embodiments by a carbon
dioxide emission-free process rather than through the heating of limestone. Such
carbon dioxide emission-free processes include the recovery of natural sources of
basic minerals including but not limited to minerals containing a metal oxide, iron
ore, serpentine cohtaining a metal oxide, ultramafic deposits containing metal oxides,

30  and underground basic saline aquifers. Alternative bases may be used for
neutralization in this process including but not limited to magnesium oxide, iron
oxide, or some other metal oxide. The gypsum is removed by solid-liquid separation

techniques and pumped to kilns where the Muller-Kuhne process is carried out with
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sul f yhi ¢ AGkdnREQPUHTETHR ulture broth is continuously removed from the digesters and

flowed through membrane filters to separate the cell mass from the broth. The cell
mass is then either recycled back into the digesters or pumped to driers depending
upon the cell density in the digesters which is monitored 'by a controller. Cell mass
directed to the dryers is then centrifuged and dried with evaporation. The dry biomass

25  product is collected from the dryers. Cell-free broth which has passed through the
cell mass removing filters is directed to vessels where the sulfuric acid produced by
the chemosynthetic metabolism is neutralized with lime (CaO), precipitating out
gypsum (CaSOy). The lime may be produced in certain embodiments by a carbon
dioxide emission-free process rather than through the heating of limestone. Such

30 carbon dioxide emission-free processes include the recovery of natural sources of
basic minerals including but not limited to minerals containing a metal oxidé,
serpentine containing a metal oxide, ultramafic deposits containing metal oxides, and

underground basic saline aquifers. Alternative bases may be used for neutralization in
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B A BT L ST MO EETRUg Lo e digost o anc
The gl | B hdrmatifemhiGhichepiragpyatfs ONaS KBl edbaIRak, S or punped to
driers depending upon the cell density in the digesters which is nonitored
by a contdrephaster spestraimB VK QiR, aad another sehef eilipdrisaliasrathediesdatsr i f uged and
dried w th, YAROLA sHore H¥n Slidize ¥R Dautotrophs such as but not limited to
Leptospirillum ferrooxidans or Thiobacillus ferrooxidans. One or more insoluble
sources of electron donors such as but not limited to elemental sulfur, pyrite, or other
25  metal sulfides are sent to a anaerobic reactor for reaction with a ferric iron solution.
Optionally chemoautotrophs such as but not limited to Thiobacillus ferrooxidans and
Sulfolobus sp. can be present in this reactor to help biocatalyze the attack of the
insoluble electron donor source with ferric iron. A leachate of ferrous iron and
thiosulfate flow out of the reactor. The ferrous iron is separated out of the process
30  stream by precipitation. The thiosulfate solution is then flowed into the S-oxidizer
digesters and the ferrous iron is pumped into the Fe-oxidizer digesters as the electron
donor for each type of chemoautotroph respectively. Air and other nutrients required

for chemoautotrophic growth are also pumped into the digesters. The culture broth is
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FIG. 10 is a process flow diagram for an exemplary embodiment involving the
capture of CO, by sulfur and hydrogen oxidizing chemoautotrophs and production of

20  biomass, sulfuric acid, and ethanol using an insoluble source of electron donors. A
carbon dioxide rich flue gas is captured from an emission source such as a power
plant, refinery, or cement producer. The flue gas is then compressed and pumped into
one set of cylindrical aerobic digesters containing one or more sulfur oxidizing
chemoautotrophs such as but not limited to Thiomicrospira crunogena,

25  Thiomicrospira strain MA-3, Thiomicrospira thermophila, Thiobacillus
hydrothermalis, Thiomicrospira sp. strain CVO, Thiobacillus neapolitanus,
Arcobacter sp. strain FWKO B, and another set of cylindrical anaerobic digesters
containing one or more hydrogen oxidizing acetogenic chemoautotrophs such as but
not limited to Acetoanaerobium noterae, Acetobacterium woodii, Acetogenium kivui,

30  Butyribacterium methylotrophicum, Butyribacterium rettgeri, Clostridium aceticum,
Clostridium acetobutylicum, Clostridium acidi-urici, Clostridium autoethanogenum,
Clostridium carboxidivorans, Clostridium formicoaceticum, Clostridium kluyveri,

Clostridium ljungdahlii, Clostridium thermoaceticum, Clostridium
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for an epemprdiyo rsbiaesternt Thageltwe bepth ecantipuensty smaved figm 819 fur and
hydrogen d?&%g%?dﬁ%mﬂ%aﬂmn@ﬂﬂer@ & gélﬁﬁ'dt@ theXell mass from the

broth. The cell mass is then either recycled back into the digesters or pumped to
driers depending upon the cell density in the digesters which is monitored by a

25  controller. Cell mass directed to the dryers is then centrifuged and dried with
evaporation. The dry biomass product is collected from the dryers. In the S-oxidizer
process stream the cell-free broth which has passed through the cell mass removing
filters is directed to sulfuric acid recovery systems such as employed in the refinery
and distillation industries where the sulfuric acid product of chemosynthetic

30 metabolism is concentrated. This sulfuric acid concentrate is then concentrated
further using the contact process to give a concentrated sulfuric acid product. The
broth left over after the sulfate and sulfuric acid have been removed is then subjected

to any desired additional waste removal treatments which depends on the source of
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Thi obaci | l'us ferrooxi dans and, Sul f ol obus sp.. can be present in this reactor

to help Birensn A1F Whea qqg)ethagléwt@thw@sl?qqgm digesiers| ect ron donor source with
ferric iron. ?Iéeﬁpﬂ%é’ce‘ﬁ 6K digHEm! 6P %ﬁlﬁ‘ty%c;d%@ntflh%ﬁlgtth@f the

reactor. The ferrous 1ron Is separated out he process stream by

10pr eci pnaxaunecnf CQ')h'E!/ iron mmctroeerswdmngrphﬁmomeﬁophmd)rp@ﬂ%lonWé

S—ox izer d| e r on is punped
ntolan” DR BTl RaLER, S EEh bR ARRE bR ABIE PO P o)

hydr ogen hgdmcarboﬁ as mecbnbggytlhwtetbembrpm@d\&tmnaf eleetamt dmrQHﬁheutFthe+ -> H2 4-

Fe3+. Theoen cel | tage for e ion is 7 which is

subst ant |r%{F of gaRsPus ﬁ?ﬁ g‘h (ha LS Oéléif:l”cﬁgf ﬁélsr%?Pt‘Fﬁ%}%F‘e%}?‘BF?QI‘s of

wat er 15(Séur3351}&1 ashlowee b, Gefif@y kornRhieas potiuddie Thy ifldatgao s thén f errous iron
to ferric iron is much sinpler than that f fﬁl?ﬁ:)[})tcﬁ{%educt|on of ox gen in

wat er t o coRpieredand pumped dntorpme s¢tertrylipdien 2GSETH CORIZRINERIE Y | ower .

Theseof agl e frof eRRiizARg cp&ﬁaau@&%oﬁ@ sBAPADht HBVERAES f@[eﬁt&%n@ﬂmum ion of
hydrogen gas by usin errous 1ron conpared to electrolysis of water. The

hydr ogen f@srexhidesd or & 2t0édcullmﬂrrm144n®,>@nd|azeiheum@é eulindriggl @erabic el ect r on
donor. The, ofNelontifihk AL 8r MOMhd8edP8xiGRRTRALGLELACRRL fodlli Qb fhsar € 2l so

such as but not limited to Acetoanaerobium noterae, Acetobacterium woodii,
Acetogenium kivui, Butyribacterium methylotrophicum, Butyribacterium retigeri,

25  Clostridium aceticum, Clostridium acetobutylicum, Clostridium acidi-urici,
Clostridium autoethanogenum, Clostridium carboxidivorans, Clostridium
formicoaceticum, Clostridium kluyveri, Clostridium ljungdahlii, Clostridium
thermoaceticum, Clostridium thermoautotrophicum, Clostridium
thermohydrosulfuricum, Clostridium thermosaccharolyticum, Clostridium

