WD 2008/ 070561 PCT/ US2007/ 086106 A METHOD OF BI OVASS
CONVERSI ON | NTO M XED ALCOHOLS RELATED PATENT

WQRBBOTATI ON Thi s application clainms the benefPE€T/$2007/086106

10

15

20

U . S. Provisional Application No. 60/868, 251, filed
Decenber 1, 2006, the contents of which is hereby
incorporated by 5 reference in its entirety.

TECHNI CAL FI ELD The present i nvention, in sone
enbodi nents relates to a biomass conversion §§&%E§
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of biomass initially produce carboxylic acids, which

are then esterified. These esters then undergo a

costly hydrogenation process to formm xed al cohols

that can be used as fuels; thus if hydrogen were

produced as a free gas by a fernentation, it would 15
gREAATED| BABENThEPEOICATEONt he overal | process.

SUMVARY OF THE DI SCLOSURE | n one enbodi nent, the
invention relates to a nethod of biomass cgnversion.
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caphéxylkihe aomdeotscarfbwhybat e@sshereby ancoapoohbed by
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hydrogen gas is recovered froma stream of carbon
direxiude cand Fogdbogen  gas. Recovering may i ncl ude one

or a conbination of several processes including:
extraction of carbon dioxide 5 fromthe stream using

an am Abealsoegritoninkentionbsdrpt one ofembodioents relates
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BACKGROUND OF THE DISCLOSURE

MixAlco Fermentations of biomass initially produce
carboxylic acids, which are then esterified. These esters
then undergo a costly hydrogenation process to form mixed
alcohols that can be used as fuels; thus if hydrogen were
produced as a free gas by a fermentation, it would

greatly lower the costs of the overall process.

SUMMARY OF THE DISCLOSURE

In one embodiment, the invention relates to a method
of biomass conversion. The method may include fermenting
biomass to produce a carboxylic acid or carboxylate salt
and hydrogen gas, recoverihg the hydrogen gas, and
converting the carboxylic acid or carboxylate salt to an

alcohol using the hydrogen gas.
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fromthe steam 10 using conpression follow ng by

chilling or cooling, which may also produce |iquid

carbon di oxide, and purifying, hydrogen gas fromthe

steam using a nenbrane. In addi ti onal enbodi ments, the
carboxylic acid or carboxylate salt may be converted

to a primary al cohol or 15 a secondary alcohol. It ,
may pad® tfr oBBRCATkEt oRBPRETHRPtF n tHee privedgen ngas  1s

other,epbadi B S, WANiQWs HEf ars Y R Usedahl Htogen
fermentation 1 ncluding NHAHCO3 or CaCO3. In sone

egbedi neResoviehe ngar baxylinclacial one 20r car bogybanation of
salt may be extracted usi.ng a high l.ecul ight.. _.
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to the extraction step. In other enbodi nents, the
caPBexpLienacid errber gaprely| dresadtie nayrpam using ash,
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then be recycled to the.gxtrac ian step._1n pne
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i nventron rellatés to a biomass conversion system The

syst emImayaddct ideal a enbddEmeeritsat | bheundardarylic acid or
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a secondary alcohol. It may pass through a ketone stage
in the process.

In other embodiments, various buffers may be used in
the fermentation including NH,HCO; or CaCOs;.

In some embodiments, the carboxylic acid or
carboxylate salt may be extracted using a high molecular
weight amine, which may then further have its impurities
be removed using a solid or a liquid and then be recycled
to the extraction step.

In other embodiments, the carboxylic acid or
carboxylate salt may be converted to an alcohol using a
high molecular weight alkyl ester, which may then further
have its impurities be removed using a solid or a liquid
and then be recycled to the extraction step.

In one embodiment, the hydrogen produced by biomass

conversion may be converted to an acetate. This may be
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fromthe fernmentation 10 broth, a gas extraction unit

for separation of the hydrogen gas and the carbon

di oxi de, and a production wuniit for production of an

al cohol fromthe carboxylic dcid or carboxyl ate salt

usi ng the hydrogen gas. There are many advantages to

the current invention, 15 sone advantages which
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There are many advantages to the current invention,
some advantages which certain embodiments may have
include:

. Production of hydrogen in mixed-culture anaerobic
fermentation from biomass under buffered conditions

for use with other fermentation products.

° Methods for purification of hydrogen from carbon
dioxide.
° Integration of purification methods with and within

downstream processing allows efficient utilization
of hydrogen from anaerobic fermentation and
gasification for the production of biofuels (i.e.,
primary and secondary alcohols).

° Integration of impurity removal and cleaning in the
downstream process.

° Hydrogen is an important reactant in the process for
producing mixed alcohol fuels from biomass; however,

it is somewhat expensive and difficult to obtain.
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process is 10 efficient in avoiding accunul ati on of
impurities in the system The processing shown in one
enbodi ment gives flexibility, in how efficient one
desires to be in avoiding materi al | osses, which may
depend on the econom cs. 15 BRI EF DESCRI PTI ON OF THE
DRAW NGS The follow ng figures formpart of the
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Figure 4 illustrates System D, a systemfor 5 _
conver thagspEbARssThe REPEABSIAGJISBREBNHAr 9@ RBPRHsIent

using 8?&5@ ?Hg§§£il§E§oEHingtfofcfgpedéﬂgnaegirégeto be
in avoiding material losses, which may depend on the

economics.

BRIEF DESCRIPTION OF THE DRAWINGS

The following figures form part of the present
specification and are included to further demonstrate
certain aspects of the present invention. The invention
may be better understood by reference to one or more of
these drawings in combination with the description of
embodiments presented herein.

Figure 1 illustrates System A, a system for
converting biomass to carboxylic acids using NHHCO;
buffer, according to an embodiment of the present
invention.

Figure 2 illustrates System B, a system for
converting biomass to carboxylic acids using NH4HCO;
buffer, according to an embodiment of the present

invention.
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enbodi nent of the present invention. Figure 6
illustrates a variant of System C, a system for
converting biomass to primary_al cohols using CaCO3

buf fer, according to an enbodPnent of the present 15
invention. Figure 7 illustrates the use of acetogenic
fermentation to convert they h drogen produced_in
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A an"amineé absorption unit tor extraction of carbon
daoxbddifhgotpaancambodidenki d& she eargsantcoinvenytion an

enbodi nent of th resent pnvention. Figure 9
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stream according to an enbodi nent of the present
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Ogrgseﬁgﬁ959§gt§?5.purification of hydrogen froma 30
carbon e

i OXi stream according to an enbodi nent of
the presaent Bnyeébhticonat¥® 2008+ 0AN0664f System A, a system
PCT/ US2007/ 086106, 6 Figure 11 illustrates Process_D,
t RETUSETBF PLBds (- GMAGR! HY RHSBREY| OACORSRS Forog YHHCO;
PUGickecat heoehiA¥IEBUBA chholLAchBr BONEHEOXdeent
stream according to an enbodi ment of the present
i pp¥Rnicompn.5 Figure 12 illustrates Process E, the us

of Figure 6 illustrates a variant of System C, a system

for converting biomass to primary alcohols using CaCO;
buffer, according to an embodiment of the present
invention.

Figure 7 illustrates the use of acetogenic
fermentation to convert they hydrogen produced in
fermentation to acetate, according to an embodiment of
the present invention.

Figure 8 illustrates Process A, an amine absorption
unit for extraction of carbon dioxide from a
carbon/dioxide stream, according to an embodiment of the
present invention.

Figure 9 illustrates Process B, the use of ash for
the absorption of carbon dioxide from a carbon/dioxide
stream, according to an embodiment of the present
invention.

Figure 10 illustrates Process C, the use of a
membrane for purification of hydrogen from a
carbon/dioxide stream, accordihg to an embodiment of the

present invention.
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an enbodi nent of the present invention. 10 Figure 13
illustrates Option A and Option B for the conversion

of carboxylic acids into secondary or primry

al cohol s, according to an enbgdinent of the present
invention. Figure 14 illustrates Box A, a nethod of

solid 15 inpurity renoval and cleaning of a high
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enEod ment of the ﬁg i nvention. Figure 16
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illustrates a _titrati on use determ ning the
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enbodi nent of the present invention. Figure 19
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invention.

Figure 14 illustrates Box A, a method of solid
impurity removal and cleaning of a high molecular weight
amine, according to an embodiment of the present
invention.

Figure 15 illustrates Box B, a method of liquid
impurity removal and cleaning of a high molecular weight
amine, according to an embodiment of the present
invention.

Figure 16 illustrates Box C, a method of solid
impurity removal and cleaning of high molecular weight
alkyl esters, according to an embodiment of the present
invention.

Figure 17 illustrates Box D, a method of liquid
impurity removal and cleaning of high molecular weight
alkyl esters, according to an embodiment of the present
invention.

Figure 18 illustrates a titration used in

determining the amount of hydrogen gas produced by
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the production of alcohols) produced in anaerobic 10
fermentations and from gasification of the undigested
solids fromsaid fernentation,_ The anaerobic
fermentation nmainly converts 'bi omass to car boxylic
acids using a mxed culture of mcroorganisns, but it
al so produces fernentation gas which contains carbon
dfexmgetahdons agapvgéndghe. aBushepdineny. Of cheipmgsent
c amoni um bi carbonate) are used to
ngﬁ??ﬁ?ﬁ?g the produced acids; therefore, the fina
producF1§u®§1uhe1EEHﬁenaaé50ﬁheslatarbexgpatefsalMsxAlco
These carboxyl ate salts ma B dewat e
pFELESSEd PﬁFSrQFEShBPsanf%W BRAWPIE © e§h%opﬁ%§e%%
estochtied . then hydrogenated. Hydrogenation is
normal |y expensive, but may be perforned at |ower
costs u3|ng hydrogen gas produced by fernentation.

@LED| REBR ) : FRERASPRBCess, certain
streans contaln |npur|t|es that must be reaned 25
therefgre, nethods for

vin

cl eani ng*St HBYER ﬁPEaﬁBCEaﬁgﬁe%thgaFt 8§ EFSC?FE%?%

t avaceyall ghe, (iake,abseiknehuded hAdtBts1ipNenbhofor the
Ther ef or e, thls experlnent was designed to determ ne

i Pregacsgen gisailsoppésénprafddces 8, aNASKARLC30

D

f epredksati-om eblnamemméhnasiand ttheednehrokén femmentation

in a water mxture. The inocu sed.t ,
e BeT G SRPSRE S0 DTS SobE ERECPEY Thfi SEL0R BRGNS a mixed

?%ﬁﬁ?h?@‘o@'%@EQ@B@%@nﬂ@ﬁsth%ubuﬁﬁeélsénpkaﬁﬁﬁéﬁe in
e total
fermentation gas which contains carbon dioxide and

hydrogen gas. Buffers (e.g., calcium carbonate, ammonium
bicarbonate) are used to neutralize the produced acids;
therefore, the final product from the fermentation is
carboxylate salts. These carboxylate salts may be
dewatered and processed into alcohols, for example they
may be esterified then hydrogenated. Hydrogenation is
normally expensive, but may be performed at lower costs
using hydrogen gas produced by fermentation.

