1 Title:Method for Producing Organic Compounds via Fermentation of Biomass and Zeolite Catalysis
Field of the Invention The invention relates to a method for producing organic compounds from
biomass. Prior Art Processes enabling the production of organic compounds from fermentation-derived
alcohol are known from literature. They basically comprise the steps of sugar fermentation, distillation
of the fermentation medium, catalytic conversion of the thermally separated alcohol to organic
compounds, and separation of the organic compounds from the process water (see, e.g., US
3,936,353; Cile,360,981)lethddvitatorPfietaing, iOikgpoissilslemuuaiding/ia thepagstatecification US
4,690,903, to obtain the fg[mﬁggggﬁa g@ﬁy@(t@l@qﬂ]@g from the fermentation broth by sorption to an
adsorbent which occurs directly in the fermentation broth. In case the adsorbent is a zeolite, it is
optionally possible to convey the loaded zeolite into a reaction zone in which the sorbed alcohol is
catalytically converted to organic compounds by means of the zeolite. Dehydration reactions are
particularly Eidtdlié fios comseriorg alcohols to organic compounds having a lower oxygen/carbon ratio.
MEI-type zeolites in the hydrogen form (H-ZSM-5, 5i02/Al203>10) are described in literature as
catalysts for this dehydration of alcohols (mostly ethanol) (see, e.g., US 3,936,353; US 4,690,903; US
4,621,164; OURIEMRRIGLTEIABH IR mRIRREY. @OQ%@%’@@@‘CA@%?R}J@Q%I rOMEH¥RSTechnol.
Biotechnol. Vol. 77, 2002, p. 211). Furthermore, modifications of the zeolite H-ZSM-5 by, e.g.,
impregnatigsy yyghapetals/metal oxides or phosphoric acid are also known which allow the selectivity of
the conversion to ethene (US 4,698,452) or also the selectivity of the conversion to aromatics (WO
2007/137566 Al) to be influenced. Besides H-ZSM-5 zeolites, other types of zeolites (US 4,621,164;
Oudejans ePeIcessss. atdipgisheopraduddm) of mugrniseswppeounsisrisrauiemsasieidorvderies al.;
Cher. Engaf@6io{Ohr6SkA0AR, Mk Sienstindraregoasincaly el ok dEhagares. Vol
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liquid flow ratenpoataly St owithes)roctise wange(serom. 058, 9868581 (e, 350,981, 4,621,164;

Oudejans et al., App. Catalysis Vol. 3, 1982, p. 109).
In deviation from this, it is possible, according to the patent specification US
4,690,903, to obtain the fermentation-derived alcohol from the fermentation broth by
sorption to an adsorbent which occurs directly in the fermentation broth. In case the
adsorbent is a zeolite, it is optionally possible to convey the loaded zeolite into a
reaction zone in which the sorbed alcohol is catalytically converted to organic
compounds by means of the zeolite.

Dehydration reactions are particularly suitable for converting alcohols to organic
compounds having a lower oxygen/carbon ratio. MFI-type zeolites in the hydrogen
form (H-ZSM-5, SiO,/Al,0;>10) are described in literature as catalysts for this
dehydration of alcohols (mostly ethanol) (see, e.g., US 3,936,353; US 4,690,903; US
4,621,164; Oudejans et al., App. Catalysis Vol. 3, 1982, p. 109; Aguayo et al., J.
Chem. Technol. Biotechnol. Vol. 77, 2002, p. 211). Furthermore, modifications of the
zeolite H-ZSM-5 by, e.g., impregnation with metals/metal oxides or phosphoric acid
are also known which allow the selectivity of the conversion to ethene (US 4,698,452)
or also the selectivity of the conversion to aromatics (WO 2007/137566 Al) to be
influenced. Besides H-ZSM-5 zeolites, other types of zeolites (US 4,621,164;
Oudejans et al., App. Catalysis Vol. 3, 1982, p. 109), mesoporous molecular sieves
(Varisli et al.; Chem. Eng. Sci. Vol. 65, 2010, p. 153) and hydroxyapatite (Tsuchida et
al., Ind. Eng. Chem. Res. Vol. 47; 2008, p. 1443) have also been studied as further
catalysts for ethanol dehydration.



It is possible by adding water to the ethanol input stream to increase the proportion of aromatics in the
product stream and to reduce catalyst deactivation due to coking (Oudejans et al., App. Catalysis Vol.
3, 1982, p. 109). The yield of liquid organic compounds may likewise be influenced by varying the
proportion of water (US 4,621,164). A low proportior of water gives rise to a high proportion of organic
compounds and vice versa. WO 2008/066581 Al describes a method for producing at least one
butene, wherein butanol and water are reacted. Here, the reagent may originate from a fermentation
broth, with iNeedigipgstibléaen pier eaibodéimetationstales plapping @ waskeadd bTHigepetastratam is
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and selectivity (see, e.g., Hutchings, Studies in Surface Science and Catalysis Vol. 61, 1991, p. 405).

It is likewise disadvantageous that, according to the prior art, the fermentation required for producing
the alcohol HalﬁWH@'Si%E’cﬂQQ!BEM@&eH@H@%EEB%@ F@@%Eié*r’i‘?%tl??Hﬂﬁﬁ%@%oﬁ‘?@e‘?ﬂ?ﬁﬂ&‘@“o@fthe
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for example, show that the conversion of C5 sugars to ethanol by the yeast Pichia stipitis
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observed, sgiigbandsaaclieenepsirations of 1.5% (w/v) are not generally exceeded (Haggstrem L.,
Biotech. Advs., 1985, Vol. 3, pp. 13-28). 3 An additional disadvantage of using zeolites for sorption of
the alcohol in the fermentation medium is that the sorption capacity of the zeolite decreases with
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thermodynamic equilibrium of the substances. The composition of the distillate stream can be varied
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has surprisin een solved by the col of fermenta A roduc aration-via gas
stripping, aé@iﬁ‘ﬁﬂﬁﬁ{ deSorptibn HHIF RISy tRIVEERSIBh SHHRGE nesiels s pRdsHAER Sk M@t Blomass to
organic compeunps4@aql. in which all method steps may proceed in parallel. A method for producing
organic compounds is thus provided according to the invention which comprises the following steps:
It is likewise disadvantageous that, according to the prior art, the fermentation
required for producing the alcohol cannot be directly coupled to the catalytic reaction.
With higher concentrations of the intermediate alcohol, fermentation is, however,
normally inhibited, thereby limiting the organic compound yield and productivity
(space-time yield). Dominguez et al. (Biotech. Bioeng., 2000, Vol. 67, pp. 336-343),
for example, show that the conversion of C5 sugars to ethanol by the yeast Pichia
stipitis is inhibited in only 2% (w/v) of ethanol. Likewise, when using Clostridia for
acetone, butanol and ethanol fermentation, an inhibiting and increasingly toxic
influence of the formed products can be observed, such that butanol concentrations of
1.5% (wi/v) are not generally exceeded (Haggstrom L., Biotech. Advs., 1985, Vol. 3,
pp. 13-28).



a. fermentative conversion of biomass to volatile organic compounds in a bioreactor; b. removal of the
volatile organic compounds by gas stripping using a carrier gas; c. adsorption of the volatile organic
compounds from the gas stream; d. desorption of the adsorbed volatile organic compounds from the
adsorbent; e. catalytic reaction of the volatile organig compounds. 4 In method step d, the proportion
of volatile organic compounds in the desorbate stream preferably lies between 10% (w/w) and 90%
(w/w), especially preferably between 30% (w/w) and 70% (w/w), and even more preferably between
35% (w/w) &d sddiigual)disadvantage of using zeolites for sorption of the alcohol in the

fermentation medium is that the sorption capacity of the zeolite decreases with
increasing life span on account of fouling processes. Also, the separation of the zeolite
from further solids contained in the fermentation medium (e.g. cells, by-products of
metabolism, components of nutrient media) is technically complex. Another
disadvantage of the thermal separation processes for separating the alcohol from the
fermentation medium described in the prior art is that with single distillation the
composition of the distillate stream is limited by the initial concentration and the
thermodynamic equilibrium of the substances. The composition of the distillate stream
can be varied by using multiple distillation, or rectification. However, it is particularly
disadvantageous here that higher energy input becomes necessary as a result of the
multiple distillate condensation that is due to the very nature of the process.

Summary of the Invention

In view hereof, it is the object of the present invention to develop an economical
method for producing organic compounds from biomass which overcomes the
disadvantages of the prior art and allows a high yield of organic compounds to be
achieved whilst keeping the complexity of the required equipment as low as possible.