30  thermocellum, Eubacterium limosum, Peptostreptococcus productus. Hydrogen gas
produced by the water shift reaction is fed into the H-oxidizer digesters as the electron
donor. Ferrous sulfate synthesized through the reaction of ferrous oxide (FeO), sulfur

dioxide and oxygen is pumped into the Fe-oxidizer digesters as the electron donor.
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punped into the digesters. The culture broth is continuously renoved from
the digesters and flowed through nenbrane filters to separate the cell nass
from t he woabh/osdise cell mass is then either recycled bach/iispdionoize2

di gesters or punped to driers depending upon the cell density in the

di gester | I .S | I I d to the
dryers i gh%g‘%p rélétr?]lte }I’;[IQ? %%ugﬁagﬂg%g ?f}oégﬁ)\?mﬂabhﬁeég%tg ra(%@ H)Sﬁ %#ﬁ’g i é'?‘? q}%dlﬁo nmass
product digestetslforéaet réspect tengpe of/ehremoautotiopb. Thexultiurzdrothnocess stream t he

cell-free hroth which ssed throu the cell nass re ing filters is
i r ect edcegOpa FerEoveiorR SRS HEeyets poT Babsld YR e FEREIIANNIR ne 1ot nery
and di st kdgapdté 2 dell Gt Fioasthehestd. tihe cllinfads isahéctichep reagdulet batk into

chenosynt hetic 30nmetaboljsmis concentrated. This sulf l{{“llog acid concentrate

i s then Hsfigstiaraprrmend Reriersdepgnding upemthecell septibss thodigesiersa
concent r gheq) ;s Wdnitbidd B SbrifoREt CEell iﬁisaest Jri]a;&&éa tb&hd dﬁrg?sris afdner the sulfate

and sulfuric acid havebeen renoved en subjectéd to any desired

addi t i ona¢ntrifuged andduoedivithrexaparations T iy bderpassasodust isreollsetad dronof £ ue
gas. In the, H oxjdj 1 S t ld - f . ' has passed
t hr ough %}ﬁ:edr%eer?'l innglé?er%ﬁ%\%igrrpgofﬁ# ? e%ﬁpgcgﬁr%%t%gﬁ‘gﬁl\%gge éssg ere the
aceti c adirougirthd eeld echassreneavingefiltevs ihdiedchainol fetric spifeducevethyyisteacset at e whi ch

isr ved . from sol ut.i gn reactive distidlatign. Th t byl acetate is
conv iyt e Sushgs SPHNKH 1B PR TSI e Hedrrie salgie SETO! ¢ he et hanot i s
recycl edchéhosyHtheie metatitmas corntehiifed @6 hisy@bRIprbdict.aTheBrath Rfeewr The
other part is put throu a nol ecul ar sjeve which separates anhydrous

h gh ]

et hanol  BijerdBg avlkate bas hecaaermpyqdis thansaiseted tn anyARYHH 3ddILOPAANZTC i s t hen
col | ect e and) irBRnfihlsUWiRicRHBAMAL oh $he Ghuktleidive Yas! H hBH-ok@RELi On in the
reactive distillation step. The broth left over after the acetic acid is
react i vepyocgdsssitichinghie ¢glblree beoth wdichshisjpessed dhrovglathg cgl anasederaedng i onal
wast e.re l. ' J 2 The
Form i e rERERNSreID b e RE SRR S0 AR el vl indiBTe P08 i
I nt 0 t heprodues pihgl aceantdivhzhtieranoved fronrb&utidd by seaptiocdistlldticow THeagr am f or
an exenpl ary enbodi nent involving the capture gf CO2 by.iron and hydrogen
oxi i o1 G hasrER SooRupH BRhasp bl Brargagston. Par TE. hatt, of 58 cffafol

is recycled for further reaction in the reactive distillation process. The other part of the

ethanol is put through a molecular sieve which separates anhydrous ethanol by

20  adsorbtion from dilute ethanol. The anhydrous ethanol is then collected and the dilute
ethanol is returned for further reaction in the reactive distillation step. The broth left
over after the acetic acid is reactively distilled out is then subjected to any desired
additional waste removal treatments which depends on the source of flue gas. The
remaining water and nutrients in both process streams are then pumped back into their

25  respective digesters. Both the hydrogen gas and ferrous sulfate electron donors are
ultimately generated through the oxidation of coal or some other hydrocarbon. The
oxidation drives two reactions that occur in parallel, one is the reduction of iron ore
(Fe;03) to ferrous oxide (FeO) accompanied by the release of carbon monoxide which
is water shifted to produce hydrogen gas and carbon dioxide, the other is the reduction

30  of gypsum (CaSOQy) to sulfur dioxide and quicklime accompanied by the release of
carbon dioxide. The carbon dioxide from both process streams is reacted with the

quicklime to produce calcium carbonate. In parallel with the production of calcium
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15bi omass, ferric sulfate, calciumcarbonate and ethanol using coal or
anot her hydrocarbon as the energy input for the production of electron
donors wiwbaoti/ashis3r el ease of gaseous CO2. A carbon di oecaaseéioinofsbzie gas
is captured froman em ssion source such as a power plant, refinery, or

cement pLABUERL is tld FrolbitforditFetrSug frCAMRY; ﬁ%ﬁ@f@ggf% MH@E’S bXhe one set of

cylindrical aerobic digesters contal ni ng ornie or nore i ron oxidizing
chenoautwlth(splferchumldeasd bxlxgenot limted to Leptospirillum ferrooxidans or
Thi obaci | | us n er set ,of, c rj iC

di gesters conitémﬁﬂﬁé ge% tp% Iag Qgtt}bﬂr%rﬁgﬁu%%d&%ﬁbﬁggggé (<5 eg'gsla\%tgg

c hem)zgut sajlﬁmwwdsmghucashdosmmmtacid rﬁﬁj‘z elderhm\/&)eb@ta;émaméﬂ unmtem?]elr ae,
Acet obact m woodi I Acef ogeni um kj vui Butyri bacteriu .yl
ot r oph em% %mew.\w&be based trl%fl?tgae%rf)omseéﬁ e S -

acet ObUt Wela€1dBasEr@dfis)dind Whl@‘éhl%hé’t@ iy be%r@&ﬁéeﬁ@y%a%&pcﬁbm@Ogenum
Cl ostridium carboxidi vorans, Costridiumformicoaceticu Clostridium

kI uyver | emgsiontfraediroenss. Swldbases include but are @iotiiwnited fveatuwel basien O ostri di um

t her noau ium

t her msa@c@%@gp l?tl curﬁq %I%{oag%) gild u%@gqg%@%o%E{I&%a?ggha%lgrgllt'%{%gl i nrosum
Pept ost rMOGGQManmgadﬁeltmdeswmﬂangenn@b&lqosarbmaaquhfm andenatvartldy shift

r act on is fed into the H oxidi zer 41 este as the Iectrf) ﬁonor.

Ferr e A ﬁ?ezé‘ngPﬁ%‘E}g‘R“ % OPé’é %rrFOB?e‘? T8te ¥f%e (FeO),
sul fur dTBxin@eal am@at@mgmnesmtsﬁwmeleb adid-dadeeadtonandydbezRcodirge ibar s as the

el ectron donor. The ot r| e requi for che otrophic growh
are al sothSuRipREss strag rafes fﬁle?*cwwélase[?%feelgaé%v %iﬁsé*’%?lp

chemaut Qioﬂa&!a by'th€ abidlBadé ?ea@ﬁ@ﬂ hlay?oeqedvclea%uré ko EIRIONéR[BsRtARIS he
di gesters and f Iovved t hrough nenbrane fi'lters to separate the cell mass

fromt herdgel@th. The cell mass is then either recycled back into 5the

di 99?5% Cre of @Hg?o%v&l e{ng;élg iSRRG Rglll‘lﬁﬁtgrekﬁatnﬁ?éétur‘éés Sidvhniaded e

di gesters whi 'S NoNT a contro mass |recte to the
dryers i ef atHeast om1¢mbc5d1g1edt @frtﬂe greserd inwanbiopMap dpabt exemplife thdr fulloi omass
product is coI ected fromthe dryers. In the Fe-oxidizer process streamthe
cel | -fre(i:coBF(? e\/bﬂ?’%oﬁas passed t hrough the cell mass renoving filters is
direct edEkgmplerric sul fate recovery systens 10such as enployed in the steel

i ndustry V\/nere t he ferr c sul fafe product of chenos nthetlc nmetabolismis
concentrat ed friP§eificsqr wséxaﬁna & Providd 19 d5PINREATE U, @FOORFGEBIUTE ABS sl T at e

