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(57) ABSTRACT 

The invention provides methods, apparatuses, and kits for 
producing ethanol and other alcohols. The methods involve 
fermenting organic material in a fermentation mixture to a 
biogas comprising methane; converting at least a portion of 
the biogas to synthesis gas comprising CO and H2; and 
contacting at least a portion of the synthesis gas With a 
catalyst to produce alcohol. In some embodiments, a micro 
organism that reduces ferric iron to ferrous iron is included 
in the fermentation mixture to enhance the efficiency of the 
fermentation and the yield of alcohol. The invention also 
provides a method of producing alcohol involving ferment 
ing organic material to a biogas comprising methane; 
removing sulfhydryls from the biogas; converting at least a 
portion of the biogas to synthesis gas comprising CO and 
H2; contacting at least a portion of the synthesis gas With a 
sulfur-free catalyst to produce a substantially sulfur-free 
alcohol; and purifying the alcohol Wherein the puri?ed 
alcohol is substantially sulfur-free and comprises less than 
5% methanol and at least 70% C2+ alcohols by Weight. 

Fe 3+ _._ Fe 2+ 
organic —> organic - COUH 
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ETHANOL PRODUCTION FROM BIOLOGICAL 
WASTES 

[0001] This application claims priority from Us. provi 
sional patent application Ser. No. 60/574,698, ?led May 26, 
2004. 

BACKGROUND 

[0002] Disposal of municipal sewage and agricultural 
waste is often a costly process. Sewage and biological 
wastes, such as manure, are often disposed of by anaerobic 
microbial digestion to convert the digestible solid and liquid 
matter to a biogas composed primarily of CH4 and C02. The 
biogas is often burned to avoid releasing the powerful 
greenhouse gas methane. Sometimes the heat from burning 
the biogas is used, for instance, to heat buildings or to power 
turbines and produce electricity. But heat and electricity are 
low-value products, so usually the disposal process remains 
a net economic drain. 

[0003] In addition to failing to produce a high-value 
product, anaerobic digestion of sewage and biological 
wastes is frequently slower and more incomplete than would 
be desired. Anaerobic microbial digestion also produces 
hydrogen sul?de and other sulfhydryl compounds that cor 
rode metal pipes and fermentation tanks and cause odors that 
are objectionable to neighbors of the waste-treatment plant. 

[0004] New methods of disposing of sewage and other 
biological or organic wastes are needed. Preferably the 
methods would allow a more complete and ef?cient con 
version of the wastes. Preferably the methods would remove 
or convert odor-causing compounds. Preferably the methods 
would produce a higher value product than current methods. 

SUMMARY 

[0005] The invention provides methods and apparatuses 
for producing alcohol, and in particular ethanol, from bio 
logical wastes such as manure, sewage, and crop wastes, as 
well as from other organic materials. In the methods, organic 
material is ?rst fermented by anaerobic microorganisms to a 
biogas consisting primarily of methane and carbon dioxide. 
The biogas is then converted to synthesis gas consisting 
primarily of CO and H2. This is typically accomplished by 
steam reforming or partial oxidation of the methane. The 
synthesis gas (syngas) is then contacted with a catalyst, such 
as the ruthenium catalyst described in Us. Pat. No. 4,333, 
852, that catalyZes the condensation of CO and H2 to form 
alcoholitypically mixed alcohols consisting primarily of 
ethanol. Industrial alcohol is a high value product. 

[0006] The biggest market for industrial alcohol is as a 
fuel or a gasoline additive. In these uses it is desirable to 
have a low concentration of methanol and a high concen 
tration of ethanol and C3+ alcohols in the alcohol mixture. 
Preferably, the methanol concentration is less than 0.5% and 
the ethanol concentration is greater than 60% w/w in the 
alcohol mixture. The alcohols produced by the present 
methods are also valuable because they contain signi?cant 
amounts of C3+ alcohols. The C3+ alcohols increase the 
octane rating of fuels and have more value than ethanol. 

[0007] The inventors have found that the yield of biogas in 
the fermentation can be increased by including a microor 
ganism in the fermentation mixture that uses Fe3+ as a 
terminal electron acceptor, reducing it to Fe2+, and that 
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converts organic substrates, such as ethanol formed by 
yeasts, to volatile acids, including acetic acid and typically 
propionic and butyric acid, as well as potentially formic 
acid. The iron-reducing microorganism increases the yield 
of methane and CO2. Although not wishing to be bound by 
theory, the inventors believe this is because the acids the 
iron-reducing microorganism forms are ef?cient substrates 
for methanogenic microorganisms in the fermentation mix 
ture. By improving the yield of methane, inclusion of the 
iron-reducing microorganism also improves the yield of 
alcohol in the overall process. A preferred iron-reducing 
microorganism is ATCC 55339, described in Us. Pat. Nos. 
5,543,049, 5,620,893, and 5,667,673. 

[0008] Another advantage of including the iron-reducing 
microorganism in the fermentation mixture is that it can 
remove odor-causing compounds. The iron-reducing micro 
organism converts relatively insoluble Fe3+ to the more 
soluble Fez". Fe2+ binds sulfhydryl groups and precipitates 
compounds containing sulfhydryls, which are the bulk of 
odor-causing compounds. Sulfhydryls can also be removed 
by adding other metal cations, without necessarily adding an 
iron-reducing microorganism. 
[0009] The inventors have also discovered that in some 
embodiments conducting the fermentation with both a ther 
mophilic (450 C. or above) and a mesophilic (below 450 C.) 
fermentation step improves the yield of biogas in the fer 
mentation, and therefore the yield of alcohol in the process. 
This may be in part because during the thermophilic step 
some heat-induced chemical breakdown of the organic 
materials occurs, and this increases the amount of ferment 
able material available in the mesophilic step. 

