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METHOD AND SYSTEM FOR PRODUCTION OF HYDROGEN, METHANE, VOLATILE
EATTY ACIDS, AND ALCOHOLS FROM ORGANIC MATERIAL

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to US 61/858,708, filed on July 26, 2013,
the entire content of which is incorporated herein by reference.

FIELD

[0002] The present disclosure relates to the production of hydrogen, methane,

volatile fatty acids, and alcohols. More particularly, the present disclosure relates to the
treatment of organic material with microorganisms for the production of hydrogen,
methane, volatile fatty acids, and alcohols.

BACKGROUND

[0003] The problems of soaring energy demand and environmental poliution are
addressed by various biological processes for the treatment of industrial wastes.
Biohydrogen production through dark fermentation is one known process for the
treatment of industrial waste and production of hydrogen.

[0004] Microorganisms are capable of producing hydrogen via either
photosynthesis or preferably through fermentation (Matsunaga, T., Hatano, T., Yamada,
A., Matsumoto, M., (2000) Microaerobic hydrogen production by photosynthetic bacteria
in a double phase photobioreactor. Biotechnol. Bioeng. 68 (6), 647-651). Organic
pollutants are anaerobically converted to methane in two distinct stages: acidification and
methanogenesis. Acidification produces hydrogen as a by-product which in turn is used
as an electron donor by many methanogens at the second stage of the process (Fang,
H.H.P. and Liu, H. (2002) Effect of pH on hydrogen production from glucose by a mixed
culture. Bioresource Technology 82, 87-93). Separation of the two stages is feasible for
hydrogen collection from the first stage. The second stage is further used for treatment of
the remaining acidification products, which includes mainly volatile fatty acids (VFAS).
[0005] The continuously stirred tank reactor (CSTR) has been the most widely
used system for continuous hydrogen production (Li, C., Fang, H.H.P., (2007)
Fermentative hydrogen production from wastewater and solid wastes by mixed cultures.
Critical reviews in Env. Sci. and Tech., 37, 1-39). Since in a CSTR biomass solids
residence time (SRT) is the same as the hydraulic retention time (HRT), its concentration
in the mixed liquor is highly affected by the recommended HRT of 1-12 h which is optimal
for high hydrogen production rates (Li and Fang, 2007). The maximum specific growth
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rate (umax) for mixed culture of 0.333 h™" corresponds to an SRT,y, of 3.0 h (Horiuchi J.1.,
Shimizu T., Tada K., Kanno T., Kobayashi M., (2002) Selective production of organic
acids in anaerobic acid reactor by pH control. Bioresource Technol 82, 209-13).

[0006] However, high dilution rates result in a marked decrease in biomass
content in the reactor due to severe cell washout and system failure (Wu, S.Y., Hung,
C.H., Lin, C.Y., Lin, P.J., Lee, K.S,, Lin, C.N.,, Chang, F.Y. And Chang, J.S. (2008) HRT-
dependent hydrogen production and bacterial community structure of mixed anaerobic
microflora in suspended, granular and immobilized sludge systems using glucose as the
carbon substrate. Int. J. Hydrogen Energy 33, 1542-1549). Since acetone-butanol-ethanol
(ABE) fermentation utilizes the same bacterial groups that are used for biohydrogen, the
process also suffers from biomass washout. Therefore, to resolve biomass washout in
ABE fermentation, most of studies in the literature and full-scale applications have utilized
batch or fed-batch reactors.

[0007] Decoupling of SRT from HRT in hydrogen bioreactors has been achieved
by using biofilms on several media including synthetic plastic media and treated
anaerobic granular sludge (Das, D., Khanna, N., Veziroglu, T.N., (2008) Recent
developments in biological hydrogen production processes. Chem Ind. and Chem.. Eng.
14 (2), 57-67), activated Carbon, expanded clay and loofah sponge (Chang, J.S., Lee,
K.S., and Lin, P.J., (2002) Biohydrogen production with fixed-bed bioreactors. Int. J.
Hydrogen Energy 27 (11/12), 1167-1174), glass beads (Zhang, H., Mary, A.B., Bruce,
E.L., (2006) Biological hydrogen production by clostridium acetobutylicum in an
unsaturated flow reactor. Water Research 40, 728-734) and membranes (Vallero, M.V.G.,
Lettinga, G., and Lens, P.N.L., (2005) High rate sulfate reduction in a submerged
anaerobic membrane bioreactor (SAMBaR) at high salinity. J. Membr. Sci. 253(1/2), 217-
232). Problems with the development of methanogenic biofims on the carrier media
adversely impact process stability, which is critical for sustained hydrogen production.
Moreover, membranes have not shown many advantages in terms of volumetric
hydrogen yield and are also prone to fouling in such a reductive environment.

[0008] " A biohydrogenator system provided in W02010/085893 is intended to
address two limitations for sustained biological hydrogen production: contamination of the
microbial hydrogen-producing cultures with methane-producing cultures and low bacterial
yield of hydrogen-producers. In that system, a gravity settler is used after a hydrogen
reactor for decoupling SRT from HRT through sludge. The system disclosed includes a
CSTR for biological hydrogen production, followed by a gravity settler positioned
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downstream of the CSTR, the combination of which forms the biohydrogenator. The
biomass concentration in the hydrogen reactor is kept at the desired range through
biomass recirculation from the bottom of the gravity settler and/or biomass wastage from -
the gravity settler's underflow. This prior art biohydrogenator is described to increase
hydrogen vyield from sugar and carbohydrate based wastes from 1.6 to 3.2 mol H./mol
glucose while producing VFAs primarily acetate as the residual soluble metabolite.
Although that represents an improvement over previous systems, this biohydrogenator is
still subject to the limitations common to dark fermentation processes: the inhibition of
hydrogen production by the accumulation of fermentation end-products. The production
and accumulation of acetic and butyric acids results in lower hydrogen yields and a total
undissociated acid concentration of 19 mM initiated solventogenesis. Different strains of
Clostridium produce different ratios of end-products thus affecting their hydrogen-
producing potential. The elimination of butyric acid formation and the increased
production of acetic acid would provide for increased hydrogen yield from glucose.
Although acetate production would increase hydrogen yield to 4 mol of hydrogen per
mole of glucose, this is still not enough for the process to be an economically viable
alternative to existing hydrogen production methods.

