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MICROBIALLY-ASSISTED WATER ELECTROLYSIS FOR IMPROVING BIOMETHANE
PRODUCTION

Cross-reference to Related Applications

This application claims the benefit of United States Provisional Patent Application
Serial No. 61/213,694 filed July 2, 2009, the entire contents of which is herein

incorporated by reference.

Field of the Invention

The present invention relates to methane production, in particular to a method and
apparatus involving water electrolysis in the presence of microorganisms to produce

hydrogen for conversion to methane in an anaerobic reactor.

Background of the invention

Anaerobic digestion (AD) combines solid organic waste or wastewater
biotreatment with methane production and can be used to treat a broad range of organic
compounds. There are several commercial versions of this process for wet digestion,
that are designed to treat wastewaters with a high COD concentration (more than 1.5-2 g-
COD/L), or to reduce organic solid content of organic solid suspensions or slurries (up to
15% total solid content). Recent demand for renewable energy sources have boosted AD
research and applications, nevertheless several restrictions characteristic of the AD
process limit its application for energy recovery from organic wastes. The main
restrictions include relatively high influent concentrations of organic matter required for
the successful operation of anaerobic reactors, slow anaerobic hydrolysis of complex
organic materials, high concentrations of carbon dioxide (up to 50%) and the presence of
hydrogen sulfide in the biogas. Currently, there are several approaches for trying to
resolve these limitations.

Removal of hydrogen sulfide from biogas can be achieved by physical and
chemical methods, and by injecting oxygen or air into the reactor headspace (Martens

2008), and by anaerobic/aerobic coupling (Guiot 1997c).

Several studies have demonstrated increased methane production under
microaerobic conditions, i.e. at low dissolved oxygen concentrations (Shen 1996). The
co-existence of methanogenic and aerobic microorganisms in a microbial biofim has
been demonstrated and used to develop a coupled aerobic-anaerobic biodegradation
process (Guiot 1897a; Guiot 1997b; Frigon 1999; Guiot 2004; Guiot 2007; Frigon 2007).
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In this process oxygen and hydrogen were supplied by electrolysis of water directly in the
reactor or in the external recirculation loop of the reactor and the gasses were used to
achieve mineralization of chlorinated compounds in a two-step anaerobic/aerobic
biodegradation process. A near-complete consumption of oxygen introduced to the
reactor was observed, such that the reactor off-gas contained only small amounts of

oxygen and volatilization losses of chlorinated compounds were minimized.

The insertion of electrodes in a waste holding tank (i.e. septic tank) produces the
oxygen needed for the enhanced biodegradation of organic solid waste by water
electrolysis (Haas 2009).

Recent advances in the development of the microbial fuel cell (MFC) and the
microbial electrolysis cell (MEC) demonstrated biocatalytic properties of microorganisms
at applied voltages below 1.2 V (e.g. Rozendal 2005; Rozendal 2007). Notably, in the
process of microbially catalyzed electrolysis of organic materials, electrons for hydrogen

production are obtained from organic materials rather than from water electrolysis.

There remains a need for efficient methods of producing methane in anaerobic

bioreactors.

Summary of the Invention

There is provided a method of producing in a bioreactor a biogas rich in methane
comprising:  electrolyzing water in an aqueous medium at a voltage sufficient to
electrolyze water without destroying microbial growth in a range of from 1.8 V to 12 Vin
the presence of electrochemically active anaerobic microorganisms that biocatalyze
production of hydrogen gas, with a volumetric power consumption in a range of from 0.03
Wh/Lg to 0.3 Wh/Lg and a current density of 0.01 Alcmg? or lower; and, contacting a
species of hydrogenotrophic methanogenic microorganisms with the hydrogen gas and

carbon dioxide to produce methane.