[0010] The process can also be made more energy ef?cient 
by using heat generated in the alcohol-producing catalytic 
step to heat the fermentation mixture. 

[0011] When the process involves removing sulfhydryls 
from the biogas (e.g., with Fe2+ formed by the iron-reducing 
microorganism) and catalyZing alcohol production with a 
sulfur-free catalyst, the process can produce a substantially 
sulfur-free alcohol that has particular value as a fuel or fuel 
additive. 

[0012] Accordingly, the invention provides a method of 
producing alcohol comprising: (a) fermenting organic mate 
rial in a fermentation mixture to a biogas comprising meth 
ane; (b) removing sulfhydryls from the biogas; (c) convert 
ing at least a portion of the biogas to synthesis gas 
comprising CO and H2; (d) contacting at least a portion of 
the synthesis gas with a sulfur-free catalyst to produce 
alcohol; and (e) purifying the alcohol, wherein the puri?ed 
alcohol comprises less than 10 ppm sulfur atoms, less than 
5% methanol, and at least 70% C2+ alcohols by weight. 

[0013] Another embodiment of the invention provides a 
method of producing alcohol involving: (a) fermenting 
organic material in a fermentation mixture to a biogas 
containing methane, wherein the fermentation mixture com 
prises a microorganism that reduces Fe3+ and produces at 
least one volatile organic acid from organic substrates; (b) 
converting at least a portion of the biogas to synthesis gas 
containing CO and H2; and (c) contacting at least a portion 
of the synthesis gas with a catalyst to produce alcohol. 

[0014] Another embodiment of the invention provides a 
method of producing alcohol involving: (a) fermenting 
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organic material in a fermentation mixture to a biogas 
containing methane; (b) removing odiferous compounds 
from the biogas by contacting the biogas With a metal cation 
that binds sulfhydryls; (c) converting at least a portion of the 
biogas to synthesis gas containing CO and H2; and (d) 
contacting at least a portion of the synthesis gas With a 
catalyst to produce alcohol. 

[0015] Another embodiment of the invention provides a 
method of producing alcohol involving: (a) fermenting 
organic material in a fermentation mixture to a biogas 
containing methane; (b) converting at least a portion of the 
biogas to synthesis gas containing CO and H2; (c) contacting 
at least a portion of the synthesis gas With a catalyst to 
produce alcohol; and (d) purifying the alcohol, Wherein the 
puri?ed alcohol contains less than 0.5% by Weight methanol. 
Preferably the alcohol contains at least 70% by Weight C2+ 
alcohols, Wherein the yield of C2+ alcohols is at least 6 
gallons per 1000 cubic feet of methane in the biogas, and the 
conversion of volatile organics in the fermentation mixture 
to biogas is at least 65% e?icient. 

[0016] Another embodiment of the invention provides a 
method of producing alcohol involving: (a) fermenting 
organic material in a fermentation mixture to a biogas 
containing methane, Wherein the fermenting involves fer 
menting for at least 12 hours at a temperature in the range 
of 45-1000 C. folloWed by fermenting for at least 12 hours 
at a temperature in the range of 0-440 C.; (b) converting at 
least a portion of the biogas to synthesis gas containing CO 
and H2; and (c) contacting at least a portion of the synthesis 
gas With a catalyst to produce alcohol; Wherein the alcohol 
comprises less than 0.5% by Weight methanol. 

[0017] Another embodiment of the invention provides an 
apparatus for producing ethanol from organic material, 
having: (a) a fermentation vessel containing a fermentation 
mixture that comprises a microorganism that reduces Fe3+ 
and produces at least one volatile organic acid from organic 
substrates; (a) being functionally coupled to (b) a device for 
producing synthesis gas comprising CO and H2 from biogas 
comprising CH4, the device comprising a steam reformer, a 
partial oxidation unit, or both; (b) being functionally 
coupled to (c) a catalyst for converting synthesis gas to an 
alcohol mixture containing C2+ alcohol. 

[0018] Another embodiment of the invention provides an 
apparatus for producing ethanol from organic material, 
having: (a) a fermentation vessel for holding a fermentation 
mixture and microorganisms that ferment the fermentation 
mixture to a biogas comprising methane; (a) being function 
ally coupled to (b) a device for producing synthesis gas 
comprising CO and H2 from biogas comprising CH4, the 
device comprising a steam reformer, a partial oxidation unit, 
or both; (b) being functionally coupled to (c) a catalyst for 
converting synthesis gas to an alcohol mixture containing 
C2+ alcohol; (c) being functionally coupled to (d) a puri? 
cation unit comprising a condenser to preferentially con 
dense at least on C2+ alcohol from the alcohol mixture, 
generating a C2+-rich alcohol fraction and a methanol-rich 
fraction; and (e) a recirculation unit functionally coupled to 
(c) and (d) to recirculate at least a portion of the methanol 
rich fraction to catalyst (c) for reaction With synthesis gas. 

[0019] The invention also provides a kit for use in pro 
ducing ethanol, comprising packaging material containing: 
(a) a microorganism that reduces Fe3+ and produces at least 
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one volatile organic acid from organic materials; and (b) 
instruction means indicating that the microorganism is to be 
used in an apparatus for producing ethanol from organic 
materials by fermenting the organic material to a biogas, 
converting the biogas to a synthesis gas, and contacting the 
synthesis gas With a catalyst to produce ethanol. 