This problem has surprisingly been solved by the combination of fermentation with
product separation via gas stripping, adsorption, desorption and catalytic reaction,
which makes it possible to convert biomass to organic compounds and in which all
method steps may proceed in parallel.

A method for producing organic compounds is thus provided according to the
invention which comprises the following steps:

a. fermentative conversion of biomass to volatile organic compounds in a
bioreactor;

b. removal of the volatile organic compounds by gas stripping using a
carrier gas;

C. adsorption of the volatile organic compounds from the gas stream;

d. desorption of the adsorbed volatile organic compounds from the
adsorbent;

e. catalytic reaction of the volatile organic compounds.



The products of the catalytic reaction can then be processed, for example, by condensation of the
product stream and phase separation, preferably via decantation. Detailed Description of the Invention
Within the scope of this invention, a method for producing organic compounds is provided, comprising
the following method steps: a. fermentative conversipn of biomass to volatile organic compounds in a
bioreactor; b. removal of the volatile organic compounds by gas stripping using a carrier gas; c.
adsorption of the volatile organic compounds from the gas stream; d. desorption of the adsorbed
volatile orgdnidrsshogosieds droietrepstinieof &obztidgytegarictiopnaiatadsoiatikkedenticatempounds.
The individyglegirthperstans aiesdpeaibas Toore Aeyadhbesow, aaRcaipEenlfy SoefieREPMprising
biomass is prgyjdecdas ferentalian BIoMASS I ELGBX Hnderstend f6mean blolodig matelia
comprising one OF More’ &r8l1owi goc mp ’nenqs: cé |l,WOS%,H‘Ing8 Nl seﬁlgnln, r?e tin, starch,
sucrose, chitifd, §¥di&@nd other biopolymers, as well as fats and oils. Furthermore, this term also
includes biologic materials containing sugars, particularly C5 and C6 sugars, amino acids, fatty acids
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derived from lignocellulosic biomass and especially preferably from previous enzymatic hydrolysis. An
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Within the scope of this invention, a method for producing organic compounds is
provided, comprising the following method steps:

a. fermentative conversion of biomass to volatile organic compounds in a
bioreactor;

b. removal of the volatile organic compounds by gas stripping using a
carrier gas;

C. adsorption of the volatile organic compounds from the gas stream;

d. desorption of the adsorbed volatile organic compounds from the
adsorbent;

e. catalytic reaction of the volatile organic compounds.

The individual method steps are described in more detail below:

a. Fermentation

A solution comprising biomass is provided for fermentation. Biomass is thereby
understood to mean biologic material comprising one or more of the following
components: cellulose, hemicellulose, lignin, pectin, starch, sucrose, chitin, proteins
and other biopolymers, as well as fats and oils. Furthermore, this term also includes
biologic materials containing sugars, particularly C5 and C6 sugars, amino acids, fatty
acids and other biologic monomers, or from which these monomers can be obtained,
preferably by hydrolysis. At the beginning of fermentation, the solution preferably
contains less than 200 g/L sugar, especially preferably less than 100 g/L sugar. In a
preferred embodiment, the solution contains sugars derived from lignocellulosic
biomass and especially preferably from previous enzymatic hydrolysis. An equally
preferred procedure is the combination of fermentation with enzymatic hydrolysis



5 such that hydrolysis and fermentation take place simultaneously. This means that, if fermentation
takes place at the same time as the subsequent steps, as in the preferred embodiment described
further below, these embodiments can also be combined, meaning that both hydrolysis and
fermentation proceed at the same time as the subseguent steps. In another preferred embodiment, the
fermentation solution contains one or more low-molecular carbon sources, as well as optionally one or
more low-molecular nitrogen sources. Preferred low-molecular carbon sources are monosaccharides
such as glusiegle thaidiygeglysiacias denpritetiaraisike sdaca aimodandsstyhahikesnsansh tatsutrose,

lactose, majigrfresliohigiessAashaicReidmsushasrlaciresioanidrgicania asdpiedyalg such as

alycerin, sofhiil, Az el as il als A0 aioacidn  Erelaadiaiiogen soufees are smmonia
ammonium Sa 8_, Hitrate Salts, Amin acids; Uy, ancf%y(fpo |ze5|qpr elfs. Bow-mo!egular 5%
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less than 180Pseynpstepis to be especially preferred as a nitrogen source since it serves at the same
time as a pH adjusting agent, i.e. it can be added if the pH value is too low before fermentation.
Furthermore, it is also possible in a particular embodiment to add ammonia during fermentation if the
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acids, preferably ethanol and/or butanol and/or acetone. Unless specified otherwise, butanol includes
all butanols, with 1-butanol being especially preferred, however. 6 The fermentation typically takes
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least one microorganism. This at least one microorganismis preferably selec om mesophilic and
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yeasts such as, for exam Saccharomyces cerevisiae, Pichia stipitis, Pichia segobiensis, Candida
hehatae, CARRGEHIIRE 85 AR TSORIARH, IR (WPlEI P OIS G BRI U eRsenula
polymorphagttanadidadanatet@endidiop haissitdsisy € padidal ankyopee feedigeoduntsrelsistile
ssatchenldapingla, S archey, anie s Garhesh ACimpRBip R Rt assa oRRuRictia
norvegensis, Pichia me acie ichia Mexicapa a rulaspor, ruecldi. Examples o
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saccharobugQlaRes Tid ¥hifbuih 2ade hansharsrglacetesig it aurineriehgredr HgndrasrdsImobilis. In
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Clostridium thermod (&aum %‘OSUIdI I;Etherrﬂoautotmé)hw Ac%o nium kivui, Desulfotomaculum
nigrificans, KILBEEAFOEHS et Sr IS herIAg S Herl NP RINAE, Bacillus
stearothermophilus and Thermoanaerobacter mathranii. In an alternative, also preferred embodiment,
use is made of microorganisms that have been modified by genetic methods. 7 b.Gas Stripping



According to the present invention, the volatile components, particularly the volatile organic products,
are transferred to the gas phase by stripping with a carrier gas. During gas stripping, also referred to
as stripping, volatile compounds are removed from the liquid phase by passing gas therethrough, and
are transferred to the gaseous phase. In a preferredgembodiment, this transfer may take place
continuously. Continuous removal of the volatile components thereby refers to the removal of the
volatile components by gas stripping, in parallel to the production thereof by fermentation. Inert gases
such as, forléearfasipectatbon dyptiadyhdiken, planogrin tensgaiuies abebecarlllds aidtur@S8Gf these
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preferred embodiment, use is made of microorganisms that have been modified by

genetic methods.



9 The adsorbing material may be contained in one or more columns Preferably several columns are
used, especially preferably 2 or more, and even more preferably 2 to 6 columns These columns may
be connected in series or in parallel. The advantage of parallel connection is that it enables
near-continuous operation in that two or more columans alternate between the adsorption and the
desorption described in more detail in point d, meaning that the adsorption and desorption may be
carried out simultaneously in different columns. The columns are preferably provided in a revolver
arrangemeitit. In a@astuipp@referred embodiment, 2 to 6 columns are connected such that the
column(s) in which the adsorption occurs is/are connected in parallel to the column(s) in which the
desorption qccurs,. Where the adsqrption pccurs in more than one column, .these calumns may be
comnected f G B B e, O R Ve
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zeolites are therefore particularly preferred as’adsorbing material for this embodiment. If both the
adsorbent e{ﬁgethe catalyst are zeolites, it is preferred in one embodiment for the adsorbent to have a
5i02/AI203 ratio greater than that of the catalyst. Examples 4 and 5 together show that zeolite is suited
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fluidised bed mode. Radial adsorbers or rotary adsorbers may 11



equally be employed. Since the recirculated gas stream in this embodiment is depleted of organic
compounds, the concentration of volatile organic compounds can be kept low in the fermentation
medium, despite the gas recirculation. The combination according to the invention of in situ gas
stripping and adsorption to zeolite allows the concergration of volatile organic compounds in the
fermentation solution to be kept below a specific value throughout the entire duration of the
fermentation process. This is particularly preferred if the volatile organic compounds exert an inhibiting
or toxic effeahinhtiseypicablrgbnidrhhassivergassisiitngeahepid] Ydalken phaste ot fanvkeotadicstone. The