Advantageously, water electrolysis in the presence of electrochemically active
microorganisms results in improved electrolysis efficiency while avoiding the use of noble
metal catalysts. Further, a combination of water electrolysis with anaerobic degradation
of organic matter results in increased biogas quality and in increased biogas quantity.
Oxidation of hydrogen sulfide by oxygen produced in water electrolysis and reduction of
carbon dioxide into methane by hydrogen produced in water electrolysis contribute to the

increased quality, while an increase in the rate of organic matter hydrolysis and an
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increase in the production of methane from hydrogen contributes to the increased

quantity.

Further features of the invention will be described or will become apparent in the
course of the following detailed description.

Brief Description of the Drawings

In order that the invention may be more clearly understood, embodiments thereof
will now be described in detail by way of example, with reference to the accompanying
drawings, in which:

Fig. 1 depicts three embodiments of an anaerobic bioreactor for implementing a
method of the present invention in which: A - water electrolysis takes place within the
reactor, B - water electrolysis takes place within an external recirculation loop, or C -

water electrolysis takes place within an external bio-electrolyzer or electrolyzer;

Fig. 2 depicts an embodiment of an anaerobic bioreactor for implementing a
method of the present invention depicting means for controlling oxygen concentration in

biogas produced in the bioreactor; and,

Fig. 3 depicts a graph comparing methane production in an anaerobic bioreactor
(R-1) implementing a method of the present invention to methane production in a
conventional anaerobic bioreactor (R-0) of similar design but not implementing a method

of the present invention.

Description of Preferred Embodiments

A theoretical voltage of at least 1.2 volts is required for water electrolysis.
However, in practice, at least 1.8 volts is required to achieve water electrolysis. In the
present method, a minimum voitage of 1.8 volts, preferably a minimum of 2 volts, is
applied to electrolyze water. Since the electrolysis of water is biocatalyzed by
electrochemically active microorganisms, the voltage should not be so high that
microorganisms are destroyed or microbial activity is inhibited. Further, the voltage is
preferably not so high as to degrade other organic matter present in the water, unlike in
methods in which high voltage/current density electrolysis is used in wastewater
treatment. In practice, a maximum voltage of 12 volts is applied. In a preferred

embodiment, a voltage in a range of from 2 volts to 6 volts is applied.
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Current density for water electrolysis depends on the type of electrodes used. A
current density of 0.01 Alcmg? or lower is used, where cmg” is surface area of the
electrode. The current density is preferably in a range of from 0.001 A/cmg” to 0.005
Alcmg2 It is an advantage of the present method that current densities may be lower

than are typically used for the given electrodes in water electrolysis.

Biocatalysis of water electrolysis advantageously reduces the amount of power
required for efficient electrolysis. Volumetric power consumption is in a range of from
0.03 Wh/L to 0.3 Wh/Lg, where R is reactor volume, particularly as the current density is

0.01 A/cmg? or lower.

In order to achieve water electrolysis, any suitable method of electrolyzing water
may be used. In one embodiment, electrolysis may be achieved using a pair of spaced
apart electrodes, or several electrode pairs (e.g. a stack of electrodes where cathodes
and anodes are placed in sequence). One electrode is a cathode at which hydrogen is
formed and the other is an anode at which oxygen is formed. It is an advantage of the
present invention that electrodes may comprise inexpensive, non-corrosive materials
while maintaining excellent electrolysis efficiency. Thus, the use of noble metal
electrodes, such as platinum electrodes, may be avoided while maintaining excellent
electrolysis efficiency. Electrodes for water electrolysis are generally known in the art and
preferably comprise non-noble catalytic materials, for example, stainless steel, graphite,
graphite-based materials, nickel, steel, a metal alloy or a metal oxide (e.g. titanium and/or

iridium oxide). Stainless steel and graphite are particularly preferred.

The electrodes preferably have sufficient surface area to sustain microbial growth
and to provide the desired current density. Electrochemically active microorganisms
growing on the surfaces of the electrodes reduce the amount of gas and electron
exchange that must occur through liquid medium. This provides greater electrolytic
efficiency. The surface area of an electrode is sufficient to sustain a current density of
0.01 Alemg? or lower, and is preferably in a range of from 10 cm? to 100 cm? per litre of

reactor volume.