[0009] Another biohydrogen production process is the electrohydrogenesis
process. In an electrogenesis process, exoelectrogenic bacteria are able to release
electrons exogenously (outside the cell) to solid substrates (i.e. a carbon electrode),
allowing electricity to be produced in a reactor called a microbial fuel cell (MFC). The
oxidation reaction generated by the bacteria at the anode is sustained through the
production of water at the cathode from electrons and protons released by the bacteria,
and oxygen. The electrohydrogenesis process is similar except that a small potential
must be added into the circuit and no oxygen is used at the cathode. Thus, hydrogen gas
is evolved at the cathode in a reactor called a microbial electrolysis cell (MEC). The
process has also been referred to as a bacterial electrolysis cell (BEC) and a
bioelectrochemically assisted microbial reactor (BEAMR): Liu, H., Grot, S., Logan, B. E.,
(2005) Electrochemically assisted microbial production of hydrogen from acetate.
Environ. Sci. Technol., 39, 4317-4320; Rozendal, R.A., Buisman, C.J.N., Bio-
Electrochemical Process for Producing Hydrogen. International Publication No. WO
2005/005981: and Rozendal, R.A., Hamelers, H.V.M., Euverink, GJ.W., Metz, S.J,;
Buisman, C.J.N. (2006), Principle and perspectives of hydrogen production through
biocatalyzed electrolysis. Int. J. Hydrogen Energy, 31, 1632-1640. The BEAMR process
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differs from MFC with respect to loss of hydrogen due to its diffusion from the cathode
chamber through the cation exchange membrane (CEM) into the anode chamber. In
addition, in the BEAMR process there is no potential for loss of substrate resulting from
aerobic growth of bacteria due to oxygen diffusion into the anode chamber from the
cathode chamber. Electrohydrogenesis processes are coupled with and dependent on
an upstream dark fermentation process (i.e. two completely separate process stages).
The advantages of a separate electrohydrogenesis process were evaluated in Liu et al.
(2005), Rozendal & Buisman (2005), and Rozendal et al. (2006).

[0010] The limitations of batch methods for ABE fermentation are recognized in
the literature. Widely reported problems with dark fermentation reactors in the literature
include microbial shifts, metabolic shifts, biomass washouts, repeated systems failure,
sustainability, low hydrogen yields, methanogens growth and methane production as
opposed to hydrogen. With all the aforementioned problems, researchers have moved on
to the MEC approach and other solutions as described below.

[0011] The effects of pH control on the process of acetone/butanol/ethanol (ABE)
production in batch cultures of Clostridium acetobutylicum XY16 have been investigated
(Ting Guo, T., Sun, B,, Jiang, M., Wu, H., Du, T, Tang, Yan., Wei, P., Ouyang, P., (2012)
Enhancement of butanol production and reducing power using a two-stage controlled-pH
strategy in batch culture of Clostridium acetobutylicum XY16. World J Microbiol
Biotechnol 28, 2551-2558). Based on observed acid- and solvent-forming rates in batch
fermentation at different pH values, a two-stage controlled-pH strategy was developed in
which the pH was shifted from 5.5 to 4.9 after a dry cell weight of 0.5 g/L was achieved.
By applying this strategy, increases in ABE concentration and increases in the ratio of
NADH/NAD" were observed.

[0012] A two stage chemostat system integrated with liquid-liquid extraction of
solvents produced in a first stage was applied to optimization of continuous acetone-
butanol-ethanol (ABE) fermentation (Bankar, S.B., Survase, S.A., Singhal, RS,
Granstréom, T. (2012) Continuous two stage acetone-butanol-ethanol fermentation with
integrated solvent removal using Clostridium acetobutylicum B 3313. Bioresource
Technology 106, 110-116). Minimized end product inhibition by butanol and subsequently
enhanced glucose utilization and solvent production were observed in continuous cultures
of Clostridium acetobutylicum B 5313. During continuous two-stage ABE fermentation,
sugarcane bagasse was used as the cell holding material for the both stages and liquid-

liquid extraction was performed using an oleyl alcohol and decanol mixture. Increased
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production of acetone, butanol, and ethanol was observed as compared to the single
stage chemostat. Increased glucose utilization was also observed as compared to the
single stage chemostat.

[0013] Development of a continual flow system by the former Soviet Union is
reviewed in Zverlov, V.V., Berezina, O., Velikodvorskaya, V.A., and Schwarz, W.H.
(2006) Bacterial acetone and butanol production by industrial fermentation in the Soviet
Union: use of hydrolyzed agricultural waste for biorefinery. Appl Microbiol Biotechnol 71.
587-597. Two major improvements of AB fermentation from biomass were developed by
the Soviet Union: (1) a continual flow process which had great advantages over the batch
mode, and (2) use of agricultural waste material by hydrolyzing the hemicelluloses (this
extended the amount of raw material for production). To increase overall site production,
parallel batteries of reactors connected in series were used. This enabled truly
continuous substrate preparation and truly continuous distillation and this batch process
can be termed “continual” fermentation (as opposed to “continuous” fermentation). Ha,
CO,, acetone, butanol, ethanol, and vitamin B12 were produced by AB fermentation of
agricultural waste materials (e.g. corn cobs, sunflower seeds, etc.) combined with
molasses and wheat or rye flour.

[0014] Thus, an improved process is desired which would address at least some
of these problems.

SUMMARY

[0015] It is an object of the present disclosure to obviate or mitigate at least one
disadvantage of previous methods and systems for production of hydrogen, methane,
volatile fatty acids, or alcohols from organic material.

[0016] The method disclosed herein may be implemented through a system
comprising a biohydrogenator including continuously stirred reactor (CSTR) for acetone-
butanol-ethanol (ABE) fermentation of organic material. The ABE fermentation results in
products including for example acetone, butanol, ethanol, acetic acid, butyric acid,
hydrogen gas, and/or carbon dioxide. Hydrogen gas and carbon dioxide are recovered
from the CSTR. A gravity settler is downstream of the CSTR. The biomass concentration
in the CSTR reactor is kept at the desired range through biomass recirculation from the
bottom of the gravity settler and/or biomass wastage from the gravity settler's underflow.
A separation process is used to separate further biomass from the acetone, butanol,
ethanol, acetic acid, butyric acid, etc., which are recovered. The biomass is provided toa

biomethanator for the production of methane gas.
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[0017] In a preferred embodiment, the present method for producing hydrogen, methane,
volatile fatty acids, and alcohols from organic material, comprises the steps of

introducing organic material and microorganisms into a completely mixed
bioreactor for breaking down the organic material into products including Ho,
CO,, volatile fatty acids, and alcohols;

recovering at least a portion of the H, and of the CO, from the completely
mixed bioreactor;

recovering at least a portion of a first liquid effluent from the completely mixed
bioreactor, the first liquid effluent including at least a portion of the
microorganisms, the volatile fatty acids, and the alcohols;

introducing at least a portion of the first liquid effluent into a gravity settler for
separating at least a portion of the first liquid effluent into a first biomass
including at least a portion of the microorganisms and a second liquid effluent
including at least a portion of the volatile fatty acids, the alcohols and the

microorganisms;

introducing at least a portion of the second liquid effluent into a separation
module for separating at least a portion of the second liquid effluent into a
second biomass including at least a portion of the microorganisms and a third
liquid effluent including at least a portion of the volatile fatty acids and the
alcohols;

recovering at least a portion of the third liquid effluent; and

providing a recovered biomass by recovering at least a portion of the first
biomass, the second biomass, or both, and introducing the recovered biomass

into a biomethanator for production of CH, and CO,.