Further, in this biomass conversion process, certain
streams contain impurities that must be removed;
therefore, methods for removing impurities and cleaning
these streams, where impurities are likely to accumulate,
are also included in this invention.

Therefore, this experiment was designed to determine

- 1f hydrogen gas is present and if so, in what

concentration is hydrogen produced in the gases of an
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al cohol s out of the esters obtained fromthe
carboxylic acids made in the fernmentation m xture. 10
The upstream stages of the prgcesses shown in Figures
1 through 7 show a method for "producing carboxyl ate
salts from bi omass. Many fernmentor geonetry
arrangenents have been described previously_ and may, he
udederabiAefernpatrbap sPhgRIP ¥ Eh%e%r%%%§%F1¢%r%giCken
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as an exanpl e. e solids In these fernentors are
andedoboghhesms opo anarrenovedt e ofietthen bat $ @m amt exhmonium

bj omass i s. added th i ght - t f )
ORAFGEEPBACE c¥r tubES aPRE FERoVY TOGRFETE Bt L B!
saatrh® theragy peedticedOnf et RENE@fmedbaBiPh OFLSGessS is

repeated until digested residues are renoved fromthe
| BPESHbse PeFaBReoRYIrPIcHedrY cle aXEEREWPrard pped later

g&geehaUMgégpgods%@esggneo_98¥&Cﬁi§§§ich8ﬂ@19y@9tt@f the

educe 't uid content in the s ds that are
t eangter bbdat ned 6nemf eheentobokpliheacs onade. 1 eld
water is added to the left-nost fernentor. A portion

of SERETFEFABAt BA*FHE6id i s sent to the adjacent

fer mentge. yfBkscRMOSEa§eESoreprat pdoddtbesf enownt ahi on
broth is harvested fromthe right-nnst fernmentor. Each
3@iperesnfothirsughui ppea@vwit iehhefr Ear aPF8AUF S0P t hat

al lo [ i el th i RhLQ]
A
bueraheemenhsometharens detomiibedc pdevandsbyf fad may be
(amoni . um bi car bonat e or calciun1cg bonate%gaThﬁere the

buyeesr inr £8eFS WPSHTEAPHEXFPEE ]&i G58°pPhal f Fom

digestisdd employs four countercurrent fermentors as an
example. The solids in these fermentors are added to the
top and removed from the bottom. Fresh biomass is added
to the right-most fermentor. Undigested residues are
removed from the bottom and sent to the adjacent
fermentor. This process is repeated until digested
residues are removed from the left-most fermentor. If
desired, a screw press or other suitable dewatering
device can be employed to reduce the liguid content in
the solids that are transferred from one fermentor to the
other.

Fresh water is added to the left-most fermentor. A
portion of the fermentor liquid is sent to the adjacent
fermentor. This process is repeated until fermentation
broth is harvested from the right-most fermentor. Each
fermentor is equipped with a circulation loop that allows

good distribution of methane inhibitor (e.g., iodoform,
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m croorganisnms is enployed in the fernentation. The
source of mcroorganisns can be froma variety of
habitats, such as soil or cattle runmen. In one

enbodi ment, the best results ﬁay be obtai ned using an
10 inoculum from mari ne environnents; these organi sns
have adapted to high-salt environnments. The fernentor
t brpepipune broseathaneegubioniegadid] mynd Heutffer

t e cyl.af q f
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'EaT@Xuﬁl§@c§§d9ﬁ§'Ebeghéa§uf§@9mﬁsé@ FA gHiRSd lculture of
through 6) to produce synthesis gas 20 (hydrogen and

carbdnfapnorgdanaeThbscsphchesrgagasmeans ¢RehoyRed in the
shithed using SkRAM.EQ, [or Ok MRE € BYHL00PH2Nan CO0VE S, o

carbon nonoxi 0 carbon di ox
praeessy beahabitatedueedhmhscbo¢anobecmseﬂetDumen In one

provi de energy for the rest of t | ant. . 25_The,
P ERHEALEEPEn ERG, Refilr VESRAEST FoH PRoPTAhiSApiping an

f eLARNL A @@%mhﬁgglﬁﬁughﬁﬁ?éﬁﬁéntﬁh'QHeQEYO9§£ﬁ98@§ have
undesirable in the downstream processing steps. The

sedaptedntbehnehnsedtveavarvamEéty of nethods. For

I
an 30, GFE: AEETEREEoh CBPoREraF! ey APRoRohoner She wi i1

mcro I'on nmenbrane wth
are@ﬂﬂ%@dhgrthel@bhpéuhtuﬁé pliathal tawsulheing liquid. The
car boxyl ate WD 2008/ 070561 PCT/ US20Q7/ 086106 10 §a£t§
t §epASRLopuPHs dgnrrgulatsinby. thet ardifion| yatg of butfer

C%%%“b%@&m%ﬁ Ehogguggghngae_be added (such as those

The undigested residue leaving the right-most
fermentor is a lignin-rich product that can be sold or
used as boiler fuel, but it may also be gasified (as
shown in Figures 1 through 6) to produce synthesis gas
(hydrogen and carbon monoxide). This synthesis gas can
then be shifted using steam to form more hydrogen and
convert the carbon monoxide into carbon dioxide. From
this process, heat is produced which can be used to
provide energy for the rest of the plant.

The fermentation broth harvested from the right-most
fermentor may have scum present, which may often be
undesirable in the downstream processing steps. The scum
can be removed via a variety of methods. For example, the
fermentation broth can be pumped through an
ultrafiltration or microfiltration membrane with a

molecular weight cut-off that allows the carboxylate
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sugar cane), which would allow the scumto be renobved
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jet _ejectors

buffer, |ime my be added foll owed by carbon di oxi de
addition to precipitate calciumcarbonate. As cal cium
carbonate precipitates, it entraps scum thus
removing it. The cal ci um car'tbnate and scumis then
sinmply renmoved by 10 filtration. The de-scunmed or
clarified fermentation broth contains a dilute
content Fat Pans of behesedn bbxyratained ¢ Alfrgptiveky a

1 T ' d
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dempl eveagtaet hadsfgasuber efpl oy eelkt tereed fnapor
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akl pusat hem t 9 c9DEERSEchPodndeat i £X6HEN08s . tHh e lERir,
of condensation in the condenser provides the needed

heane ohagvhporddednfPhloved Hey bertleen dheside rddgegion to
is_recycled, Th rqc ' t hj le, .1 ven
e SE N ST Gt el 'hg, AR ch oA
cpppEepsatebyt iot bRErapAPEEsSs| nghdeviersyinguth. ahe

nag al so be used. |t was ffund t hat
hyal6geR §agbpaakesangr sauRedSi hPeBsS{HRLY ef FBAYSE i 0,
apd,pay . beg,recovered and utilized. In the laboratory,
using as fernentation substrate 80% paper and 20%
chi ckefihaader ecamdedonrr olfrhfiedel pHran AL 1 aRMBHP bn

bi carbonate huffer, an aver f _ab 9 n
G R e e G
measyredi( 2% and) 12%nbewagetrhes| pamstreandot Bermhaghestly
concentrations). This_anmount is si nificgnt and.mg
26881076561 SPERLUSP06?P08B1HB*) 11A?r5§}058 rBc¥9ET8HY £ 3F

UGB WL DY AEORERALHEN cBhOBES 8RBl oyed, here a vapor
compression system is shown. Vapors from the concentrated
salts solution are compressed, which allows them to
condense in a heat exchanger. The heat of condensation in
the condenser provides the ngeded heat of evaporation in
the boiler, thus, the heat is recycled. The process, in
this example, is driven by a small amount of shaft work
provided by a compressor, but other compressing devices,
such as jet ejectors, may also be used.

It was found that hydrogen gas is also produced in
the fermentation, and may be recovered and utilized. In
the laboratory, using as fermentation substrate 80% paper
and 20% chicken manure and controlling the pH with
ammonium bicarbonate buffer, an average of about 6%
hydrogen in the gas (carbon dioxide and hydrogen) has
been measured (2% and 12% being the lowest and the

highest concentrations). This amount is significant and



where it may thereby decrease the cost of al coho
production overall. Figure 7 shows an al ways-avail abl e
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convert sone of the carbon dioxide and all the
hydrogen to acetate. A buffer (e.g., ammonium

bi car bonat e, ammoni a, cal ci um carbonate, calcium
hydroxi de) is supplied.-,to control the pH From this
fermentation, a dilute acetate solution is obtained 10
whi ch may be sinply recycled to the fermentors.
opevatengeconergfetfogetice far hrAregeapthpghprocesses,

p r r r e
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fernmentation in an effort to recover
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amnmoni a r écovered downstream 25 is contacted with
f @hmﬁtcatuoemnga:s fiermgngeru bbe h,lghmtfepe;eaﬁnmsmﬁy al low

bEc Qn %% %%gg %Fuc%%cgg . cled back to the
f &fite ion R arly, in Elgures 3 and 6, where

cal ci umrcamhkoFalrthent attseth gast Mehbohf eg, meerryotatrben
fernentatlon %%%— (i.e., the ampunt containing the

alsiiexid qqge§éntmPétaoﬁeégﬁoFaFHOQIﬁéwxﬂﬁé

egﬁ%ﬁﬁ&%dp ) f%%hpk%%'%%&%ekn EQ@CQ@%@bH@bonate or
car boxyl ate salt solution WO 2008/ 070561

PEMNgRZAGT 08 kdenate) , which is released as the buffer

neutralizes the acids formed. This carbon dioxide is
known as abiotic CO,, as opposed to the biotic CO;, which
is formed from the bacterial metabolic pathways during
biomass bioconversion. In Figures 1 through 3 and Figures
5 and 6, the abiotic CO, is removed from the fermentation
gas in an effort to recover or regenerate the buffer.
Thus, in Figures 1, 2 and 5, where ammonium bicarbonate
is used as the buffer, the ammonia recovered downstream
is contacted with the fermentation gas in a scrubber,
where ammonium bicarbonate is produced and recycled back
to the fermentation. Similarly, in Figures 3 and 6, where
calcium carbonate is used as the buffer, some of the
fermentation gas (i.e., the amount containing the abiotic
CO,) 1is sent to a reactor to allow the exchange of the

calcium ions in the calcium carboxylate salt solution
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formati on of a LMW am ne carboxylate and in the 5
precipitation of calciun1carbonate buffer, which is
recycl ed back to the fernent In Figure 4, the
process shown does not requir the downst ream addi ti on
of (C02; thus, the abiotic CO2 typically cannot be
renmoved. The resulting |eft-over gas fromthe reanaI
of remethe g¥RBEraterpwibht & ASWHBIsCEat BBnNET SR delMW)
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PCT/ US2007/ 086106
of the abiotic CO, in Figures 1 through 3 and Figures 5
and 6, and all the fermentation gas in Figure 4, can be
treated using Processes A, B, C, D or E (depicted in
Figures 8 through 12, respectively) or any combination of
them to allow the separation of the hydrogen from the
carbon dioxide. The carbon dioxide and hydrogen stream
from the gasifier/shift reaction may also be sent to
Processes A through E.