has_fpen ik AfERagabiBibNSrsHeh ok Bphit tnidkbr ki aflalsy & banal phass o r emoval

treatnents which depends on the source of Tlue gas. I'n the H oxidizer
process 8reravaralldagbanedapture ard Brajian pibeesh ohths psessalei@vertiadugh t he cel | mass

removi ng Tests were performed on the sulfur-oxidizing chemoautotroph Thiomicrospira

crunogena ATCC #35932 acquired as a freeze dried culture from American Type
Culture Collection (ATCC). The organisms were grown on the recommended ATCC
25  medium - the #1422 broth. This broth consisted of the following chemicals dissolved
in 1 Liter of distilled water:
NaCl, 25.1g; (NH4)2SOs4, 1.0g; MgS0,.7 H,0, 1.5g; KH,PO4, 0.42g; NaHCO;,
0.20g; CaCl,.2 H,0, 0.29¢; Tris-hydrochloride buffer, 3.07g; Na,S,03.5H,0, 2.48g;
Visniac and Santer Trace Element Solution, 0.2 ml; 0.5% Phenol Red, 1.0 ml;
30 The #1422 broth was adjusted to pH 7.5 and filter-sterilized prior to
innoculation.
The freeze dried culture of Thiomicrospira crunogena was rehydrated according to

the procedure recommended by ATCC and transferred first to a test tube with 5 ml
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15filters is directed to vessels where the acetic acid produced is reacted
with ethanol to produce ethyl acetate which is renoved from sol ution by
reacti ve wobildsetsson. The et hyl acetate is converted tecettusanolootayg2
hydrogenation. Part, e.g. half, of the ethanol is recycled for further

reactionyjy, #mfﬁﬂ&}l%]c\éﬁ ol sﬁ@%ratfh?@c&{upé SuselN it BlatPRiditidHal t he
gh a reh

ethanol 1's put thro nol ecul ar si eve separ at es anhydr ous et hanol
by 20adstasbtubesn Na@khwhisladted at irzded to Mhimtaan thedyld neardt hahw¢ntualytthen
collected and the dilute . ethanol is..retyrnedsfor &I~ dne jon in the
react i vec'bl?tgfsi WFrgttfagﬁ%égteg 0 ﬁ‘g t%ﬁlglflﬁetf’gflfq%%aes Sglil? 5eIWI %hzesroa@g f: c acid is

react i veky4xd trbihl dndchlanet in 8 NeheBnmshjickcSciehtifie @anyshalesflaskdnaddidriseinal wast e
renoval treatnents which depends on the source of flue gas. The renaining
wat erd ant® AUtES®St s in both process streans are then punped back into their

25respective @hgﬁé&ﬁﬁﬁlatimbh fbligh Fﬁlé’fd?@ﬁﬁ'orﬁ%%osiﬂﬂ chﬁfo@@:&h’swﬁéﬂ fate el ectron
donors are ulti matelé (genera%ed throu?h t he oxidation of coal or some other
2]

hydr ocar perormedaising thefellowing prossduraio 1) Ehesei(bhitre) Aasksseriaining9padal | el , one
5 the T ag o2 ol ReRlifndGREORNih 3 AL RY SnRVE diffuisafluRs gppant ed by
e 1 C ITte

t he rel ease of carbon nonoxi 'S water s to produce hydrogen
gas and optidabderditygxi0di2S. tOmical demsities wehedetemhioed asingd MiftogReyum ( CaSO4) to

sul f di,oxi de. i ckl i acco i ed, by the release of carbon di oxide.
The L bSRERBIS H0 1 SRS DUBTPREe a0 d vetrb e Fof SRS <if iBRRE M ok | e
to Er odug@ntech iflabk ﬁgﬁh@pa@ et.zﬁcsl }]Eblﬁﬁﬁtéﬁvbglzl?bﬁrhnteﬂ@lwmh hi‘chbdbn@ifty cal c; um
carbonate is the productjon of ferrqus s ate through the reaction o
ferrous W%@%QW%@%W B’!aéﬁ?rd"ela@ad’f’lgk%é?‘ﬁlgmt"‘@ﬁ%‘ggElwlf_é CﬁBtf‘_g%gefihat in
all of tlaﬁ‘d%ﬁféb??%ﬁ)’liﬁj\ﬁa%E‘étﬁ%Qer?ﬁﬁ&ﬁ&dﬁ%]&ssinvﬂréﬂve?&waitHﬁin‘&rr?&i‘slg:spr oduct
the sulfuric acid may alternatively be neutralized, in certain 5enbodi ments

with a base t Heamike growthacurse isowes oupd thahin the expenontiplnhase Bgrdoshlivg oxi de in
the 281 dRRse: 1RBGL O P0nb R WA BRIBLE. TRY iDRHRN 26 hdenfngar DON

di oxi de em ssion-Tree process: ases i nclude but are not mted to
nat ur al dasblmgrtimethah shecfastesti growth mtesee@irtedX¥pdad gasmrthe axpanengamphaseni ng a

ol | e adclerBi TR0k ATERF pa OB T P iR alERFER s ARTRS! im oxi de.
i ron oXxi @geci€y Progr®n-oBiedicstbirom AQlactd. THeellmiak densidygirésenhinahe flaskul ts from

t he aci d-base reaction may be recovered fromthe proces tream and
pr ef er abEYPSTERSHERWhSTHNG NACEOQraAN SIS Wefg je the WPP%“W‘L%Y%B@ afi;?r%%ﬁ!i’&gd by the

aci dypase.y @%t\baghmiér,%dﬁﬁ %’é’ﬁlﬁ@a@ﬁﬁé‘seitlﬁ@ &1t A8ssCRESRS AL RRIST § dReact ors.

weight/liter. This indicates that in a continuous system that maintains the culture in
the exponential growth state with continuous cell removal, these microorganisms have
the potential to produce 12 g dry weight / liter/ day of biomass. This is about 4-12
times faster than the highest daily rates of biomass production reported for algae

25  [Valcent, 2007; CNN, 2008]. Furthermore, in a continuous bioreactor substantially
higher cell densities should be able to be sustained in the exponential phase than what
can be achieved at the flask level with 7. crunogena. This experiment supports the far
higher rates of carbon fixation that are attainable with chemoautotrophic than
photosynthetic microbes.

30 Specific preferred embodiments of the present invention have been described
here in sufficient detail to enable those skilled in the art to practice the full scope of
invention. However it is to be understood that many possible variations of the present

invention, which have not been specifically described, still fall within the scope of the
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15The follow ng exanple is intended to illustrate certain features or
advant ages of at | east one enbodi nent of the present invention, but do not
exenpl i f ywohetiiosbis3scope of the invention. Exanple A spewiuscaomor4sk? ng
exanple is provided to denonstrate the carbon capture and 20fi xati on

capabi | i L ?nt (?r{ve(ﬁﬁ fh%taf)ggrgf glcml EOWCQMhé&BdeEMth&J %Y ved Hefdih b part in

the over BI¥“¢ar bon cap ure 'on Process o esent | nvention.
Tests wesaddef@nfyobyredy oﬁexdmpls ahd awe-rox imdémledgo tihetymanyowayphe Hdvipewif cr ospi r a

crunogena . ATCC #35932 ac ed as reeze dri Lture can Type
Gl Tur e 1 PR, Viarpaenerehangse dilledia et Vil sty dpPreeio R Bl nded ATOC
25medi UMparainBers? dfensiing] Matefifls Sandl @nfigGRShS 8&dribéd héteinfade hizahtng chem cal s
dissolved in 1 Liter of distilled vvater NaCl, 25.1g; (NH4)2SM, 1.0gq;

MySOP. 7 bpexemplagy. angithasthe a@ﬁd@@fﬁlﬂ%@s@menﬂom&at@m2né’°H20 0. 299:

Tris-hyd Sant
Tr ace 2 EORTRPRIGHS Wil e ifnd ubofl 16 srEBiE BBl DR or 2ol B S ot

was adj uwddngsoofphle PreSentrinventibn évars tused. | Thasd skilledin the arhwibwecegnish. The
1002 St ORI R A PR B gl L
with 5 mo thbspéchﬁd#é:ﬂﬁé?dlmedtsmmmﬁdvamom deberideed. hefdin s Itdsil thereforevats bused to
Ipan(r)lg(gl ag?r?c‘})e?g %\’fg ar. {}r%é%)]@%uetr)n%odlments are psres%gt%g%yav?ayng e%%r%pﬁeoonq?lar% ain the
that, within the scope of the appended claims and equivalents thereto, the invention
may be practiced otherwise than as specifically described and claimed. The present
invention is directed to each individual feature, system, article, material, kit, and/or
method described herein. In addition, any combination of two or more such features,
15  systems, articles, materials, kits, and/or methods, if such features, systems, articles,
materials, kits, and/or methods are not mutually inconsistent, is included within the
scope of the present invention.
The indefinite articles “a” and “an,” as used herein in the specification and in
the claims, unless clearly indicated to the contrary, should be understood to mean “at
20  least one.” .
The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that
are conjunctively present in some cases and disjunctively present in other cases.
Other elements may optionally be present other than the elements specifically
25 identified by the “and/or” clause, whether related or unrelated to those elements
specifically identified unless clearly indicated to the contrary. Thus, as a non-limiting
example, a reference to “A and/or B,” when used in conjunction with open-ended
language such as “comprising” can refer, in one embodiment, to A without B
(optionally including elements other than B); in another embodiment, to B without A
30 (optionally including elements other than A); in yet another embodiment, to both A
and B (optionally including other elements); etc. |
As used herein in the specification and in the claims, “or” should be

understood to have the same meaning as “and/or” as defined above. For example,
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cultures were transferred fromthe test tube to 1 liter flasks filled with
250 m of #1422 broth and placed in a New Brunswi ck Scientific Co. shake
flask i nowbavorosess 5t o 25 Cel si us. The det er mi nat ipom/uskoigrnowvh rat e
for Thiom crospira crunogena was performed using the follow ng procedure:
1) Three,, f a1y R ' wer e

i nnocul at é%P éép%{?%ég eﬁéltﬁ aﬁgpa O\r};er ‘gﬁ?yt L’:gggﬁ I ué@g&?a(;gghém%tl cal density
-0. 025. i@phusiva) i.dethe inalessomef a lest enaybniedsaiichging mbtetthan Rog of@ Spectroni ¢

1001 Spectrpophot.o r: T sampl.es. of, ¢ r. t hdrawn from
each fIa’%‘Hn 6’515‘[“:[%[ e?%h?nigkémﬁg?ﬁrﬁé’ngﬁy’eaggﬁvnﬁl lf‘ﬂtiﬁge% ﬁe Sm@% e opti cal
density ¢eatinditatednd tigadontians istigh alsa?ont}%rreedfabedemtlh ofi¢ yf,Wert,gitienvei ghi ng
tw ce centrlle]?(iland vvashed?%,m] |d brohovnd ed ;E?r{rglesm
pre- wei ghed IAfERImh FoBREENe ef oM FRS gt%'eﬁwc jopetiesa ®Hhat in the
exponent y@ nmeér%rtl@ﬁomeméﬁ@gmlgfédefm tfl@ferﬂ:nh'o?”hscﬁééamefe@n SHanGigna was one
hour. This Is about to tines. shorter doubling tine than the fastest
gr owt h r@@@pret@wrln@qatfrmrexaltga@ altgrnatEesdi-porreator she qih@rs@tpshb@hah et al,
1998, "A, t a t En S« Speci es

|0 d es&f% bS' %fg.‘éé’u.s%ﬁ/ 5d el(?ﬁer %BQX @ﬂg%%%%f Rf

Program g celT nmass’ den5| 'y present 'in the flask
exper i mefixactipheme ¢fiie “@onsisimg;ﬂﬂémmﬁywﬁi’ avhien usérbinghp ola@ns,ishhll jawwth phase

reached 2 and n the plateau phase the cell mass
densﬁ g’g@ﬁ%ﬂ’ei‘i‘égaﬁy%f‘éﬁ? ??el Oérpate ¥ i ndi cates that in a continuous
syst em that ngi the alaids té@&vdlbdstlﬂ ltige dpRcifieatiGxasuvendll hnsiicnat phistat e Wi th

conti nuous, cel | rermval ese m croor ga‘ i sps have the potentll al to produce
12 ¢ drys%éla@h?m?‘pq‘ﬁ"@%r/mﬁ Ing,’ ing,| CoRtning- 19ValYiRgs f ast er
than t he“%l&ﬂgs’tanéﬂie' D{ker &k ?&b@fm&'rQH@&ﬁ) B Qcdnded ieROHicad ifdudiak 9ae

25[ Val cent CNN, 2008]. Furthernore, in a continuous bioreactor

subst ant butinoy liniilgAée. Oalyl thenansitioral phreses ‘Popeisting of *tapd Feonsistingi ned i n t he
exponent I . | with T

cr ungsgengsgénf%ng%gxg%ﬂ%%g d%%elg Cl%? {y fr Iﬁq“ﬁ&l %ﬂgs{salggéhcég gl?ar bon fixation
that are attainable with chermaut ot rophi ¢ than photosynthetic m crobes.
30Speci fgﬁﬂgr eflerrgd enbodi nents of the present invention have been

descri be P& PMCEd¥fi cient detail to enable those skilled in the art to
practice the full scope of invention. However it is to be understood that
many possi ble variations of the present invention, which have not been
specifically described, still fall within the scope of the present

i nvention and the appended clains. Hence these descriptions given herein
are added only by way of exanple and are not intended to limt, in any way,
the scope of this invention. Mdrre generally, those skilled in the art wll
readily appreciate that all paraneters, dinensions, materials, and
configurations described herein are neant to
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5be exenpl ary and that the actual paraneters, dinensions, materials, and/or

configurations will depend upon the specific application or applications
for whi chwohelttsesdi ngs of the present invention is/areprasas20ithose2 skill ed
inthe art will recognize, or be able to ascertain using no nore than

routi ne experinentation, many eqw to the specific enbodi nents of
the invention described herein. %@Mﬁ]erefore, to be 10 understood that
t he foregoi ng enbodi nents are present ed by way of exanpl e only and that,
within the ope .of the a ded cl.ai val ent s hereto t he

i nvent i OE né% %‘Wﬂ?CEﬁQS?WQng%rﬁﬁ?PQB‘:? a@g&?f‘ﬁ‘é‘sm H89 i bed and

cl ai med. dibRARlcRh@&E Bthet @Mﬁeésldinnwgaﬁbrceﬂa‘oﬁdlnwongamh cbﬂ’qbb\lndb,lm feature,
system article, material, kit, and/or nethod described herein. In

addi t-‘ronCOTHPFySI%nbl nation of two or nore such features, 15 systens,
articles, qﬁttr@cidcﬁ{g'soarlgdr{ c'f’ioxﬁ@g/ A8 eithEL zheﬁiésand/dr &%Weﬁ‘?ﬁ“&%&ﬁnc sy st ens,

articles, nateri al's, met hods are not nutually inconsistent, is
i ncl udedsolitiori ﬁlr&lheccsnmpengwarbwt@msﬁ@dfonbmebw@non and/or introdu¢éng ndef i nit e

art ¢l es infanfebdilvontdRed HELsdA Halk infy ADEniBARCh SatbRipNd 10 the

clalns, 20y y |n e contrary, be understood to
nean " at nmiftsiaiig othamoautiﬁtreplpb bmlshmmﬂdtm cherasawtsedpthesledxtraicts; drie
spec i cati shoul under stoad to ne i.ther or

d th |
oPeri0 of 2t 1B0as B e nfioae el poreints AR GL8RS sbhePubanfiihes i val y

present i wOIFBAARESa Adast bfik wﬁkﬁﬁd)syﬁ{méu@m@sﬁmxmg ehdibn idizae O her
el ements may opti Onall‘é%/ﬁgl}v ﬁresent ot her .than the elenents specifically
BF

25i dent i Phlgnthnd/ordac erppayiQEoPhipmigrapreanisms sad/sF celhedrasted to those
el ement s .sp&nid, 'e‘h%#lln)fs frgﬁmHefdo‘ﬁgto%Fﬁi%%19}0%?@&5#15”d' cated to the contrary.

