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(57) Abstract: This invention relates to a method for producing hydrocarbons from carbon dioxide and water in the presence of hy-
drogen and methanogen/s. the methanogen/s is/are provided in an aqueous growth substrate and the aqueous growth substrate is
pressurized to a pressure of from 5 to 1000 bar with a pressurizing fluid containing or comprising carbon dioxide. In an embodiment

o of the invention, a cathode is provided to generate hydrogen and also to control the pH of the aqueous growth substrate. The inven -
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tion also relates to an apparatus for carrying out the method.
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PRODUCTION OF METHANE

BACKGROUND OF THE INVENTION

The planet Earth is currently plagued by two major problems having severe
effects on it and its inhabitants, namely:
global warming resulting from excessive carbon dioxide production;
and
excessively high crude oil and consequently high petrol and diesel

prices.
An object of this invention is to reduce these problems.

The increase in production of fossil fuel utlizing engines has resufted in
excessive demand for crude ol in furn resulting in excessively high prices.
The consumption of these fuels and that by oil, gas and coal-fired power
stations, efc., has increased the amount of carbon dioxide produced which
has led to global warming. The absorbtion of carbon dioxide by trees and
resulting release of oxygen has been debilitated by the removal of extensive
forests. This imbalance has thrown and continues to cumulatively throw the

world's ecology out of kilter.

Efforts to improve efficiencies of engines and reduce wastage of fossil fuel
products have littte chance of improving the siuation because of
exponentially growing populations and their aspirations. Other technologies

are actively being sought.

Ways to address the problems mentioned above include:
reduction of carbon dioxide in the atmosphere;

reduction of ‘carbon footprint' (the use of carbon products); and




-2
reduction of demand for crude oil and other fossil fuels (resulting in a decrease in
their prices, by finding replacements).

It is an object of this invention to provide a method and apparatus which contributes to the

above reductions and further provides for the production of methane.

SUMMARY OF THE INVENTION

This invention relates to a method for producing hydrocarbons from carbon dioxide and
water in the presence of hydrogen and methanogen/s, wherein the methanogen/s is/are
provided in an aqueous growth substrate and the aqueous growth substrate is pressurized
to a pressure of from 5 to 1000 bar, typically from 5 to 500 bar, preferably from 5 to 200
bar, more preferably from 10 to 150 bar, more preferably from 20 to 150 bar, most
preferably from 40 to 150 bar with a pressurizing fluid containing or comprising carbon

dioxide.

More specifically, the invention is directed to a method for producing methane from carbon
dioxide, hydrogen and anaerobic Archaea methanogen/s provided in an aqueous
growth substrate; wherein:

the aqueous substrate containing anaerobic Archaea methanogen/s is supplied
to a vessel; and

the vessel and aqueous growth substrate is pressurized to a pressure of from 5
to 1000 bar with a pressurizing fluid consisting of carbon dioxide, or a mixture
of carbon dioxide and hydrogen.

Preferably, the method is carried out in a reaction vessel in which sufficient aqueous
growth substrate is provided to provide an aqueous growth substrate to head space
volumetric ratio of 1:1 to 3:1, typically a volumetric ratio from 2:1 to 3:1.

The aqueous growth substrate may be pressurized with a mixture of hydrogen and carbon
dioxide which may be present in a molar ratio of 4:1 to 1:4, from 2:1 to 1:4, from greater
than 1:1 to 1:4 or even from 1:2 to 1:4.

The pH of the aqueous growth medium is preferably maintained in the range from 6 to 7.5,
preferably 6.5to 7.

The methanogen/s may be anaerobic Archaea, which may be a hyperthermophilic
hyperextremophile or, psychrophile/cryophile and/or an exoelectrogenic microbiological

organism.,

CA 2880127 2019-08-02
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In the case where the methanogens isfare a hyperthetmophme
hyperextremophile anaerobic ‘Archaea, the reaction vessel may be
operated at a temperature of 50°C to 400°C, preferably 80°C to: 200°C,
more preferably 80°C to 150°C.

In the case where the methanogen/s is/are a psychrophile/eryophile
anvaerobic Archaea, the reaction vessel may be operated at a temperature
of -50 to 50°C, preferably -5 to -20°C, most preferably abo.t -15°C.

Preferably, the pH of the aqueous growth medium is contralled.

The pH of the aqueous growth medium may be controlled by providing a

- cathode in the reaction vessel and passing a current thrcugh the aqueous

growth medium to generate hydrogen and also to cortro! the pH with

electrolysis.

Accqrding to a preferred embodiment of the invention, there is provided a
method for the production of methane from carbon dioxice, hydrogen and

- anaerobic Archaea methanogen/s includes the steps of:

a) providing an anode reaction vessel (14) cortaining a positive
electrode (anode) and a liquid electrolytic madium compfising

water and ionizing material:

b) providing a cathode reactuon vessel (1 2) oon~~amnng a negatwe .

electrode (cathode), an electrolytic equeous growth
substrate, methanogen/s and carbon dioxide and hydrogen
wherein the cathode vessel (12) and aqueous growth
substrate is pressurized to a pressureof from 5 to 1000 bar:

c) connecting the first and second reaction vessels with
connection means which allows electrons and/or ions, to pass

DESCREMD = [ECTIBIorsosers
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between the electrolytic medla of the anode and ‘cathode
reaction vessels, ‘

d) app!ying a direct electrical current to the positive electrode
and the negative electrode to;

» effect ionization of hydrogen in the cathede reaction

~ vessel (12) to produce hydrogen and also to increase
'che pH of the electrolytic aque’ous‘ gronth."Substrate;
and '

= effect ionized oxygen in the first rezction vessel (1 4),
to form oxygen.

 Electrolysis may be mp!emented mtermlttently to control the pH in the
cathode reaction vessel ( 12) ' '

Methane is recovered from the cathiode reaction vessel (12).
: Qx&tgen is recovered from the firet reaction yees'_el_ (1.4).'