[0018] Preferably, the method includes the further step of providing at least a portion of
the first biomass into the completely mixed bioreactor to maintain a concentration of
microorganisms in the completely mixed bioreactor at a preselected value. The method
also preferably includes the step of controlling the pH of the completely mixed bioreactor,
the biomethanator, or both, preferably by adding pH adjustment compounds to the
completely mixed bioreactor, the biomethanator, or both. The pH of the completely mixed
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bioreactor is preferably maintained within a range of 3 to 6.8. The method may also
include the step of controlling a temperature of the completely mixed bioreactor, the
biomethanator, or both. The temperature of the completely mixed bioreactor and the
biomethanator is preferably maintained at a temperature range from about 200°C to
about 700°C, preferably about 25°C to about 37°C.

[0019] Microorganisms useful in the present invention include one or more of the species
selected from the group consisting of Clostridium species, such as C. butyricum, C.
beijerinckii, C. acetobutyricum and C. bifermentants, Enterobacter species, such as
Enterobacter aerogenes, Bacillus species such as B. megaterium, B. thuringiensis, and

R. sphaeroides.

[0020] Preferably, the completely mixed bioreactor is a reactor selected from the group
consisting of a single continuously stirred tank reactor, a multi-stage continuously stirred
tank reactor, an up-flow anaerobic sludge blanket reactor, an expanded bed granular
sludge blanket reactor, a down-flow anaerobic granular media reactor, an up-flow
anaerobic granular media reactor, an anaerobic baffled tank reactor, an anaerobic
migrating blanket reactor, and an anaerobic fluidized bed bioreactor.

[0021] In another preferred embodiment, the present system for producing hydrogen,
methane, volatile fatty acids, and alcohols from organic material, comprises:

a biomethanator comprising:

a completely mixed bioreactor for receiving microorganisms and the
organic material to be broken down into products including H,, CO-,
volatile fatty acids and alcohols, and a first liquid effluent including at
least a portion of the microorganisms, the volatile fatty acids, and the
alcohols;

a gravity settler in fluid communication with the completely mixed
bioreactor for receiving the first liquid effluent and separating the first
liguid effluent into a settled out first biomass including at least a
portion of the microorganisms and a second liquid effluent including
at least a portion of the volatile fatty acids, the alcohols and the

microorganisms;
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a separation module for separating at least a portion of the second liquid
effluent into a second biomass including at least a portion of the
microorganisms and a third liquid effluent including at least a portion of the
volatile fatty acids and the alcohols; and

a biomethanator in fluid communication with the gravity settler, the separation
module, or both, for receiving at least a portion of the first biomass, the second
biomass, or both, for production of CH, and CO..

[0022] The system may further comprise means for feeding the first biomass from the
gravity settler to the completely mixed bioreactor for maintaining a concentration of
microorganisms in the completely mixed bioreactor at a preselected value. Preferably, the
system also includes means for disposing of the first biomass from the gravity settler. The
system may also include a means for feeding the first biomass from the gravity settler to
the biomethanator for maintaining a concentration of microorganisms in the
biomethanator at a preselected value. Preferably, the system includes a dispenser for
dispensing chemicals for pH adjustment into the completely mixed bioreactor, the
biomethanator, or both. The system preferably further comprises a storage tank in fluid
communication with the gravity settler and the biomethanator, wherein the storage tank is
downstreambof the gravity settler and upstream of the biomethanator, for adjusting
loading rates of liquids entering the biomethanator. Most preferably, the storage tank is
downstream of the separation module.

[0023] The system may also include a dispenser for dispensing chemicals for pH
adjustment into at least one of the completely mixed bioreactor, the biomethanator and
the storage tank.

[0024] Moreover, the system preferably includes a temperature controller for controlling a
temperature of at least one of the completely mixed bioreactor, the biomethanator, and
the storage tank.

[0025] The completely mixed bioreactor is preferably a reactor selected from the group
consisting of a single continuously stirred tank reactor, a muilti-stage continuously stirred
tank reactor, an up-flow anaerobic sludge blanket reactor, an expanded bed granular
sludge blanket reactor, a down-flow anaerobic granular media reactor, an up-flow

anaerobic granular media reactor, an anaerobic baffled tank reactor, an anaerobic
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migrating blanket reactor, and an anaerobic fluidized bed bioreactor.

[0026] Other aspects and features Qf the present disclosure will become apparent to
those ordinarily skilled in the art upon review of the following description of specific

embodiments in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] Embodiments of the present disclosure will now be described, by way of
example only, with reference to the attached Figure. '

[0028] Fig. 1 is a flow diagram of a process for producing hydrogen gas, carbon
dioxide, methane, volatile fatty acids, alcohols, and’methane from organic biomass;

[0029] Fig. 2 is a schematic of a system for employing the method of Fig. 1;
[0030] Figure 3 is a graph depicting diurnal variation for ABE concentration at
different OLRs;

[0031] Figure 4 is a graph depicting average ABE concentrations at different
OLRs;

[0032] Figure 5 is a graph depicting diurnal variation for ABE production rate at
different OLRs;

[0033] Figure 6 is a graph depicting average ABE production rates at different
OLRs;

[0034] Figure 7 is a graph depicting diurnal variation for ABE yields at different
OLRs;

[0035] Figure 8 is a graph depicting average ABE yields at different OLRs;

[0036] Figure 9 is a graph depicting average effluent glucose at different OLRs;
[0037] Figure 10 is a graph depicting diurnal variation for VFAs concentration at
different OLRs;

[0038] Figure 11 is a graph depicting average VFAs at different OLRs;

[0039] Figure 12 is a graph depicting diurnal variation for effluent TCOD and
SCOD concentrations at different OLRs;

[0040] Figure 13 is a graph depicting diurnal variation for effluent TSS and VSS
concentrations at different OLRs;

[0041] Figure 14 is a graph depicting diurnal variation for reactor TCOD and
SCOD concentrations at different OLRs;

[0042] Figure 15 is a graph depicting diurnal variation for reactor TSS and VSS

concentrations at different OLRs;
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[0043] Figure 16 is a graph depicting diurnal variation for recycle TCOD and
SCOD concentrations at different OLRs; and
[0044] Figure 17 is a graph depicting diurnal variation for recycle TSS and VSS
concentrations at different OLRs.
DETAILED DESCRIPTION
[0045] Generally, the present disclosure provides a method and integrated

system for the production of chemicals including hydrogen gas, methane, carbon dioxide,
acetone, ethanol, butanol, acetic acid, propionic acid, and butyric acid from organic
material. A downstream gravity settler is integrated into the system after the CSTR. The
method includes the application of acetone-butanol-ethanol (ABE) fermentation and
methanogenesis and integrates a second stage anaerobic digestion process.
Embodiments of the method and system are disclosed herein. However, the disclosed
embodiments are merely exemplary, and the method and system may be embodied in
many various and alternative forms.