In addition to electrochemically active anaerobic microorganisms that biocatalyze
production of hydrogen gas at the cathode, the method also preferably employs
electrochemically active aerobic microorganisms for biocatalyzing production of oxygen at
the anode. Electrochemically active anaerobic microorganisms include, for example,

Shewanella species, Geobacter species, or mixtures thereof. Electrochemically active
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aerobic microorganisms include, for example, a-Proteobacteria and B-Proteobacteria, or

mixtures thereof (Logan 2006).

Hydrogen produced by water electrolysis is either released to the gas phase to
become a component of the biogas, or is consumed by the hydrogenotrophic
methanogenic microorganisms resulting in methane production according to the foliowing

stoichiometric reaction:
4H, + CO; — CH4 + 2H,0

Any suitable hydrogenotrophic methanogenic microorganisms may be used to convert the
hydrogen produced from water electrolysis into methane. Such hydrogenotrophic
methanogenic microorganisms include, for example, Methanobacterium spp,

Methanobrevibacter spp, Methanosarcina spp, Methanococcus spp. or mixtures thereof.

Carbon dioxide used by the hydrogenotrophic methanogenic microorganisms may
be provided in any suitable manner, however it is an advantage of the present process
that the carbon dioxide may be provided by other anaerobic microorganisms (e.g.
fermentative microorganisms, acetoclastic methanogenic microorganisms, acetogenic
microorganisms) which digest organic substrates in an anaerobic bioreactor. The present
process results in the partial consumption of carbon dioxide produced by such other
anaerobic microorganisms thereby reducing the amount of carbon dioxide released in the
biogas. The release of electrolytically produced hydrogen to the biogas also
advantageously improves the combustion properties of the biogas.

In a further embodiment of the method, the biogas may also be enriched with
methane by digesting organic matter with fermentative microorganisms (anaerobic and/or
facultative) to produce intermediate compounds, including acetate and hydrogen, and
then converting acetate to methane with a second species of methanogenic
microorganism. The second species of methanogenic microorganisms is capable of
converting acetate to methane. The second species of methanogenic microorganisms
includes, for example, Methanosaeta spp., Methanosarcina spp. or mixtures thereof. The
fermentative microorganisms include, for example, Clostridium spp., Selenomonas spp.,
Acetobacterium spp., Pelobacter spp., Butyribacterium spp., Eubacterium spp.,
Lactobacillus spp., Ruminococus spp., Streptococcus spp,, Propionibacterium spp.,
Butyrivibrio spp., Acetivibrio spp., or mixtures thereof.

Organic matter may be any material that contains matter having carbon-carbon

bonds. In a preferred embodiment, the organic matter comprises waste organic medium,
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for example, organic solid waste, residual biomass, biosolids or sludge, or wastewater. In
a preferred embodiment, the organic matter is a component of the aqueous medium in
which the water electrolysis is occurring, such as in anaerobic bioreactors. In an
anaerobic bioreactor, the second species of methanogenic microorganism is responsible
for 60-90% of the methane production, with water electrolysis and the hydrogenotrophic
methanogenic microorganisms responsible for an additional 10-40% enhancement of

methane production.

Advantageously, oxygen produced by the electrolysis of water improves the rate
of hydrolysis of organic matter by facultative microorganisms being used for digestion of
the organic matter in an anaerobic bioreactor. Furthermore, oxygen reacts with hydrogen
sulfide (H,S), thereby decreasing the H,S concentration in the biogas, resulting in the

chemical/biological transformation of H,S to sulfur or sulfate.

In a preferred embodiment, it is desirable to reduce oxygen release in the biogas.
Oxygen concentration in the biogas may be reduced by balancing applied power with the
rate of oxygen consumption. Oxygen is consumed by biological and chemical reactions

(e.g. hydrolysis and degradation of organic matter, oxidation).
Example 1: Bioreactor Design

Bioreactors for implementing a method of the present invention may be configured

in a number of suitable ways.