In Figure 1, the concentrgted ammonium carboxylate
solution from the evaporator is sent to a well-mixed
reactor where it is contacted with a high-molecular-
weight (HMW) tertiary amine (e.g., trioctylamine,
triethanolamine) . Because HMW amines such as
trioctylamine are not very soluble in water, the reactor
must be well-mixed and, if necessary, a surfactant might

be added. In this well-mixed reactor, the remaining water



13 is driven off, which causes the amoni um
carboxylate salts to split, form ng HWVam ne
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the scrubber to renove the abiotic CO2 fromthe
fermentation gas and 5 recover the amoni um
bi carbonate buffer. The resuli#ng HMV ami ne
carboxylate is sent to a reactTve distillation
colum, were tenperatures are increased above 200C. At
this point, the HWVanmi ne carboxylate thernmally cracks
mtsOd@awaaxypfﬁe yeigs aﬁBS@ﬁethmrarﬁ%éwea@aqb%}ﬁ%a%

heal (&r g t S

GERARG! 55 SEELEY FORRERG, HIRTaRERe 1oPrh BerBRle andy g
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in the reB0|Ig ﬁ Ied ck to t he reactor to
r 8pBaVet hBSprbeasic § FPN Ja Ahr
thEBQeQrﬁﬁgsémmBn1&§ Bh@HEBoﬁaﬂétBufBQrdlTﬁ§r§@§@lt1ng
that a gNM/tertlarﬁ amne (e.g., trinmethylam ne,
t HMEt phanenearbpkpLapgl afi ﬁ@nt £ euwaamﬁ@)d%gtu%@twn
fir riye h d
A e R R LI
afhies paiatpr eher HEY bm¢aaseaabbﬂglaaefbhaamabhy|sracks
avoi ded. The L am ne e soluble in er than
HWRFQHFR€§O§M&HCa§¢ﬂ§?o@?9lEhﬁngMWmﬁW&ﬂecéﬁgai fhRe
tQ?EEE%96%§a@RE% etk %é%ﬁ%urggeaﬁénigﬁtE@t2d0°@nnbépéﬂﬁing
carboxyl ate solufion fromthe evaporator is sent to a
dpsztutheampdﬁcgéa@mweméiteOﬁt thenngéds -t KBS RN 4R heave the
2 n th| n
SRS itor AT iRy AP S, oA 38" AnTERD, FBboRLLY, 1o
C&%@ycﬂ@@ﬂ&bhklaﬁlmaeaméabtbetybawepeaarEhBoprocess
recommended because they are nore, voQ atile

wat er, T BEOCESHe 1nEANETSEF 2r éSoFePng t H8m %ERFPHSSS in

g%&%”qoWl%h?Eﬁ%a@h%Qe%%%cbwﬂhﬁﬁeBt@ﬁw tertiary amine
rnatively, only the ammonia may be driven oyf

flﬁs@'|nczxmemawaﬁal@@Lu#ﬁl@ﬁYﬂé@éPGn tripropylamine,

tributylamine) is used first to drive the ammonia off.
Although primary and secondary amines can also be
employed, tertiary amines are preferred because amide
formation is avoided. The LMW amine is more soluble in
water than HMW amines such as trioctylamine, which could
make the process more efficient. The concentrated
ammonium carboxylate solution from the evaporator is sent
to a distillation column where it contacts the LMW amine.
In this column, all the ammonia and most (or all) of the
water are driven off. Please note that in this case
trimethylamine and trietylaming are not recommended
because they are more volatile.than water, unless some
means of recovering them from the water/ammonia stream
are implemented. Alternatively, only the ammonia may be

driven off first in a separate column or reactor,
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the water and any unreacted LMN am ne are separated

from the LMV am ne carboxylate. The unreacted LMN

am ne can be 5 steam stri pped %ron1the wat er before

the water is sent to fermentition. If this

alternative process is chosen, then trinethylam ne
and_triethylam ne may be used. Follomﬁng this, the
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back to the,.process | eaving HMV ani ne xyl at e.
TRER, LA ARREaREEhRy S Ern ErGUPELTRCERS Ml dRcPe can be
cacbanykatepbeat hepmebhy GheekedeEBr¥etnanphber €8l 88M: to
to 15 produce the carboxylic acids, which | eave at the
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cahdesymcher boivy bat aesabtrboxkgl hee i20thbancantaoted in
carboxyl ate_salts, ich are prodyced by _usin alciu
CAPEORET e RL P Re WP &r "Mt ABEENLR - Samibhi oty Lanine]’

cahhenatguaksbikear BpRALS. cdhewsenaenthat edw saksbuny
carboxyl ate solution fromthe evaporator is contacted
i Aravesactdr thirchgh ENy abnef( ehg. copgmn and recycled

trimet hyl amin riet 1.ne i-p api
| PR, LRk B8, HGRTLRCs, HPAARH Ak B tace.
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precipitates fromthis__reaction and is recggged to

tﬁérpgﬁﬁ%ﬁﬁgtPénFh&ﬁwa&lﬁwﬂfaﬁﬁﬁﬂelBaVSBx?P efgcolumn to
1; ?Hgl%l@ceﬂﬂﬁeL%%Wi%aééQ&y, a,8130 sehyti gn, twhi ebp,

contalns sone water, 1s sent to a
while the HMW amine in the reboiler is recycled back to
repeat the process.

In Figure 3, the process also produces carboxylic
acids, but it deals with calcium carboxylate salts rather
than ammonium carboxylate salts, which are produced by
using calcium carbonate as the buffer rather than
ammonium carbonate or bicarbonate. The concentrated
calcium carboxylate solution from the evaporator is
contacted in a reactor with a LMW amine (e.g.,
trimethylamine, triethylamine, tripropylamine,
tributylamine) and carbon dioxide from the fermentation
gas is added. Calcium carbonate precipitates from this
reaction and is recycled to the fermentation, and a LMW
amine carboxylate is formed. The LMW amine carboxylate
solution, which still contains some water, is sent to a

distillation column where most&(or all) of the water is



distillation colum where nost, (or all) of the water
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amne still present in the water is steam stripped
bef ore sending the water back to fernentation. Line
is added to the stripper to ensure that the LMW5
amine is not in ionic form The LMW anine car boxyl at e
is then sent to a second columm where it is swtched
wth a HW amne, formng a HW am ne car boxyl ate,
mhepérahedLNW¢aaﬁhgeateah@stap @ﬁethgpcahdmms Any

rec n ure |n a hlrd col umm
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recycled tq .repeat theﬁErocess In Figures 1 throu h 3

c&ﬁB@x9F|€d§8gd§°aFEe 540E8Y. tTheReung| Heatahl®

th&H@rlerﬁegs§ﬁdlbﬂﬁe fekﬁoh@hé HAakNGmERL | 8Sb&Plate is
depicted in Figure 13. In 15 Option A, the carboxylic

athds aeetvapoalzedoaddcohemn wbﬁrethtoughsulb@h@ﬂyWLth a
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wat er, the ketones can then be 20 hydrogenated with
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he Processes A through E (Figures” 8 though 12) in
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abgehoked. Atheseabicvaky cahnbEPELEBhBr pheceasbaxyhte
acids can be esterified using a HWVal cohol (e.g

hé%&@@PlShéﬁﬂéﬁopptéépﬁnélPr ?hﬁ@PP§taénénuﬁlaure 13. In
dipltlibhakl ORnEOLUBYL B 6BI8EARLEY vAEBRYEEE ¥ACERen

sent through a catalytic bed where a catalyst (e.g.,
zirconium oxide) is used to convert the acids into
ketones, water, and carbon dioxide. After separating the
carbon dioxide and the water, the ketones can then be
hydrogenated with the hydrogen from the fermentation
and/or gasification purified using one or a combination
of the Processes A through E (Figures 8 though 12) in
Figures 1 through 3. A catalyst (e.g., Raney nickel,
platinum) may be employed in this hydrogenation. The
final product from this hydrogenation is secondary
alcohols. Alternatively, in Option B, the carboxylic
acids can be esterified using a HMW alcohol (e.g.,
hexanol, heptanol, octanol). This is done in a
distillation column while constantly removing water from
the top. The resulting HMW alkyl esters can then be
hydrogenolyzed (i.e., split by the addition of hydrogen)



30 the top. The resulting HWVal kyl esters can then be
hydr ogenol yzed (i.e., split by the addition of
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separate reactor using a catalyst (e.g., Raney

nickel) with the hydrogen fromthe fernmentation and/or
gasification purified using one or a conbination of
the Processes A through E (FtQures 8 through 12) in
Figures 1 5 through 3. Fromthis hydrogenolysis, the
HMW al cohol and the corresponding primary al coho
fionathepeaabexyeactoacuasngre obtalned. (A $ecorrney

di st tio i, S used to separate the H

ChEbke Tt bERn R Ry nEp YRS sui ) SRR A A LG il ana/or
| gavesitheienl pupiaietihesing, oM@Ibﬂ aheomﬁhmﬁwyamomhaﬂua
at the bottons is recycled back to
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ere ore |un1carboxylate salts are the
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eva rator u recipitate. stal |ze out
oreSdrnrb Bhnintar v, BrFPbd AEAF PR FLaR LR HER o2 s
sabt sepheatkl taeedvrualcohol hersmt biee prqmefya@ﬂc@nel

to a dryer, while the nother liquor in the filtrate

i BrPERgEl uhbaekleaveﬁetbe 66%6@%t@5t?%@ SPHe Writpethe

gﬁ%eaﬁsah Fvehg baeea 9 Qecg§%éany£bkleé t§OME

hé ot h I quor and sent back to
tbetéenﬁenaauonn mhere the |npur|t|es will eventually
| eave the groce undi gest ed

d .
cryst aF 8] éaagpﬁﬁF§5§§§rBBQ FEFew§§¥$sg§%ef§5%?n€%tl°n

1ghebﬁalugeﬂgebahemumnbarbwhate abeyh@rEuhg@fedth@refore,
about 400C and converted into ketones. groduct

f caAcibins cREREKYORLESSBALEi BlE Eﬁ?bﬁﬁ@@eCtth fSgssalts
rg%gc Sﬂcgﬁg§akgdtUglggrgﬁgtébbBBrator until they

precipitate or crystallize out of solution. The
crystallized calcium carboxylate salts are filtered out
of the mother liquor and sent to a dryer, while the
mother liquor in the filtrate is recycled back to the
concentrating side of the condenser. To avoid
accumulation of impurities, some of the mother liquor may
be bled off and sent back to the fermentation where the
impurities will eventually leave the process in the
undigested product. The dry crystallized calcium
carboxylate salts are sent to a thermal conversion unit
where they are heated to about 400°C and converted into
ketones. A by-product from this reaction is calcium
carbonate, which is recycled back to the fermentation.
The ketones are then hydrogenated in a reactor using a
catalyst (e.g., Raney nickel) in the same way as in