The reactuon vessels (12) and (14) are operated ‘at the same internal.
. :pressure and may be operated at different temperatures

The connection means is preferably an electro'iytic mediu, in which case a
membrane which allows electrons to pass through and possmly some ions,
“is be prov:ded ' ‘ :

Preferebly, the connectton means is provuded wuth a valve thatis msulated
from the electrolyte.

The reaction vessels may be operated under different conditions, for
example the anode reaction vessel (14) may be Operlted at ambient
temperature at about 25°C; and the cathode: reaction ves .sel (12) may | be _

Gration: 15.12.2014 11:00:53 - 15.122014 11:10.08, This page 7ot AAMENDED SHEET'o14 11:06:48
Recelved atthe EPO on Dec 15 2014 11:10:08. Page 21 of 35 )
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operated at a temperature at or near the optimum “or growth of the '
‘methanogen/s.

in the case _Where the methanogen/s is/fare a hyperthermophilic
hyperektremOphile anaerobic. Archaea, the cathode rezction \}eséel 12)
may be operated at a temperature of 50°C to 400°C, preferably 80°C to
200°C, more preferably 80°C ta 150°C.

In the case where the methanogen/s isfare a psychrophllelcryophlle

anaerobic Archaea, the cathode reaction vessel (12) may be operated ata

temperature of -50 to §0°C, preferably -5 to -20°C, most preferably: abqut
C-15°C. '

The cathode reaction vesse! (12) and the anode reactior vessel (14) may
be pressutized to a pressure of from 5 to 500 bar, preferzbly from 5 to 200
bar, more prefetably from 10 to 150 bar, more preferably from 20 to 150
bar, most preférably from 40 to 150 bar with a pressurizing fluid consisting
of a mixture of carbon dioxide and hydro'gen.

The "cathode reaction vessel (12) may be pressurized with a mixture of
hydrogen and carbon dioxide which may be present in a molar ratio of 4:1
to 1:4, from 2:1-to 1:4, from greater than 1:1 {0 1:4 or even from 1:2 to 1:4.

Preferably, sufficient aqueous growth substrate is provided in the cathode
reaction vessel (12) to provide an aqueous growth substrate to head space
volumaetrie ratio of 1:1 to 4:1, typicaily a volumetric ratio of 2:1 to 3:1.

The pH of the aqueous growth medidm is preferably maintained in the‘
range from 6 to 7.5, preferably 6.5 to 7.

The voltage épplied across the positive electrode and the negative
electrode may be from -0.2v to -40v, -2v ta -40v, -10v to -40v, -20 to ~40v,
 typically -25v to -35v.

ralion 15.12.2014 11:00:53 - 15.12 2014 11.10:08, This page 22 of 2AM ENDED SHEET:01a 10703
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The direct electrical current flowing across the posmve electrode and the
negative electrode may be approximately 75 — 125 mAmgs.

According to a second embodiment of the invention there is proQi’ded an
apparatus for the production methane from carbon leX{de hydrogen andd
anaerobic Archaea methanogen/s comprising:
" 'a cathode reaction vesse! (12) for containing ceirbon dioxide and
e!ectrolytic water;
an anode reaction véssel (14) for containing electrolvtie water;
a negative electrode (cathode) capable of supporting anaerobic
Archaea methanogens Ioz;atad w:thln the cathode reaction vessel
(12); ' ' ,
- a positive electrode (anode) located within the anode reaction vessel
(14yand o
, connectlon means for connecting electrolytic water in the cathode
reaction vessel (12) and anode reaction vessel (14)so that an electric
current can ﬁc‘iw between the two,
characterized in.that the cathode reaction vessel (12) and the anode
reaction vessel (14) are adapted to be pre’ssuri.éecl to a pressure of
from 5 to 1000 bar, the cathode reaction vessel (1 2)‘ is adapted to
be pressurized with a pressurizing fluid consisting of carbon dioxide
or a mixture of carbon dioxide and hydrogen, and internal surfaces
of cathode reaction vessel (12) and anode reaction vessel (14) are
made from non-conductive non-corrosive materials that insulate the
electrolytic media from the rest of the apparatus, except for the
cathode ‘and anode which come in to contact with electrolytic water
within the reaction vessels,

The cathode reaction vessel (12) and the anode reaction vessel (14) are
preferably adapted to be pressurized to a pressure of fiom 5 to 500 bar,
preferably from & to 200 bar, more preferably from 10 io 150 bar, more
preferably from 20 to 150 bar, most preferably from 40 to 150 bar.

The connection means is preferably a conduit containing iiquid electralyte.

uration 15.12. 2014 11:00:53 - 15.12.2014 11:10:08. This page 23 of AMENDED SHEET B2 110720
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The conduit may include a semi-pervious membrane Whlch allows the
passage of mns between the electrolytic water i in the anode reaction vessel
(14) and cathode reaction vessel (12),

Preferably, the conduit has a valve which does not make electrical contact
with the electrolyte.

The negative electrode in the cathode reaction vessel (12) is pfeferably in
the form of a porous structure capable of supporting methanogens and
biofilms they may generate. For example, the nhegative electrode in the
second reaction vessel (12) is a hollow microporous cylinder which is
closed at one end and which is rfnadeffrom a Pt amalgam or Pt, or Platinum
Group Metal, or Titanium, or Platinum Group Metal plated Titanium.

The positive electrode in the anode reaction vessel (14) is preferably made
of Pt or Platinum Group metal, or electroplated Titanium, '

Preferably, the apparatus includes means for equalizing the pressure in the
cathode reaction vessel (12) and anode reaction vessel (14).

The pressure equalizing means is preferably pressurized by the .
pressurizing fluid used to pressurize the cathode reaction vessel (14) which

also simultaneously pressurizes the anode reaction vessel (12).

\Preferably, the pressurizing equalizing means provides electrical insulation
between the cathode reaction vessel (12) and anode reaction vessel (14).