Thus, as a non- ting exanple eference’to "A and/or B," when used in
conj unct i orwherein vdmtlememosm@m@g@rmnﬁwms reagidoipisi dgivey bychamicel er, in one

enbo 5?136 r%o%a%%ﬁ‘ﬁ@h&%ﬁ%%&e&r%ﬁgltOIV?(%%iJé/(elé r(f)lrl%h?g aﬁh%ﬁg&)ﬁ a% ®rs El}?isn B); in

anot he ionalTy 1nc ene ot her
t han A); have beeh gammaﬂedlchemh;aﬂy andrbr electrdubemicAllgadd/Br oo pie mmadlucy:dl ncl udi ng

ot her el enents etc u erein in the i fication and |n t he
cl ai ns, "B?Qw HPHﬂS@ﬂﬁﬁa fg? 6He€8“%ﬁ6é£PﬁiR%@ﬁﬁ“ﬁ%%ﬂ?ﬂ& as "and/or" as
defined above. For exanple, when separating itens |n alist, "or" or
"and/or" shall be interpreted as being' inclusiv i t he incl usion of

at | east 2onf> methad ageerling o gleirhly Wesrebyt seihelspEon inogs inGlndePULRTITOh L of
el emBit s ;infdd co O bi3RBL afth@ﬁmow@@ ?éduengl Eﬁtgl Ak BBRia; SMbnhs;ms clearly
i ndi cat eof to t(ne contrary, such as "only o% or "exactly one of," or,
when carbon monoxide; dithionite; elemental sulfur; hydrocarbons hydrogen;
metabisulfites; nitric oxide; nitrites; sulfates such as thiosulfates including but not
limited to sodium thiosulfate (Na;S,03) or calcium thiosulfate (CaS,03); sulfides such
as hydrogen sulfide; sulfites; thionate; thionite; transition metals or their sulfides,
25  oxides, chalcogenides, halides, hydroxides, oxyhydroxides, phosphates, sulfates, or
carbonates, in dissolved or solid phases; and conduction or valence band electrons in

solid state electrode materials.

3. A method according to claim 1 or 2, whereby said electron acceptors comprise
30  one or more of the following: carbon dioxide; oxygen; nitrites; nitrates; ferric iron or
other transition metal ions; sulfates; or valence or conduction band holes in solid state

electrode materials.
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5 used in the clains, "consisting of,” will refer to the inclusion of
exactly one elenent of a nunber or list of elenents. In general, the term
"or" as wseadoherseisns shall only be interpreted as indi caPCmgiSexolousy e
alternatives (i.e. "one or the other but not both") when preceded by terns
Of - excl ugi VA ferh g ' @ dnl) Precedin@tGaiftf, wherdiithé g Kbp is foceed@ct |y one
of ." " Co%’siéweﬁ% esg%@ﬁgaﬁ yg}g)??c"e W%enalus’gvd'eirn the cl%i n%l lgﬁal | have its
100r di naby oneeninore cemisa gréprocessing stepslirovhighsaidieldctran donors andiert he cl ai ns,
as well as,i he specificatjon abo I it - ..such as

" conpri sPHY F{EC&P%BT%B‘%H e,lr.e%créé;r? tregiaﬁé},%"r "*aflh“ae\‘}itff?g‘?gi l,%‘%sgﬁg gf'ﬁ#‘&\g:ﬁﬁﬁw?lnvol ving, "
" hol di ngand/anste récledfomckemicakgroduded dtongltHedixieg stppard/ndeemicale. , to

mean i ncl udi but not limted to. Only .the.transitipgna hr ases

"cons? st fiﬁr@"%fgﬁm‘ﬁ ApsteSHRams %ﬁoﬁb(’t%%@léﬁ’f‘?lam‘ﬂ}mgf agr"acﬂg\”ia&’ﬁgw%eo%re d or

sem - cl osgdeldeAstaiitd praRbssB)r ases, respectively. \Wat is clainmed is: CLAIM
1. A biological and chem cal process for the capture and conversion of
carbon di oxi de and/ or other sources of inorganic carbon, into organic

conpounds, | &lcBiding tol dby RARGIARLIGAT RARrh BXIHISIGRR folkd Wby al one
and/ or d?’ss&ol%gégg&il %nghn? ttou;"lr?1 ﬂo??éégg%liﬁg{ﬁ f.uFthe.r r%% ri s?ng carbonat e ion
and/ or biooepbmost mocess steps Y whicherganduaidier inprganigshemecat produedwfai ned in a

solid phase intg an _enviro t_suitabh .ot aini ot rophi c
or oatf SneRenebheRR st nb AN Nim AR frdet] oAU AL BAnE RRIRAKGET | O

di oxi de andpicedsBd tfominprodudeoin d foina saitgislaifer staraps shihping, tund salé;has

envi ronmerl%‘ via at | east one chenosynt hetic carbon fifé(i) nghareacti on

uti | zi ngedtsions CEMRRHPIOFeS Staps i Phirh cHIRBS it SRR LORitRs BOFESni sns

and/ or  cglbar®%hd ALY Sled WMhRicAl RENAAA W BA/LF BN hamaradesaltb produce
m croor gani sns; wherein where the chenpsynthetic carbon fixing reaction is

driven bpiapassincaformsaablsiforstarage.obtmng and s#ér gy provi ded by el ectron
donoq and el ectron acceptors that have been generated chem cally and/or

el ecttrochem cally and/or or are introduced into the environment from at

| east on&. sAumetbodadcerding to anyt greceding claimmpyiterein theXfixing sephotblwovsdr di ng t o
claim1l, V\hereb%é)sai d el ectron ﬁorﬁors i nr%ldggtsaartwgr%rleurn%g 0;0‘ limted to one
or nore OF PRET T BWFHG St@ade™ bc a‘ﬁ%sﬁetg: ahfroni a; anmmoni unm car bon

monoxi deiconkainiadty dre reredvederimla prodebsistreahry priodaeadatuning thy fikimgestep and
metabisulfites; nitric oxide; nitrites; sulfates such as thiosulfates

i ncl udi né“%ﬁﬂfedrfgt limted to sodiumthiosul fate (Na2S203) or cal ci um

thi osgl fate (Ca5203); sulfides such

7. A method according to any preceding claim, wherein the fixing step is followed
by one or more process steps in which any unused nutrients and/or process water left
after removal of chemoautotrophic cell mass and/or chemical co-products of
chemosynthesis and/or waste products or contaminants of the process stream

25 produced during the fixing step are recycled back into the environment to support

further chemosynthesis.

8. A method according to any preceding claim, wherein the obligate and/or’
facultative chemoautotrophic microorganisms include one or more of the following:
30 Acetoanaerobium sp.; Acetobacterium sp.; Acetogenium sp.; Achromobacter sp.;
Acidianus sp.; Acinetobacter sp.; Actinomadura sp.; Aeromonas sp.; Alcaligenes sp.,
Alcaligenes sp.; Arcobacter sp.; Aureobacterium sp.; Bacillus sp.; Beggiatoa sp.;

Butyribacterium sp.; Carboxydothermus sp.; Clostridium sp.; Comamonas sp.;
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as hydrogen sulfide; sulfites; thionate; thionite; transition netals or
their sul fides, 25o0xides, chal cogeni des, halides, hydroxides,

oxyhydr oxwdesi1/bssphat es, sul fates, or carbonates, in #cyasbmeadorw?2 solid
phases; and conduction or val ence band el ectrons in solid state el ectrode
mat eri al d eI ectron
accept or ?elécg?r%%’%ép ”35%}%20%?9&&9%,99?29%18};? hm"l'w? n ’3““2@%{0% @ oxygen;
ni trit espesulformnds sp.f Sesulfotomaculam sp; ﬂlmut]fambrsa 5p. o@emiﬁabsaraws ,Spsul f at es;

or val ence ar, ductl on bhand,hol es state electrode materials.
4. A net %98%%’%’8 UPHG Po IS opreeeth 5 @céﬁrmm %e?ﬁ”ﬂp[f:'ﬁ'g 4fP%ing step is
pr oceedegi RyhiBREIINS s /pTDHﬁdr@ enobeler Bp.€ PHAERRRbMONEt PR dpfosplviltiin ixﬁ id
el ectron donors and said el ectron accegtors are generated an