Option A in Figure 13, using the hydrogen from the



The ketones are then hydrogenated in a reactor using a
30 catalyst (e.g., Raney nickel) in the sane way as in
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2008/ 070561 PCT/ US2007/ 086106 17 fernentati on and/ or
gasification purified using one or a conbination of

the Processes A through E (Fi?ures 8 through 12) in
Figure 4. The final product f dmthis process is
secondary al cohols. 5 Figure 5 illustrates a process

for the direct production of prinmary alcohols from
aﬁ#ﬁmﬁ@ﬁﬁﬁapbo%?ﬁépﬁ ggénﬁscaﬁahnupupnééaéuhglng one or a
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t kerrenvaponalorini Figente 4o Fhel@imsfeprbdoati fpomothim
where it is contacted with_a_HWV al cohol (e.g.,
h&XREEISS Hépﬁ&ﬁBPdaSEtéﬁspPoﬁﬁ be esterified in a

manner g§igiikak 491L0ererEROXNYLrecas5dsor( Ehauaerddte
Option B). As the esterification takes places, water

amoaimmmoal @fepréneiryuedstpolenbved Amoanismt ﬁérbgﬁylate

h I d h I
I CORdr ©7 PGP B GrE Cng Y MRy ATRYE BGF BF oy i

th@m;@mdmoganthaeé 13 .aTheacbatensiragetihamhydiagen
from the fernentation and/or gasification after
pG@th§atﬁ6ﬁ SELih 16Re fEPM, tRENBVARPEBROGT 1FhgSNt to an

%%%%%%ic%tH%&Q%%ﬁuﬁ %h@%bque§s cbRtaegbalR) ta8Sa MW

shown in Figure 5. Fromth hydr ogenol ysis, the
ceﬂxmsmdndﬁng'prhﬁaamaélcbh@tgn@ﬂe ogtedadedtanet he
i.s recovered. .A ﬁecond |st|I at i

c6¥ﬁﬁﬁ‘%§eﬁgéﬁ'?om§@E§FéFémﬁ 8 pHPiry CRreSKeLic acids

pr@dufine Wi, Clop@xions sat. ke thep esargitfheadidMh2bakes
al cohol, which exits at the bottons and is recycl ed
babl@cetsO P eds PES AERETiGN arehEoptdaEey sy ERFQrEds from

' Sch% @Jpa £t %h':e' 1Ry t‘@ 'iirh.ve the equilibrium towards
the HMW alkyl esters. The resulting HMW alkyl esters are
then hydrogenolyzed in a reactor using the hydrogen from
the fermentation and/or gasification after purification
with one or a combination of the Processes A through E
(Figures 8 through 12) as shown in Figure 5. From this
hydrogenolysis, the corresponding primary alcohols are
produced and the HMW alcohol is recovered. A second
distillation column is used to separate the primary
alcohol product, which exits at the top, and the HMW
alcohol, which exits at the bottoms and is recycled back
to the esterification.

The process in Figure 6 is similar to Figure 5, with
the difference that, because it is processing calcium
carboxylate salts, the calcium ions must be switched with
a LMW amine first before performing the esterification.

This switching is done in the same manner as in Figure 3.
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esterification. This switching is done in the sane
manner as in Figure 3. WO 2008/ 070561

PCT/ US2007/ 086106 18 The concentrated cal ci um
carboxyl ate solution fromthel8evaporator enters a
reactor and it is contacted with carbon dioxide from
the fernentation gas and a LMW anm ne (e.g.,

t rheekbykbantretelir b8 Byl@ntaebokyigtopybBAt N6n Hrom the
tributylam ne). This causes cal cium carbonate to
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wier. g ., mostiméohyahininef théewhyétamisey enpipdopntaviphe,

the top. _10.Any unreacted LMWV am ne i t tri d

f Fipthyasnare) - 2bFBannnersr coseharngar poracenee’

f eraeatatihen, ThechM\s aBsbpelear bexyhat eeigehibgBisRNtand
to an esterification columm where it is contacted

werhdacemealMihamipe. garbokgkaksl , TReptYof™1Bet anol )
t%g@%%%&ﬁgtgwwéaEEXk %5tgﬁgtPé§ EEStT@gsgieﬁ Egﬁﬁﬁhoﬂhere
an am

ne-aré continuously renove romthe top
ofnolsite (oal uim,) whi ktaet hetkiMMal kgiovedt ehsolighvehat top.
the bottom The esters are th to a

WASYe HPREGCERE. T BBSREI 3 SedCaPTSERADBE Fral Chis water

hyqdreeen teRPeecese8sifAg Br €o Pner fErmBnEhgieas 8he LW
through 20 12) fromthe fermentation gas and/or the

gasiifiec aeirbexyd atehdwn thenFisgite te. apr gfFeRiL§ication
hydr.ogenol ysi s,. .t ndi. (' ya-Tg ol
DXRHE A donar SPRRRERRANMLES B IR BLAGIDIS g
tm%mmﬁoﬁaryﬁgrembaL pcadnotf,) twhipchdueavE¥Watnlkhé tepers.
i S separate romthe HWV25 al cohol s which | eaves at

t F&eH3REEFs Cdnd P8 tHeLy APy BYcR™PS PRE éontinntisly

eﬁ%ﬁwdgdxﬁﬂdmmthe top of the column, while the HMW alkyl
esters leave at the bottom. The esters are then sent to a
reactor where they are hydrogenolyzed with the purified
hydrogen (Processes A, B, C, D or E in Figures 8 through
12) from the fermentation gas and/or the gasification as
shown in Figure 6. From this hydrogenolysis, the
corresponding primary alcohols and the HMW alcohol are
obtained. In a third column the primary alcohol product,
which leaves at the top, is separated from the HMW
alcohols which leaves at the bottoms and is recycled back
to the esterification.

Figure 8 shows Process A, which is a typical amine
system for the removal of carbon dioxide. Hydrogen and
carbon dioxide enter the system and are contacted by an
amine. The amine absorbs the carbon dioxide forming an

amine carbonate. Pure hydrogen then leaves this amine



Figure 8 shows Process A, which is a typical am ne
system for the renoval of carbon dioxide. Hydrogen and
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an 30 am ne. The am ne absorbs the carbon di oxi de
formng an am ne carbonate. Pure hydrogen then | eaves
this am ne WD 2008/ 070561 PCT/ US2007/ 086106 19
scrubber. The am ne carbonatel?s then sent to a
stripper where it is heated splitting the carbon
dioxide fromthe am ne. Carbon di oxide | eaves the

systapband the amine tarbbhevter esychen sent epead stweipper
process. 5 Flgure 9 shows Process B. In this roc

t HeeTRydEoden €§F66nSHFbRFH%gsFF%aﬁ?EBﬂ?a%}%X f??%n?he
tPEaPQO'EQEBQB kromihheigastli end é?s@@&eéndp§ﬁe BeiNg is

I ne sorbs the carbon dioxide, thus purifying
t heenhydryggénd theregsattthg parpeaate ash may then be

10 t d t f d d d f |
F.gﬂfegr§%§ﬁ0§s Eggég %?agn ?ﬁ?s gﬁ%cgrtécéégr the

hh?ﬁ@@gehqaabganda@&kaaessteaamlsoﬁtessaragnd(aﬁdmsené
to a nenbrane (e.g. palladlun1nenbraneg whjch is
pbPiall er £5omyah6gERShELSROt 1RovahfBon 8l oxPEE I The

h&%kgggﬂe'na%éokgg Eﬁ@ngakﬁohsd@H&QdeThEhﬁglﬁﬁfl?&lng the

refentate stream stil as sonme hydrogen, so it may
baysengeho EhecessuAtlnB cBrbpniteonshumelierhdypdpegen

b
wiEeHeEFe o Thel Taelg, o ueBhr a8 RRPthETadk: °T0 .

t ur bi ngrigie@ wai ghosemereeeks20 . may bmsepweéed the
before venting. Figure 11 illustrates Process D, whi
.@yalrpggmdgm Prie 84 gia dSwShESAls 6 EpPF R SLBSAS s9§9eﬁ?nt to

' CRfen e Qruﬁggn§33Q§8&E%f%eﬁh%aﬂé?d 8i8HS9Ebpermeable

| rrpurl |es or conponent s from gas streans

f ao piycidogeat bon. not Eogueeb2s #iosndy .t Rbeatydrbees in

a%%esgggmegieaQSexagple %%trggect or retentate stream
still has some hydrogen, so it may be sent to Process A,
B, D or E for further hydrogen recovery. As an option,
the carbon dioxide stream, which still is at a high
pressure, may be sent to a turbine from which some work
may be recovered before venting.

Figure 11 illustrates Process D, which is a typical
Pressure Swing Adsorption (PSA) system. In PSA, two oOr
more adsorbers are used to adsorb impurities or unwanted
components from gas streams for purification. In Figure
11 only two adsorbers are shown as an example but more
can be added. In Figure 11, the hydrogen/carbon dioxide
stream is pressurized and sent through one adsorber, but
not the other. A three-way valve ensures that only one
adsorber is doing the adsorption at any given time.