[0046] As used herein, the terms “about” and “approximately” are used in
conjunction with ranges of dimensions, concentrations, temperatures, or other physical or
chemical properties and characteristics. Use of these terms is meant to cover slight
variations that may exist in the upper and lower limits of the ranges of properties and
characteristics.

[0047] As used herein,‘ the term “completely mixed bioreactor” means a vessel
including a mechanism for agitating the contents of the vessel (e.g. by hydraulic agitation,
mechanical agitation, etc.) for use with microorganisms in suspension and a growth
media, (e.g. a growth media comprised of nutrients such as organic carbon, nitrogen-
containing compounds, phosphorous-containing compounds, and trace mineral solutions,
etc.). A continuously stirred reactor (CSTR) is an example of a completely mixed
bioreactor.

[0048] As used herein, the term “biomethanator” means a vessel used for
anaerobic conversion of organic material to methane and carbon dioxide. Biomethanators
include, for example, single or multi-stage CSTRs, an up-flow anaerobic sludge blanket
reactor, wherein fluid added to the reactor flows upwards through an anaerobic,
compacted bed of granular sludge, an expanded bed granular sludge blanket reactor,
wherein fluid added to the reactor flows upwards through an anaerobic, expanded bed of

granular sludge, a down-flow or up-flow anaerobic granular media reactor, an anaerobic
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baffled tank reactor, an anaerobic migrating blanket reactor, anaerobic fluidized bed
bioreactors, etc.

[0049] As used herein, the term “microorganisms” means microorganisms
capable of fermenting organic material under anaerobic (not microaerobic) conditions to
produce hydrogen or methane, carbon dioxide, and a variety of organic acids and
alcohols. Species of microorganisms within this term may include, for example, one or
combination of various Clostridium species such as C. butyricum, C. beijerinckii, C.
acetobutyricum and C. bifermentants, Enterobacter species such as Enterobacter
aerogenes, Bacillus species such as megaterium, thuringiensis, and other anaerobic
bacteria (e.g. Rhodobacter sphaeroides). '

[0050] As used herein, the term “organic material” refers to material with carbon
and hydrogen in its molecular structure, for example alcohols, ketones, aldehydes, fatty
acids, esters, carboxylic acids, ethers, carbohydrates, proteins, lipids, polysaccharides,
monosaccharide, cellulose, nucleic acids, etc. Organic material may be present for
example, in waste (e.g. industrial waste streams), organic fluid streams, biomass, etc.
[0051] Process

[0052] Fig. 1 is a flow diagram of a process 200 for producing hydrogen gas,
‘carbon dioxide, methane, volatile fatty acids, and alcohols from organic biomass. The
process 200 includes a biohydrogenation step 210, a hydrogen gas recovery step 220, a
first liquid effluent recovery step 230, a first liquid effluent separation step 240, a second
liquid effluent separation step 250, a third liquid effluent recovery step 260, a
biomethanation step 270, and a methane recovery step 280. The steps 210, 220, 230,
240, 250, 260, 270, 280 may be carried out in a continuous fashion where some or all of
the steps 210, 220, 230, 240, 250, 260, 270, 280 are being performed simultaneously and
continuously, in contrast with a batch approach where the steps 210, 220, 230, 240, 250,
260, 270, 280 would be carried out sequentially.

[0053] in the biohydrogenation step 210, organic material and microorganisms
are provided into a completely mixed bioreactor (e.g. the completely mixed bioreactor 22
of Fig. 2) for breaking down the organic material into products including Hz, CO,, volatile
fatty acids, and alcohols. In the hydrogen gas recovery step 220, at least a portion of the
H, and of the CO, is recovered from the completely mixed bioreactor. In the first liquid
effluent recovery step 230, at least a portion of a first liquid effluent is recovered from the
completely mixed bioreactor, the first liquid effluent including at least a portion of the
microorganisms, the volatile fatty acids, and the alcohols.
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[0054] In the first liquid effluent separation step 240, at least a portion of the first
liquid effluent is fed into a gravity settler (e.g. the gravity settler 24 of Fig. 2) for separating
at least a portion of the first liquid effluent into a first biomass including at least a portion
of the microorganisms and a second liquid effluent including at least a portion of the
volatile fatty acids, the alcohols and the microorganisms. Although other separators, such
as membrane separators are known, they are capital intensive and much harder to
operate. In the second liquid effluent separation step 250, at least a portion of the second
liquid effluent is fed to a separation module (e.g. the separation module 30 of Fig. 2) for
separating at least a portion of the second liquid effluent into a second biomass including
at least a portion of the microorganisms and a third liquid effluent including at least a
portion of the volatile fatty acids and the alcohols. At least a portion of the third liquid
effluent is recovered in the third liquid effluent recovery step 260.
[0055] In the biomethanation step 270, at least a portion of the first biomass, the
second biomass, or both, is recovered and provided to a biomethanator (e.g. the
biomethanator 40 of Fig. 2) for producing CH, and CO,. At least a portion of the CH, and
CO, is recovered in the methane recovery step 280.
[0056] The first liquid effluent separation step 240 may include recirculating at
least a portion of the first biomass to the completely mixed bioreactor to maintain a
concentration of microorganisms in the completely mixed bioreactor at a preselected
value.
[0057] The second liquid effluent separation step 250 may include application of a
variety of separation process, for example membrane solvent separation.
[0058] The pH range may be controlled in the completely mixed bioreactor during
the biohydrogénation step 210. For example, the pH range may be kept within a range of
3 to 6.8 depending on the desired end products.
[0059] The pH range may be controlled in the biomethanator during the
biomethanation step 270. The temperature may be controlled in the completely mixed
bioreactor during the biohydrogenation step 210. For example, the temperature may be
kept within a range of about 25°C to about 37 °C.
~[0060] The temperature may be controlled in the biomethanator during the
biomethanation step 270. For example, the temperature may be kept within a range of
about 25 °C to about 37 °C.
[0061] The microorganisms useful for application in the system of the present
application include Clostridium species, such as C. butyricum, C. beijerinckii, C.
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acetobutyricum and C. bifermentants, Enterobacter species, such as Enterobacter
aerogenes, Bacillus species such as B. megaterium, B. thuringiensis, and R.

sphaeroides.
[0062] System
[0063] Fig. 2 is a schematic of a system 10 for producing hydrogen gas, carbon

dioxide, methane, volatile fatty acids, and alcohols from organic material. Further
products produced by the system 10 may include acetone, ethanol, butanol, acetic acid,
propionic acid, and butyric acid. The system 10 includes a biohydrogenator 20, a
separation module 30, and a biomethanator 40.