The pressure equalizing means may comprise a ribn-c'bndui:ti\)é' high tensile
high temperature resistant tube with a piston located therein, and an indicator
for indicating the position of the piston within the tube.

Preferably, the apparatus includes heat control means for lieating or cooling
the cathode reaction vessel (12).

Toration 15.13.2074 T1.00'53 - 15.122014 11.10:08_Tris page 24 of AMENDED SHEE T3 11:07:36
Recelved atthe EPO on Dec 15, 2014 11:10:08. Page 24 of 35
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Preferably, a stirrer is provided within the cathode reaction vessel (12).

luration: 15.12.2014 11:00:53 - 15.12.2014 11:10:08. This page 25 of AMENDED SHEET:01411.07:43
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The conduit may be located in a non-conductive and heat-resistant barrier
between the cathode reaction vessel (12) and anode reaction vessel (14).

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is side view of a reactor according to an embodiment of the
invention,
Figure 2 Is cross-sectional view of the reactor shown in Figure 1,

through the line 2-2;

Figure 3 is a cross-sectional view of an apparatus for equalizing the
pressure within the reactor vessels on the reactor according

fo an embodiment of the invention;

Figure 4 is a graph showing the resuits of an experiment to determine
the influence of CO, on the pH of electrolytic aqueous
growth substrate;

Figure 5 is a graph showing the resuits of an experiment to determine
the effect of electrolysis on the pH of electrolytic media used

in the present invention:

Figure 6 is a graph showing the results of an experiment with Me,
thermolithotrophicus, 5 bar, 30 V, 65°C;

Figure 7 is a graph showing the results of an experiment with Mc.
thermolithotrophicus, 5 bar, 12 V, 65°C:

Figure 8 is a graph showing the results of an experiment with Mc.
thermolithotrophicus, 10 bar, 30 V, 65°C:

Figure 9 is a graph showing the results of an experiment with Mo,
thermolithotrophicus, 20 bar, 30 V, 85°C:
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Figure 10 is a graph showing the results of an experiment to show that
oxygen is produced in the anode reaction vessel of the
invention;

Figure 11 is a graph showing the results of an experiment with M.
kandleri, 10 bar, 30 V, 97°C;

Figure 12 is a graph showing the results of an experiment with M.
kandferi, 20 bar, 30V, 97°C;

Figure 13 is a graph showing the results of an experiment with M,
kandleri, 20 bar, 30V, 105°C;

Figure 14 is a graph showing the results of an experiment with Mo,
Jannaschii 10 bar, 30 V, 85°C:

Figure 15 is a graph showing the results of an experiment with Mc.
Jannaschii 10 bar, 30 V, 92°C;

Figure 16 is a graph showing the results of an experiment with Mc.
Jannaschii 20 bar, 30 V, 92°C: and

Figure 17 is a graph showing the results of an experiment with Mc.

Jannaschii 30 bar, 92°C.

DETAILED DESCRIPTION OF THE INVENTION

This invention relates to a method of producing methane from methanogen
Archaea (methanogens) that are cultivated in an aqueous substrate
solution, in the presence of carbon dioxide and hydrogen, at high pressure
greater than or equal to 5 bar and up to 1000 bar using a pressurizing fluid
containing or comprising carbon dioxide. The invention also relates to an

apparatus for carrying out the methanogenesis reaction.
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The methanogenesis reaction is maintained under anaerobic conditions.

With reference to Figures 1 and 2, methanogens are cultivated in a reactor
indicated generally by the numeral 10. The reactor 10 comprises reaction
chambers 12 and 14 which are adapted to operate at a temperature up to or
greater than or equal to 500°C and at an internal pressure of greater than or
equal to 5 bar and up to 1000 bar.

The reaction chambers 12 and 14 are defined in tubes 18 made from a
non-conductive material able to withstand high temperatures (in this case
polyether ether ketone (PEEK)), which is reinforced within a metal casing
18 held together by metal tie-bars 19.

Extending into the “anode” reaction chamber 14 is a positive electrode
{anode) 20 made from sintered platinum or rhodium plated titanium. An outiet
22 is provided for removing material from the anode reaction chamber 14, and
inlets 24 and 26 are provided for supplying material into the anode reaction
chamber 14,

Extending into the “cathode” reaction chamber 12 is a negative electrode
(cathode) 28 made from sintered platinum or rhodium plated titaniurm, or
titanium. The negative electrode 28 has a hollow core 30, with a perforated
disc 32 which is covered with a carbon cloth 34 that is capable of supporting
methanogens and which is conducive to methanogens forming biofiims.

An insulating barrier 36, made from a non-conductive material, preferably
PEEK, separates the reaction chambers 12 and 14, which are joined via a
conduit 38 which extends through the barrier 36. The conduit 38 includes a
valve mechanism which is used to open and close the conduit 38, The valve
is insulated from the contents of the reaction chambers 12 and 14 and
comprises a threaded sectioned smooth rod which when screwed inwards
enables the smooth rod section to pass through a ‘dog-leg’ in the conduit to
effectively obstruct the electrolyte continuity when fully screwed in. A




CA 02880127 2015-01-26

WO 2014/016815 PCT/1IB2013/056215

-11-

membrane is secured within a cavity receptacie within the conduit 38. The
cavity receptacle is located within the conduit 38 on the anode side of the
valve separating the two vessels 12 and 14 to house a pair of short
sockets/bushes to secure the thin membrane between them. The
sockets/bushes are located and fixed in position within the receptacle by a

non-conductive circlip.

The distance between the electrodes 20 and 28 is preferably 60mm or less.
The internal surfaces of the reaction chambers 12 and 14, including the valve
electrolyte contacting surfaces, insulate electrolytic media within these
chambers from the rest of the apparatus, except for the electrodes 20 and 28
which come in to contact with electrolytic media within the chambers 12 and
14,

Located within the cathode reaction chamber 12 below the carbon cloth 34 is
a non-conductively coated magnetic stirrer bar 40 which is actuated by a

rotatable magnetic stirrer mechanism 42.