Carbon dioxide is adsorbed and pure hydrogen leaves the

system. At the same time, the other adsorber is being



can be added. In Figure 11, the hydrogen/carbon
di oxide streamis pressurized and sent through one
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ensures that only one adsorber is doing the
adsorption at any given tinme. 30 Carbon dioxide is
adsor bed and pure hydrogen | eaves the system At the
sane tinme, the other adsorber2ds bei ng WO 2008/ 070561
PCT/ US2007/ 086106 20 desorbed by applying a vacuum
Pure carbon di oxide | eaves the systemthrough the

VAENYPHLRYMBy APBLPinghi e@av@ym. VBh¥ESckespn t dibovBddlUMaves
punp from suctioni ng the adsorhing side at any given

t the. spatemt hBradsbr BhagvaFden bpeBre A2 kAt Ut % Wd Y h
carbon_dj oxj de, .t eg- nay v [ S {cheds ang
tﬁ%gg? ekggéugﬁsiggg%gﬁiégmﬁof¥ |s§§%§%§%%r¥nto start e
desaepttoanywhiient hémet hencadsbe badssthing sideebetenes

the pressurized hydrogen/carhon dj oxjde stream _1to
BRrBREES i ERSBREPRY MbagLoan; CrenFREREHIT ! kot T are
1Q,adspeResnthiochhg ehbetvaalibhawssf @ppviedusdl yhis adsorber
conti nuous processing of the gas stream Figure 12

showstRrocdsscEptiRnchwbbhsi 5he oFhepr adsarPeF ngtahes
hyd 1/ LoXi. de ' . 2] 0
c FﬁggﬁgngﬁEggn gégéggﬁzég{ﬁgg%ﬁggﬂééggtghnalgkiagrstrea

cooFi ng~depen pressure. The
peeduehmbhe® thesapsoebiag hededeShihespitehihygdfogenone
is liquid carbon di oxide, which can,be Sﬁgd inEo t he
CRERPERETOLOF 588 R&PREt 81 1PHSFEGhr ST ECPRF bYighoB" AREORS
t?&%%%@sﬁng‘EEUEhEyga%9§E¥émeHy be necessary in
streanms such as the "HMMami ne 20 stream and the
HVWWV al Bjlouest a2 showamPrBegRsA 8r BhaehhePRSIALENAEB in

R R e e P

Aapp1riecess ther ichalliihy otrerpwalingndepkedinggoof thhe

HWM am ne streamin the , .
pressure. The product from this process, besides the pure
hydrogen, is liquid carbon dioxide, which can be sold
into the chemical or food markets.

In Figure 1 through 3 and 5 through 6, impurity
removal may be necessary in streams such as the HMW-amine
stream and the HMW-alkyl-ester stream. Box A or B or both
A and B in series and Box C or D or both C and D in
series may be used as shown in those figures.

Figure 14 shows Box A, a process for impurity
removal and cleaning of the HMW-amine stream in the
production of carboxylic acids: as shown in Figures 1
through 3. This particular process depicted in Figure 14
has been disclosed. This method handles solid or
precipitated impurities. The HMW amine goes through a
solid/liquid separator (e.g., filter, centrifuge,
settling tank + filter), where the solid or precipitated

impurities are removed from the liquid stream. Because



25 production of carboxylic acids as shown in Figures
1 through 3. This particular process depicted in
wo-e@an®styd has been disclosed. This method hapcii/es2007/086106
solid or precipitated inpurities. The HWVam ne goes
through a solid/liquid separator (e.g., filter,
centrifuge, 30 settling tank + filter), where the
solid or precipitated inpuri2les are renoved fromthe
liquid stream Because WD 2008/ 070561
PCT/ US2007/ 086106 21 the solid inpurities are soaked
| RheheohiVW/ ambieitdessak¥eBbakeddin BrRéanew aiviMalm ae)
may be used to wash off the HNM/anlne Then t he
s GRIRDEHNRY- sm,née§ﬁr1@awLM§7 BRéAe) sepyr Atespy to wash off
d%%%'hh%taQQneTh%hen F@ehﬁ hﬁ@naﬁ§ﬁ¥cggge§mt93 then
t he process, whereas the so vent 1's recycled to repeat
tmepmaahedgbyCﬂnsanauby;ohotThe HHWnammeetlgashea gegycled
can be bl lids_to stri,p,an
S R RenETCOPIEnt YaRTea8nE ib0SPREEs | FhrYEhed 8 Yepeat
Comdens@hinQ ©0REaver1nt., hBttBirSwarm inert gas (e.g., N,
condenser/ accunul ator, the inert 10 gas is dislodged
f PGth €RE $6| PeRrIa kB TOEEYC tBE. SPhédgoFPdSEFABURRYI es
e h asi.fier o 0
S T e R i A ey
rennve$ovempum|ta@stan@ cbadessthn¢ abdhaibherst tbaminert
(e . 15 trioctylamne) in c rboxylic acid duction
10 S Gt Cdd LFHoR JaPBs LRo RPOTGR 3 e ene SegRRgd The Bolid
hanghes tile@UiadN@hrenPsRitPitbakhe GERYELEesr WBiCBr for
are water soluble and scarcely soluble in the HW
arfiomdusTienHMV ami ne goes to a coal escer, where the
VN amyne.pRase 3nd el TuBLLY 520 WRRRRC 2368 2Lheved
to separ npurities are decanted and thus
s@myuﬁﬁﬂieswanﬂwdmmmmmthbhﬂMMMHhamenetrphmsdecgn be
15 F&%ﬂ%ﬁéﬁﬁ%&g?ﬂ#¥dﬁ??%fgqﬁ£;+4“§%§bn%&?dggkaggras dercted

in Figures 1 through 3. This method handles liquid non-
precipitable impurities, which are water soluble and
scarcely soluble in the HMW amine. The HMW amine goes to
a coalescer, where the HMW-amine phase and the impurity

20 phase are allowed to separate. The impurities are
decanted and thus separated. As an option, the HWM-amine
phase can be countercurrently washed with water to
further purify it. The water from this wash is simply
disposed of. However, such option is not recommended as

25 some impurities in the HMW-amine stream are tolerable and
the washing will cause some losses of the HMW amine to
this waste water stream unless countercurrent extraction
with a solvent (e.g., hexane).is used for its recovery.
The impurity phase can, if desired, undergo a

30 countercurrent solvent (e.g., hexane, LMW amine)

extraction to recover any HMW amine (or HMW amine



di sposed of. However, such option is not recomended
as 25 sone inpurities in the HW¥anm ne stream are

wao odoenaisbe and the washing will cause sone | oOBRGEESWN7/086106
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the HWVamne to this waste water stream unless
countercurrent extraction wth a solvent (e.g.,
hexane) is used for its recovery. The inpurity phase
can, if desired, undergo a 3®@zountercurrent sol vent
(e.g., hexane, LMNamine) extraction to recover any
HMV am ne (or HMW am ne WO 2008/ 070561

PELiLS2004£086186t 2R €RiBoxYlahe) twBSh, | Bhé hingw

stream " Then, the HWV am ne/sol vent stream can_ be
sapanst ealuygndi strepat Fan Pe seeeyebedihe dit ek akion to
a S e tQ thei c e ing t he
oPekREeRhEcliog A b ERECBRIChROrDRteE L1
exbiraekspondihhephrpuoitt tke precesat uhfited exihing the

sol vent, which can_be recovered, if geslred .E st eam
SEPHRPERGUFESRE ROMSE FEFE T aabipB! gthS KBBULThERS ate

t Bbs ushkeaMA EaMsbhoestr | PREENI 8afiePt tocbhi€red, if
distillation condenser, where the solvent is condensed

ﬂ@eaéged?cbgeﬁééamnétrhépﬁﬁGrﬁtgHétbiBP@dQ@%rFrﬁﬁ?thé-g-f

[ 0 rec S ent - [ it
apgyth%%e%En?hlgoggﬁggBogﬁgF %*gg%%¥{éé§}f{§ngéﬁﬂ6%b the
paﬂaaauﬂamioﬁiguhaeﬁﬁeshowheBextﬁh ghilgbnt empvesndensed
inmpurities and purifies the HWMal kyl -ester._stream .. .
bePer & SCOVFESSeAnt 511 §RRr BEENOF §LPaISPn  Baler aF, Liduid

hydr egenathen cand rpkdea¢aoky $reeCahpliyst$edl 8re then sent
suscepti bl é to poisoning and resence of

t he
| purtihiel doifey caugesdidesi fed ﬁ?@gﬁgééoneonsunption;
e 9 S AR B Ty bl By s ana

puriti . stéer stream ust as
2@ handlees tsel HiWoR 1pyaciepitkat ed reapubetfoes. iTheésHWAAt to
alkyl esters leaving the esterification colugn are

r,

séndrogeaclysilisd/ g Fededégar a¥6r OPENGE OF PP

C@ﬂkfﬁ&g&ﬁ%lysis catalysts are susceptible to poisoning and
the presence of impurities may cause undesired hydrogen
consumption; therefore, it may be necessary to attain
high purities in this ester stream. Box C, just as Box A,
handles solid or precipitated impurities. The HMW alkyl
esters leaving the esterification column are sent to a
solid/liquid separator (e.g., filter, centrifuge,
settling tank + filter), where the solids are segregated
from the liquid. The liquid leaving the separator will
likely contain mostly the HMW alkyl esters, some HMW
alcohol and < 0.1% impurities. The solid impurities,
which are soaked in the HMW alkyl esters, can be washed
using a solvent (e.g., hexane). The solvent and the HMW
alkyl esters are then separated by distillation to
recycle the solvent back to the extraction and to send

the HMW alkyl esters to distillation. As an option, the



settling tank + filter), where the solids are
segregated fromthe liquid. The liquid | eaving the

waepavaser will 25 |ikely contain nostly the HMW/EE1091/086106
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esters, some HWV al cohol and < 0.1o inpurities. The
solid inpurities, which are soaked in the HWV al kyl
esters, can be washed wusing a solvent (e.g., hexane).
The solvent and the HWW al ky23 esters are then
separated by distillation to 30 recycle the sol vent
back to the extraction and to send the HWMV al kyl

esberg &@%Gkﬁhélsa&aﬁnbe%tﬁﬂpp@al@ﬂ thdesdBrent by
2008/ 070561 PCT/ US2007/ 086106 23 solid inmpurities can

bblewingpebrenghhehew| beht 1BGTE b¥d%i AY- € hr gh ©aem This
hgkfegﬁrﬁﬁgégeges v DG tﬁpzﬁlsgbiﬁa &ﬁe@@%&énégﬁn where

sén |st| {'&t r'on condenser ere the sol vent
cendepseseandcbhdensescanér gt aadrehevenedta@dgebelsnert

di sl odged f he_liqujd
PG Ly I LBaHF AR D8 SOR L GUCHABG: FBrY orCgheT HIrLY

f OheCORBUSE EONstFEEMN Rat LEEREAEStBOXKNE HOL1ELM®BYi figsifier
inmpurities and purifying the HWVal kyl -ester stream
béb@reogbnétmgnlt to 10 be hydrogenol yzed. Just as

Box Box ndl q i 0 ecLnj e o
Copur, FEBSR APHERGHEONS, BOPLCEMLY Al Binpurisce and
”pﬁ@"llilyenjgnthbeHMwV\éakyyl—eest:er sphas®. b&dhere sending it to