fromat Megdlosphaerq spudethawnbederiyndpoMe & spy d‘ﬁ?’éﬂ’é‘?ﬁoé%ﬂss
produced ;guMeﬁzQz bmcing&gn%ﬁr&ec&ﬁ Orm%sga,&a; ﬁ%sbafa%gu; §Hm vast e
streans fromoth tri m ni agricul tural, sewage or waste
gener at i Nfrqpobdesses Nztrczvomnnesmol‘{ztmmmtm sy N@rcanytbppégedflﬁgsmn@ m
wherein fixj St S o] 0 whi ch
or gani ¢ TP B RREY ghnt WAk dar b PRk e R R B CPERRPhERRS M e
separ at eﬂséwdombaampoclé@lsroatds@a, rﬂl'mdodmedsdeIRhadgcbdws kp.x Rhgdamzelizxs apd

processe for products .in a,form suitable for stor |ng, and
sal eﬁ§ %(Klé‘?qm’%’ %S%r(k?fﬁﬁi‘@’sﬁlf@é’@@ %e% Oﬁi‘?‘fpm{‘ﬂ’ﬁ%es&% 9$&- separ at ed
from t heSpeAERSEsSH): SR BRIIICPY-S@BIdbas kh e TRIDBLENNTEA! TRSAASkSFa col | ect ed
and processed to produce bjomass in a formsuitable for storage, shipping,

and sal esp-1Bhioplocaspred Rigarhactd srii Rlioths ay SHUEeuidiggrs IhyAiagekher ei n t he
fixing spem; d£/e§s rBhloQYEﬁ‘deranc%Eer%r ahPhRHANGEER ScotlsEfinisbfWhi ch wast e

pr oducts an I mpurities or cohtam nants are renoved from a process
stream pnnciuc@dnmmsnlrreg indledef ¢hemeguiwtrophsisierdpayioisephsaiative® ateasponget hod

R S e T e R T e

wat er | ehuisds, eslt tﬁen\salme)fomhﬁamauﬁmsr agith mine dlainage.sainenailiags, oflem cal

co- product g of .chenosynt hesi s ,and/ or, was oducts or contam nants of the
process Wﬁ%éﬁﬁ%%l”@&é(‘?’é&?ru‘t‘?? SEATRH&eFR Lbnﬁptal‘:%pw%ﬁteewf‘g’é%‘ﬁ EV4Eck into the

envi r onmaBitrrefit SHRROEdothdimaNBewaRAMS KRGS felds, and soils; and

extremophiles selected from one or more of thermophiles, hyperthermophiles,

refined

20  acidophiles, halophiles, and psychrophiles.

9. A method according to any preceding claim, wherein said electron donors and/or
electron acceptors are generated or recycled using renewable, alternative, or
conventional sources of power that are low in greenhouse gas emissions, and wherein
25  said sources of power are selected from at least one of photovoltaics, solar thermal,
wind power, hydroelectric, nuclear, geothermal, enhanced geothermal, ocean thermal,

ocean wave power, and tidal power.

10. A method according to any preceding claim, wherein molecular hydrogen acts as
30 an electron donor and is generated through electrolysis of water via a method using at

least one of Proton Exchange Membranes (PEM), a liquid electrolytes, high-pressure

electrolysis, high temperature electrolysis of steam (HTES); thermochemical splitting

of water via a method using the iron oxide cycle, cerium(IV) oxide-cerium(IiI) oxide

47



8. A nethod according to any preceding claim wherein the obligate and/or.
facul tative chenpaut otrophic m croorgani sns i nclude one or nore of the

fol |l ow ngwoaﬁllArsetsoanaerobi um sp. ; Acet obact eri um sp.; ARCEUSGENIONIVBP. ;
Achr omobact er sp.; Acidianus sp.; Acinetobacter sp.; Actinomadura sp.;

Aer onpna y S pi AT a p.;

A1 OTonaS B ive AHEAUBRIBE Ao dhE B ISR o SRR BEP. |

Car boxydd)tdlmmmmns:pcl,e E}/bmtsrulﬁdlr umlemlq:ctﬁd)ymmﬁaslrmn sulfldehal obact er sp. ;

e o oo el T e Bviieaet SR  BEQHIbEBRG! L emical

Desul f ur psatessefiRnéin to ot add tyar SidOSith [dv-Sdi-no- Eatbei Gfb&iﬁe&l’mﬁsﬁor}ls Eubact er i um
sp.,. _Ferropl.asma sp.; Hal ot Bplpbam | | us sp.; Hydrog E{[;obac er sp.

Hydr oaenﬁﬁ@aagns B! leafﬂ@ﬁ@ 85 gATPPR PRRHIS RN Ssqw’étrgrqwa &rmethan

Met hanobaghahingMRatbon c%@ﬁﬂ@?&@%kt@%@na@lgd codYRlSRBATAE %§K5£mer—

Met hanosar ci na sp.; M cCrococcus sp.; Nitrobacter sp.; N'trosococcus sp.

Ni t r osol phasesssand,otheviprecssensnganerating a cabon-biask producs sarboricapwsosidr i o s p.

Ni t rospi Par Sp.;

Pl anct o eich! R B ARion @ BRAFEY B Bimas L RRA AR RALLAFRARHRS!
Rhodoc oc (DlﬁH quH,z aRI:lmhmyadl hysthe hal;f-cl:l] oRIthzhoioh ©f ekemmm squrcesRoagozsgaudononas

p. | G0 R on i R 8 e v TPe b O SRR U op e sp.

Thi osphaebmpsiinds wWHbrélh ilid oxigdiPed irdHlot Bilfi@%é fic7eled to bacltto @ebdhsil giater s;
i ron- OX|d|zers acetogens and nethanogens consortiuns of n1cr00rgan|sns

that i ncltifqugteaddiions sleqr@ﬁﬁlsrea%w&mﬁklatne%h%o%rw%attlsa%m gh@etabne 150f

hydr ot her, Hﬁi'deé’%?&%geﬂ@&ﬁh@rdﬁﬁlh ydfd¥afbonbiot Springs, cold seeps, underground
aqui fers, akes, saline formations, mnes, acid m ne drai nage, m ne

tailings, 0|I wells, refinery wastewater. Coal seans, deep sub-surface;

t t I | f at
vt AT SPUBAR FAL AR B SO R IRt Sulfatara
t her mphlgbwatehﬁmm tnlll&araiapﬁndte&,l ofi@mciettodi fraes ondat mphe dfathe f(iihdzvmg

psychroph | es accor di y recedi ng .cl ai wherein said
electron® %Fﬁndfdﬂ "% &ggpﬁﬁ B%t@?éfg’ ifefematay ?eo&leglé)cycl ed usi ng
r enewabl @ynﬁbtﬁtelm@t 1Y ex=(0fo ():?n)zsermananatF@Ngss;;esxow‘m@w@Fesmaira\aﬁ@ l ow in

gr eenhouse gas em ssi ons, wher ei n 255? (idfésour ces of power are selected
fromat INBEDSoriesedpPyHE{ /1Y aprctherdpnasuliidesy realear (G5%0; Prpimaent

hydr 0! eghjsSy, cGl&HH&SCoAQ@f?Mo@H}osxt@ghﬁG@?ﬂ cgaeéﬁyﬁrtmupésg%erﬁd&er mel
ocean wave power ower accordlng tO any precedlng

claim \A,fﬁ@ué*‘eﬁ4)n@><r\@8u¢ é@u%tht@gedrlta@gssépssvwnargltgl(@@nAtﬁa),d@mnt@nd is

t h I f
gener 2t e sguan, Ehachas /i o it Sl SR IBLIELAB ahSaRL o1 ©
el ectr ol Y&0S), ohotéer Ziampdﬁdd:s,l galend éﬂi&)pgepsr@ltef(Plss@lams{)Sﬂ)E&) oththleadrocheni cal
splitti ng}“gﬁqf%,\?atf%%r 8% (Heacant 1tQ ?ggzlﬁl glytbggni{er(R}[]oéjz ;Irgi?leﬁYeC&\ﬁS),CEH un(1V)

oxi de-ce
25  polydymite (Ni3S4) or other nickel sulfides; antimonite (Sb,Ss3); Ga,Ss3; CuSe;

cooperite (PtS); laurite (RuS,); braggite (Pt,Pd,Ni)S; FeCl,.