[0020] The invention also provides alcohol products pre 
pared by the processes of producing alcohol of the invention. 
Among these is a puri?ed alcohol prepared by a process 
involving (a) fermenting organic material in a fermentation 
mixture to a biogas comprising methane; (b) removing 
sulfhydryls from the biogas; (c) converting at least a portion 
of the biogas to synthesis gas comprising CO and H2; (d) 
contacting at least a portion of the synthesis gas With a 
sulfur-free catalyst to produce alcohol; and (e) purifying the 
alcohol, Wherein the puri?ed alcohol comprises less than 10 
ppm sulfur atoms, less than 5% methanol, and at least 70% 
C2+ alcohols by Weight. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 is a schematic diagram of an apparatus of 
the invention for producing alcohol from organic material. 

DETAILED DESCRIPTION 

De?nitions 

[0022] “Biogas” as used herein refers to a gas produced by 
the fermentative anaerobic metabolism of microorganisms. 
The biogases described herein contain methane and typically 
contain carbon dioxide as their major constituents. 

[0023] The term “fermenting” organic material as used 
herein refers to digestion of the organic material by micro 
organisms using anaerobic respiration. 

[0024] The term “partially oxidiZing” as used herein refers 
to incomplete oxidation of a reduced substrate by reaction 
With oxygen or another oxidiZing agent. An example is 
conversion of methane to a more oxidiZed compound other 
than carbon dioxide, e.g., methanol or carbon monoxide. In 
a particular embodiment, partially oxidiZing a biogas 
involves reacting methane With O2 to produce CO and H2. 
“Partially oxidiZing” the biogas includes partially oxidiZing 
all of the biogas and partially oxidiZing a portion of the 
biogas. 

[0025] The term “sulfhydryls” as used herein refers to SH 
groups or to compounds having one or more SH groups. The 
term “sulfhydryls” includes, e. g., hydrogen sul?de, meth 
anethiol, ethanethiol, and 2-mercaptoethanol. 

[0026] The term “sul?ded, nanosiZed transition metal 
catalyst” refers to a catalyst composed primarily of a tran 
sition metal or a combination of transition metals, Where the 
particles have a mean particle diameter less than 200 nm, 
preferably less than 100 nm, and Where the metal is sul?ded. 

[0027] The term “volatile organic acid” refers to a com 
pound having a COOH group and containing 6 or feWer 
carbon atoms. It includes formic acid, acetic acid, propionic 
acid, and butyric acid. 

[0028] The terms “C2+ alcohols” and “C3+ alcohols” refer 
to alcohols having, respectively, tWo or more and three or 
more carbons. 
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[0029] The terms “alcohol” and “puri?ed alcohol” pro 
duced by the methods of the invention include mixtures of 
alcohols and mixtures containing alcohols and other com 
ponents, including in some cases Water, aldehydes, ketones, 
ethers, esters, organic acids, and acid anhydrides. Preferably 
the alcohol and puri?ed alcohol products of the methods of 
the invention consist of greater than 50%, more preferably 
greater than 60%, more preferably greater than 70%, more 
preferably greater than 80%, more preferably greater than 
90%, and more preferably still greater than 95% by Weight 
alcohols. 

[0030] The term “volatile organics” refers to the mass of 
material in a biomass that is liquid or solid after drying at 
105° C. and gasi?ed after heating to 5500 C. in air. 

Description 

[0031] The invention provides methods of producing alco 
hol involving the steps of (1) fermenting organic material in 
a fermentation mixture to a biogas containing methane, (2) 
converting at least a portion of the biogas to synthesis gas 
containing CO and H2, and (3) contacting at least a portion 
of the synthesis gas With a catalyst to produce alcohol. 

[0032] FIG. 1 is a schematic draWing of an apparatus of 
the invention. The apparatus includes a fermentation vessel 
10 holding a fermentation mixture 13. The fermentation 
mixture includes an iron-reducing microorganism 14 that 
enhances the ef?ciency of the fermentation. The iron-reduc 
ing microorganism 14 reduces Fe“ and produces at least 
one volatile organic acid (a compound having a COOH 
group and 6 or feWer carbon atoms) from organic substrates. 
The fermentation produces a biogas that includes CH4 and 
occupies the head space of the fermentation vessel. The 
biogas comprising CH4 passes to a device 11 for producing 
synthesis gas containing CO and H2. The device 11 can be 
or include, for instance, a steam reformer, partial oxidation 
unit, or both. The synthesis gas passes over and contacts a 
catalyst 12 to be converted to a C2+ alcohol (e.g., ethanol, 
propanol, butanol, or a mixture thereof). 

[0033] In some embodiments of the methods and appara 
tuses of the invention, the fermentation mixture contains a 
microorganism that reduces Fe“ and that produces at least 
one volatile organic acid (typically a mixture of acids 
containing predominantly acetic acid) from organic sub 
strates. In some embodiments the microorganism produces 
acetic acid. In some embodiments, the microorganism 
reduces Fe“ to Fe“. In some embodiments, the microor 
ganism reduces Fe“ to Fe2+ and produces acetic acid. 

[0034] The preferred iron-reducing microorganism is 
deposited With the American Type Culture Collection under 
accession number ATCC 55339. Thus, in some embodi 
ments, the microorganism is derived from ATCC 55339. By 
“derived from ATCC 55339,” it is meant that the iron 
reducing microorganism groWs from the ATCC 55339 cul 
ture, is one of the species represented in the culture, or is 
selected from the culture, e.g., by mutagenesis and selection 
for an improved strain. 

[0035] 
55339. 