HMWV al kyl -ester streamexiting th t
c&euRdrrgesedy Zeg - aJeﬁﬁré§L@8X eeﬁéxeheg §%é§n%%%uld

all o 1%1%§b§%p§ h%ltIE@ |WHHEht¥r§h§§§ub$e 1n water
deca ted and the H al kyl ester phase is sent to a

c bt scemcedt migshblehiloh thes BfBcadkuly eebeyi phape. The
%@@Lgﬂ%g}p%%g%q %%re%%?egl%Engp%ﬁbtbgﬁeEQQEcHEQBh P81umn

rogéenolysi s h water from
cayntRmeEuriert cwadls el clvhese?2@hsapbraeedawet Blihwed to
HWW al kyl esters, may be sent hac

to
e SERATE Lt (16, HWPU&é§Nk@@as§olﬁh§Fcﬁg§§gs REy hge HMW-

alkylester phase is sent to a countercurrent wash, which
is necessary to give it its final polish for the high
purities that might be needed for hydrogenolysis. The
wash water from the countercurrent wash, which is
saturated with the HMW alkyl esters, may be sent back to
the esterification, if desired, so that losses may be
avoided. The decanted impurities from the coalescer,
which are saturated with the HMW alkyl esters (and some
HMW alcohol), have the option to undergo countercurrent
solvent extraction to recover the esters (and the
alcohol) that might otherwise be lost. The solvent (e.g.,
hexane) and the HMW alkyl esters are then separated by
distillation, recycling the solvent and sending the
esters to hydrogenolysis. If recovery of the gsolvent from
the solvent-saturated impurity stream from the

countercurrent extraction is desired, hot inert gas



avoi ded. The decanted inpurities fromthe coal escer,
which are saturated with the HWVal kyl esters (and
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countercurrent 25 solvent extraction to recover the
esters (and the alcohol) that m ght otherw se be

| ost. The solvent (e.g., hexane) and the HWV al kyl
esters are then separated by 24distillation, recycling

t he solvent and sending the esters to hydrogenolysis.
If recovery of the solvent from 30 the

Sek Ve - 8At WA edahnpur ubgdstoeapripothehsolvent off the

countercurrent extraction is desi red hot J ne
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b81§§§915?1§ﬁrb8négﬁs§9|Vﬁﬂér@féhérﬁbl¢éﬁ%”i§|é5hdéﬁ§éd
i nert gas/solvent streamis sent to the distillation
candense@yemh@rendh@hsoin%ht yas cohelbedees Brem the liquid

EERSHoTand e LREL) Sonydl shavase HAD. AL A4S aoe

ageéntsedt the bb@l@@lbﬁrgﬁﬁlgﬁérfler The choi ce of any
of the optional processing i igures_14 throu

in Fi
may beTH?cFEPéeeb9fc%§Y O%oﬁ%?d%?%%?%ﬁ% PHY BN
T O NIneBagR’ £ /A backydegd:tQ n@@§trate
sgggP?%% g%bg 7o ﬁﬂs e invention. It should be
appnemdatedlbysthose of Skl|| in the art that the
techni ques disclosed in the exanples that follow 15
r e techni ques di scovered by the inventors to
fﬁgéﬁégggmell in the practice of the invention.
However, those of skill in the art should, in |ight
of theTBEe§QQEOWQh§CEQ%MPQesaEEéeﬁhélﬁdéﬂaEOnaBMonstrate
changes can be madé in he specific enbodi ments_t hat
aspe¢u§abosm@oanmegts|pfz@h@b@aVﬁnalpnke oF ghanidrbe

r%%%?%é@ Eh%y%yd%g%gglgg LYY in the art that the

techniques disclosed in the examples that follow

represent techniques discovered by the inventors to
function well in the practice of the invention. However,
those of skill in the art should, in light of the present
disclosure, appreciate that many changes can be made in
the specific embodiments that are disclosed and still
obtain a like or similar result without departing from

the spirit and scope of the invention.

Example 1: Fermentation Make up

The fermentation mixture contained an 80% paper and
20% manure ratio with a final make up of 16 grams of
paper fines, 4 grams of manure, 225 mL of water mixture
(H,0, Na,S, Cysteine, HC1l), and 25 mL of seed inoculums,
the source of the microorganisms, six 1-L reaction
flasks, one reactor with exactly half of all the

components in a 500-mL flask, and two reactors with



the spirit and scope of the invention. Exanple 1:
Fernmentati on Make up The fernentati on m xture
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final nake up of 16 granms of paper fines, 4 grans of
manure, 225 nL of water m xture (H20, Na2S, Cysteine,
HC1l), and 25 niL of seed inoculuns, the source of the

m croorgani sms, six 1-L reactz®n flasks, one reactor

with exactly half of all the 30 conmponents in a 500-nL
flask, and two reactors with WO 2008/ 070561
PEX4UB2007/086806 arbunxact! yhd/ 20ithel asompdnefits hen a
initial components in_a 150-nL reaction bottle, al

f LePeBLWFERCR1SBPPARTL8p. 2Thef 1FBREL YHER FeFEPHIReLPP - The

nggEgggggngeEgeﬁéggggggggtﬁéfgggd £RENON T PYEES purged

ore being sea ontinuously 5 agitated in an
i fowb&t ninwkeh hefempebatungesaaied2ang. coON: AWOWS &Y r

exposure was al | owed whenever the reactor was oPeneg
(P takgAple, 2RoiprRPEtRF oA NReBPRPSHF WA BFRY 27 C-

nyﬁhggﬁﬁ BEEQ%xpggﬁgge§a§eégléﬁéduﬁhgﬂgﬁ¥rZtHéy§e£9Eor was
1 a [ d |

ays so t gas concentrations cou be col |l ected
apgpet@dandbyzedaapldi f tor €nk &i heskdnr hagdihe by way of
fernmentation Donke, .2004). The objective t
UBLETRORD PSRy BOTPAES PREFoSRFoBRCBUCTY fnaay8 for 17
f gLt kPAtdass thacepaehensnyereuanabyzedloacbay dfd
revealing that the ratio of hydrogen to_carbon |
dieorilyeedangedifferentotines dyrong3thel LrEMRBF2EERD
W avehage oryQ Afjmpl it/ ok CRBerLbfsher eAMI IS ¢
sﬁ%%m?%ét$§ﬁgghydﬁg%e%%9%g%ﬁg@fernentatFon gasenay be2S °
uged' astaospuodecefl hydtbgefermerdetion dyelr ogenat e

i xed AEoRGPS Cogen “BEes 80 VEOR gl BoY20 18 RRIEHS. Chat

cie 4sicaR Off thRIrexRer itkekbrbah dibReéde ranges from 0.01
to 0.13 mol H,/mol CO, with an average of 0.07 mol H,/mol
CO,. These results show that the hydrogen in the
fermentation gas may be used as a source of hydrogen
needed to hydrogenate the esters formed from the MixAlco
Process to produce mixed alcohols such as seen in Figure
19.

At the conclusion of the experiment, all nine

fermentations were analyzed to determine the hydrogen to

carbon dioxide ratio. The results are shown in Table 1.



fermentations were anal yzed to determ ne the hydrogen

to carbon diox

ide ratio.

Sanpl e

Day 3 Day 5 Conponent (nol/nol% (nol/nol%
(rmol /ol %9  Hydrogen 0.68 0.23 0.47 C02 6.93 11.66
10.80 02/ Argon 0.14 0.13 0.1% N trogen 90.18 85.73

86. 44 Tot al
0. 01972556 0.04

351852

The results are shown in
wa aiBe7@61 WO 2008/ 070561 PCT/ US2007/ 086106 26rdHBEH02/086106
Hydr ogen Production By Fernentation

| D Day 1

97.93 97.75 97.86 H2/CO2 0.0981241
% Hydrogen 8.94 1.93 4.17

(based on H2 and CO2 only) Sanple |ID Day 7 Day 9 Day

11 Conponent (nol/nmol% (nol/nmol % (nol/nol? ,
Hydr ogéfABOE79 1.Bgpogan cirogduokiai B A9rmentyy o gon
I {loid Pp I3 TN tTRgEN 88 51182 9§ 85379 Tota 9%
08.11 97.75 H2/CO2 0.095873786 0.11283186 0. 0269097
D6 Hydmpgeen8. 75| 10(ndell vl ) ( basedmob/mBlehd CGO2 (onllypols)
WO 2008/ 070561 PCT/ US2007/ 086106—27-Sanple—tB-Dbay—13*
Day M5 198F™7  Conporferft® (ol / ol 9% ¢ ndf / ol %) 0.47
ol 7 NMBhHF9 Hydrogen Y.gp 1.4210. 2111 46 10.80
02/Argon 0.14 0.13 0.15
Nitrogen 90.18 85.73 86.44
Total 97.93 97.75 97.86
H2/CO2 0.0981241 0.01972556 0.04351852
% Hydrogen 8.94 1.93 4.17
(based on H,
and CO, only)
Sample ID Day 7 Day 9 Day 11
Component (mol/mol%) (mol/mol%) (mol/mol%)
Hydrogen 0.79 1.53 0.31
co2 8.24 13.56 11.52
02/Argon 0.13 0.12 0.13
Nitrogen 88.51 82.90 85.79
Total 97.67 98.11 97.75
H2/CO2 0.095873786 0.11283186 0.02690972
% Hydrogen 8.75 10.14 2.62
(based on H,
and CO, only)
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C02 4.42 10.63 18.35 02/ Argon 0.17 0.17 0.37

Ni trogen 92.66 86.07 79.41 Tot al
wWO2008020561 04072398 0. 1335842 0.01144414

3.91 11.78 1.13

(based on H2 and COQ2 only)
13 the reactor was not gl ass,

but plastic,

97.43 98.29 98. 34
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* On Day 13 the reactor was not glass,

but pl

astic,

meaning the data from that day might be underestimated

because plastic is more permeable to hydrogen and the

plastic 1id does not seal as well as the septum stoppers

in the glass containers.

The tests showed the ratio of hydrogen to carbon

dioxide ranged from 0.01 up to 0.13,

0.07.

and the highest was 11.78%

The lowest

)
)

on

Day 15.

with an

The average

Hydrogen for all days tested was 5.93%.

average of

Hydrogen observed was 1.93% on Day 3

Q
T

These data prove that the reaction produces hydrogen

as a by-product during the fermentation. Thus the total

energy able to be recovered from the fermentation is

higher than previously thought. This will greatly reduce

costs in the MixAlco process because hydrogen might not

need to be produced from other sources.




could result from hydrogen escaping fromthe reactors
causing the ratio to drop significantly. Controlling

wa b@s/ozsount of gas that escapes may be signi f PCHOS200T1086106
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10 obtaining a high H2/CO2 ratio. N trogen was present
in larger amounts than H2 and CO2, This is expected
due to the nitrogen purge. This also explains why the
oxygen content in the reactor?$s so low, the nitrogen
purge is designed to replace the oxygen with 15 inert
ni trogen gas. Thus cal cul ati ons need not be perforned
based Bhet heantbregehabhumbénsaitbé #2pHndf CO25 fatian

is |ikel h i gni i cant _in_thi i ment . .
| RrGPEREli BERGHr Bheh  TF anbforolah AdUEe af 86 LRkdrs bratio
| Brt Riy8reyBar tBEBhrbdhi 8i8kiaws RAydergeRyatosbe wad

free gas phase to react with the | ow nol ecul ar weight
cRiredxyrre gemgsofoltofithrghdhbreRarardwer ghgacted again.