[0064] The biohydrogenator 20 includes a completely mixed bioreactor 22 having
an inlet for receiving organic material 100 into the completely mixed bioreactor 22.
Microorganisms are added to the completely mixed bioreactor 22 to break down the
organic material 100, producing H, and CO, 102 and a first liquid effluent 104. The first
liquid effluent 104 may include, for example, microorganisms, volatile fatty acids (e.g.
acetic acid, propionic acid, butyric acid, etc.), alcohols (e.g. ethanol, butanol, etc.),
acetone, etc.

[0065] The biohydrogenator 20 further includes a gravity settler 24 downstream of
the completely mixed bioreactor 22 and in fluid communication with the completely mixed
bioreactor 22 for receiving the first liquid effluent 104 from the completely mixed
bioreactor 22. In the gravity settler 24, the first liquid effluent 104 settles into a first
biomass 106 and a second liquid effluent 108. The second liquid effluent 108 may
include, for example, microorganisms, volatile fatty acids (e.g. acetic acid, propionic acid,
butyric acid, etc.), alcohols (e.g. ethanol, butanol, etc.), acetone, etc.

[0066] A biohydrogenator conduit 26 provides fluid communication from the
bottom of the gravity settler 24 to the completely mixed bioreactor 22 for recirculating the
first biomass 106 from the gravity settler 24 to the completely mixed bioreactor 22. An
output conduit 27 from the bottom of the gravity settler 24 is for discharging and disposal
the first biomass 106. A first biomethanator conduit 28 provides fluid communication from
the bottom of the gravity settler to the biomethanator 40 for circulating the first biomass
106 from the gravity settler 24 to the biomethanator 40. A valve 29 allows selection of
flow through one or more of the biohydrogenator conduit 26, the output conduit 27, and
the first biomethanator conduit 28.

[0067] The separation module 30 is in fluid communication with the gravity settler
24 for receiving the second liquid effluent 108. In the separation module 30, the second
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liquid effluent 108 may be separated into a second biomass 110 and a third liquid effluent
112 by application of a separation process. The third liquid effluent 112 may include, for
example, volatile fatty acids (e.g. acetic acid, propionic acid, butyric acid, etc.), alcohols
(e.g. ethanol, butanol, etc.), acetone, etc. A second biomethanator conduit 32 provides
fluid communication from the separation module 30 to the biomethanator 40 for
circulating the second biomass 110 from the separation module 30 to the biomethanator
40.

[0068] The biomethanator 40 is downstream of, and in fluid communication with,
the gravity settler 24, the separation module 30, or both. The biomethanator 40 may
receive biomass from the biohydrogenatbr 20, the separation module 30, or both, for
being broken down into CH, and CO, 114, and a liquid waste 116 containing residual
organics and microorganisms.

[0069] The biomethanator 40 may include a first biomethanator vessel 42, a
second biomethanator vessel 44, or both. The first biomethanator vessel 42 is in fluid
communication with the first biomethanator conduit 28 for receiving the first biomass 106
from the gravity settler 24. The second biomethanator vessel 44 is in fluid communication
with the second biomethanator conduit 32 for receiving the second biomass 110 from the
separation module 30.

[0070] The system 10 may include a storage tank (not shown) in fluid
communication with the gravity settler 24 and the biomethanator 40. The storage tank is
downstream of the gravity settler 24 and upstream of the biomethanator 40 for adjusting
loading rates of the liquids entering the biomethanator 40. The system 10 may include a
dispenser (not shown) for dispensing chemicals into the storage tank for adjusting
alkalinity and pH of the liquid in the storage tank.

[0071] The system 10 may include a temperature controller (not shown) for
controlling the temperature in the completely mixed bioreactor 22, in the biomethanator
40, or both. A typical temperature range in which the temperature of the contents of both
the completely mixed bioreactor 22 and biomethanator 40 is maintained is between about
25 °C and about 37 °C.

[0072] The system 10 may include a dispenser (not shown) for dispensing
nutrients and pH adjustment compounds into the completely mixed bioreactor. The
nutrients may include, for example, nitrogen containing compounds, phosphorous
containing compounds, trace metals including iron, manganese, magnesium, calcium,

cobalt, zinc, nickel, copper, etc. The pH adjustment compounds may include, for
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example, soda ash, sodium bicarbonate, sodium hydroxide, calcium hydroxide,
magnesium hydroxide, nitric acid, hydrochloric acid, etc.

[0073] Operation

[0074] The system 10 may be applied to practice an embodiment of the process
200. The organic material 100 enters the completely mixed bioreactor 22 and is broken
down microbiologically by hydrogen producing microorganisms, resulting in products
including the H, and CO, 102, and the first liquid effluent 104. The H, and CO, 102, are
emitted from the completely mixed bioreactor 22 and recovered. The first liquid effluent
104 flows to the gravity settler 24.

[0075] In the gravity settler 24, at least a portion of the microorganisms settle to
the bottom of the gravity settler 24, resulting in the first biomass 106 and the second
liquid effluent 108. The first biomass 106 may be recirculated to the completely mixed
bioreactor 22, provided to the biomethanator 40, disposed of, or a combination thereof.
The second liquid effluent 108 flows into the separation module 30.

[0076] In the separation module 30, at least a portion of the second liquid effluent
108 settles into a second biomass 110 and a third liquid effluent 112. The third liquid
effluent 112 is emitted from the separation module 30 and recovered. The second
biomass 110 may be provided to the biomethanator 40. Providing the second biomass
110 to the completely mixed bioreactor is also possible, but not necessary in the
presence of a recycle stream from the gravity settler 24.

[0077] The first biomass 106 is provided to the first biomethanator vessel 42
through the first biomethanator conduit 28. The second biomass 110 is provided to the
second biomethanator vessel 44 through the second biomethanator conduit 34. In the
biomethanator 40, the first biomass 106, the second biomass 110, or both, are broken
down microbiologically, resulting in production of the CH, and CO, 114. The CH, and
CO, 114 are emitted from the biomethanator 40 and recovered. The liquid waste 116 is
dis'charged from the biomethanator 40, recirculated into the biomethanator 40, or both.
[0078] To gain a better understanding of the invention described herein, the
following examples are set forth. It should be understood that these examples are for

illustrative purposes only. Therefore, they should not limit the scope of this invention in

anyway.
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[0079] EXAMPLES
[0080] Material and methods
[0081] Systems set up and operations
[0082] A system comprised a CSTR for ABE production (2 L working volume),

followed by an uncovered gravity settler (volume 8 L) i.e. open to atmosphere, for the
decoupling of SRT from the HRT. Details of the operational conditions for the three runs
are listed in Table 1. In order to enrich ABE producing bacteria and hinder the methane
producing microorganisms, the sludges were treated at 70°C for 30 min.