adsorption igpgrierakly FREIesiRHaNeashHTaMEMUNAR P HirsdUsRieRad ticrjasiuntignieg the
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less than 10% (w/v) and more preferably less than 5% (w/v), and the amount of butanol present in the
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esorbate str r r i e : ially. preferably
between 30%% V{\};\r)\% iﬁd%(Eéo?tt%vlﬁv%ﬁyarﬁgegggésmgﬁbBgé%\ér/a Igfg)%}%Werﬁ% g%?(gﬁﬁv%ﬁgﬁdt&&g(wlw). 12
10 bar are pRUREHEN, RESAPERAYLRSS IR s 98 @ EEdcEeath el BsAA ks ctisshpateslieabefween 0.1
and 3 bar, argpespeti@ilyapietaydkbatnlasorefetiiedsermmatingstisf greammetihad akeasibingyicaline
invention, aﬁgagd%@ﬁgdﬁ used for carrying the desorbed volatile organic compounds out of the column
The same inert carrier gas is especially preferably used here which is also employed for gas stripping.
The "same carrier gas" means that a gas of the same type is employed. To illustrate this: If, for
example, the carriddgarpiiostep b. is a gas A (which may be carbon dioxide), the gas in the
embodiment of the "same" carrier gas will also be the gas A (which may be carbon dioxide) in step d.
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e.Catalytic tion In accordance with the present jnvention, the desorbate siream descri
coction d iSHEHABUTRIFEA ol 1A R0 LB S E AR TR - BThg ORI Hbssible t

bring the inpartttrdanty tontkenadytian e Dy raatiod ofatdiontpréesurd hy sywdinetiof apshiteam heat

exchangers;apgl GnelesLes ¢UMRIASSare-d3eRg NS &R ag selected reaction conditions, individual
organic compounds or mixtures thereof, which can be allocated, inter alia, to the groups of olefins,

aliphates, aromatics, oxygenates, are produced in the reactor. _
The mass ratio of adsorbent to adsorbed ethanol preferably lies between 1 and 1000,

especially preferably between 2 and 20. The temperature during the adsorption of
ethanol preferably lies between 10 and 100°C, especially preferably between 20 and
70°C. The pressure preferably lies between 0.5 and 10 bar, especially preferably
between 1 and 2 bar.



Fluidised bed reactors, radial flow reactors, entrained flow reactors, moving bed reactors, loop reactors
or packed bed reactors can be preferably employed as reactors. These reactors will be briefly
described within the framework of the preferred 13 embodiments of this invention. Likewise, it is
possible for several reactors of the same or of differgnt structural designs to be combined. Suitable
catalysts are acid substances of the Bronsted and/or Lewis type such as, for example, zeolites,
silica-aluminas, aluminas, mesoporous molecular sieves, hydroxyapatites, bentonites, sulfated
zirconia, and@hsilrgsoRling opriosiphatey.he eopiafeertih and odimers: Codoites Srefesyu\asevatalysts.
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exposing the catalyst to catalyst poisons to such an extent as woul case, for example, In the
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no longer be fully adsorbed.

The gas stream typically contains more water than volatile organic compounds, and
therefore the adsorbents first of all saturate with water. Loading with the volatile
organic compounds then increases continuously over a second period of time until
saturation is reached here as well. During this second period of time, the ratio of
volatile organic compounds to water rises continuously. Having regard to the
subsequent catalytic reaction, a particularly preferred embodiment of the method
consists in setting this ratio between volatile organic compounds and water in such a
manner - by selecting a suitable cycle time and/or a suitable amount of adsorbent - as
to allow for a particularly suitable mixing ratio, i.e. a proportion of volatile organic
compounds that is particularly suitable or optimal for the catalytic reaction. The cycle
times and/or amounts of adsorbent that are particularly beneficial or optimal for this
can be determined by preliminary experiments. Particularly suitable proportions of
volatile organic compounds lie between 10% (w/w) and 90% (w/w), especially
preferably between 30% (w/w) and 70% (w/w), and even more preferably between
35% (w/w) and 60% (w/w). The residual proportions are made up of water and/or
carrier gas.



The catalytic reaction preferably takes place at a temperature of 150 to 500C, preferably between 250
and 350C, an absolute pressure of 0.5 to 100 bar, preferably between 1 and 5 bar, and a GHSV of 100
to 20000 h1, preferably between 2000 and 8000 hl. In a preferred embodiment, the proportion of
volatile organic compounds in the input stream ranggs from 10 to 90% (w/w), in a particularly preferred
embodiment from 30 to 70% (w/w), and in an even more preferred embodiment from 35 to 60% (w/w).
The respective residual proportions adding to 100% (w/w) are composed of the proportion of water
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preferred embodiment, adsorption of ammonia is avoided either completely or to a

very large extent, provided that an adsorbing material having only a few acid sites is

employed. For example, zeolites having a SiO,/Al,O; ratio of at least 100 are suitable

for this. These zeolites are therefore particularly preferred as adsorbing material for

this embodiment. If both the adsorbent and the catalyst are zeolites, it is preferred in

one embodiment for the adsorbent to have a SiO,/Al,O; ratio greater than that of the

catalyst.

Examples 4 and 5 together show that zeolite is suited for selective adsorption of
ethanol and that adsorption of the undesired compound ammonia is negligible.

The gas stream depleted of volatile organic compounds exits the adsorber. Given that
selective adsorption is made possible as described above, the previously described
undesired compounds, upon this exit, are depleted or removed from the product
stream which is then further processed, as will be described in d. and e. below. The
step d thus makes it possible - unlike, e.g., the optional distillation described in WO
2008/066581 A1l - to efficiently deplete or remove undesired compounds. Following
its exit from the adsorption column, the gas stream can be recirculated into the
bioreactor and is then available once again for gas stripping. The adsorption may be
carried out in the fluidised bed mode. Radial adsorbers or rotary adsorbers may



In another preferred embodiment, the method described in f can furthermore be characterized in that
phase separation occurs following condensation. Owing to the miscibility gap between the organic
compounds and water, two phases, an organic and an agueous phase, are preferably formed following
condensation. According to the method of the inventipn, the phases are separated from one another.
This can simply be achieved by decantation or centrifugation or any other liquid-liquid separation
method known to those skilled in the art. In a particularly preferred embodiment, the organic
compoundssgsithebiggnml pyes sSinee lthatecireilated ggtiseanpiiadelsembrpiaentdsdlpmejed
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appropriate ted v, c r . i on
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are condenddPyianglsebe r Cehuiane bR a8hen subjected to phase separation (9).

The organic phase is discharged as product (11), and the aqueous phase (12) can be used further.
The regenegated Céé@&n‘pﬂﬁ% stream (10) is recirculated.

The method according to the invention enables desorption of volatile organic
compounds from the adsorbent. In step d. of the method according to the invention,
the proportion of volatile organic compounds in the desorbate stream thereby
preferably lies between 10% (w/w) and 90% (w/w), especially preferably between
30% (w/w) and 70% (w/w), and even more preferably between 35% (w/w) and 60%
(wiw).

Desorption may occur by increasing temperature and/or reducing pressure within the
column. Temperatures between 25 and 300°C and absolute pressures between 0 and



lllustration Ib shows another possible embodiment of the method according to the invention, whereby
in this case the gas stripping process takes place in an external gas stripping column (13) connected
to the bioreactor. Fermentation solution is thereby 17 fed to the external gas stripping column, and the
stripped solution is then recirculated into the bioreagtor. All other method steps are analogous to
illustration la. In a particularly preferred embodiment in accordance with the method of the invention,
the same active material is used as carrier and catalyst for the adsorption and the catalytic reaction.
This enableltheafoRarvipis fenedr, Trrpsipueprotivweene b anich S0 6F the wethas salisoldiag to the

invention: |Ihstqfies e aheaMDanatdes pasdRie siatiadimsetofdhe method according to the invention,
i.e. the revolver solution in which four (A to D) or more columns are employed. At first, the columns A

and B undergo adsorption (1), wherein these columns can be connected in series as well as in
parallel. ColirdrPte{gries g0 dBenbirihio)metred Acaniing i KipdanNeriBbWINGH Aeirdiedsed
temperaturesed feddaedipkpssordesbneedatalidiild egrgfanivtakaspplant inuodfnireoNithrith& idesorbed

gas stream Qe i e ' S: i ), Cto
catalytic reé%ﬁiar?i %@%&F‘Sﬁ\g%}dg%?gh%%ﬁ?f%%%?éﬁ?é%%%ret Eﬁ] g%%l%%ﬁgr 1!%:1. fter as
many cycle3ih a8 RRIEr&he e FONFIALIER s RcaBiihA i@ BR58fHE8 saMm RIS REBIYRfhing, such
that one cydie idlestrapdettasarif] danesxaryple, Hbginatridusiaatiorstshovssaagar e r(pdssiblaagnieodiment

of the methpghGeefidikiadp e ILERIR BNYYIERHIAIES (Ao Sarb MR GO IRH B! g¥ed and in

which desorption and.catalytic reactjon take place simultaneously in the same column. At first, the
columins A 76 AL TN RO KAy o AT B0 SOHAY A 48 B2 s well
as in paralléhelgaoRiraanTused dlsite drdaunictsahby netishe saree arhdthtibsedt ihstearhe Tikge
catalyticallyregagiteid watteimpasaieannoseasa p Botpatally earaipkeurdseiraseseiisuggdance time