Ciﬂ@8¥¥hgch agbggnpkﬁﬁtgﬁEbaﬂdd58§iggemléotgéﬁlow a
reacti on oclurr , the ydrogen content of the gas
waatreducedrhFihakl gndhéastaay saéhueacket han@omndTIROR

rati o and 5 b ontrolled in sope systens.

OTBHAf TEPHIE SXHBr PHERDIERORECTRAPS nhaPByEhe| Beactors
praduced RYet Rhsipakbi aubar shghientaht 09, ntyhtt61808g the
could bé used if it were to be separated fromthe rest

ofmouhg gasees SDANOSEOOBEE7SB1PPCTLUE26072086106 29
Eé%gﬁggi%é BprghnheﬂﬁgcﬁégT%.”a'n probl em faced in

anaérobic” fefmentations is maintaining the pH
near nadttabehywast pbreasaer ahi tacgadi amonstsothhat Hi kend

m_croor gani, sms can rvive apg gerforn1the

5s .
fgpﬁeﬁbéﬁiéﬁ_e#BGQEEQWEP?SﬁOtH %BgQgePhBurge. This also
ferpBatall QRycentabRogeneratbhtt ed whkh e8Pt is so low;

the nitrogen purge is designed to replace the oxygen with
inert nitrogen gas. Thus calculations need not be
performed based on the nitrogen numbers; the H, and CO,
ratio is likely much more significant in this experiment.

Interspecies hydrogen transfer may have also
occurred in this experiment. This allows hydrogen in the
free gas phase to react with the low molecular weight
carboxylic acids to form high molecular weight carboxylic
acids plus carbon dioxide. If this reaction occurred, the
hydrogen content of the gas was reduced.

Finally, hear may influence the , and CO; ratio and
may be controlled in some systems.

Overall, this experiment shows that hydrogen is
produced by this particular fermentation mixture and
could be used if it were to be‘separated from the rest of

the gases.



stoppers and 22-gauge needl es attached to a three-way
val ve and a syringe were used to draw and test each

wa aphaseiThe pH was tested with pH paper rangi POI/U82907/086106
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5.0 10 to 10.0 in 0.5 increnents. If the pH was too
low, a predeterm ned anmount of 0.016 M ammoni um

bi carbonate solution was added to the fernentation to
bring the pH back to seven. Zhe anount added was
determ ned based on titrations performed using
diluted gl acial acetic acid 15 and the sanme anmmoni um
bEgampdrate pél Meiohesernein Table 2 and Figure 18.

Th H t est ed ific, t f the, '
bi car bOHSt BASBI BE PBRUer 6°aba TR PPESEHRET et ur ned

t @efmBntht9uhe 18 paoMtdeding eROr oK AB4e néﬁ%&&ﬁi@%lwith
ammoni um bi carbonate sol ution needed to return 20 the

f BRABKPRLFoRCNB1 héaRF aPPt YhPECERS M RECPEIFRHIES | AR

0 . . : coilc e i . _
SR EE BB B YO EhL (e B o BRI S AHIPELRR enis
ataeekdi nget berinenthaidnandntaitées changef wasedbgetiveskeptum
When the pH did_not seemtq_drop substantiall nor e

DS CRRRBRPUAT C4r BOHAFeTEORALF oR: bHLTEAAEN T ol hFERT B

t hatvet BBAPH di8ingt Weop 8@ HangeapuUshy e&s€i €ach

| evel and affect the m croorgani snms. WO 2008/ 070561

PeINP32007rbeerb6wagotsabee withppHcBrPHY a¥dGiiey from 5.0
R PP PR YS REESN l m rap Lg
20rédetérfiinddd 4madGnP006800068 V. 2BmoAiGE RBcOrifoBate
Oég%ut%bg %%élgdéégstg'%ge fermentation to bring the pH
back to seven. The amount added was determined based on
titrations performed using diluted glacial acetic acid
and the same ammonium bicarbonate solution seen in Table
2 and Figure 18. The pH was tested as specific amounts
of the ammonium bicarbonate solution were added until the
PH returned to 7.0. Figure 18 provided an approximate
amount of ammonium bicarbonate solution needed to return
the fermentation to neutrality because the fermentation
produced primarily acetic acid. The amounts added to
each reactor were altered after the first additions
according to the chart and little change was observed.
When the pH did not seem to drop substantially, more
ammonium bicarbonate solution was added to insure that

the pH did not drop to a dangerously acidic level and

affect the microorganisms.



10

4.62 21.34 1.34 0.21 4.74
1.8 0.2 5.06 22.04 2.04 O.
WG2®88/02B866 2.5 0.27 5.5 22
3.13 0.44 5.87 23.4 3.4 0.
.1 23.9 3.9 0.22 6.22 24.
.75 0.44 6.42 25.18 5.18

21.6 1.6 0.26 4.88 21.8

24 5.19 22.23 2.23 0.19

.69 2.69 0.19 5. 76P@BUIR07/086106
27 6.02 23.68 3.68 0.28

31 4.31 0.41 6.33 24.75

0.43 6.5 25.6 5.6 0.42

.69 0.74 6.9 28.35 8.35 0.66 7.01 29.44 9.44 1.09

6
4
6.6 26.18 6.18 0.58 6.71 26.385 6.95 0.77 6.81 27.69
-
u

7.05 29.88 9.88 0.44 Calibration reading of pH neter
in 7.00; standard = 7.04 5 pH ammoni um bi car bonat e

éﬁgﬂgpl m bi car bonat e
it p 2 fernentation

Brbteom oo i {hee oiger

'F|rc-+ + W

S nto decrease t-hepH M~*h'n SE—1-We
(B, 10 nQUEARREE MRS | NELPBS hERSay; [Vpppme From Last
iinitializeluntil eight days,  which dropped®EREVAN {0
7.0 % bel dve0 Most WD 2008] 876561 PCT/ US2087R086106
314 reactorg 22Ul fl uct uat eohébween pH 7. D0ahdd 8.0 and
tihens decr gas@. aery rapi dl yoaround Day 5 {0.pH 6. 5.

'y Ss$eens | 20,68 0.68 0.28

4.39 20.9 0.9 . 0.22

4.5 21.13 1.13 0.23

4.62 21.34 1.34 0.21

4.74 21.6 1.6 0.26

4.88 21.8 1.8 0.2

5.06 22.04 2.04 0.24

5.19 22.23 2.23 0.19

5.39 22.5 2.5 0.27

5.5 22.69 2.69 0.19

5.76 23.13 3.13 0.44

5.87 23.4 3.4 0.27

6.02 23.68 3.68 0.28

6.1 23.9 3.9 0.22

6.22 24.31 4.31 0.41

6.33 24.75 4,175 0.44

6.42 25.18 5.18 0.43

6.5 25.6 5.6 0.42

6.6 26.18 6.18 0.58

6.71 26.95 6.95 0.77

6.81 27.69 7.69 0.74

6.9 28.35 8.35 0.66

7.01 29.44 9.44 1.09

7.05 29.88 9.88 0.44

Calibration reading of pH meter in 7.00;

pH ammonium bicarbonate solution = 8.14;

(ammonium bicarbonate solution)

During the experiment,

standard = 7.04

0.016 M

the fermentation samples

began to decrease the pH within the first two days;

however, many of the reactors did not initialize until

eight days, which dropped the pH to 7.0 or below. Most




to show that fernmentation finally stabilized and acids
began to be produced. The reaction appeared to occur

w@008/02059ery fast pace, produci ng enough aci dsP€DUR®ED086106
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the pH at 6.5 regardl ess of the ammoni um bi car bonate
added daily. Exanple 3: Venting 10 Anot her concern
addressed during this experinent was that hydrogen is

an extrenely small nolecule ahH the container used
during the fernentati on was not proven to be hydrogen
tight. Therefore, a thick septum stopper and a crinp
seahchere wouvddt 6lbetnatseabetecnppii Ngl ofindhd. @5and then

cant ai ner and. a_22-gauge_needl £_wa ed .t tt L h

AR ReASRs PPev; rab) ATV R OR R BaCS 3ot o B P Seems
i Rbt ably tHaedrebubnendednupiheing toabshozédt andl Aoids
sanples to be taken, leading to the use of the

2begatigbc ReeBFeSUCAAot hERepFBBFEAPT RRAPEAESH | RSCUr at

S t y WO j HhN egol e
canTanT A ehPande Phec San, hhshoh ety Eel Rebbothe P
t att ke 5t megghtilekat ofhéhe swubdiposbkibhybprakehgddeden
gﬁ?" Therefore, once the needles had been renoved on

t f81d¥cond to last day of the .experiment to allow
pressure build up, all the septa were 25 replaced so
that the IaEggst,anDunt of hydrogen coul d be

céredrded 3 DYEirRd Ohi s procedure, the Day 13 reactor

was - Chacke rweggegrhtaﬁagﬁggga;dh??n?ﬁEH?Qt@kaQiﬁgﬁt was

then transterred into a astic reactor bottle an

sehkhéed hydsioggna isapge extivbaelyt eppéd wpihculgl asd the
septum.tube 30 .inserted _in it. Thks r.eact or c £
CERPCALBEE! Yord ALATAGA RS FEHTERCaRaCTt Vap; PPt Proven to
I @eUht g oglna thgwthy dheges oRregduC theak\V\Ee2008/ 8¥6bHdr and
PCT/ US2007/ 086106 32 that coul d be_expl ai ned by the

uge CFELMP Fleadt WeTEeHEESr tohbEELe SRAL Egﬁnap%érl@dOSsthe

\Mgént%ingqea %h%tz@L@%%ge needle was used to attach the

containers to the venting line. A 25-gauge needle was
initially used, but ended up being too short to allow
samples to be taken, leading to the use of the 22-gauge
needles. Another problem with the needles was that they
would leave piercing holes in the septum, which made the
septum appear flimsy; this led to the thought that they
could possibly leak hydrogen gas. Therefore, once the
needles had been removed on the second to last day of the
experiment to allow pressure build up, all the septa were
replaced so that the largest amount of hydrogen could be
contained. During this procedure, the Day 13 reactor was
cracked making it unusable; the fermentation was then
transferred into a plastic reactor bottle and sealed
using a large rubber stopper with a glass septum tube
inserted in it. This reactor continuously maintained a

low pH and it still resulted in a low hydrogen production



containers, or the fact that too nuch ammoni um
bi carbonat e sol uti on was i nadvertently added to the 5

w@osareser on Day 16. The reactors were al so apCEHUk®A7/086106
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to a venting line on the three-way valve to allow the
reactors to vent into a hose that led to the hood so
the reactor pressure did not _build up causing the
glass to crack. This ventil ati%on and 10 sanpl i ng
technique allowed the fernmentation to be exposed to a
m ni mal anount of air during the experinment as the
rielagt orguiriee rexplairdd kiperhe Qe ehea frlaAtHtatieartor