[0036] ATCC 55339 enhances the e?iciency of conversion 
of the organic material to biogas. The conversion ef?ciency 
is measured as chemical oxygen demand (COD) destroyed 

In some embodiments, the microorganism is ATCC 
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by the fermentation divided by the starting COD of the 
organic material. This approximates (methane+CO2 pro 
duced)/ (volatile organics). Volatile organics is de?ned as the 
amount of organic material gasi?ed by treatment at 550° C. 
in air. The inventors have found that fermentation of dairy 
manure for 12 days at 95° F. using just the native ?ora found 
in the manure gives a conversion ef?ciency of 46-52%. With 
the addition of ATCC 55339 and magnetite as an iron source, 
this increases signi?cantly. 

[0037] ATCC 55339 reduces Fe“ to Fe2+ and produces a 
mixture of volatile acids, including acetic acid, propionic 
acid, and butyric acid. It can use Fe“ from solution or 
extract it from an insoluble iron source such as magnetite or 
taconite. 

[0038] It is believed that ATCC 55339 enhances the effi 
ciency of fermentation ?rst because it can use a sometimes 
abundant external electron acceptor, namely Fe“, Which 
enhances the speed and ef?ciency of breaking doWn the 
organic substrates. Second, it is believed to enhance the 
ef?ciency of the fermentation because it produces acetic acid 
and other volatile organic acids, and these are good sub 
strates for the methanogenic archaea (archaebacteria) to 
convert to CH4 and CO2. Accordingly, While ATCC 55339 is 
particularly preferred, any microorganism that reduces Fe“ 
and produces at least one volatile organic acid Will enhance 
the yield of biogas production and therefore the yield of 
ethanol. 

[0039] In one embodiment of the invention, the fermen 
tation mixture further contains an iron source. The iron 
source preferably includes Fe“. In principle, the iron source 
can be a more reduced form of iron, such as FeO, and be 
oxidiZed in situ to Fe“ by chemical or microbial action. But 
under anaerobic fermentation conditions, more reduced iron 
is not expected to be oxidiZed to Fe“. 

[0040] Thus, preferably the iron source comprises Fe“. 
An iron source that comprises Fe“ can involve Fe“ in 
solution or a complexed insoluble form of iron Where some 
of the iron atoms are in the 3+ oxidation state, e.g., mag 
netite or taconite. In particular embodiments, the iron source 
is magnetite. In other particular embodiments, it is taconite. 

[0041] In some embodiments of the methods of the inven 
tion, the method involves partially oxidiZing the biogas. This 
increases the ratio of CO to H2 in the syngas as compared to 
steam reforming the biogas. Partial oxidation of methane 
produces a ratio of 2H2 per CO. Steam reforming produces 
a ratio of 3H2 per CO. The increased CO to H2 ratio from 
partial oxidation decreases the amount of methanol and 
increases the amount of ethanol and higher alcohols pro 
duced from the syngas. 

[0042] Methods of partial oxidation are Well knoWn, and 
units for partial oxidation of methane to CO and H2 are 
commercially available. For instance, partial oxidation can 
be accomplished by oxygen-starved burning. 

[0043] In some embodiments of the invention, a portion of 
the biogas is partially oxidiZed and a portion is steam 
reformed. Steam reforming involves the reaction of methane 
With Water vapor at high temperatures and pressures to 
produce CO and H2. Steam reformers, like partial oxidation 
units, are commercially available. 

[0044] In some embodiments of the invention, a portion or 
all of the biogas is steam reformed. 
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[0045] Fuel alcohol preferably is predominantly higher 
alcohols. Alcohol mixtures that are too rich in methanol are 

sensitive to phase separation in the presence of Water, Which 
is ubiquitous in gasoline systems. Thus, preferably the 
alcohol products are rich in C2+ alcohols and have loW 
methanol content. In some embodiments the alcohol com 

prises less than 5% methanol by Weight. Preferably the 
alcohol comprises at least 70% by Weight C2+ alcohols. In 
some embodiments, the alcohol comprises less than 0.5% by 
Weight methanol. In some embodiments, the alcohol com 
prises at least 60% by Weight ethanol. In some embodiments 
the alcohol comprises less than 0.5% by Weight methanol 
and at least 60% by Weight ethanol. In some embodiments, 
the alcohol comprises at least 92.1% by Weight ethanol. In 
some embodiments, the alcohol comprises at least 5% or at 
least 10% by Weight C3+ alcohols. 

[0046] Several factors can contribute to obtaining alcohol 
With a high C2+ alcohol content. One is use of a syngas 
having a higher ratio of CO to H2. As discussed above, 
partial oxidation of methane produces a higher CO:H2 ratio 
than steam reforming. 

[0047] Another factor involved in obtaining alcohol With 
a high C2+ alcohol content. is using a catalyst and reaction 
conditions that promote C2+ alcohol formation over metha 
nol formation. Suitable catalysts include the catalysts 
described in Bao, J. et al., 2003, Chem. Commun. 2003:746 
747; US. Pat. No. 4,235,801; and US. Pat. No. 4,333,852. 
The catalyst described in Bao et al. is a KiCoiMo/C 
catalyst. It is formed by the folloWing procedure. Co(NO3)2 
and (NH4)6Mo7O24 aqueous solutions are prepared and 
mixed at a Co/Mo molar ratio of 0.5. Citric acid is added to 
the solution under constant stirring (citric acid/metalic ions 
molar ratio=0.l). Then a K2CO3 solution is dripped sloWly 
into the solution (K/Mo molar ratio=0.l). The pH value of 
the solution is adjusted to 3.5 With HCOOH and NH4OH. 
The solution is kept in a Water bath at 650 C. until the 
solution becomes a gel. The gel is dried at 1200 C. for 15 
hours and calcined in argon at 4000 C. for 4 hours. Suitable 
reaction conditions With the synthesis gas are a temperature 
of 2300 C., a pressure of 6.0 MPa, and a gas hour space 
velocity of 9600 hour_l. Under these conditions, the CO 
conversion Was 7.5% C, the alcohol selectivity Was 60.4% 
of carbon, the alcohol space-time yield Was 296 g per 
kg-hour, and the C2+ alcohol to methanol ratio Was 1.48. 
(Bao, J. et al., 2003, Chem. Commun. 2003:746-747.) 