. columi i DASERGAN o Borbiod o AN A e rlf R e aHhE AL G

and A are thes¥KetiegaastirmnvaitBriasisaa i) siriedifnsdgsommienaaacidhenssiErisetgsiénh again
takes placestepiee sesvrizol brlowsat tedepditat nd, nddsiteat comepoyeldsisl aampliete prfeare@w cycle

begins. '"”%ﬁ%&?&\rﬂ(ﬁﬂ%ﬁﬁ&%@ﬂc&oﬁgﬁ@g?ﬁiﬂ”&?ﬂ%&iﬁ%ﬁ, e Q\‘i’é”%@é Eqi[bYE”“O”

using a two-zone radial adsorber. A e gas stream (1) containing the volatile organic

compoundSPfEREY I e e SAEIR 78 R¥EoRSto N aHif RO LAY AR réadforr P5rRRRY thdDbrifuct gas
stream (2) tkepplateresnantaabsookiteirpressures described above. Upstream heat exchangers

and/or chokes or compressors are suited for this purpose.

Desorption may be carried out in the fluidised bed mode. Radial adsorbers or rotary
adsorbers may equally be employed.

e. Catalytic Reaction

In accordance with the present invention, the desorbate stream described in section d
is transferred into one or more reactors filled with catalyst, with it being optionally
possible to bring the input stream to the reaction temperature and reaction pressure by
means of upstream heat exchangers and chokes or compressors. Depending on the
selected reaction conditions, individual organic compounds or mixtures thereof, which
can be allocated, inter alia, to the groups of olefins, aliphates, aromatics, oxygenates,
are produced in the reactor.

Fluidised bed reactors, radial flow reactors, entrained flow reactors, moving bed
reactors, loop reactors or packed bed reactors can be preferably employed as reactors.
These reactors will be briefly described within the framework of the preferred



18 zone B. Rotation of the apparatus causes continuously loaded adsorption material to arrive from
the adsorption zone (A) at the desorption and catalytic reaction zone (B), and vice versa. lllustration 5
shows another possible embodiment of the method according to the invention using an entrained flow
reactor having an adsorption zone (A) and a reactiopgzone (B). Adsorption of the volatile organic
compounds from the gas stream (1) takes place in the adsorption zone (A), and desorption and
catalytic reaction take place in zone B by blowing in a hot carrier gas stream (2) which entrains the
particles, c@mvegihigentae Lihusairicniivnn lhkkevdsealleld pessibieter, spveialorecttirseyfdhd prirticles
(continuousoinsf)cfr PR sBYRELES- BEETgRYo BadimsaaRrpration takes place at the riser head. The
particles then travel back into the adsorption zone (A), such that a closed-loop patrticle circulation
results as a whole. lllustration 6 shows yet another possible embodiment of the method according to
the inventioRUIEPI§ &%Wﬁig%é@%&ét&smﬁgcﬁd Saaneéad AEAD- el dveaastioh 2oHe1B).
Adsorption etdhepiglatieotitggnicilivapdunisonherayiergasopsean (htkeasplactevet)e cooler

adsorption 0 icl ' -int er, i )i which
desorption Qﬁ%g’;ﬁ@%@%ﬁ%ﬁ@%@wﬁ@%c’ r%é%iéﬁt@g gg]e gﬁaﬁ@&%e%?t Iqé\é{eactor by
a carrier gaB'SIREEEH (Y bameRticiROMEs e eletPoab of Rl elaciM fdotiR8 réePH8E R fction
zone and copdeygeh bamhmniditzS Mis)rptionprefexrgll) gatiansidieszitakite spitafsrabhwdyanga

tECh”iqueS’ﬁ%MB@ﬁﬂf&S%Q% PRIGRSEST RO RAUES A5 240 |3 RABIES REcTBDS

embodiment, the met accarding tq the inyentign is furthermore characteri in that one, preferabl
w0, more i EBEF S PEIET R brd o s e B 2 Rty B of the.
individual nésisrstiestepaddie catabstoue ueabitahdietalatygtasatittopreTeralrly fasriehiteithlgocurs at
ter3p5e0r?;tutt;$§|2hﬁm@'?t%qné a&@rw&m@mmbpmt \ _!a?l%l{ﬁlﬁ(ﬂr@?&nﬁéﬂﬁﬁﬁib’ M?fﬁfﬁhﬂﬁi%@wzfn 30
an , b, ifi ration r ring. [ e vm, prefera
between 0. gﬁe(fcg‘?\ﬁ\/erﬁ?%aﬁ}%% %?nﬁéég#uééga%?@zg%irp i(cj?fr?\ffbijg Se%/%%qel:%ri% er%g) OOCPpreferagly
between 20 and 70C, and the pressure lies between 0.5 and 10 bar, preferably between 1 and 2 bar,
Reaction conditions that are preferred for the catalytic reaction are a temperature of

150 to 500°C, absolute pressures of 0.5 to 100 bar, and a gas hourly space velocity
(GHSV = reactant gas flow rate / catalyst volume) of 100 to 20000 h™. In a
particularly preferred embodiment, the temperature lies in a range of from 250 to
350°C, the absolute pressure in a range of from 1 to 5 bar, and the GHSV in a range of
from 2000 to 8000 h™.

One advantage of the method according to the invention over the prior art lies in the
combination of the adsorption/desorption described in sections c/d with the catalytic
reaction described herein. Due to the targeted selection of the adsorption and
desorption conditions, it has become possible for the first time to adjust the proportion
of water, as well as the proportion of volatile organic compounds, in the desorbate
stream and thus in the input stream of the catalytic reaction. It is possible by
appropriately selecting the proportion of volatile organic compounds to significantly
influence the yield of liquid organic compounds and by appropriately selecting the
proportion of water to significantly influence the catalyst’s deactivation
characteristics. The combination of the adsorption/desorption described in sections c/d
with the catalytic reaction described herein also allows undesired compounds to be
removed from the gas stream. This avoids exposing the catalyst to catalyst poisons to
such an extent as would the case, for example, in the method according to WO
2008/066581 Al which does not include an adsorption process.



19 d. the desorption occurs via temperature increase and/or pressure reduction, e. the catalytic
reaction occurs at a temperature of 150 to 500C, preferably between 250 and 350C, at an absolute
pressure of 0.5 to 100 bar, preferably between 1 and 5 bar, and a GHSV of 100 to 20000 h1,
preferably between 2000 and 8000 h1, f. the condepgation takes place via temperature reduction
and/or pressure increase, g. during decantation the organic compounds are separated as the lighter
phase. It is possible in accordance with the invention to combine the condition(s) specified in the
previous settiencaiaytie (rasiidvne efetablpréikasPlactctarastimperatiigswhtithe 1otdde0°C,

preferably between 250 and 350°C, an absolute pressure of 0.5 to 100 bar, preferably
between 1 and 5 bar, and a GHSV of 100 to 20000 h™, preferably between 2000 and
8000 h™.

In a preferred embodiment, the proportion of volatile organic compounds in the input
stream ranges from 10 to 90% (w/w), in a particularly preferred embodiment from 30
to 70% (w/w), and in an even more preferred embodiment from 35 to 60% (w/w). The
respective residual proportions adding to 100% (w/w) are composed of the proportion
of water and/or the carrier gas.

f. Condensation

In a preferred embodiment, the method according to the invention can moreover be
characterized in that, following method steps a to e described above, condensation of
the product stream takes place, which may optionally be achieved by temperature
reduction and/or pressure increase. Temperature reduction to a temperature level
below ambient temperature, and especially preferably below 10°C, is preferred
thereby. Heat exchangers operated in the parallel flow, counter flow or cross flow
mode can be employed for this cooling. In accordance with a preferred embodiment of
the method according to the invention, condensation takes place gradually, such that
several fractions having different compositions are obtained.

The present invention also comprises a method that is further characterized in that the
carrier gas(es) can be recirculated following adsorption and/or catalytic reaction.
Here, it is preferred for the fermentation exhaust gases to be employed as carrier gas.
The non-condensable gas stream fractions are preferably subjected to further catalytic
reaction, preferably by being recirculated into the catalytic reaction column.