An outlet 44 is provided for removing material from the cathode reaction
chamber 12, and inlets 46, 48 and 50 are provided for supplying material
into the cathode reaction chamber 12,

The outiets may have electrically, pneumaticaily or hydraulically activated
solenoid valves (not shown in the drawings) connecting the reactors with

the outlet connection means to outer collection or supply vessels,

The electrodes 20 and 28 are connected together and supplied with power

by a DC power supply.

Means is provided to control the pressure within the anode reaction vessel
14 and to equalize its internal pressure with the pressure within cathode
reaction vessel 12: with reference to Figure 3, pressurized GO, andfor
Ho/CO; mixture 60 is supplied directly to the inlet 50 of the cathode reaction
vessel. The pressurized CO, and/or H,/CQ, is connected to the anode
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reaction vessel via a high pressure equaliser 62 which prevents the CO,
andfor COZ/H, mixture from contacting or reacting with the contents of
anode reaction vessel 14. The high pressure equaliser 62 comprises a
pipe 64 made from a non-conductive high tensile high temperature resistant
tubing and is covered by a housing 66 which is capable of withstanding
high pressures at and above 5 bar and up fo 1000 bar. Located within the
pipe 64 is a piston 68. The piston 68 can move along the length of the pipe
66 and seals the CO, and/or H,/CO, on the cathode side of the pipe 66
from electrolyte on the anode side of the pipe 64 while equally transmitting
the pressure to the anode contents. An indicator is provided to indicate the
position of the piston 68 within the pipe 64 — in this case the indicator is a
magnetic metal ball 70 located within the piston 88 which activates light-
emitting dicdes (LEDs - not shown) placed along the length of the pipe 4.
The LEDs light up when they come in to contact with the magnetic field of
the magnetic ball 70, and thus indicate the position of the piston 68 within
the pipe 64.

In use, before startup of the electrolytic process, the valve in the conduit 38
is closed and anode electrolyte is transferred in o the anode reaction
vessel 14 through the inlet 26. The anode electrolyte comprises an

aqueous solution containing 1.25M Mg,S0,.

An agqueous methanogens substrate solution is transferred in to the
cathode reaction vessel 12 through the inlet 48. The agueous substrate
solution comprises a combination of minerals (mainly chioride, sulphate
and carbonate salts as well as Wolfe's minerals, and methanogens
vitamins such as Wolf's vitamins that are able to support methanogens.
The solution has a pH in the range from 6 to 7.5, preferably 6.5 to 7. The
solution is inoculated with methanogen/s cells under anaerobic conditions
and then transferred in to the cathode reaction vessel via an inlet 46.
Sufficient aqueous methanogens substrate solution is transferred into the
cathode reaction vessel 12 to leave an anaerobic headspace. The ratio
between the volume of the headspace and the volume of the solution is

typically from 1.1 10 1:3.
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The inlet 26 of the anode reaction vessel 14 is connected to the pressure
equaliser 62. CO; is pumped in to the cathode reaction vessel 12 via the
inlet 48 to purge the headspace of air including oxygen, which exits through
the outlet 44. The inlets 24, 48 and 46 and also the outlets 22 and 44 are
closed and the cathode reaction vessel 12 is pressurized with liquid CO,,
When the pressure within the reaction vessels 12 and 14 is the same, the
valve in the conduit 38 is opened and equal pressure is maintained within
the reaction vessels 12 and 14 by making use of the high pressure
equaliser 62. The pressure in the reaction vessels 12 and 14 may be
maintained at 5 bar to 1000 bar. It has been found that increased pressure
of CO; can lead to the lowering of the pH of the aqueous methanogens
substrate solution. This is problematic when the pH reaches 5.5 and lower.
Ideally the pH needs to be maintained in the range from 6to 7.5, preferably
6.5t 7.

The temperatures within the reaction vessels 12 and 14 may be the same,
or they may be heated or cooled separately by heating or cooling recycled
materials to the vessels. The temperature within the reaction vessel 12 may
be controlled by heating an insulated copper or heat-conductive material 51
by means of a heating cartridge or element(s) near to it.

The methanogen/s may be anaerobic Archaea, which may be a
hyperthermophilic, hyperextremophile or, psychrophile/cryophile and/or an
exoelectrogenic microbiological organism.

Examples of methanogens include Methanobacterium alcaliphilum,
Methanobacterium bryantii, Methanabacterium congolense,
Methanobacterium defluvii, Methanobactsrium espanolae, Methano-
bacterium formicicum, Methanobacterium ivanovii, Methanobacterium
palustre, Methanobacterium  thermaggregans, Methanabacterium
uliginosum, Methano- brevibacter acididurans, Methanobrevibacter arbor
iphiticus, Methanobrevibacter gottschalkii Methanobrevibacter olleyae,
Methanobrevibacter ruminantium, Methanobrevibacter smithii,




CA 02880127 2015-01-26

PCT/1IB2013/056215

WO 2014/016815
A4
Methanobrevibacter woesey, Methanobrevibacter wolinii,
Methanothermobacter marburgensis,  Methanothermobacter  thermo-
autotrophicus, Methanobacterium thermoautotrophicus,
Methanothermobacter thermoflexus, Methanothermobacter thermophilics,
Methanothermobacter wolfei, Methanothermus sociabilis,
Methanocorpuscufum bavaricum, Methanocorpusculum — parvum,

Methanoculleus chikucensis, Methanoculleus submarinus, Methanogenium
frigidum,  Methanogenium  liminatans, Methanogenium  marinum,
Methanosarcina acetivorans, Methanosarcina barken, Methanosarcina

mazei,  Methanosarcina  thermophila,  Methanomicrobium mobife,

Methanocaldococcus Jfannaschii,
Methanococcus aeolicus, Methanococcus maripaludis, Methanococeus
vannielii, Methanococcus voltael, Methanothermococcus
thermolithotrophicus.