[0048] Other suitable catalysts are described in US. Pat. 
No. 4,333,852. The catalysts are ruthenium catalysts With a 
halogen promoter and a phosphine oxide compound as a 
solvent. An example of catalyst preparation and alcohol 
synthesis involves the folloWing procedure. 16 milligrams of 
Ru atoms as triruthenium dodecacarbonyl, 5.6 mmoles of 
elemental iodine, and 75 ml of tripropylphosphine oxide are 
placed in a back-mixed autoclave With a net volume of 128 
ml and heated With stirring to 550 C. The reactor is pres 
suriZed to 500 psi With CO, heated to 2400 C., and then 
pressurized With a H2/CO mixture (Hz/CO ratio=2.0) to 
6,000 psi. As the reaction proceeds the pressure drops. When 
it drops to 500 psi, the reactor is repressuriZed With the 
synthesis gas to 6,000 psi. With this procedure, ethanol is 
produced at a rate of 2.05 moles/liter/hour at a selectivity of 
50 Weight percent. The ethanol plus methanol selectivity is 
74 Weight percent. 
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[0049] Perhaps the most important mechanism to obtain 
alcohol With loW methanol content and high C2+ alcohol 
content is to fractionate the alcohol as it is formed into a 
C2+-rich alcohol fraction and a methanol-rich fraction, har 
vest the C2+-rich alcohol fraction, and recirculate the metha 
nol-rich fraction into the synthesis gas for contact With the 
catalyst. Adding methanol to the synthesis gas reaction on 
the catalyst forces the equilibrium of the CO+2H2—>CH3OH 
reaction to the left (Gavin, D. G. and Richard D. G., 
European Patent Application 0 253 540). With the equilib 
rium preventing further net formation of methanol, the CO 
and H2 react to form ethanol and other C2+ products. 
Recirculated methanol can also be a reactant for formation 
of C2+ products by reaction With CO, H2, and/or a second 
molecule of methanol. If all methanol produced is recircu 
lated, there is no net production of methanol. 

[0050] In the methanol-recirculation process, the alcohol 
products from the catalyst are fractionated into a C2+-rich 
alcohol fraction and a methanol-rich fraction. This is pref 
erably done by condensing the C2+ alcohols from the 
product mixture at a temperature and pressure beloW the 
boiling point of the C2+ alcohols and above the boiling point 
of methanol. The gaseous methanol-rich fraction is then 
mixed With the synthesis gas for contact With the catalyst. 

[0051] The alcohols produced in the methods of the inven 
tion, including the C2+-rich alcohol fraction separated from 
the methanol-rich fraction, can be further processed or 
fractionated. For instance, ethanol can be separated from 
other alcohols and other components in the mixtures. The 
mixtures often contain propanol, butanol, and isobutanol, 
Which can be puri?ed. Acetaldehyde, acetic acid, acetic 
anhydride, and other components may be present in the 
alcohol mixtures and can be puri?ed or separated from the 
alcohols. 

[0052] In some embodiments of the invention, the fer 
menting involves fermenting for at least 12 hours at a 
temperature in the range of 45-1000 C., folloWed by fer 
menting for at least 12 hours at a temperature in the range 
of 0-440 C. ATCC 55339 is only active at mesophilic 
temperatures, so if ATCC 55339 is used in the fermentation, 
it must be used in the fermentation step at a temperature in 
the range of 0-440 C. 

[0053] In some embodiments of the invention, the step of 
contacting the synthesis gas With the catalyst produces heat 
that is used to heat the fermentation mixture. 

[0054] In some embodiments of the invention, the iron 
reducing microorganism produces Fe2+ that binds sulfhydr 
yls in the fermentation mixture and/ or in the biogas. 

[0055] In some embodiments, the step of fermenting 
organic material to a biogas involves the steps of feeding the 
organic material into a vessel, fermenting and mixing the 
organic material in anaerobic conditions in the vessel to 
form the biogas, discontinuing the mixing to alloW particu 
late unfermented organic material to settle in the vessel 
resulting in the formation of a loW-suspended-solid super 
natant, decanting the supernatant from the vessel, and 
repeating at least the feeding and fermenting steps. This 
method improves the ef?ciency of gasi?cation of the organic 
material, as compared to a tWo-vessel system (US. Pat. No. 
5,185,079). In the tWo-vessel system, fermentation occurs in 
one vessel and then the WasteWater ?oWs to a separate solids 
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separation unit Where settling takes place. The settled solids 
are then recycled to the fermentation vessel (U.S. Pat. No. 
5,185,079). The one-vessel system also requires less capital 
investment. 

[0056] In one embodiment of the one-vessel method, the 
method further involves WithdraWing at least a portion of the 
biogas from the vessel, optionally With the use of a vacuum, 
immediately before the settling step. 

[0057] In some embodiments of the methods of the inven 
tion, the organic material comprises dairy manure. In other 
embodiments, the organic material comprises hog manure, 
turkey manure, chicken manure, slaughterhouse Waste, 
municipal seWage, or crop Waste. One crop Waste suitable 
for fermenting in the methods of the invention is sugar beet 
Waste (e.g., sugar beet tailings). 