S tarte the flask re I ened .i eedl e
DPaist Gpoline il tefiT, Lol bl (T e e
VBentaiddrsepbymuastaepl weed, t oo trige ramsgieanmas used
to, prevent any. oxygen and inpurities from being
i At FRHACRACE nTOLHhECT R t BRad FRISE§RT Y A GThehe

P pbtiad nepndhthons; s On the day the final reactor was

set up, the reactors were not vented over night to

allow the gas pressure to build up 20 so a | arge gas

sanpl eTeouteapeondt et el Theatieptiemd on a al¢ntig line on

react wer e r e || I £
(EAF PE PGSRy FRLE SRS PIE LR RIS 0TI Lo
pRSSé bt Raf oledi heo cone ahaed $Ai ehé orddzzar rpredswate ,did not

Bi oresource Technol ogy,_ 97:47-56 2006, i ncorporated. b
2501 LR oFBrEa RERSI FIS 1 TRUGH O S oxBApT afntilation and

egDedi ROt ScLhnihe | AYEHLEQNLhAT Lo SRECELE L& | %0 be exposed
described above, "it will be appreciated that
nmbdi &i vanivas amdunbrPhit #bnsdefinhetlee esespl Boenlf eas the

PERTH L o DOV S HERRS LS LR e SBAL Lo frat son wes
PETALE2A07tA86108sk33wekk AOVEy dperedetl hoa wéedl ®nBsske
ng¥e£g|gﬂecgggghglggauiring it to be replaced. When a
septum was replaced, nitrogen purge was used to prevent
any oxygen and impurities from being introduced into the
reactor thus maintaining the initial conditions. On the
day the final reactor was set up, the reactors were not
vented over night to allow the gas pressure to build up
so a large gas sample could be obtained. The septums on
all the reactors were replaced and allowed to purge prior
to sealing on the final day to obtain the best seal
possible for the container (Aiello-Mazzarri et al.,

Bioresource Technology, 97:47-56 2006, incorporated by

reference herein) .

Although only exemplary:eﬁbodiments of the invention
are specifically described above, it will be appreciated
that modifications and variations of these examples are
possible without departing from the spirit and intended

scope of the invention.



fermenting biomass to produce a carboxylic acid or
carboxyl ate salt and hydrogen gas; 5 recovering the

why@soysn gas; and converting the carboxylic ap¢™Us2007/086106
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carboxylate salt to an al cohol using the hydrogen

gas. 2. The nmethod according to Claim1, wherein the

10 hydrogen gas is recovered froma stream of carbon

di oxi de and hydrogen gas, aﬁﬁBrecovering conpri ses
extraction of carbon dioxide fromthe stream using an

am ne absorption wunit. 15 3. The nethod according to
CEBREY3;: wherein the hydrogen gas is recovered froma
stream of carbon di oxi de and hydrogen gas, and

recovering co bsor tion of carbon dioxjde

from the ot & CARFISrig? aSHORSBS do Rt Lth oG ML e

to d af@?:rlent\@ﬁgebﬁoh@.%s halr 9868u8aS &l ScdBEOMEIRH acid or
froma stream of carbon di oxide and hydrogen gas, and
r@ééb@XYh@t@oﬁ@lFs@%dp@Y@¥9g©@ g&§dr ogen gas fromthe

st eam ysj n od according to

d ain1%§&§g%?éﬂﬁn?ﬁé ﬁ%d eﬁ;gas |§Erecovered froma

st r eamrofiveat bng whmuchxbexyﬂfwdaogdn<gascaahdxylate salt
recoverin conprlses urifyin hydrogen gas fromthe
ot el gha padtar Ehe WGt SRR AT on. S50 VO
2008/070561 PCT/USZOO7/086106 34 6. The net hod

according to Claim1, wherein the hydrogen gas is
recoveRed fFbmm aefthashnaetordingn téi oXldém dnd wherein the

théggggnggas §er%%89g?éhn9r8%”3rg%%%a&yﬂff%bﬁ%on dioxide
hygro €am Usi ng conpressi
f@hﬁowyﬂgogﬁnbxFﬁhJ|dmmgrQCo€®ﬁim@gcoﬁprIbesnekh@dctlon of
accordin% to Claim?7, further

carbon dioxide from the stream using an amine absorption

unit.

3. The method according to Claim 1, wherein the
hydrogen gas is recovered from a stream of carbon dioxide
and hydrogen gas, and recovering comprises absorption of

carbon dioxide from the stream using ash.

4. The method according to Claim 1, wherein the
hydrogen gas is recovered from a stream of carbon dioxide
and hydrogen gas, and recovering comprises purifying

hydrogen gas from the steam using a membrane.

5. The method according to Claim 1, wherein the
hydrogen gas is recovered from a stream of carbon dioxide
and hydrogen gas, and recovering comprises purifying
hydrogen gas from the steam using a pressure swing

adsorption.



conprising producing a liquid carbon dioxide fromthe
stream usi ng conpression followed by chilling or

weomBiomge1r 10 8. The nmet hod accordi ng to C ai nPAT/US2007/086106
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wherein the hydrogen gas is recovered froma stream

of carbon dioxide and hydrogen gas, and recovering
conprises purifying hydroge %as fromthe steam using

a menbrane. 15 9. The net hod cording to Claim1,

wherein the carboxylic acid or carboxylate salt is
converted to a primary alcohol. 20 10. The nethod

accor dfng t Bhel #ekhed waeFerAiffe tafbakyl ilc avh@resn the

c t al:t, i t 0.a e Hioxi
R B S B, TPy P ey a1 C B iowiae
f endenhiydgobennagss congndl s ese asvengi zg NHAHEGEEL e f @rurifying
12. The nmethod according to Claiml wherein . .
féVﬁﬁﬁ?FHgQﬂ%néégmcgﬁ&ﬂ%ﬁﬁ?qmyﬁbn% ESBRE SB 6P T]Ageing
2908L07056hgP6T/ US809445086106 35 13. The net hod,

according to Claim1, turther conprising extracting
the carboxylic acid or carboxylate salt using a high

mol ecubar weight amey 5, 4, Jiiey Mefdodcageprding tQirtner

Claim 13, further —conprising: renoving inpurities

f comptrhe i higghprodecithar avellghtiidandambat t eioxtigle from the
extraction step usin% a S°|igi ang recgchgng t he hi%?in
moItEEaMaPShBIgROMRIFRE LT £RELOYELeRY r 5BE 1 oAt 8p. €95 119"
The nmet hod according to Claim 13, further conprising:
renmoving inpurities fromthe high nol ecul ar wei ght

8. The method according to Claim 1, Wwherein the
hydrogen gas is recovered from a stream of carbon dioxide

and hydrogen gas, and recovering comprises purifying

hydrogen gas from the steam using a membrane.

9. The method according to Claim 1, wherein the
carboxylic acid or carboxylate salt is converted to a

primary alcochol.

10. The method according to Claim 1, wherein the
carboxylic acid or carboxylate salt 1is converted to a

secondary alcohol.

11. The method according to Claim 1, wherein

fermenting biomass comprises using a NH4HCO; buffer.

12. The method according to Claim 1, wherein

fermenting biomass comprises using a CaCO; buffer.



15 amne after the extraction step using a liquid; and
recycling the high nolecular weight amne to the

weaosamsson step. 16. The met hod accordi ng to EIHU#027/086106
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further 20 conprising converting the carboxylic acid

or carboxylate salt to an al cohol using a high

nmol ecul ar wei ght al kyl ester,_17. The net hod

according to C ai m 16, furthet® 25 conpri si ng:

removing inpurities fromthe alkyl ester after the
conversion step using a solid; and recycling the high

mol eculldr wEhght TEtRPd. eAAGORH NG het @ onGeraTon Lst erf-urther
3 0 R 7 6 e

AP BERg o CRIaa TR0 UM e DLohbi T STRGS FemsviRg 12t
iHpmtluSesgfaohnghemalkyhlasteelghteamihe conver si on

step using a liquid; and 5 recycling the high

nol ecul ar wei ght al kyl ester to the conversion step.

19. A nethoghef hi@RBSS GERVEHSNGN €@PIHISIIRG: 13, further
fermenting biomass to produce a carboxylic acid or 10
caPppxyBang:salt and hydrogen gas:; recovering the

hydrogggmgging gg) ﬂlg%tgf onlY dh.0en; ;m5$§@g§5§t%might

20. A bi OMBSSs JcONVErsi on system conpris

f amiept aticemn uhetekoraﬁeinnnsaéponsmﬁgbaoaa$$dtoaad
carboxylic acid or carbor%lat in a fernentatlon h
broth AREYFSATHr ottt o of ™a eSRbOR dioitie GAGAS to the
hydreger icgagtapr eam

15. The method according to Claim 13, further
comprising:

removing impurities from the high molecular weight
amine after the extraction step using a liquid; and

recycling the high molecular weight amine to the

extraction step.

16. The method according to Claim 1, further
comprising converting the carboxylic acid or carboxylate
salt to an alcohol using a high molecular weight alkyl

ester.

17. The method according to Claim 16, further
comprising:

removing impurities from the alkyl ester after the
conversion step using a solid; and

recycling the high molecular weight alkyl ester to

the conversion step.



an extraction unit for extracting the carboxylic 20

acid or carboxylate salt fromthe fernentation broth;
wW@2@ams7@st racti on unit for separation of the hpdr/osm®n7/086106

gas and the carbon di oxide; and a production unit for

production of an alcohol from the carboxylic acid or

carboxyl ate salt using the 2%5¢ hydr ogen gas.

18. The method according to Claim 16, further
comprising:
removing impurities from the alkyl ester after the
conversion step using a liquid; and
5 recycling the high molecular weight alkyl ester to

the conversion step.

19. A method of biomass conversion comprising:

fermenting biomass to produce a carboxylic acid or

10 carboxylate salt and hydrogen gas;

recovering the hydrogen gas;

converting the hydrogen gas to acetate.

20. A biomass conversion system comprising:

15 a fermentation unit for fermentation of biomass to a

carboxylic acid or carboxylate salt in a fermentation
broth and for production of a carbon dioxide and hydrogen
gas stream;

an extraction unit for extracting the carboxylic
20 acid or carboxylate salt from the fermentation broth;

a gas extraction unit for separation of the hydrogen
gas and the carbon dioxide; and

a production unit for production of an alcohol from

the carboxylic acid or carboxylate salt using the

25 hydrogen gas.