Referring to Fig. 1A, a first, and more preferred, embodiment of an anaerobic
bioreactor for implementing a method of the present invention comprises a reaction
vessel 1 containing sludge bed 13 composed of water, biodegradable organic materials,
fermentative microorganisms for degrading organic materials, electrochemically active
anaerobic and aerobic microorganisms and at least two species of methanogenic
microorganisms, one species of hydrogenotrophic methanogenic microorganisms for
producing methane from the hydrogen produced during electrolysis and fermentation of
the organic materials and at least one other species of methanogenic microorganism
(acetoclastic methanogens) for producing methane through action on acetate produced
by degradation of the organic materials by the fermentative microorganisms. The
bioreactor may further comprise external recirculation line 3 with pump 5 for re-circulating
the sludge and liquid. Electrodes 9 and 11 installed in the sludge bed and powered by

power supply 7 are used to electrolyze water into oxygen and hydrogen. The
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electrochemically active microorganisms in the sludge biocatalyze the electrolysis of

water.

Referring to Fig. 1B, a second embodiment of an anaerobic bioreactor for
implementing a method of the present invention comprises a reaction vessel 21
containing sludge bed 33 composed of water, biodegradable organic materials,
fermentative microorganisms for degrading organic materials, electrochemically active
anaerobic and aerobic microorganisms and at least two species of methanogenic
microorganisms, one species of hydrogenotrophic methanogenic microorganisms for
producing methane from the hydrogen produced during electrolysis and fermentation of
the organic materials and at least one other species of methanogenic microorganism
(acetoclastic methanogens) for producing methane through action on acetate produced
by degradation of the organic materials by the fermentative microorganisms. The
bioreactor further comprises external recirculation line 23 with pump 25 for re-circulating
the sludge and liquid. Electrodes 29 and 31, located in electrolysis cartridge 30 installed
in the external recirculation line, are powered by power supply 7 to electrolyze water into
oxygen and hydrogen. The electrochemically active microorganisms in the sludge being

re-circulated biocatalyze the electrolysis of water.

Referring to Fig. 1C, a third embodiment of an anaerobic bioreactor for
implementing a method of the present invention comprises a reaction vessel 41
containing sludge bed 53 composed of water, biodegradable organic materials,
fermentative microorganisms for degrading organic materials and at least two species of
methanogenic microorganisms, one species of hydrogenotrophic methanogenic
microorganisms for producing methane from the hydrogen produced during electrolysis
and fermentation of the organic materials and at least one other species of methanogenic
microorganism (acetoclastic methanogens) for producing methane through action on
acetate produced by degradation of the organic materials by the fermentative
microorganisms. The bioreactor further comprises external recirculation line 43 with
pump 45 for re-circulating the slurry and/or liquid. An on-site bio-electrolyzer or
electrolyzer 50 is used to generate oxygen and hydrogen gas by microbially catalyzed
water electrolysis using electrochemically active anaerobic and aerobic microorganisms,
and the hydrogen and oxygen are injected into the reactor using gas eductors 49 and 51

or any other means of gas injection into liquid.

Referring to Fig. 2, power applied to the electrodes may be controlled in order to
avoid or reduce accumulation of oxygen in the biogas. This can be accomplished by a

feedback control system, which comprises on-line oxygen probe 62 to measure oxygen

7
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concentration in the biogas in biogas line 63, controller 64, and controllable power supply

67, which is the same power supply that supplies power to electrodes 69 and 71.
Example 2: Methane Production

Experiments were carried out in two 0.5 L reactors (R-0 and R-1) andina 3.5L
UASB reactor (R-2). All reactors were inoculated with anaerobic sludge (Rougemont,
Quebec, Canada). R-0 was operated as a conventional anaerobic reactor. Each test
reactor (R-1 and R-2) was equipped with a pair of electrodes (stainless steel #316
cathode and titanium/iridium oxide anode) located in the sludge bed (R-1) or in the

external recirculation line (R-2).