[0058] In some embodiments, the organic material com 
prises forest products Waste (e.g., saWdust). 

[0059] In some embodiments of the invention, the fer 
menting involves fermenting at a temperature in the range of 
0-440 C. (With mesophilic organisms). In some embodi 
ments, the fermenting involves fermenting at a temperature 
in the range of 45-1000 C. (With thermophilic organisms). 

[0060] In some embodiments of the invention, the catalyst 
is a sul?ded, nanosiZed transition metal catalyst selected 
from Group VI metals. In some embodiments, the catalyst is 
a sul?ded, nanosiZed molybdenum catalyst. (U .8. Pat. No. 
6,248,796.) 
[0061] In some embodiments, the sul?ded, nanosiZed tran 
sition metal catalyst is suspended in a solvent, e.g., heavy 
machine oil, and the synthesis gas is contacted With the 
catalyst at a temperature in the range of 250-3250 C. and at 
a pressure in the range of 500 to 3000 psi. 

[0062] The catalyst can also be other metal or inorganic 
catalysts, such as are disclosed in Us. Pat. Nos. 4,675,344; 
4,749,724; 4,752,622; 4,752,623; and 4,762,858. 

[0063] Preferably, the catalyst is sulfur-free, because a 
sulfur-containing catalyst leaches sulfur into the alcohol 
mixtures it produces. Sulfhydryls are undesirable in fuel 
alcohol because they carry an odor, upon burning they 
produce sulfur oxides that cause acid rain and human health 
problems, and they can damage engine parts in internal 
combustion engines. Thus, preferably the alcohols contain 
less than 10 ppm sulfur atoms, more preferably less than 1 
ppm sulfur atoms. This can be achieved by removing 
sulfhydryls from biogas before the biogas is converted to 
synthesis gas, and then using a sulfur-free catalyst for 
conversion of synthesis gas to alcohol. One method to 
remove sulfhydryls from biogas is to contact the biogas With 
a metal cation that binds sulfhydryls, such as Fe“. Another 
method is to contact the biogas With another type of agent 
that binds sulfhydryls, such as amine compounds, Which 
may be immobiliZed on a resin. 

[0064] Alternatively, sulfhydryls can be removed from the 
alcohol product. One method to do this is to contact the 
alcohol With a metal cation that binds sulfhydryls, such as 
Fe2+. Another method is to contact the alcohol With another 
type of agent that binds sulfhydryls, such as amine com 
pounds, Which may be immobiliZed on a resin. 

[0065] In particular embodiments of the methods and 
products of the invention, the alcohol or puri?ed alcohol has 
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less than 10 ppm or less than 1 ppm (by Weight) sulfur atoms 
in sulfhydryl compounds. In other embodiments, the alcohol 
or puri?ed alcohol has less than 10 ppm or less than 1 ppm 
sulfur atoms (in any form). 

[0066] The methods of the invention can also involve 
contacting the biogas With a sulfur scrubber separate from 
the Fe2+ produced by the iron-reducing organism. The sulfur 
scrubber may remove one or more of sulfhydryls, HZS, 
anionic oxidiZed forms of sulfur (e.g., sulfate and sul?te), 
and COS. 

[0067] Sulfhydryls and other forms of sulfur can also be 
removed from the alcohol after it is formed. Thus, one 
embodiment of the invention provides a method of produc 
ing alcohol involving (a) fermenting organic material in a 
fermentation mixture to a biogas comprising methane; (b) 
converting at least a portion of the biogas to synthesis gas 
comprising CO and H2; (c) contacting at least a portion of 
the synthesis gas With a catalyst to produce alcohol; (d) 
contacting the alcohol With a scrubber to remove sulfhydryls 
from the alcohol; and (e) purifying the alcohol, Wherein the 
puri?ed alcohol contains less than 10 ppm sulfur atoms, less 
than 5% methanol, and at least 70% C2+ alcohols by Weight. 

[0068] In principle, the catalyst for converting syngas to 
alcohol could be a biological catalyst, such as a microor 
ganism or puri?ed enZyme that converts CO and H2 to 
ethanol or other alcohols. Some of these are described in 

BredWell, M. D., et al., 1999, Biolechnol. Prog. 15:834-844; 
Vega, J. L., et al., 1989, Appl. Biochem. and Biotech. 
20/2l:78l; Barik, S. et al., 1988, Appl. Biochem. and Bio 
Zech. 18:379. 

[0069] In some embodiments of the methods of the inven 
tion, the alcohol includes C2+ alcohols and the yield of C2+ 
alcohols is at least 4 gallons, at least 5 gallons, or at least 6 
gallons per 1000 cubic feet of methane in the biogas. 

[0070] In particular embodiments of the methods, the 
conversion of volatile organics in the fermentation mixture 
to biogas is at least 50%, at least 65%, at least 70%, or at 
least 75% ef?cient. 

[0071] In some embodiment of the methods, the alcohol 
includes C2+ alcohols and the yield of C2+ alcohols is at 
least 6 gallons per 1000 cubic feet of methane in the biogas, 
and the conversion of volatile organics in the fermentation 
mixture to biogas is at least 65% ef?cient. 

[0072] In some embodiments of the invention, the organic 
material fermented includes cellulose, and the method 
includes digesting the organic material With cellulase before 
or during the fermentation step. The cellulase can be an 
isolated enzyme or cellulase in a cellulase-containing micro 
organism. 