[0083] Table 1. Operating conditions

coiléllft(r)eslteion gL 10 30 60
HRT hr 12 12 12

Feed flow rate L/d 4 4 4
OLR g COD/Lyeactor-d 21 64 128

Recycle flow rate L/d 2 4 6
SRT hr 51 62 59
pH 4.0-5.5 4.0-5.5 4.0-5.5
NaHCO3 g/L 2 5 8
F/M g COD/g VSS.d 1.1 1.9 32
[0084] Operating conditions and medium composition

[0085] The operating condition of the three organic loading rates (OLRs) is presented in
Table 1. The system was started by inoculating a preheated anaerobic digested sludge
which was collected from anaerobic digester at St Marys Waste Water Treatment Plant
(WWTP), ON, Canada, and used as seed. The sludge contains a mixture of clostridium
bacteria and other bacterial species. The seed was heated at 70°for 30 min before used;
the inoculation period was about 2 weeks using the operation conditions of OLR-1. The
system was seeded with 1.5 liters of sludge and started up in a continuous mode with the
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feed containing glucose at different concentrations as presented in Table 1. The feed
medium composition is presented in Table2.

[0086] Table 2. Nutrient medium composition used in the feed

i

ast extra ' 1
KH;POy4 0.5
NH,Cl 2
MgSQO4.7H,O 0.2
MnSO4.H,0O 0.01
FeS0O,4.7H,O 0.01
ZnCl, 0.05
H3BO3 0.05
CuCl, 0.03
MO7(NH4)5024 0.5
AICl;3 0.05
CoCl,.6H,O 0.05
NiCl, 0.05
[0087] * 1 mL of the nutrient medium was added to each 1 L substrate for OLR
(1) and 2 mL was used for OLRs (2) and (3).
[0088] There was no sludge wastage from the clarifier throughout the operation,

and the values of SRTs presented in Table 1 represent the average. The pH in the
reactor was adjusted at pH 5.5 + 0.2 every day in the morning using KOH, and then was
allowed to drop naturally (due to the production of acids and ABE) without any control. At
the end of each cycle (24 hr), the pH was monitored and it was about 3.5-4.2. The
average pH reported in this report is the pH at the middle of the 24 hr cycle.

[0089] Analytical Methods

[0090] ABE concentrations were analysed using Hewlett Packard 5890 gas
chromatograph equipped with a spilt injection port, capillary column (DB-VRX 30m x
.32mm 1.D., 1.8um film thickness), PID (Photoionization detector, 11.7 eV) and a Varian
Genesis headspace autosampler. The detection limits for these compounds are found to
be in the range of 1-10 mg/L. Helium gas was used as a carrier gas (3.5 ml/min). The
initial temperature of the column was 40°C, increasing to 100°C at the rate of 10°C/min,
and then held constant at the final temperature of 100°C for 1 min. Injector and detector
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temperatures were 150°C and 65°C, respectively. For analysis, samples are collected in
glass vials, capped with a tegrabond teflon septa, and stored in a 4°C refrigerator until
analyzed. Prior to gas chromatography (GC)-PID analyses, the vials are uncapped and
14.5 mL of samples were transferred to a 22 mL auto sampler vial with a crimp top seal.
Then, the samples are then placed in the auto sampler carousel.

[0091] Volatile fatty acids (VFAs) which includes acetate, propionate, n-butyrate,
n-valerate, iso-butyrate, and iso-valerate were quantified using a gas chromatography
(Model: Hewlett Packard HP 5890 Series Il) equipped with a Nukol fused-silica capillary
column and flame ionization detector (FID). Helium gas was used as a carrier gas. The
initial temperature of the column was 110°C, increasing to 195°C at the rate of 8°C/min,
and then held constant at the final temperature of 195°C for 9 min. Injector and detector
temperatures were 220°C and 280°C, respectively; Prior to GC-FID analyses, the liquid
samples were acidified to pH 2 using 1 N phosphoric acid, and then filtered using 0.2 ym
membrane filter (DISMIC-25 HP, Toyo Roshi Kaisha Ltd., Japan).

[0092] The pH values were measured with a pH Meter (Model 420A, Orion
Research Inc., USA). The total and soluble chemical oxygen demand (TCOD and
SCOD) concentrations were analyzed with Hach COD analysis kits (reagent 20-1,500
mg/L COD range, Hach Company, USA), according to the Hach method. The liquid
samples were filtered with 0.45 pm membrane (RK-02915-14, Cole-Parmer, USA) for
collecting soluble samples. Total suspended solids (TSS) and volatile suspended solids
(VSS) concentrations were measured agcording to the Standard Methods (APHA, 1998).
Glucose was analyzed by anthrone-sulfuric acid method (Dubois et al., 1956).

[0093] Results

[0094] Figure 3 shows the diurnal variation of ABE concentration at the three
OLRs of 21, 64, and 128 g CODI/Lreactor.d which were corresponding to glucose
concentrations of 10, 30, and 60 g/L, respectively. After the system reached a steady-
state (steady-state required about 3-5 days after the start-up), the system was run for
about 30 days for each OLR. ‘As shown in Figure 3, the system showed stable ABE
production during the experimental period reflected by low coefficient of variation of less
than 10%. The concentrations of the individual components increased with increasing the
OLR. The butanol concentration of 3.6 g/L. was the predominant component at OLR-2
compared to 1 g/L acetone and 2.4 g/L ethanol. The average concentrations of the
individual components at OLR-3 were acetone 4.6 g/L, butanol 4.6 g/L, and ethanol
5.4g/L. Furthermore, the total ABE concentrations increased with increasing the OLR,
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the average ABE concentrations of 2.3, 7.0, and 14.6 g ABE/L were achieved for OLRs of
21, 64, and 128 g COD/Lreactor.d, respectively, see Figure 4.

[0095] Figure 5 shows the diurnal variation of ABE production rate at the three
OLRs. As depicted in the Figure, a stable production rate was observed at the different
OLRs. The average ABE production rate of 0.4, 1.4, and 2.8 g ABE/Lreactor.h were
achieved at OLRs 1-3, respectively, see Figure 6. The maximum ABE production rate of
3.2 g ABE/Lreactor.h was observed at OLR-3 which was much higher than the production
rates reported previously reported. The biomass concentration in the fermenter.is an
important parameter that affects the system stability and production rate. As depicted in
Table 3, the average biomass concentrations of 4.9, 8.3, and 10 g/L in the reactor were
achieved at OLRs 1-3, respectively.