In the case where the methanogenfs is/are a hyperthermophilic
hyperextremophile anaerobic Archaea, the cathode reaction vessel (12)
may be operated at a temperature of 50°C to 400°C, preferably 80°C to
200°C, more preferably 80°C to 150°C. In the case where the
methanogen/s is/are a psychrophile/cryophile anaerobic Archaea, the
cathode reaction vessel (12) may be operated at a temperature of -50 to
50°C, preferably -5 to -20°C, most preferably about -15°C.

In addition to CO,, H, may be supplied to the cathode reaction chamber 12
via the inlet 50 respectively, so that the cathode reaction chamber is
pressurized with a mixture of CO,/H,. The H; and CO, may be added in a
molar ratio of 4:1 to 1:4, from 2:1 to 1:4, from 1:1 to 1:4 or even from 1:2 to
1:4. The concentrations of CO; and H, are maximised by excluding other
materials for pressurization so that the maximum reactor system volume

may utilized for conversion to CHa.

In accordance with the present invention, typical methanogens are
thermophilic methanogenic archaea, for example:
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of the class Methanococci, namely Methanocaldococcus jannaschii
(formerly Methanococcus jannaschil) preferred temperature is 85°C,
of the genus Methanopyrus, namely Methanopyrus kandleri -
preferred temperature is 105°C, and

of the genus Methanothermococcus, namely Methanothermococcus

thermolithotrophicus preferred temperature is 65°C.

An electrolysis reaction is initiated by applying a direct voltage of -0.2 up to
-35v, typically -20 to -35v, across the positive electrode 20 and hegative
electrode 28. The direct electrical current flowing across the positive
electrode and the negative electrode may be approximately 75 -~ 125
mAmps, typically about 100 mAmps. The applied charge ionizes atoms in
the electrolytic media in the reaction vessels. The initiation of the
electrolysis process causes nascent (ionized) hydrogen ions to be formed
from the H;O present in the electrolytic medium. In accordance with the
present invention, the electrolysis reaction not only produces hydrogen, but
also increases the pH of the aqueous substrate solution and can be used fo
control the pH of the solution to a pH above 5.5 at which methanogens can
not only produce methane but can also grow (i.e. reproduce), in the range
from 6 to 7.5, preferably 6.5 to 7. According to a method according to the
present invention, the pH of the aqueous substrate solution is initially
provided in the correct range from 6 to 7.5 by the slectrolytes in the
medium. Pressurising with CO, increases the acidity and thus the pH
decreases. Should the pH fall too low, electrolysis is implemented
intermittently to increase alkalinity and drive the pPH up into the required

range.

Reaction product, including hydrocarbons may be retrieved from the outiet
44. in the anode reaction vessel 14, the electron flow causes oxygen ions
which are negatively charged to be attracted to the positively charged
electrode 20 therewithin, thus liberating the oxygen molecules at the
electrode. Oxygen product may be retrieved from the outlet 22.
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The conduit 38, which may have unidirectional-flow cation properties, is
necessary to allow the transfer of electrons and keep the liberated oxygen
in the reaction vessel 14 away from the reaction vessel 12 to avoid
recombination with carbon and/or hydrogen there and oxygen
contamination of the anaerobic Archaea. The barrier 36 also serves to
reduce heat conduction transfer so that different temperature conditions
may be maintained in the reaction vessels 12 and 14 to enhance and
facilitate the different reactions occurring therein and save ehergy costs.

If necessary, methanogens may be supplied into the reaction chamber 12
through the hollow core 30 of the electrode 28, and these seftle on the
carbon cloth 34 which provides a haven for the methanogens to develop

biofilms and to perform methanogenesis.

The charge polarization serves o separate the oxygen and methane
produced from one another for sufficient short period for the methanogens
to do their conversion work and also to enhance the process by enhanced
electrolysis. During this process the oxygen is produced at the anode 26,
away from the negatively charged cathode 28 where the methanogenesis
reaction occurs providing sufficiently anaerobic conditions in the cathode
vicinity while the current is flowing through the circuit.

The outgoing stream may be recycled after separation of the methane
produced from unreacted materials, removal of the dead or inactive
methanogens is achieved, and the process may be repeated continuously.

In accordance with a further aspect of the invention, it has been found that
the methanogenesis reaction can be improved at higher pressures by
adding hydrogen to the headspace of the cathode reaction vessel 14.

In accordance with an embodiment of the invention, a standard procedure
was developed, and the standard conditions were:
Cathode: 100 mi head-space, 300 m| medium; inoculum with 0,5 g frozen

cells.
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Anode: completely full with 1.25 M MgSQa-solution (~ 100 mi)

Voltage: 30 V

Procedure: Inoculation at room temperature, glectrolysis  starts
automatically during the night. The first headspace measurement is on the
next day in the morning. If the hydrogen content is > 50 vol. %, electrolysis
is stopped. Then heating to appropriate temperature is started. Several
headspace measurements are following (~ 3 h of incubation, 6 h of
incubation, the next day in the morning) until the produced hydrogen has
(completely) been converted into methane.,

Experiments were conducted using the apparatus illustrated in Figures 1 -
3 and described above using three strains of hyperthermophilic
methanogens: Methanocaldococcus jannaschii (formerly Methanococcus
Jjannaschii), Methanopyrus kandleri — preferred temperature is 105°C, and
Methanothermococcus Methanothermococcus thermolithotrophicus. Al

three strains have been tested according to this procedure.