According to another preferred embodiment of the method according to the invention,
these non-condensable fractions are used as reactants for one or more other chemical
reactions such as polymerisation reactions. Polymerisation of ethylene to polyethylene
or of propene to polypropylene is particularly preferred. According to another
preferred embodiment, the non-condensable fractions are used for recovery of heat
energy in that they are incinerated. In all of these embodiments, it is also possible to
carry out a further adsorption process followed by a desorption process, to enrich the
components. A zeolitic material is preferably employed thereby as the adsorbent. The



Brief Description of the Drawings lllustration 1 (a and b) shows example embodiments of the method
according to the invention with gas stripping in the bioreactor (la) and with gas stripping in an external
gas stripping column (Ib). lllustration 2 shows an embodiment according to the invention having a
revolver configuration. lllustration 3 shows an embogiment according to the invention in which the
desorbate gas stream is recirculated into the same column lllustration 4 shows an embodiment
according to the invention comprising a radial adsorber. lllustration 5 shows an embodiment according
to the inverfidonecoraisrigihghan lshpaiitied aby peeferanly20allustchiisre7ashtandibounetieogrsirpsion of
ethanol anchusighdg afivstasbey means of different adsorption temperatures according to example 1.
lllustration 8 shows the comparison between two fermentation processes using Pachysolen
tannophilus without (top) and with continuous ethanol separation via gas stripping and adsorption
according tdNe &AM YHIMtIBiRIERddaEHEE divaRErsuntheupRadaRe et icR ofitthd Sum of

ethanol in tigelkaitedon mrd drefurcbtd thebadsnehenthellbsitrtion® windwls therinfivekst eodieiproportion
of ethanol irdrtl%er g@gg&bslg&s&ﬁgq@ﬁésgmt%_the yield of liquid organic phase, based on the amount
e e 3.

of ethanol used according to examp

g. Phase Separation

In another preferred embodiment, the method described in f can furthermore be
characterized in that phase separation occurs following condensation. Owing to the
miscibility gap between the organic compounds and water, two phases, an organic and
an aqueous phase, are preferably formed following condensation. According to the
method of the invention, the phases are separated from one another. This can simply
be achieved by decantation or centrifugation or any other liquid-liquid separation
method known to those skilled in the art. In a particularly preferred embodiment, the
organic compounds, as the lighter phase, i.e. lighter than the aqueous phase, are
separated during decantation. A particular advantage of the method according to the
invention lies in the fact that a large amount of water can thus be separated from the
product without high energy input.

The aqueous phase can be returned to other method steps in the form of process water.
According to a preferred embodiment, the aqueous phase is rid of any volatile
hydrocarbons that may still be dissolved therein by gas stripping. According to a
particularly preferred embodiment of the method, these volatile hydrocarbons are
recirculated so as to undergo either the adsorption of section c or the catalytic reaction
of section e, wherein the carrier gas stream used is either the same carrier gas stream
as used for the bioreactor gas stripping process or the same carrier gas stream as used
for the catalytic reaction.

The organic phase can be obtained either directly or as a product following further
processing. Another preferred type of processing is the separation of the organic
mixture into several fractions and/or components which may each be used in different
ways.

Use of the product, or of fractions thereof, as fuel or as additive to fuels is particularly
advantageous. Fuels may be petrols, diesel fuels, aviation fuels, or similar fuels.



Examples Example 1: Gas Stripping and Adsorption at Different Temperatures 500 mL of a 5% (w/v)
ethanol-water solution was stripped for 24 hours at a volumetric flow rate of 1 L/min. A diaphragm
pump OCHE Germany), a volume flow controller (Swagelok, Germany), and a gas washing bottle
(VWR, Germany) were used. The gas stream was ggssed through a glass column (VWR, Germany)
packed with 200 g zeolite granules (ZSM-5, hydrogen form; 5i02/A1203 = 200; binder: bentonite;
diameter: 2-4 mm; manufacturer: Stid-Chemie AG, Germany). The gas stream was recirculated into
the gas wasvivrgaxsitiethe spetokist-may biecusations enduglesetbreashdaysiamplas tlebeall. TAs glass

CO'_””!” V\{afaﬁéﬁi@(ﬂ/@ Gggeé@%ﬂ@iﬁ@%tﬂ*f@ﬁMi@rﬂibﬁaﬁanﬁ@N%M‘fbf @L@Sécfégrhl@"&h@rﬂlﬁaﬂnw- Gas
stripping in the fas washin b?ttle t?Ok[ﬂ qf the experiment, the ethanol

.reactqns, particylarly prefer Iager%gO%dAt tlh% e?d me :
concentratioro it the'sSlUtioN Was de@rmimed by gas CH% aPogDrgpyhy (TQ"race GC, ThermoFischer,
Germany). Moreover, the increase in weight was determined for the zeolite and the solution. A
mass-balaregravkrs$ Seeupised to calculate the water and ethanol loads of the zeolite and, based
thereon, the proportion of water and the proportion of the volatile organic compound ethanol.
lllustration 7 shows the proportions of water obtained, as well as the proportions of volatile organic

compounds! 38 ReHRdiarcardng da4Brtys LA B AR e Al 2 WS han dacrBrRdimes Ieis8ftion of
water and tid jmto paditiore ko el de oiei stepm paumid g cesdrbedtabavbe radgdiyrtiber teonpdmture. 21

Example 2:dp.pitropnentaipthwiitiRas sERRIRE & %@&Pfﬁ%’ﬂaﬁ@ﬁ%ﬂ'&ﬂéﬂ%ﬂﬂ_@f@ﬂ@d@?M
70352, DSMZ, B v“(élﬁ,t.Germ ny). was fermented for 100 hour{ﬁﬁt] 30C abn H 6 with and without

the continubiR GBI B e iR s ethiS S A & Se ek Sr eI Ewise identical

conditions. Pretreated and hydrolised lignocellulosic biomass containing approx. 70 g/L glucose and

approx. 30 pAr¥ripRe Nyas-efsyey ehaisosliRfifate. Bioreactors having a filling volume of 0.8 L each
were used as bioreactors. In the case of fermentation with continuous separation, gas stripping was

carried out at a specific aeration rate of 1 vvm using a diaphragm pump (CHE, Germany). Just as in

example 1, Hesyaticirdashaus HAgsHE ek EngRisef dBRIMPLReR aseat dtuthrei VEREQ)ass
column wasipadhead varni&3 a3 zedite orBnidels ¢aBMrfio nyadrdgeredoton; @0 26AI38SsBGOpipmder:
bentonite; di D 2- Anan rer. Stid-Chemj r&[ﬂ@&? tgken during
fermentati(;jﬁq aBr_?ﬁ %hge%et %@%tﬁ?ﬁvﬁgsﬁ E]Ou%%%%%d gﬁ%ﬁ%&@%&?@% an t%ﬁg_g’gg\bsﬁﬂy HPLC.
In addition, IHE! 83 In HEIRYHADMHe LY AIRRS BB BI oRNGE atgp%f 93 LURGedrixture

were deterrhineghtip ik adrtiohngy tivktide (Bydrot twshponedssaGeothany)olatidekoampoinentsprisliminary
experimentabalonbo WHeM AR GNP LaIERT T2 Br hnd LB S AIMAR BRHIOBSDB MERSHE, the
proportion of ethangl can be c Jﬁe? d Lr# the water contgnt. Illustration, 8 ?h s the concentration
oUE5 obtaTES NG ABRo Tt 1 Sl S-SR A5 Eveh e Bsied datg e g AE asorption
at the samelteseradieaitagedisoss DEeARIeRIMEB O fiMaiccepliiftsiiotnsstesk inperléslis are
achieved byfheyoremiadeRavitd senitiionsireparatipaaf thearmladilai seanpungs abxsmplsr InEatalytic

Reaction A th= ' lameter= ' ) ted
Lab Solatof TG s e Saer ety M amE Rt (0 Lol 3ad B0
100, Wisse REHficHE R AR SAlUA 1. Herbargrthdae deraBCInel|iHIA RN 8RNI e (40%
by weight o éitiidu6696 Diievedghit ofgasitemeams @0Yatkpessivpwise tarttyénmpanitothtuldesotm it was

evaporated\yfeApy i RERIBHLIR o ERRAKINJIEH VI HIROERMUARANFS 3h g veiaht o

nitrogen were present, and ght to the reaction tempeérature of 300C and the absolute pressure of 3
bar. The ga ‘desorbate stream thus obtained was ultimately directed over a packing of 10 g
zeolite extrudate (zeolite ZSM-5, hydrogen form, Si02/Al203=90; binder Al203; diameter = 1/16 inch;

manufacturgteSggk CRainie thelcolumn upon desorption is then catalytically reacted in one or
more reactors (7). The organic products thus formed are condensed via a heat
exchanger (8). The condensate is then subjected to phase separation (9). The organic
phase is discharged as product (11), and the aqueous phase (12) can be used further.
The regenerated carrier gas stream (10) is recirculated.