[0096] Table 3. Liquid quality parameters of the reactor samples at the three
OLRs

—

| Average TD Averag STD Verage STD
TCOD g/l 12.3 0.8 30.9 2.1 56.4 2.8
SCOD g/L 7.4 0.7 23.5 2.6 50.2 33
TSS g/l 53 0.4 8.8 0.2 10.4 0.2
VSS g/L 4.9 0.4 8.3 0.2 10.0 0.2
[0097] Data in the Table are the average and STD of eight samples.
[0098] The diurnal variations of ABE yields at the three OLRs are presented in

Figure 7. As depicted in the Figure, a stable steady ABE yield was observed at the three
OLRs. The average ABE vyields of 0.23, 0.26, and 0.29 g ABE/g glucose converted
(Figure 8). | :

[0099] Figure 9 shows the glucose concentration in the effluent, the average
glucose concentrations of 0.3, 3.3, and 9.1 g/L which were corresponding to conversion
efficiencies of 97%, 89%, and 85% at the three OLRs 1-3, respectively. The effluent
SCOD of 8, 26.8, and 52.3 g/L were observed at the three OLRs 1-3, respectively (Table
4).
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[00100] Table 4. Liquid quality parameters of the effluent samples at the three

OLRs ‘

. .: - : x Average | STD | Average | STD | Average | STD
Glucose g/L 0.3 0.1 33 0.8 9.1 2.0
TCOD g/L 9.5 04 30.0 1.1 54.2 1.8
SCOD g/L 8.0 0.6 26.8 1.8 52.3 34

TSS g/L 1.5 0.1 1.9 0.2 2.3 0.1
VSS g/L 1.2 0.1 2 0.3 2 0.1
pH 43 0.3. 472 0.4 472 0.6
Alk mg CaCO3/L 1780 180 2780 340 2960 250
[00101] Data in the Table are the average and STD of eight samples
[00102] As shown in Table 5, the TVFAs concentrations in the effluent were 2.2,

4.7, and 5.5 g COD/L at the three OLRs 1-3, respectively. The main VFAs components in
the effluent were acetic, propionic, and butyric acids.
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[00103] Table 5. Summary of the steady state data at the three OLRs
..... = B vv%

Average

Average Average

Acetone g/l 0.3 0.1 1.0 0.3 4.6 0.9
Butanol g/L 0.5 0.2 3.6 0.9 4.6 1.7
Ethanol g/L 1.5 0.4 24 0.7 5.4 0.5
Total ABE | g/L 2.3 04 7.0 0.7 14.6 1.3
ABE yield ggfl‘llzfs/eg 023 [0.04| 026 |0.03| 029 |0.02
ABE pr;otceiuction g ABE/ Lowrh | 04 | 0.08| 14 |015] 28 |029
Acetic acid g COD/L 050 |[020| 230 |050| 250 |1.00
Propionic acid g COD/L 0.6 0.2 0.5 0.4 1.0 0.8
Butyric acid g COD/L 1.1 0.6 2 0.9 2 1
TVFAs g COD/L 2.2 0.5 5 1.2 6 2.1
[00104] Data in the Table are the average and STD of eight samples
[00105] In the OLR-1, the acetic acid was the predominant component. In OLRs 2

and 3, the butyric acid was the predominant acid. The TVFAs in the effluent counted for
11-28% of the effluent SCOD. Figure 10 depicts diurnal variation for VFAs concentration
at different OLRs. Figure 11 depicts average VFAs at different OLRs As depicted in
Tables 4 and 5, the sum of ABE and VFAs counted for 91%, 79%, and 74% of the
effluent SCOD at the three OLRs 1-3, respectively.

[00106] Figure 12 depicts diurnal variation for effluent TCOD and SCOD
concentrations at different OLRs.

[00107] Figure 13 depicts diurnal. variation for effluent TSS and VSS
concentrations at different OLRs.

[00108] Figure 14 depicts diurnal variation for reactor TCOD and SCOD
concentrations at different OLRs.

[00109] Figure 15 depicts diurnal variation for reactor TSS and VSS concentrations
at different OLRs.
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[00110] Figure 16 depicts diurnal variation for recycle TCOD and SCOD
concentrations at different OLRs.

[00111] Figure 17 depicts diurnal variation for recycle TSS and VSS concentrations
at different OLRs.

[00112] As shown in Table 6, the biomass concentration in the recycle line (i.e.
settled biomass) of 30 g/L. was achieved at OLR-1, this concentration increased to 37 g/L
at OLRs 2 and 3.

[00113] Table 6. Liquid quality parameters of the recycle samples at the three
OLRs

| Average Average Average
TCOD g/L 522 2.6 77.3 2.5 97.9 4.5
SCOD g/l 7.5 0.6 24.1 1.7 49.7 34
TSS g/L 32.9 1.4 40.1 0.6 40.2 1.0
VSS g/L 30.0 1.6 37.0 0.5 36.9 0.9
Z8V m/d 160 8 186 9 198 7
SVI mlL/g 130 11 90 8 80
[00114] Data in the Table are the average and STD of eight samples.
[00115] To evaluate the settling characteristics of the biomass, both zone settling

velocity (ZSV) and sludge volume index (SVI) were analyzed. As shown in Table 6, the
ZSV ranged from 160—198 m/d and SVI from 80 to 130 mL/g. The settleability of the ABE
producers was considered to be superior to activated sludge since SVI of 100 mL/g and
ZSV of 100 m/d are considered typical for good settling activated sludge. Furthermore,
the low effluent VSS concentrations of 1.18, 1.66, and 2.04 g/L that were observed at the
OLRs 1-3, respectively, demonstrating the good settleability of the ABE producers.
[00116] The data in Table 7 depict the COD Mass Balance at the three OLRs
tested, and show high COD balance % at the OLRs.Y
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[00117] Table 7. COD Mass balance at the three OLRs

O(%)R 8000 | 1160 | 1.5 | 32000 6589 1080 93

O(Ii)R 26800 1660 | 3.4 | 107200 9429 2448 93

O(Ig)R 52300 | 2040 |7.7| 209200 | 11587 5544 88
[00118] Conclusions
[00119] As shown herein, Acetone-Butanol-Ethanol (ABE) concentrations of 2.3, 7,
and 14.6 g/l were achieved at OLRs of 21, 64, and 128 g COD/Lreactor.d, respectively.
[00120] The ABE yields of 0.29 total g ABE/g glucose was achieved at OLR of 128
g COD/Lreactor.d.
[00121] The ABE production rate increased from 0.4 g ABE/Lreactor.h at OLR of

21 g COD/Lreactor.d to 1.4 and 2.8 g ABE/Lreactor.h at OLRs of 64, and 128 g
COD/Lreactor.d, recpectively.

[00122] Acetic, propionic, and butyric acids were detected in all phases, the total
volatile fatty acids (TVFAs) in the effluent of 2.2, 4.7, and 5.5 g COD/L were observed at
OLRs of 21, 64, and 128 g COD/Lreactor.d, respectively.

[00123] The glucose concentration in the effluent was less than 0.5 g/L for OLR of
21 g COD/Lreactor.d and increased to about 3.0 and 9.0 g/L for OLRs of 64 and 128 g
COD/Lreactor.d, respectively.