R-0 and R-1 were operated at a hydraulic retention time (HRT) of 6 h to 12 h and
fed with a synthetic wastewater at an influent concentration of 650 mg/L (low strength
wastewater). R-2 was operated at an HRT of 9 h and fed with synthetic wastewater at an
influent concentration of 6 g/L (high strength wastewater). A power of 0.26 and 0.18
Wh/Lr was used in R-1 and R-2 for water electrolysis, respectively.

Fig. 3 shows a comparison of methane production in R-0 (control) and R-1 (test)
reactors at different HRTs. The results show that due to water electrolysis methane
production was increased by 40% or more in R-1 compared to R-0. Because of high
organic load and therefore high rate of methane production in anaerobic mode, in R-2
methane production was increased by only 10-15% when compared to reactor operation
without electrolysis. However, hydrogen sulfide concentration in off-gas decreased from
0.2% (anaerobic mode) to 0.01% (electrolysis mode). Also, electrolysis helped to

stabilize reactor performance at a high organic load, i.e. reactor failure was avoided.
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evident to a person of ordinary skill and are intended by the inventor to be encompassed

by the following claims.
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Claims:
1. A method of producing in a bioreactor a biogas rich in methane comprising:

(a) electrolyzing water in an aqueous medium at a voltage sufficient to
electrolyze water without destroying microbial growth in a range of from 1.8 Vto 12 Vin
the presence of electrochemically active anaerobic microorganisms that biocatalyze
production of hydrogen gas, with a volumetric power consumption in a range of from 0.03
Wh/Lk to 0.3 Wh/Lg and a current density of 0.01 A/cmg? or lower; and,

(b) contacting a species of hydrogenotrophic methanogenic microorganisms

with the hydrogen gas and carbon dioxide to produce methane.

2. The method according to claim 1, wherein the voltage is in a range of from 2 V to
6V.
3. The method according to claim 1 or 2, wherein the current density is in a range of

from 0.001 A/cme? to 0.005 A/cmg2.

4. The method according to any one of claims 1 to 3, further comprising digesting

organic matter with fermentative microorganisms to produce the carbon dioxide.

5. The method according to claim 4, wherein the fermentative microorganisms
further produce acetate, and the acetate is contacted with a second species of

methanogenic microorganisms to produce methane.

6. The method according to claim 4 or 5, wherein the fermentative microorganisms
comprise facultative microorganisms and oxygen produced during the electrolysis of

water improves rate of digestion of the organic matter by the facultative microorganisms.

7. The method according to any one of claims 4 to 6, wherein oxygen produced

during the electrolysis of water reduces hydrogen sulfide concentration in the biogas.

8. The method according to claim 6 or 7, wherein applied power is balanced with

rate of oxygen consumption to reduce concentration of oxygen in the biogas.

9. The method according to any one of claims 4 to 8, wherein the organic matter is a

component of the aqueous medium in which the water electrolysis is occurring.

13
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10. The method according to any one of claims 1 to 9, wherein electrochemically
active aerobic microorganisms biocatalyze production of oxygen gas during the

electrolysis of water.

11. The method according to any one of claims 1 to 10, wherein the electrolysis of
water is accomplished with electrodes having sufficient surface area to provide the

current density and to sustain microbial growth thereon.

12. The method according to claim 11, wherein the surface area is in a range of from

10 cm? to 100 cm? per litre of reactor volume.

13.  The method according to claim 11 or 12, wherein the electrodes comprise a non-

noble catalytic material.

14. The method according to claim 11 or 12, wherein the electrodes comprise
stainless steel, graphite, a graphite-based material, nickel, steel, a metal alloy or a metal

oxide.

15. The method according to claim 11 or 12, wherein the electrodes comprise

stainless steel or graphite.
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