The following experiments were conducted:

1. Mg. thermolithotrophicus, 10 bar, 30 V, 65°C, 300 m! electrolyte/100 mi
headspace

2. Mec. thermolithotrophicus, 20 bar, 30 V, 85°C, 300 ml electrolyte/100 m!
headspace

3. M. kandleri, 10 bar, 30 V, §7°C, 300 ml electrolyte/100 mi headspace
4. M. kandleri, 20 bar, 30 V, 87°C, 300 m! electrolyte/100 m! headspace

5. M. kandleri, 20 bar, 30 V, 105°C, 300 ml electrolyte/100 mi headspace
6. Mc. jannaschii 10 bar, 30 V, 85°C, 300 ml electrolyte/100 mi headspace
7. Mc. jannaschii 10 bar, 30 V, 92°C, 300 ml electrolyte/100 mi headspace
8. Mc. jannaschii 20 bar, 30 V, 92°C, 300 m! electrolyte/100 ml headspace

A summary of the test results is provided in the Table 1 below:

Table 1
ORGANISHM EXAMPLE DURATION {H] PERCENTAGE | GH4 cHa CHd
TEMPERATURE [~ ¢ COMPOSITION | PRODUCED | PRODUGED | PRODUCTION
OF METHANE IN TOTAL PER ML OF RATE
IN THE HEAD [aL CULTURE ML/H}
SPACE [MLML)
t. 10 bar t Mo, thermo- Example 6 45,75 in total 8 184 0.6 4/6.3
COZ and | Jithotrophicus 29 with
30V 85 heating
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2. 20bar | Mc. thermo- Example 7 69 in total 22.5 399 13 58177

COZ and | fithotrophicus 51.5 with

oV 65 heating

3. 10bar | M. kandleri Example ¢ 41 in total i5 120 04 5

CO2and | 97 24 with

0V heating

4. 20 bar | M. kandlerf Example 10 | 47 in total 25 400 1.3 9.9

CO2and | 57 40.5 with

oV heating

5. 20 bar | M. kandieri Example 11 | 48.5 in total 19 285 0.95 9.7

COZard | 705 and 29.5 with

30V heating

6. 10 bar | Mc. jannaschii Example 12 | 4tintotaland | 305 244 0.8 10.8

COZand | 85 22.5 with

Y heating

7. 10 bar | Mo jannaschii Example 13 | 41.50n totai 19.5 195 0.65 12.2

CO2Z and and 16 with

3oV heating

8. 20 bar | Me. jannaschii Example 14 | 41.5in total 31 485 1.55 211

COZand | 92 and 22 with

30V heating

The results reflected Table 1 indicate that the methane production rate and
total vol. % of methane increase with increasing pressures and test
temperatures. Incubation temperature for the respective organism should

be around its temperature optimum.

With reference to Example 13 - experiment with Methanocaldococcus
Jannaschii at 30 V. 92°C and 10 bar:

About 57 vol.% H, ws produced from electrolysis at 30 V (initial headspace)
The methanogens converted the hydrogen completely to 19 vol.% CH at a
constant temperature of 92°C. The final volume percentage of H; in the
headspace was 1 vol. %

The conversation rate of H, to CH, was 98.2%

The CH, production rate was 12.1 mi/h

With reference to Example 14 - experiment with Methanocaldococcus
fannaschii at 30 V and 92°C and 20 bar;

85.5 vol.% H; was produced from electrolysis (initial headspace)

The methanogens converted the hydrogen completely to 31 vol.% CH, at a
constant temperature of 92°C. The final volume percentage of H, in the
headspace was 0.4 vol.%

The conversation rate of M, to CH, was 99.4 %

The CH, production rate was 21.1 mi/h
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These two experiments are comparable because the temperature, the
electrolyte, the ratio of headspace to medium, the procedure of inocuiation
and the voltage remained constant. No external hydrogen had been
added.

These two experiments support the following conclusions:

1. That increased pressure increases the efficiency and the biologicat
production rate of CH, from H, (produced from H,O electrolysis) and
CO,. The conversation rate in the 20 bar experiment was higher than
in the 10 bar experiment.

2. The methanogens used up all the produced hydrogen from the
production of methane due to methanogenesis.

3. Biological production of methane (methanogenesis) using the method
of this invention does not necessarily require a 4:1 Ha:CO, ratio.
When CQ, is in the excess the complete consumption of hydrogen
may be favoured (compared to a 4:1 ratio hydrogen : CO,).

1 atm = 101,325 kPa
1 bar= 100 kPa

The Invention will now be described in more detail with reference to the

following non-limiting Examples.

Example 1

In the examples, three methanogens M. kandleri, M. thermolithotrophicus and
M. jannaschii were tested for the production of methane.

The following growth aqueous substrate solutions (growth media) were used
in the Examples:
MJ Medium — for M. jannaschii
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Aclditive Aamonnt
MNaCi ) 300
| MaH GO ' 1,00 g
MaClz x 6 Hz0 410 g
M54, x T Ha0 34D g
KCi 0.32 g
MM, CH 0,25 g
KHPG, 0,74 g
CaCl; x 2 HoO 0,14 g
(NH -Fel50,): x 6 Ha.O 0,01 g
MNiCH: » 8 B 0.5 mg
MaSeQs G5 mg
Wolfe's Minerais 10x/pH 1 dineu -1 1.0 mi
Wolfe's Vitarmins 10x 1.0 ml
Resarurin, L. 1%z 1.0 mi
Nay5 x 7-0 H0 059
altemativ
Ma8 x 2 H.0O 0,25 g
H-0), &t 0000 mi
Wolfe's minerals
Additive Amount Concentration
M50, x T H.0 30,0 g 121,70 mdd
MOS0 x Ha0 5,00 g 23,80 mid
Halt 100y 171,10 mAd
FalbQ, =2 7 Hir 1,00 g 3,60 mM
CoCl x £ HD ' 100 g T A7 mM
Calh x 2 M0 1.00 g 580 mMd
Zn50s 2 7 HaD 18 g 5,30 mit
CuS0, x B H-0 2,10g 040 mM
KA (S 0:) 12 Hal 0.18 g 0,38 mM
Hzﬂﬂ; } U., 0 g § 62 bt
HaMoD, x 2 Hoo 0.1 g .41 mbd
INH ST, x 8 H.0 280 g 7.0 md
Ha W x 2 WG ' 0.i0 g 0,30 mM
MNaBeCy 0,10 g 083 mM
H-0, ad 1040.0 mi
Wolte's vilaming i
Additiva Amaunt Coneentration
Blofn _Gmg 819 M
FolsAue 20 1y 453 UM
icoxamindihydro = i
— e e n o
Riboliavin = Vit B2 50 mg 133008
Nikolinsdure ‘ 50 my _ 406.0 uM
Ot -Calciumpantolnenal 5C mp 05.0 o
Cyanocobatamin = Vi Big 1tg 0.74 i
1 - Aminobenziesae = PAHA 50mg 3650y
Linonsfire __E0mg { LYY
H;0 bidest. ad 166G i i