[0073] One embodiment of the invention provides a 
method of producing alcohol comprising: (1) fermenting 
organic material in a fermentation mixture to a biogas 
comprising methane, (2) removing odiferous compounds 
from the biogas by contacting the biogas With a metal cation 
that binds sulfhydryls, (3) converting at least a portion of the 
biogas to synthesis gas comprising CO and H2, and (4) 
contacting at least a portion of the synthesis gas With a 
catalyst to produce alcohol. 

[0074] The metal cation that binds sulfhydryls can be 
Fez". In some embodiments, the Fe2+ is formed by microbial 
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action from iron in other oxidation states. In some embodi 
ments, the microbial action involves reducing Fe3+ to Fe2+ 
by an iron-reducing microorganism that produces at least 
one volatile organic acid from organic substrates. 

[0075] In other embodiments, the metal cation that binds 
sulfhydryls is a cation of Zinc or copper. 

[0076] In some embodiments of the methods of the inven 
tion, an exogenous microorganism (i.e., an organism in 
addition to the organisms found in the organic material to be 
fermented) is added to the fermentation mixture to enhance 
the ef?ciency or speed of biogas production. 

[0077] The alcohols produced by the methods of the 
invention have an advantage over grain-fermented ethanol 
as a fuel additive in that the present alcohols include 
substantial amounts of propanol, n-butanol, iso-butanol, and 
pentanol. These C3+ alcohols boost the octane of fuel more 
effectively than ethanol. Thus, in some embodiments of the 
alcohols produced by processes of the invention, the alco 
hols include at least 5% or at least 10% C3+ alcohols by 
Weight. 

[0078] In some embodiments of the apparatuses of the 
invention, the apparatus includes a puri?cation unit func 
tionally coupled to the catalyst for converting synthesis gas 
to alcohol, the puri?cation unit comprising a condenser to 
preferentially condense at least one C2+ alcohol from the 
alcohol mixture, generating a C2+-rich alcohol fraction and 
a methanol-rich fraction. 

[0079] In some embodiments, in addition to the puri?ca 
tion unit, the apparatus includes a recirculation unit func 
tionally coupled to the catalyst and the puri?cation unit. The 
recirculation unit recirculates at least a portion of the metha 
nol-rich fraction produced by the puri?cation unit to the 
catalyst for reaction With synthesis gas. 

[0080] The invention Will noW be illustrated With the 
folloWing non-limiting examples. 

EXAMPLES 

Comparative Example 1 

[0081] Dairy manure, including some Water used to Wash 
manure from Where it Was collected, Was placed in a 
stainless steel or Plexiglas fermentation reactor as described 
in Us. Pat. No. 5,185,079. The reactors Were purchased 
from Columbia Tech Tank (Kansas City, M0.) The manure 
Was ?rst fermented in a thermophilic digester at 1350 F. No 
additional microbes Were added. The fermentation relied on 
the ?ora found in the manure. The reactor Was mixed for 2 
minutes each hour. At the end of every 8 hours period, the 
fermentation mixture Was mixed, 1/30 of the volume Was 
WithdraWn and transferred to a second vessel for mesophilic 
fermentation, and an equal volume of manure Was added to 
the thermophilic digester. Thus, the average residence time 
in the thermophilic digester Was 10 days. 

[0082] A second fermenter vessel housed a mesophilic 
fermentation. The mesophilic fermentation occurred at 950 
F. Again no microbes Were added, and the fermentation 
depended on the native ?ora found in the manure. Both the 
mesophilic and the thermophilic digesters Were approxi 
mately 3/4 ?lled With liquid, With 1A of the volume of the 
vessel being gas head space. The mesophilic fermenter 
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folloWed an 8-hour cycle time, With (a) 6 hours of reacting, 
Where the mixture Was mixed for 2 minutes each hour; (b) 
1.5 hours Without mixing to alloW the solids to settle; (c) 15 
minutes decanting “gray Water” liquid supernatant equal to 
1/54 of the reactor liquid volume; (d) 15 minutes to add a 
volume from the thermophilic digester equal to the volume 
of gray Water WithdraWn. With 1/54 of the volume replaced 
every 8 hours, the mesophilic reactor had an average resi 
dence time of 18 days. 

[0083] The settled sludge can be periodically removed 
from the mesophilic reactor, dried, and sold as fertiliZer. 

[0084] Biogas Was WithdraWn from the head space of both 
the thermophilic and mesophilic fermenters continuously. 

[0085] The biogas from the tWo fermenters Was collected. 
It contained approximately 69-75% methane, and 25-29% 
carbon dioxide, With the remainder including small amounts 
of nitrogen and hydrogen sul?de. 

[0086] The biogas Was partially oxidiZed using an oxygen 
starved gas burner to convert the methane to synthesis gas 
containing primarily CO and H2 in a 1:2 ratio. The carbon 
dioxide in the biogas is unaffected by the partial oxidation 
and is present also in the synthesis gas. 

[0087] To demonstrate the feasibility of alcohol synthesis, 
a separately obtained synthesis gas sample containing 18% 
H2, 28% CO, 30% CO2, 15% CH4 and 9% N2 Was contacted 
a nanosiZed sul?ded molybdenum catalyst suspended in 
heavy machine oil, as described in Us. Pat. No. 6,248,796, 
at 200-3250 C. and 500-3000 psi. The catalyst produced an 
alcohol mixture that contained 232 g/l methanol, 126 g/l 
ethanol, 168 g/l propanol, and 69 g/l butanol and higher 
alcohols, and approximately 120 g/l Water (due to the high 
CO2 content). 

[0088] Waste heat from the catalyst Was transferred to heat 
the fermenters, using an ethylene glycol heat transfer 
medium. 