Illustration 1b shows another possible embodiment of the method according to the
invention, whereby in this case the gas stripping process takes place in an external gas
stripping column (13) connected to the bioreactor. Fermentation solution is thereby



22 at a gas hourly space velocity (GHSV) of 5800 h1. The gaseous product stream was cooled to 10C
in a gas-liquid separator downstream of the packed bed reactor, thereby condensing the liquid
products and separating them from the gaseous products. The liquid organic phase was then
separated from the aqueous phase by decantation.{Fhe experiment was carried out over a total
time-on-stream (TOS) of 24 h. The liquid organic phase accumulated during this length of time was in
the end analyzed by gas chromatography coupled to mass spectrometry (see table 1 for composition).
As the evalfeditm thaexteonal, gas sthppisiocophensioandftie St pped solidivnisidies oegunidatehse of

34% by weigit (hasneresctoe ﬂnwnéﬂfr@thaa@téfﬁeﬂevaﬂams@hwmua%idhq%@ experimental
se

conditions. Table 1: Composition of the liquid organic pha ubstance Class Proportion [GC Area %]

Unbranched alkanes _(<C5? 1.6 Unbranched alkanes (C5-C10) 3.8
In a particularly preferred embodiment in accordance with the method of the

invention, the same active material is used as carrier and catalyst for the adsorption
and the catalytic reaction. This enables the following further, particularly preferred
embodiments of the method according to the invention:

Illustration 2 shows another possible embodiment of the method according to the
invention, i.e. the revolver solution in which four (A to D) or more columns are
employed. At first, the columns A and B undergo adsorption (1), wherein these
columns can be connected in series as well as in parallel. Column C undergoes
desorption (2) in that a carrier gas stream is blown in at increased temperatures or
reduced pressure. The catalytic reaction takes place in column D, with the desorbed
gas stream being blown in. At the end of the cycle time, column B passes on to
desorption (2), C to catalytic reaction (3), and D to adsorption (1). Columns D and A
are then set for adsorption. After as many cycle times as there are columns, the same
column is desorbed again as at the beginning, such that one cycle is complete and a
new cycle begins.

Illustration 3 shows another possible embodiment of the method according to the
invention in which three (A to C) or more columns are employed and in which
desorption and catalytic reaction take place simultaneously in the same column. At
first, the columns A and B undergo adsorption (1), wherein these columns can be
connected in series as well as in parallel. In column C, the volatile organic compounds
are desorbed and at the same time catalytically reacted via temperature increase (3).
So that it is possible to set a specific residence time distribution, a portion of the
desorbate gas stream is recirculated into column C. At the end of the cycle time,
column B passes on to desorption and catalytic reaction (2), and C to adsorption (1).
Columns C and A are then set for adsorption. After as many cycle times as there are
columns, adsorption again takes place in the same column as at the beginning, such
that one cycle is complete and a new cycle begins.

Illustration 4 shows another possible embodiment of the method according to the
invention using a two-zone radial adsorber. Adsorption from the gas stream (1)
containing the volatile organic compounds takes place in zone A, and desorption and
the catalytic reaction forming the product gas stream (2) take place simultaneously in



Branched alkanes (C5-C10) 30.3 Branched olefins (C5-C10) 2.7 Cyclic hydrocarbons 2.9 Benzene 0.3
Toluene 3.8 Xylenes
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zone B. Rotation of the apparatus causes continuously loaded adsorption material to
arrive from the adsorption zone (A) at the desorption and catalytic reaction zone (B),
and vice versa.

Illustration 5 shows another possible embodiment of the method according to the
invention using an entrained flow reactor having an adsorption zone (A) and a
reaction zone (B). Adsorption of the volatile organic compounds from the gas stream
(1) takes place in the adsorption zone (A), and desorption and catalytic reaction take
place in zone B by blowing in a hot carrier gas stream (2) which entrains the particles,
conveying them upwards within the so-called riser. Here, gas (dotted line) and
particles (continuous line) are conveyed co-currently. Particle separation takes place at
the riser head. The particles then travel back into the adsorption zone (A), such that a
closed-loop particle circulation results as a whole.

Illustration 6 shows yet another possible embodiment of the method according to the
invention using a moving bed reactor having an adsorption zone (A) and a reaction
zone (B). Adsorption of the volatile organic compounds from the carrier gas stream
(1) takes place in the cooler adsorption zone (A). The loaded particles then migrate
into the warmer reaction zone (B) in which desorption and catalytic reaction take
place. The organic products are channelled out of the reactor by a carrier gas stream
(2). The particles are conveyed out of the reactor downstream of the reaction zone and
conveyed back into the adsorption zone (A) by means of suitable solids conveying
techniques, such that a closed-loop particle circulation results as a whole.

In another preferred embodiment, the method according to the invention is
furthermore characterized in that one, preferably two, more preferably three, even
more preferably four, and again more preferably five or more of the individual method
steps are carried out under the following conditions:

a. the fermentation occurs at temperatures between 10 and 70°C,
preferably between 20 and 60°C, especially preferably between 30 and
50°C,

b. the specific aeration rate during gas stripping lies between 0.1 and 10
vvm, preferably between 0.5 and 5 vvm,

C. the temperature during adsorption lies between 10 and 100°C,

preferably between 20 and 70°C, and the pressure lies between 0.5 and
10 bar, preferably between 1 and 2 bar,



10.8 Monoalkylatedaromatics(withouttoluene, xylenes) 43.8 In a further experiment, the proportion of
ethanol in the gaseous desorbate stream was varied under otherwise identical conditions by
evaporating different model desorbates in the heated prepacking and mixing them with different
amounts of nitrogen. lllustration 9 shows the influengg of the proportion of ethanol in the gaseous
desorbate stream on the yield of liquid organic phase, based on the amount of ethanol used. It can be
seen that a higher proportion of ethanol has a beneficial effect on the yield of liquid organic phase. 23
Example 4: Adsorgtion tdBeolies BPOANL 0¢cUBY WV ieTetaluieatdnSBRATo WSO strTpesligith the
set-up explained in exampl@,étfer 24 hours at 30C and at 1 vvm using a diaphragm pump (KNF

Neuberger, Freiburg, German én/{:I a volume flow controller %Swa elok. Garching, Ge ). In this
process, the gas Stream E/vﬁés %‘%@ et tHIGUGR & g %%%rsco?ﬁman Ei‘aegﬁ"ﬁrj r&la@ﬁe?ﬁﬁkﬁ%m@ﬁ@%’

Germany) which was filleRi ¢fe&flt babuegi? 2D ens! 2896t atafy abseduiaithr Sioees 633, tPHd@olumn
was brought to a tempergarmeppdféREIDybeares of entigating aletwedMobr & Co0 GEgdoGarmany).

After 24 hours the exper:??gf&,gm g%mgéﬂtg angnﬁlgﬁsr’?in weight of the packing determined and

the ethanol concentration quan y gas chromatography (Trace GC, Thermo Fisher). Since the
system is closed, fhe eth{foPRaGspeatinbiRkse BEIERI AR IBPR AT B dEHUKISABRE/ B RFRSSHiEorbent,

The remaining increase imeveaght is due to water. The adsorbed amounts of ethanol and water were
thus calculated bygnass haifHif e i P IRVBIg AP RO HGR B Sbarated as the lighter
phase.

It is possible in accordance with the invention to combine the condition(s) specified in
the previous section with the use of one of the preferred reactors shown in illustrations
1to06.

Brief Description of the Drawings
[Mustration 1 (a and b) shows example embodiments of the method according to the
invention with gas stripping in the bioreactor (1a) and with gas stripping in an external

gas stripping column (1b).

Illustration 2 shows an embodiment according to the invention having a revolver
configuration.

Illustration 3 shows an embodiment according to the invention in which the desorbate
gas stream is recirculated into the same column.

Illustration 4 shows an embodiment according to the invention comprising a radial
adsorber.

Illustration 5 shows an embodiment according to the invention comprising an
entrained flow reactor.

Illustration 6 shows an embodiment according to the invention comprising a moving
bed reactor.



Capacity for EtOH Capacity for Water Fel [%] Zeolite with Si02/Al203 = 1000 6.83 0.87 As can be
seen, ethanol is selectively adsorbed compared to water. The zeolite is thus particularly well suited as
an adsorbent. Example 5

20

Illustration 7 shows how the proportion of ethanol and water is adjusted by means of
different adsorption temperatures according to example 1.