12. A method according to any preceding claim, wherein said electron donors are
generated from pollutants or waste products selected from one or more of the

30 following: process gas; tail gas; enhanced oil recovery vent gas; biogas; acid mine
drainage; landfill leachate; landfill gas; geothermal gas; geothermal sludge or brine;
metal contaminants; gangue; tailings; sulfides; disulfides; mercaptans selectéd from

one or more of methyl and dimethyl mercaptan and ethyl mercaptan; carbonyl sulfide;
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cycle, zinc zinc-oxide cycle, sulfur-iodine cycle, copper-chlorine cycle,
cal ci unbrom ne-iron cycle, hybrid sulfur cycle; electrolysis of hydrogen
sul fide; wbermmshmsai cal splitting of hydrogen sul fide; aceluseimwoctsem cal or
t hernochem cal processes known to produce hydrogen with low or no- carbon
di oxi de { . e and

sequest ra ?)rr?]hlgﬁa d?éﬁﬁB{e's llzﬁﬁ%@é?%?ﬁ?%‘é@ﬁg% lo%ﬁ?g%? l&]?)glggﬂrl]% sequestration
enabl ed dﬂ@dyagaes fisatlab e yamates hthiokiveasy thésl grtbiopbenads) dhiotthers; {mephesees

a1 | cafiterashonges; yan iRt Hhhisel Bl Bflol MU RSHIRbE o 01 i 16

H2 aCC0W@lﬂfbx‘i’djesb%lfdl@leﬁaduifoﬁ@dmd”ﬂirﬂét&%hﬁd&hlﬁﬁroﬁkﬂﬁfet sulf@ideiestas; conpri sing
10ferrous iron (Fe2+) oxidized to ferr (Fe3+) d/,or the oxidation

of subf th‘&TQ&?fbﬂWa@e VRE#t8 ieptesh eregRichuRug SP[thd‘B?“dgGP@G Ofl?rls%‘&ryg?ﬁ%sd to back
to a reduced state through additional chem cal reactions with mnerals
conprising at |east one of netal sulfides, hydrogen sulfide, and

hydr ocar hdns metiidiaccprding tecay aressditigrrlaims Wheieip delévedy afredbaing, wherei n sai d
el ectron _don r f selected from
one.or _menavgr fiefy BEREMERon L BB th P He A T2 Net e
(Fe304) chsthodyathetic reacters bt eaétRBSZi).lrmE‘the” fixing tsep(iFkinetiIS anda® to 0. 2),

pentl andite Fe, Ni.) Vi ol r| te (N 2Fe br avoi

ar seh@py %F %’iha‘&‘felq Y qne n%‘ifFP?AH‘égoduFté%ﬂ %{a}? d%%eg)s(?g%g bi ment

20( As 253}naté}€bll)§‘i|nEd ihe oA it i fiedesh ro@alsbled émed@ e aicpobialt €

(CuFeS2), . bornite (CuSFe34), covelli teaé tetrahedrite (Cu8Sbh2S7),

enar gi teg(@ﬂbﬁb@@‘“l"{a@ﬁr‘i’é‘ﬁglntgé‘b§‘@QF‘i% 581@}1 yéﬁ%ﬂeﬁﬁﬁﬁcfr@n deRI&n0or ot her
copper s ( eRfrogi NC sul fi des;
gal ena (gLoféi; 9%3‘38{? [oeﬁlhtq gé %ﬁebng((;%?tro ?hltg)l?ls olt% Hgéuclﬁggo?q sul fides; argentite
or 'ac anmtudmox(sAglze):d ﬁmn giderhons o(fwm ronpgs| fosmateemeiyBVIolose| ydyni t e

Coopd?] ¢ S4BV SO sl Red i QMRS b SRR LR D\ o

accor dl N@obAy acﬂubllereMﬁdn dgned cimprismeedegas araldtrehent sobid sthoe elestradee
generated fro ol lutants ar te Products s cted.fro e or nore of
t he 30f olnllaé‘&ﬁ‘a%f)“b?hﬁé gmoguiatrophie puliure me&%&ﬂ&é’gm&ufm?’b%f%}%&gpd\?ent gas;

bi ogas; agdiéhidl} HEhe FRFhNGEsolidadrewtt iuﬂlpgﬁfifﬁ@ﬁaedlréoﬁlﬁdﬁtd the gasorgeat her mal
gas; geot hermal sludge or brine; contam nant s; ﬂb%e tailings;

sul fi des thaiifaqilitaies bsingingsehstatesclecdrons ing cfase RTQGHRILY W1 of methyl and
di mrebhyl AELEARLESPAOGEhiMs. Mer captan; carbonyl sul fi de;

14. A method according to any preceding claim, wherein said electron donors are
generated within or recycled to the environment through non- or low- carbon dioxide
emitting chemical reactions with hydrocarbons selected from one or more of

25  thermochemical reduction of sulfate reaction (TSR) and the Muller-Kuhne reaction
for the production of hydrogen sulfide or reduced sulfur; and methane reforming-like
reactions utilizing metal oxides in place of water, the metal oxides selected from one
or more of iron oxide, calcium oxide, and magnesium oxide; and wherein the
hydrocarbon is reacted to form solid carbonate with little or no emissions of carbon

30 dioxide gas along with hydrogen electron donor product.

15. A method according to any preceding claim, wherein said at least one

chemosynthetic reaction is performed by chemoautotrophic microorganisms that have
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carbon di sul fide; al kanesul fonates; dial kyl sulfides; thiosulfate;
thiofitrans; thiocyanates; isothiocyanates; thioureas; thiols; thiophenols;
t hi oet herwp 20hi/Bpisene; di benzot hi ophene; tetrat hi onat e; pdirtuszaniod &p2

t hi onate; dial kyl disulfides; sulfones; sulfoxides; sulfolanes; sulfonic
acid; di I o0 0nr OB| . e ' . | fide;

sul fate g%%:g%g&ugp,g%%?@zgﬁP?él}%flr‘?eselrjﬁ’égg%%aﬁgg%gggbgﬁﬁﬁ%x?%g%dzdgw gases.

13. A nebthedfoans of thonganiocaabyn ardethe pradpctdmpfiprganie ceimpodeds thequghof reduci ng
equivalentg fromthe said el ectron.donors to.the.chemaut.otrophs for the
said cheWﬁ@Vﬂf H@‘idgng AT rB?lreé’ﬁC thefoloying aﬁiﬁl?rﬁtﬁd%@agﬁnf?lﬂ’ggeggtg% i's

ki neti catdgineenifif @F mddifidationtehbhidiviatian,| synehetia bivdshyandaralithsnaleslective

i ntroduction of hydrogen storage materials into the environment in the form
of a %ol P¥ediBport media for mcrobial growh that facilitates bringing
absor bed or adsorbed hydrogen el ectron donors into close proximty with the
chenoaut ot rophi ¢ organi snms; introduction of electron nediators sel ected

f r om onel@rA methodaccerdingclarapinpsccedipgedaim, wherehiysaid poleagene 15 NAD+ NADH,
neut r al . i . . : i poorly
ol ubl e SFsHheuChcRi RANES1B. REAuLA BPGIicAIP Hehidite BOVEA ol BT

el ect r odacetiataeidi athsr onghnictabiels ahd salsuifargonhaads ethanok bnedolamedruae,

i nt i f electrod teri in the f f l wt h t
o 0 i PEPegh hERirhane S0 ool Rigioa s oSl sB1ARE iR "eol s o orat e
el ect r ongijtiats Oferi®iF6n Ridthe? fransiwidnimétakions), ot ¥ala) taoids apdbasesr gani sns. 14,

A nmet hod according to any preceding claim wherein said electron donors are
generated within or recycled to the environnent through non- or |ow carbon

di oxi de @WAH&%%@MM% 10289 Prd B g Wi dith, WHAFRE BFARR SNy §i5drBshiE T oM one or
more of 25 thernochem cal reduction of sulfate reaction (TSR] and the