SME Medium (synthetic sea water) — for M. kandleri
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Additive Amount
SME stock-sobulion 003,00 mi
KH-P Oy, 0.5 4
M 05g
‘Wolfe's Minerals/f0xipH 1. 0ineu-T 1,0 mi
Resazurin, 0. 1%ig 1.0 mt
May3 2 7-8 H.Q 0.5g
alterrativ

Mass n 2 HaO 8258 g

SME stock-solution

Additive Amount Concentration
Hali EENE 473,58 mMd
 MaS0., x 7 HO 7y 28,4 redd
MgCiax 8 Had A 54y 27,1 mpd
Laliax 2 H2O 075g 5,1 mM
Kl 0,85g 8.7 mbt
MaBr 0.1g CLE7 mbd
H.BO, 0.03 g 0,49 mdd
SrChx 8 HO 0018 g 0,058 mid
KJ-tsg 0 1%ig a1t mi 0,30 1M
Ha0, ad 1000.0 mi

MGG medium - for M. thermoliithotrophicus

Aclditive Amount
NaCi 1800 g
NaHCO: 550 g
MaSOq x 7 H:0 340 g
MaSly & € MO 430 g
KA ' a5 g
Vo EPr, 3 3 B0 014 g
| MH.CY Dasg
Callly x Z H.0 14 g
MR FelS04% x 8H0 DOOT g
Wolfe's Minerals 10xipH 1, Dineu-T N .0 m!
| Resarnurin, I 1%ig 4.0 mit
NaxS x 7-¢ HL B 053
altternativ:
MNays x 2 M0 0,25 g
H-J, ad 10050 mi

Example 2 - CO,-experiment at 50 bar without eiectrolysis

This experiment was performed to determine the influence of C0O, on the
pH value of the electrolyte.
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"~ The test was started at 65°C wnth 50 bar CO,. The electrolyte in the
cathode chamber was SME, pH 7. The change of pH was momtored every

15 minutes. The resuits of the Experiments are shown in Table 2 below .

Table 2

DATe ‘ TmE PRESSURE TEWPERATURE PH AT THE CATHGDE
LRV Y] Ti.00 Fmospnenc TFC T

B EXFEY) 350 50 bar GO BT 17
ERYXV] 1405 ] 30 5ar CO: &°C [E3
EXFXY] 14.20 |50 5ar CO; & X,
5212 3% 50 Sar CO- £5°C T
LEVEY] B 50507 CO; &T L4 1.
54242 202 50 5ar 0 ¢ Tpressuizes up.o B
[RYAY; AT 80 bar GO TC 155

'The influence of COZ_On the pH is shown in Figure 4.

Congclusion: At a pressure: of 50 bar COz the pH dropped from 7 to 5.5 and

stayed constant at this value. A pH of 5.5 is the minimum pH the

methanogens can tolerate:

Examgle 2 -

(no CO2 present)

Electrolysm experiment at 65°C and atmospheric pressure

This experiment was conducted to determine the effect of the electrolySIs

reaction on.pH wheri no COzis present.
Electrolyte: SME (cathode), SME wuthout chlorides (anode)
‘Voltage: 31 .5V constant

Gas phase: air.

+

The results of the Expenments are shown Table 3 and Figure 5.

Table 3
AY THE BEGINRING (AT 65°C) | ArTER 1S MM AFvER 30 un; AntukSmm AFTERTH ASTER2H
T . | 220 A 250 mA 320mA 355 mA 320mA 306 mA
gH anode [F) £S5 35 25 2 2
pH cathode | £ $ 0 (T 1 1

CA 2880127 2015-01-27
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The pH at the cathode increased from 8 to 11 and stayed constant at 11.
The pH at the anode became acidic and dropped from 6.5 to 2.

Conclusion: Due to electrolysis the electrolyte in the cathode became
alkaline and the anode reaction room became acidic. A pH of 11 at the
cathode is far too high for the methanogens. Their pH range is form 5.5 to 8
with an optimum around 7. The electrolysis reaction can be used to control

the pH of the solution.

Example 4

FrGF-reaction with Mc. thermolithotrophicus at 5 bar CO2 and 30 V
Electrolyte cathode: 280 ml SME, pH 8.5

Electrolyte anode: Mg=S04,1.25 M

Inoculum: 0.8 g frozen cells and 20 ml liquid pre-culture

Gas-phase 5 bar CO»2

Start electrolysis immediately after inoculation; when enough hydrogen is
present, heat up to final temperature,

Voltage 30 V

The results of this experiment are shown in Figure 6.

In this experiment there was only CO:zin the head-phase and no additional
hydrogen. Hydrogen was produced only from electrolysis which was started
immediately after inoculation. At a concentration of 45 % hydrogen heating
was switched on in order to activate the methanogens. Electrolysis ran for
another ~3.5 h untit stopped. During night the methanogens produced ~ 15
% of methane from COz and hydrogen. The last measurement showed that
the head-space contains ~ 25 % methane. After the experiment it was
noticed, that the frozen cells were fying on top of the cathode and did not
re-suspend into the medium. Therefore, liquid pre-cultures in the following

experiments.

Exampie 5
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FFGF-reaction with Mc. thermolithotrophicus at 5 bar COzand 12 V
Electrolyte cathode: 240 ml SME, pH 6.5

Electrolyte anode: Mg2504, 1.25 M

Inocutum: 60 mi liguid pre-cuiture

Gas-phase 5 bar COz

Start electrolysis immediately after inoculation; when enough hydrogen is
present, heat up to final temperature

Voltage 12 V

5 ml gas-sample discarded, 10 ml gas-sample analyzed

The resuits of this experiment are shown in Figure 7.