Illustration 8 shows the comparison between two fermentation processes using
Pachysolen tannophilus without (top) and with continuous ethanol separation via gas
stripping and adsorption according to example 2 (bottom; the finely-dashed ethanol
sum curve takes into account the sum of ethanol in the solution and bound to the
adsorbent).

Illustration 9 shows the influence of the proportion of ethanol in the gaseous desorbate
stream on the yield of liquid organic phase, based on the amount of ethanol used
according to example 3.

Examples
Example 1: Gas Stripping and Adsorption at Different Temperatures

500 mL of a 5% (w/v) ethanol-water solution was stripped for 24 hours at a
volumetric flow rate of 1 L/min. A diaphragm pump (KNF, Germany), a volume flow
controller (Swagelok, Germany), and a gas washing bottle (VWR, Germany) were
used. The gas stream was passed through a glass column (VWR, Germany) packed
with 200 g zeolite granules (ZSM-5, hydrogen form; SiO,/Al,O; = 200; binder:
bentonite; diameter: 2-4 mm; manufacturer: Sid-Chemie AG, Germany). The gas
stream was recirculated into the gas washing bottle in a closed-loop circulation, and
therefore the system was closed. The glass column was heated to different
temperatures via a heating sleeve (Mohr & Co. GmbH, Germany). Gas stripping in the
gas washing bottle took place at 30°C. At the end of the experiment, the ethanol
concentration in the solution was determined by gas chromatography (Trace GC,
ThermoFischer, Germany). Moreover, the increase in weight was determined for the
zeolite and the solution. A mass-balance was then used to calculate the water and
ethanol loads of the zeolite and, based thereon, the proportion of water and the
proportion of the volatile organic compound ethanol.

Ilustration 7 shows the proportions of water obtained, as well as the proportions of
volatile organic compounds, as a function of the adsorption temperature. In
accordance therewith, the proportion of water and the proportion of volatile organic
compounds can be set via the adsorption temperature.



40 g of a zeolite according to the invention having a 5i02/Al203 ratio of 1000 is added in 400 mL of a
5% (w/v) aqueous ammonia solution. The mixture is suspended at room temperature for one hour.
Following this, the zeolite is separated again. 50 mL of the remaining solution is in each case titrated
four times with 5 molar hydrochloric acid, which is agided by means of a burette, and methyl red as a
pH indicator. Upon the change in indicator colour which marks the equivalence point, the volume of
hydrochloric acid added is read. The amount of hydrochloric acid added which corresponds to the
amount of dmiaopiiads balbtictedmetatianavibrGasiStepried ancLAssor@éiRrmine the concentration of
the ammonia solution. 24 Four-fold titration is repeated for the ammonia solution used in this

experiment which was not cont cte@D wtﬁﬁ o$ Igfg; monia,concentration of 46.13 +/- 0.33 g/L
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concentratid®r d0ArRibhiatid0He adupidrbcyithanstiwithiowidheceménvouriseaEHAD & dasRker.
Examples 4/indds wdppieg sinavadsatitierzenlit istseiieiddddeetralvoadisiomii Preteifsanadnd that
Ciame LA BRI AR GRS o e o AL ppelap e 2
g/L xylose was employed as substrate. Bioreactors having a filling volume of 0.8 L
each were used as bioreactors. In the case of fermentation with continuous separation,
gas stripping was carried out at a specific aeration rate of 1 vvm using a diaphragm
pump (KNF, Germany). Just as in example 1, the gas stream was passed through a
glass column and then recirculated. The glass column was packed with 535 g zeolite
granules (ZSM-5, hydrogen form; SiO,/Al,0,=200; binder: bentonite; diameter: 2-4
mm; manufacturer: Sid-Chemie AG, Germany). Samples were taken during
fermentation and the ethanol content was quantified by gas chromatography and the
sugars by HPLC. In addition, the increase in weight of the zeolite and the proportion
of water of the adsorbed mixture were determined by Karl Fischer titration (Schott
Instruments, Germany). It is known from preliminary experiments that only water and
ethanol are adsorbed under the given conditions. As a result, the proportion of ethanol
can be concluded from the water content.

Illustration 8 shows the concentration curves obtained. It can be seen therefrom that
carrying out fermentation, gas stripping and adsorption at the same time is
advantageous and that under the given conditions higher space-time yields are
achieved by fermentation with continuous separation of the volatile compounds.

Example 3: Catalytic Reaction

A packed bed reactor (length=50 cm, inner diameter=2.5 cm) from the firm ILS —
Integrated Lab Solutions GmbH was used for catalytic reaction. By means of an
HPLC pump (Smartline Pump 100, Wissenschaftliche Gerdtebau Dr. Ing. Herbert
Knauer GmbH), the liquid model desorbate (40% by weight of EtOH, 60% by weight
of water) was added portionwise to the reaction tube where it was evaporated by
means of a heated inert SiC prepacking, mixed with nitrogen such that 4% by weight
of nitrogen were present, and brought to the reaction temperature of 300°C and the
absolute pressure of 3 bar. The gaseous desorbate stream thus obtained was ultimately
directed over a packing of 10 g zeolite extrudate (zeolite ZSM-5, hydrogen form,
Si0,/Al,05=90; binder Al,Os; diameter = 1/16 inch; manufacturer: Stid-Chemie AG)



a. fermentative conversion of biomass to volatile organic compounds in a bioreactor; b. removal of the
volatile organic compounds by gas stripping using a carrier gas; c. adsorption of the volatile organic
compounds from the gas stream; d. desorption of the adsorbed volatile organic compounds from the
adsorber; e. catalytic reaction of the volatile organiggompounds. 2.A method according to claim 1,
wherein in method step d the proportion of volatile organic compounds in the desorbate stream
preferably lies between 10% (w/w) and 90% (w/w), especially preferably between 30% (w/w) and 70%
(wiw), and @v@angasoheilyfepaney \Isdosite {GESVVR BEOBIYS. (Wt Y aSeRusarrestiieicsisedimgwesclaim 2,
wherein follgyaig reethoestRPR 8 fiquid separator downstream of the packed bed reactor,

thereby condensing the liquid products and separating them from the gaseous

products. The liquid organic phase was then separated from the aqueous phase by

decantation. The experiment was carried out over a total time-on-stream (TOS) of 24

h.

The liquid organic phase accumulated during this length of time was in the end
analyzed by gas chromatography coupled to mass spectrometry (see table 1 for
composition). As the evaluation has shown, an ethanol conversion of >99% and a
yield of liquid organic phase of 34% by weight, based on the amount of ethanol used,
were achieved under these experimental conditions.

Table 1: Composition of the liquid organic phase

Substance Class Proportion [GC Area %]
Unbranched alkanes (<C5) 1.6
Unbranched alkanes (C5-C10) 3.8
Branched alkanes (C5-C10) 30.3
Branched olefins (C5-C10) 2.7
Cyclic hydrocarbons 2.9
Benzene 0.3
Toluene 3.8
Xylenes 10.8
Monoalkylated aromatics (without toluene, | 43.8
xylenes)

In a further experiment, the proportion of ethanol in the gaseous desorbate stream was
varied under otherwise identical conditions by evaporating different model desorbates
in the heated prepacking and mixing them with different amounts of nitrogen.
Illustration 9 shows the influence of the proportion of ethanol in the gaseous desorbate
stream on the yield of liquid organic phase, based on the amount of ethanol used. It
can be seen that a higher proportion of ethanol has a beneficial effect on the yield of
liquid organic phase.



condensation of the product stream takes place, and wherein following condensation preferably phase
separation takes place. 4.A method according to one of claims 1 to 3, wherein method steps a to e
proceed in parallel. 5.A method according to one of claims 1 to 4, wherein the volatile organic
compounds are alcohols and/or ketones and/or aldgRydes and/or organic acids, preferably ethanol
and/or butanol and/or acetone. 6.A method according to one or more of the preceding claims, wherein
the carrier gas(es) is/are recirculated following the adsorption and/or following the catalytic reaction
and/or particxrmplerefédasiplienttrmeniiition exhaust gases are used as carrier gas. 7.A method
according to one or more of claims 3 to 6, further characterized in that one, preferably two, more

preferably ‘Eb%errPLe 58 r@v?v)”lbl a{(n)g YA gr %glutlon was stripped with the set-up explained

in example 1 for 24 hours at 30°C and at 1 vvm using a diaphragm pump (KNF
Neuberger, Freiburg, Germany) and a volume flow controller (Swagelok, Garching,
Germany). In this process, the gas stream was passed through a glass column (Gassner
Glastechnik, Munich, Germany) which was filled in each case with 200 g adsorbent
(zeolite with SiO,/Al,O3). The column was brought to a temperature of 40°C by
means of a heating sleeve (Mohr & Co. GmbH, Germany). After 24 hours the
experiment was terminated, the increase in weight of the packing determined and the
ethanol concentration quantified by gas chromatography (Trace GC, Thermo Fisher).
Since the system is closed, the ethanol stripped from the solution must have been
adsorbed on the adsorbent. The remaining increase in weight is due to water. The
adsorbed amounts of ethanol and water were thus calculated by mass balance and the
following capacities determined.