[00124] The low effluent VSS of 1.2-2 g/L, ZSV of 160-198 mL/d, and SVI of 80-
130 mL/g demonstrated the superior settleability of the ABE fermenters.

[00125] All references cited herein are incorporated by reference.

[00126] In the preceding description, for purposes of explanation, numerous details
are set forth in order to provide a thorough understanding of the embodiments. However,
it will be apparent to one skilled in the art that these specific details are not required.
[00127] The above-described embodiments are intended to be examples only.
Alterations, modifications and variations can be effected to the particular embodiments by
those of skill in the art without departing from the scope, which is defined solely by the
claims appended hereto.
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WHAT IS CLAIMED IS:

1. A method for producing hydrogen, methane, volatile fatty acids, and alcohols from
organic material, comprising:

introducing organic material and microorganisms into a completely mixed
bioreactor for breaking down the organic material into products including Ho,
CO,, volatile fatty acids, and alcohols;

recovering at least a portion of the H, and of the CO, from the completely
mixed bioreactor;

recovering at least a portion of a first liquid effluent from the completely mixed
bioreactor, the first liquid effluent including at least a portion of the
microorganisms, the volatile fatty acids, and the alcohols;

introducing at least a portion of the first liquid effluent into a gravity settler for
separating at least a portion of the first liquid effluent into a first biomass
including at least a portion of the microorganisms and a second liquid effluent
including at least a portion of the volatile fatty acids, the alcohols and the
microorganisms;

introducing at least a portion of the second liquid effluent into a separation
module for separating at least a portion of the second liquid effluent into a
second biomass including at least a portion of the microorganisms and a third
liquid effluent including at least a portion of the volatile fatty acids and the
alcohols;

recovering at least a portion of the third liquid effluent; and

providing a recovered biomass by recovering at least a portion of the first
biomass, the second biomass, or both, and introducing the recovered biomass
into a biomethanator for production of CH,; and CO..

2. The method of claim 1, further comprising providing at least a portion of the first
biomass into the completely mixed bioreactor to maintain a concentration of
microorganisms in the completely mixed bioreactor at a preselected value.



WO 2015/010192 PCT/CA2014/000600

28

3. The method of claim 1, further comprising controlling a pH of the completely
mixed bioreactor, the biomethanator, or both.

4, The method of claim 3, wherein controlling the pH comprises adding pH
adjustment compounds to the completely mixed bioreactor, the biomethanator, or both.

5. The method of claim 3 or 4, wherein the pH of the completely mixed bioreactor is
maintained within a range of 3 10 6.8.

6. The method of claim 1, further comprising controlling a temperature of the
completely mixed bioreactor, the biomethanator, or both.

7. The method according to claim 6, wherein the temperature of the completely
mixed bioreactor is maintained at a temperature range from about 25 °C to about 37 °C.

8. The method according to claim 6, wherein said temperature of the biomethanator

is maintained in a temperature range from about 25 °C to about 37 °C.

9. The method according to any one of claims 1 to 8, wherein the microorganisms
include one or more of the species selected from the group consisting of Clostridium
species such as C. butyricum, C. beijerinckii, C. acetobutyricum and C. bifermentants,
Enterobacter species, such as Enterobacter aerogenes, Bacillus species such as

megaterium, thuringiensis, and R. sphaeroides.

10. The method according to any one of claims 1 to 9, wherein the completely mixed
bioreactor is a reactor selected from the group consisting of a single continuously stirred
tank reactor, a multi-stage continuously stirred tank reactor, an up-flow anaerobic sludge
blanket reactor, an expanded bed granular sludge blanket reactor, a down-flow anaerobic
granular media reactor, an up-flow anaerobic granular media reactor, an anaerobic
baffled tank reactor, an anaerobic migrating blanket reactor, and an anaerobic fluidized

bed bioreactor.

11. A system for producing hydrogen, methane, volatile fatty acids, and alcohols from
organic material, comprising:

a biomethanator comprising:
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a completely mixed bioreactor for receiving microorganisms and the
organic material to be broken down into products including H;, CO,,
volatile fatty acids and alcohols, and a first liquid effluent including at
least a portion of the microorganisms, the volatile fatty acids, and the
alcohols;

a gravity settler in fluid communication with the completely mixed
bioreactor for receiving the first liquid effluent and separating the first
liquid effluent into a settled out first biomass including at least a
portion of the microorganisms and a second liquid effluent including
at least a portion of the volatile fatty acids, the alcohols and the
microorganisms;

a separation module for separating at least a portion of the second liquid
effluent into a second biomass including at least a portion of the
microorganisms and a third liquid effluent including at least a portion of the
volatile fatty acids and the alcohols; and

a biomethanator in fluid communication with the gravity settler, the separation
module, or both, for receiving at least a portion of the first biomass, the second
biomass, or both, for production of CH, and CO..

12. The system according to claim 11, further comprising means for feeding the first
biomass from the gravity settler to the completely mixed bioreactor for maintaining a
concentration of microorganisms in the completely mixed bioreactor at a preselected
value.

13. The system according to claim 11, further comprising means for disposing of the

first biomass from the gravity settler.

14,  The system according to claim 11, further comprising means for feeding the first
biomass from the gravity settler to the biomethanator for maintaining a concentration of
microorganisms in the biomethanator at a preselected value.

15.  The system according to claim 11, further comprising a dispenser for dispensing
chemicals for pH adjustment into the completely mixed bioreactor, the biomethanator, or
both.
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16. The system according to claim 11, further comprising a temperature controller for
controlling a temperature of the completely mixed bioreactor, the biomethanator, or both.

17. The system according to claim 11, further comprising a storage tank in fluid
communication with the gravity settler and the biomethanator, wherein the storage tank is
downstream of the gravity settler and upstream of the biomethanator, for adjusting
loading rates of liquids entering the biomethanator.

18. The system according to claim 17, wherein the storage tank is downstream of the

separation module.

19. The system according to claim 17, further vomprising a dispenser for dispensing
chemicals for pH adjustment into at least one of the completely mixed bioreactor, the
biomethanator and the storage tank.

20. The system according to claim 17, further comprising a temperature controller for
controlling a temperature of at least one of the completely mixed bioreactor, the
biomethanator and the storage tank.

21. The system according to any one of claims 11 to 20, wherein the completely
mixed bioreactor is a reactor selected from the group consisting of a single continuously
stirred tank reactor, a multi-stage continuously stirred tank reactor, an up-flow anaerobic
sludge blanket reactor, an expanded bed granular sludge blanket reactor, a down-flow
anaerobic granular media reactor, an up-flow anaerobic granular media reactor, an
anaerobic baffled tank reactor, an anaerobic migrating blanket reactor, and an anaerobic
fluidized bed bioreactor.
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