[0089] Methane production can be calculated by multiply 
ing the conversion factor 8 cubic feet methane per pound 
volatile organics, times the volatile organics conversion 
ef?ciency. The conversion ef?ciency of volatile organics in 
the substrate for the fermentation mixture to biogas Was 
45-55%, as calculated by the loss of volatile liquid and solid 
organics. Approximately 6-7 gallons of alcohol mixture Was 
produced per 1000 cubic feet of methane. 

Example 1 

[0090] This example used a single fermenter vessel, Which 
housed a mesophilic fermentation at 950 F. Dairy manure 
Was added to the fermenter as in Comparative Example 1. 
ATCC 55339 Was added to the fermenter at the initiation of 
fermentation. No other microorganisms Were added. The 
fermenter folloWed an 8-hour cycle time, With (a) 6 hours of 
reacting, Where the mixture Was mixed for 2 minutes each 
hour; (b) 1.5 hours Without mixing to alloW the solids to 
settle; (c) 15 minutes decanting “gray Water” liquid super 
natant equal to 1/36 of the reactor liquid volume; (d) 15 
minutes to add a volume from the thermophilic digester 
equal to the volume of gray Water WithdraWn. With 1/36 of the 
volume replaced every 8 hours, the mesophilic reactor had 
an average residence time of 12 days. Granulated iron oxide 
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(magnetite) Was added to the bioreactor by automatic augur 
or similar device. Approximately 1/8 of a pound magnetite 
Was added per day per coW. 

[0091] Despite just a 12-day residence and the lack of a 
thermophilic digestion, With the iron-reducing bacterium 
ATCC 55339 added, the volatile organics conversion effi 
ciency Was 75-86%. This compares to about 50-65% in 
comparable conditions Without the bacteria. 

[0092] The biogas Was converted to syngas, and the syn 
gas converted to alcohol as in Comparative Example 1. 

[0093] The gray Water removed from the reactor in 
Example 1 contains phosphate and polymers containing 
phosphate formed from the manure. Phosphates lead to 
eutrophication of ground Waters, and so should be mini 
miZed in discharged WasteWaters. HoWever, the gray Water 
also contains Fe2+ formed by the iron-reducing microbe. If 
the gray Water is aerated after removal from the fermenter, 
the ferrous iron is oxidiZed to ferric, Which binds and 
precipitates the phosphates. The precipitate can be separated 
out before discharge of the gray Water, and can be dried and 
sold as a phosphate- and iron-rich fertilizer. See Us. Pat. 

Nos. 5,667,673; 5,543,049; and 5,620,893. 

Example 2 

[0094] Waste Water from a yeast manufacturing facility 
(groWing yeast on sugar beet Waste) is digested in anaerobic 
fermenter as described in Example 1 to generate biogas. 
Biogas containing 600 scf/hour of methane is produced. An 
oxygen stream of 300 scf/hour is mixed With the biogas 
stream, and the gases enter a partial oxidation reactor for 
reaction at 8500 C. at ambient pressure in the presence of a 
commercial catalyst to form synthesis gas consisting prima 
rily of H2 and CO. 

[0095] The synthesis gas exits the partial oxidation system 
and is cooled and compressed. 

[0096] Synthesis gas is contacted With the ruthenium 
catalyst Whose preparation is described above and in Us. 
Pat. No. 4,333,852 at 6,000 psi and 2400 C. to produce a 
product mixture containing ethanol as the most abundant 
product, substantial methanol, and higher alcohols. 

[0097] After exiting the reactor, the gas stream is de 
pressuriZed, cooled, and the ethanol and higher (C3+) alco 
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hols condensed and removed. This ethanol-rich alcohol 
fraction is routed to a storage drum. 

[0098] Unreacted synthesis gas and reaction by-products 
(methanol, carbon dioxide, and Water) exit the condenser 
and are scrubbed With H20 and CO2 scrubbers to remove 
H20 and C02. 
[0099] Unreacted synthesis gas and methanol are reheated, 
re-pressuriZed, and mixed With incoming synthesis gas from 
the partial oxidation unit. The gas mixture is then recircu 
lated through the alcohol reactor. 

[0100] All references, patents, and patent documents cited 
are hereby incorporated by reference. 

What is claimed is: 
1-39. (canceled) 
40. An apparatus for producing ethanol from organic 

material, comprising: 
(a) a fermentation vessel containing a fermentation mix 

ture that comprises a microorganism that reduces Fe3+ 
and produces at least one volatile organic acid from 
organic substrates; (a) being functionally coupled to 

(b) a device for producing synthesis gas comprising CO 
and H2 from biogas comprising CH4, the device com 
prising a steam reformer, a partial oxidation unit, or 
both; (b) being functionally coupled to 

(c) a catalyst for converting synthesis gas to an alcohol 
mixture containing C2+ alcohol. 

41. The apparatus of claim 40 Wherein the microorganism 
is derived from ATCC 55339. 

42. The apparatus of claim 40 Wherein the fermentation 
mixture further comprises an iron source. 

43. The apparatus of claim 40 further comprising: 

(d) a puri?cation unit functionally coupled to catalyst (c), 
the puri?cation unit comprising a condenser to prefer 
entially condense at least one C2+ alcohol from the 
alcohol mixture, generating a C2+-rich alcohol fraction 
and a methanol-rich fraction. 

44. The apparatus of claim 43 further comprising: 

(e) a recirculation unit functionally coupled to (c) and (d) 
to recirculate at least a portion of the methanol-rich 
fraction to catalyst (c) for reaction With synthesis gas. 

* * * * * 