Capacity for EtOH Capacity for Water
[%] [%]
Zeolite with SiO,/Al,05 = 1000 6.83 0.87

As can be seen, ethanol is selectively adsorbed compared to water. The zeolite is thus
particularly well suited as an adsorbent.

Example 5

40 g of a zeolite according to the invention having a SiO,/Al,O; ratio of 1000 is added
in 400 mL of a 5% (w/v) aqueous ammonia solution. The mixture is suspended at
room temperature for one hour. Following this, the zeolite is separated again. 50 mL
of the remaining solution is in each case titrated four times with 5 molar hydrochloric
acid, which is added by means of a burette, and methyl red as a pH indicator. Upon
the change in indicator colour which marks the equivalence point, the volume of
hydrochloric acid added is read. The amount of hydrochloric acid added which
corresponds to the amount of ammonia is calculated based thereon; this is used in turn
to determine the concentration of the ammonia solution.

An ammonia concentration of 46.15 +/- 0.88 g/L is obtained.



yet more preferably five or more of the individual method steps are carried out under the following
conditions: a. the fermentation occurs at temperatures between 10 and 70C, preferably between 20
and 60C, especially preferably between 30 and 50C, b. the specific gassing rate during gas stripping
lies between 0.1 and 10 vvm, preferably between 04 and 5 vvm, c. the temperature during adsorption
lies between 10 and 100C, preferably between 20 and 70C, and the pressure lies between 0.5 and 10
bar, preferably between 1 and 2 bar, d. the desorption occurs via temperature increase and/or
pressure reblogtidoloetitradi catislyapeaiadtion ibecaursnaniaspipioat usebin BOSe>FB0M)ghietertibly

between 25Qa16h820Rtaalcan ARS BHALe URES USR ahthioiaalEbheantRRiRrab Wbl wgen 33peL 5 bar,

and a GHSV of g.q(]) to 20000 h1, preferably between 2000 and 8000 h1,
resulishere.

The comparison shows that the zeolite did not adsorb any ammonia since otherwise
the concentration of ammonia in the solution contacted with the zeolite would have
had to be lower.

Examples 4 and 5 together show that the zeolite is suited for selective adsorption of
ethanol and that at the same time adsorption of the undesired compound ammonia to
this adsorbent is negligible.



f. the condensation takes place via temperature reduction and/or pressure increase, g. during
decantation the organic compounds are separated as the lighter phase. 8. A method according to one
or more of the preceding claims, wherein the adsorber is a zeolite preferably having a Si02/AlI203 ratio
of 5 to 1000, especially preferably of 100 to 900. 9. s method according to one or more of the
preceding claims, wherein the catalyst is a zeolite, preferably an MFI-type zeolite, especially preferably
an MFI-type zeolite in the hydrogen form, and wherein the zeolite catalyst preferably has a Si02/Al203
ratio of 5 to 1000, especially preferably of 20 to 20¢riDt A method according to claim 8, wherein the
adsorber is selected so that there is no adsorption of catalyst poisons for the catalytic reaction. 11. A
method acc:f)rding 0 rr?n[ﬁ é)é ‘fnorer oJ c(::llaimsrl atr(ﬁ g gvrgerein shec zeolrifei ﬁdﬁ?r%ilg\?vd ther:n 4 oliée catalyst
are of the same matenal 2742 AMethod gccorglngqgué] im ?T,pwﬁer%in the 280 matenal is filled
into several parall8ifR$fumns which alternate, as in a revolver configuration, at staggered time intervals
between several method steps, these method steps being selected from adsorption, desorption,

catalytic reaction and pogsiiix(EFRREBHIS sion of biomass to volatile organic compounds in a

bioreactor;

b. removal of the volatile organic compounds by gas stripping using a
carrier gas;

C. adsorption of the volatile organic compounds from the gas stream;

d. desorption of the adsorbed volatile organic compounds from the
adsorber;

e. catalytic reaction of the volatile organic compounds.

2. A method according to claim 1, wherein in method step d the proportion of

volatile organic compounds in the desorbate stream preferably lies between
10% (w/w) and 90% (w/w), especially preferably between 30% (w/w) and 70%
(w/w), and even more preferably between 35% (w/w) to 60% (w/w).

3. A method according to claim 2, wherein following method steps a to e
condensation of the product stream takes place, and wherein following
condensation preferably phase separation takes place.

4. A method according to one of claims 1 to 3, wherein method steps a to e
proceed in parallel.

5. A method according to one of claims 1 to 4, wherein the volatile organic
compounds are alcohols and/or ketones and/or aldehydes and/or organic acids,
preferably ethanol and/or butanol and/or acetone.

6. A method according to one or more of the preceding claims, wherein the
carrier gas(es) is/are recirculated following the adsorption and/or following the
catalytic reaction and/or particularly preferably the fermentation exhaust gases
are used as carrier gas.

7. A method according to one or more of claims 3 to 6, further characterized in
that one, preferably two, more preferably three, yet more preferably four, and



13. A method according to claim 11, wherein adsorption, desorption and catalytic reaction each take
place at staggered time intervals in the same column, wherein preferably following desorption the gas
stream is recirculated into the same column in which the catalytic reaction then takes place. 14. A
method according to claim 11, wherein the adsorptigg, desorption and catalytic reaction take place in a
single apparatus which preferably comprises a cooler zone in which the adsorption from the stream of
stripping gas takes place and a warmer zone in which the desorption and the catalytic reaction take
place. 15. A methygtavosedirefemblyimveqrwneredf tie dppsicduas iseshediriepsistriseriatbolig bed

reactor or an entrajngek fiRWfERRMPRg conditions:

a. the fermentation occurs at temperatures between 10 and 70°C,
preferably between 20 and 60°C, especially preferably between 30 and
50°C,

b. the specific gassing rate during gas stripping lies between 0.1 and 10
vvm, preferably between 0.5 and 5 vvm,

C. the temperature during adsorption lies between 10 and 100°C,
preferably between 20 and 70°C, and the pressure lies between 0.5 and
10 bar, preferably between 1 and 2 bar,

d. the desorption occurs via temperature increase and/or pressure
reduction,
e. the catalytic reaction occurs at a temperature of 150 to 500°C,

preferably between 250 and 350°C, at an absolute pressure of 0.5 to 100
bar, preferably between 1 and 5 bar, and a GHSV of 100 to 20000 h™,
preferably between 2000 and 8000 h,

f. the condensation takes place via temperature reduction and/or pressure
increase,
g. during decantation the organic compounds are separated as the lighter
phase.
8. A method according to one or more of the preceding claims, wherein the

adsorber is a zeolite preferably having a SiO,/Al,O; ratio of 5 to 1000,
especially preferably of 100 to 900.

9. A method according to one or more of the preceding claims, wherein the
catalyst is a zeolite, preferably an MFI-type zeolite, especially preferably an
MFI-type zeolite in the hydrogen form, and wherein the zeolite catalyst
preferably has a SiO,/Al,O; ratio of 5 to 1000, especially preferably of 20 to
200.

10. A method according to claim 8, wherein the adsorber is selected so that there is
no adsorption of catalyst poisons for the catalytic reaction.

11. A method according to one or more of claims 1 to 9, wherein the zeolite
adsorber and the zeolite catalyst are of the same material.



12.

13.

14.

15.

27

A method according to claim 11, wherein the zeolite material is filled into
several parallel columns which alternate, as in a revolver configuration, at
staggered time intervals between several method steps, these method steps
being selected from adsorption, desorption, catalytic reaction and possibly
regeneration.

A method according to claim 11, wherein adsorption, desorption and catalytic
reaction each take place at staggered time intervals in the same column,
wherein preferably following desorption the gas stream is recirculated into the
same column in which the catalytic reaction then takes place.

A method according to claim 11, wherein the adsorption, desorption and
catalytic reaction take place in a single apparatus which preferably comprises a
cooler zone in which the adsorption from the stream of stripping gas takes
place and a warmer zone in which the desorption and the catalytic reaction take
place.

A method according to claim 14, wherein the apparatus is a radial adsorber,
moving bed reactor or an entrained flow reactor.