Ml | er - Keltemeicalaueducghare secovpred prom chemenvntasrophycgroydh medivm gkthgat r educed
sul fug; t L 0G| i L j | i 7] ' in

ol acts or RSk lF ARGl Telioh A RRF AP Srathic IR IERAL RRECEE e,
cal ci um praddets asendsefrdgm biifuets oxasdecdstouk fohbroduad prddmctigdriodlar bon is reacted

to formsol,jd.car te with Little or.ng em ssions of. car.bon 30di oxi de gas
al ong Wi PWdHfltb‘F’o(bﬁggﬁVgr& polfaciing pe So%’ﬂﬁ'le.Crﬂef[’é‘fa?ﬁx%ctnﬁfid’fgbe&l?éﬂ ng to any
pr ecedi nghigihgiofbiordieédRAtibrs ahdlofds diRafitalOragehe oisdndtHal draning@ct i on s
perfornmed by chenopaut otrophic m croorgani sns that have been |nproved,

opti m zeB'9¥SSehgi neered for the fixation of carbon dioxi de and/or other
formpg of inorganic carbon and the production of organic conpounds through
met hods including one or nore of the follow ng: accel erated nutagenesi s,
genetic &hgh meghadagcendingi@iany pagdedimng digipy Mdierean biomass gad/plet i ¢ bi ol ogy and

traditi Og%lchéﬁﬂcgﬁta}evﬁoégée%e&y #19 at least one chemosynthetic reaction, and wherein

the biomass and/or biochemicals are useful as a biomass fuel for combustion; as a fuel
to be co-fired with fossil fuels; as a carbon source for large scale fermentations to

25  produce at least one of commercial enzymes, antibiotics, amino acids, vitamins,
bioplastics, glycerol, and 1,3-propanediol; as a nutrient source for the growth of other
microbes or organisms; as feed for animals selected from cattle, sheep, chickens, pigs,
and/or fish; as feed stock for alcohol or other biofuel fermentation and/or gasification
and liquefaction processes comprising direct liquefaction, Fisher Tropsch processes,

30 methanol synthesis, pyrolysis, transesterification, or microbial syngas conversions for
the production of liquid fuel; as feed stock for methane or biogas production; as

fertilizer; as raw material for manufacturing or chemical processes; as sources of
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16. A method according to any preceding claim wherein said at |east one
chenosynthetic reaction results in the formati on of chem cals including at

| east onewof20ma&6i88 aci d, ot her organi c aci ds and sal t s pofi/use@andeoaci ds,
et hanol , butanol, nethane, 10hydrogen, hydrocarbons sulfuric acid, sulfate
sal ts, e u -her

salts. eh a%agancax hledfcinat 4t hfBnal YubliBheRS: aduSle/chl abliffgcfith QAPET

accor di ngtabitizasy preceding claim wherein organl c and/ or inorganic chem cal
products are recovered from chenpaut otrophic grow h nmedi um of the at

15| east one chenosynthetic reaction, and wherein the organic and/or

I nor gani ¢9.cA afskiodl ac@éﬂ tb%n?rﬁedé&ﬁlfglﬂlalﬁﬁ whieiniellturey ofasaid eedst ock for
bi of uel producti on; the production of fertilizers; as |l eaching agents

for the éh?@?ﬁa@gltfo@htcrﬁé%‘llﬁﬁs afe maipigined;the ?ﬁ‘ﬂi"r’?@e&F vehigh EREEANREThN,  and/ or
as chem E&hﬁngeeaﬂ@/er?s Hne@&lqéése h?é\/nerm h ﬁglapEﬁﬁﬁéﬁﬁﬁarat%Q selé@ed A Met hod

according to any prece |ng clarm |omass and bi ochem cal s are
pr oducedfrom: ahbftacaCl@a,shlologwabmmbsyn@lh&ms,cblptea@tpr&;)hubldﬁdohmmsel n the

g' ?Hgfs g(prg nbusd tﬁ'?e%ggrldg %ﬁétfo%r o glj (g]lrre%§ ﬂ%\)\p dg&'%gd Ee%r *o%)rrbUSt 1 on, as

&6 1TE 0SSi a Ca on - source ftor |arge scale
f er ment atigesterst sevipprandioc evaste warardteaonentof bowenredieiian systenysyese oent i bi oti cs,

am np acids, .vita i 0 ,_glycerql.,, and 1, 3-pr nedl as a
nutri)%nt mé’b‘hﬁlf%rsis%]fm?ﬂgo&}&ﬁ?ﬁ ? ﬁSrtsh at}ﬁgg?’%l85‘§alo‘?°ngaf S‘é{ﬁﬂg t&bhg eed for
ani mal s gptLeh@doif iRBAsCAbidIZRd be@e@morgrgaghﬁrfsmm@s,,mﬂﬂ@ulnzecmesﬂh as feed
stock for alcohol or other biofuel fermentation and/ or g‘?m fication and

| i quef actdaeiory msselyarasbiel p reastary raine spafts; paghica tankgpackedshed Tropsch

Pr 0CESS 5, RPTBIIRAON réxrESt R ek kb SrickledRE ?&Icﬁfrk FJaeahbARal OF
m crobi al  syngas conversions for the production of liquid fuel; as feed

stock f oshafiebinzeactors; weilsirasemsowhves;icistemsidagaons; ponderpookss qpariesmt er i al f or
manuf act ur.i r al processes; as sources of pharmaceutical,

nmedi LI nafese&%lnrg’tarnlﬁg:g%rgl substances; and as soil additives and soi I
stabilizers. 19. A nethod accordi ng to any preceding claim wherein

cul tures of sal 5 che autotro

t
envi r onméht A WA ashosdy Qﬁfﬁ\?ﬁ?’ E?f lr"igsc i ﬁgﬁﬁggg@g%%gﬁg‘%fgﬁflg F%rgg? in part

by a m caRRid wihiinirls AR UEbSRHEsH Sitarbbiie prdiuki ft reactors;
bi ol ogi cal scrubber colums; bioreactors; bubble colums; continuous

stirred tank reactors; counter-current, upflow expanded- bed reactors;

di geggersy. S,@m%d%e&faﬁng%%? pY&e8ingt cﬁaeﬁ,t WBBleiPEarBbPERNRRI @t i on syst ens;

one or
introduced in the introducing step, and wherein the carbon dioxide is dissolved in an

aqueous solution.

22. A method according to claim 21, wherein the aqueous solution comprises

25 seawater.

23. A method according to any of claims 1-20, wherein a solid phase inorganic
carbon compound is introduced in the introducing step, and wherein the inorganic
carbon compound is a carbonate mineral.

30
24. A method according to claim 19, wherein the apparatus comprises a vessel having
a base, siding, walls, lining, and top, at least one of the base, siding, walls, lining, and

top being constructed out of bitumen, cement, ceramics, clay, concrete, epoxy,
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10nore filters selected fromtrickling filters, rotating biol ogical
contactor filters, rotating discs, and soil filters; fluidized bed

react or s;woasiiistis3f er menters; i mmobilized cell reactor ecTrEsewansobi of i | m
reactors; mne shafts; pachuca tanks; packed-bed reactors; plug-flow

react or Sﬁbérgﬁatsé L G140 56 X8k SidakBlsStics! §dnﬁk£e%1£?i?%ﬂe§€él§”n%n Y& ta@%étﬁla' shaf t
bi oreactors > 'caverng, caves, cisterns agoons; pon ds pool s

qguarri esalld;&r seong, Vay| wspdeamdcpmbaraétlons g@reod net hod according to any
preceding claim further conprising reacting carbon dioxide with mnerals
to forma carbonate or bicarbonate product. 20 21. A nethod according to
any precesli ngnetiridiccovdiigatoang @rekmeamgicmﬁnde/hmm thie fetetroa dohorstahd/or

i ntroduci ng step, and where nﬁ% rbon di oxi de is dissolved i.n an aqueous
sol ut? onélectron a%ﬁptoﬁ %f‘ﬁfﬁﬂf“ B‘tt‘blf VBt fiom at Igast 0BF ANQTEANc queous

sol uti onsGREPE whste srz&awater.  23. A nethod according to any of clains
1-20, wherein a solid phase inorganic carbon conmpound is introduced in the
i ntroduci ng step, and mhereln t he inorganic carbon conpound is a carbonate
m neral . 5305 rﬁéhoé\ %@) gt@&%ﬂﬁ %b nxgh LRintthél %rgl’s C%E)El@é BxidB§oapPpar at us
conpri ses a vessel having a base, ng, Ing, and top, at |east
one of t hpdibasles. si di ng, walls, Ilnlng and top being constructed out of

bi tumen, cenent, ceramcs, clay, concrete, epoxy, fiberglass, glass,
macadam plastics, sand, sealant, soil, steels; non-steel netals; netal
al l oys, stone, tar, wood, and conbinations thereof. 25. A net hod
according to any preceding claim wherein the el ectron donors and/ or

5el ectron acceptors are introduced into the environnment fromat |east one
i norgani c source or waste source. 26. A nethod according to claim 20,
wherein the mnerals conprise oxides or hydroxides.
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