Under the same conditions as Example 4 but with electrolysis at 12 V it
took longer to produce similar amounts of hydrogen from electrolysis (8 h
and > 33 % Hzvs. 2.5 h and 45 % Hz). Electrolysis was stopped during the
night. In the morning the methanogens had converted the hydrogen and
CO:2to ~ 8 % methane. Electrolysis was restarted to investigate if more
methane is produced and that was the case: A final concentration of ~ 8 %
CHa was reached. The yield is three times less when compared to the 5 bar
experiment described in Example 4 with 30 V. It was concluded that more

methane can be produced with higher voltage.

Example 6

FFGF-reaction with Mc. thermolithotrophicus at 10 bar COzand 30 V
Electrolyte cathode: 240 m| SME, pH 7

Electrolyte anode: Mgz2504, 1.25 M

inoculum: 60 mi liquid pre-culture

Gas-phase 10 bar CO:z

Voltage 30 V

The results of this experiment are provided in Figure 8.
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This experiment was performed at 10 bar CO2 with no additional hydrogen.
Hydrogen was produced from electrolysis at 30 V which has been started
automatically at midnight. At this stage the reactor was at room
temperature. In the morning when electrolysis ran for 8.5 h ~ 70 % Hzin the
gas-phase was measured. The reactor was heated to bring the
methanogens into an active mode (see Fig 8). Electrolysis was started for ~
3,5 h. The next day we could detect methane with a final concentration of ~
18 %.

Example 7

FEGF-reaction with Mc. thermolfithotrophicus at 20 bar COz and 30 V
Electrolyte cathode; 240 mi SME, pH 7

Electrolyte anode: Mg2S04, 1.25 M

Inoculum: B0 mi liquid pre-culture

Gas-phase 20 bar CO:z

A time switch controlled the automatic start of the electrolysis at 22.00
Voltage 30 V

The results of this experiment are provided in Figure 8.

This experiment was performed at 20 bar COz with no additional hydrogen.
Hydrogen was produced by electrolysis at 30 V which has been started
automatically in the night at 22.00. At this stage the reactor was at room
temperature. in the morning when electrolysis ran for 10.25 h ~ 63 % Hz in
the gas-phase was measured. Heating was switched on to activate the
methanogens (see Fig 9). The final methane concentration was ~ 22.5 %,

Example 8

The gas at the anode was sampled and anaiyzed in the GC. With our GO
machine detection of oxygen is possible (but not gquantification; nitrogen as
carrier gas is not suited for the quantification of oxygen). But, to roughly
estimate the amount of oxygen produced at the anode a “calibration curve”
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with two standards (100 % pure oxygen and air -21 % O:) was made. The
resulting peaks had different areas (at the same retention time). By plotting
the area - which is direct proportional to the amount of gas injected -
against the volume percentage we got the “calibration curve” (see Fig. 10).
After injection of the “anode” sample with unknown composition we could
roughly estimate the volume percentage of oxygen with corresponded to
~30 % (Note that in this case electrolysis ran for ~ 13 h at 30 V). Although a
calibration curve with only two measuring points and under given conditions
{nitrogen gas as carrier) is inaccurate for an exact quantification we can say
that the amount of oxygen in the anode is higher than that of the air. So it is
proven that oxygen is being produced at the anode reactor.

Example 9

M. kandleri (97°C) at 10 bar COz2and 30 V, Inoculum with frozen cells
Electrolyte cathode: 280 m| SME, pH 6

Electrolyte anode: MgzS04 1.25 M

Inocutum: 0.5 g frozen cells, resuspended in 20 m! SME under anaerobic
conditions

Gas-phase 10 bar CO2

Start electrolysis (30 V) at room temperature in the night per timer for 8 h
Start heating in the morning when enough hydrogen is present

15 mi gas sampie taken, 5 mi discharged (dead volume), 10 ml used for
analysis of 200 pl in duplicates

The results of this experiment are shown in Figure 11.

This 10 bar COz experiment with M. kandleri did produce methane. Frozen
cells were used as inoculum and this was a successful approach.
Electrolysis started at room temperature and produced ~ 85 % hydrogen
within 6 h. Within a day of incubation at 97°C the methanogens produced
15 Vol. % of CH«. Decided to use frozen M. kandleri cells for subsequent

experiments.
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Exampie 10

M. kandleri (97°C) at 20 bar COz and 30 V, inoculation with frozen cells
Electrolyte cathode: 280 ml SME, pH 6

Electrolyte anode: Mg280s, 1.25 M

Inoculum: 0.5 g frozen cells, resuspended in 20 ml SME under anaerobic
conditions

Gas-phase 20 bar CO2

Start electrolysis {30 V) immediately after inoculation

Start heating when enough hydrogen is produced from eiectrolysis

The results of this experiment are provided in Figure 12.

In this experiment with 20 bar CO2 we inoculated resuspended, frozen cells
and immediately started electrolysis at room temperature. We stopped
electrolysis in the evening after ~ 7 h and heated the reactor up (50 % H:
present). Overnight M. kandleri converted Hzand COzinto ~ 25 % methane.
Then we restarted electrolysis but the current decreased rapidly to 0.07-
0.01 A. After releasing the gas produced in the anode reactor (> 200 ml)
the current flow was immediately increasing but only for a short time.
Interestingly, the percentages of Hz and CHs in the cathode head-space
also decreased after the release of the anode-gas. As the current flow was
tow we could not produce mare Hz. The remaining Hz (~ 6 % in the evening)
was completely converted into methane over night by active methanogens.

Example 11

M. kandleri (105.5°C) at 20 bar COz and 30 V, Inoculation with frozen
cells

Electrolyte cathode: 280 m} SME, pH 6

Electrolyte anode: MgzS04, 1.25 M

Inoculum: 0.5 g frozen cells, resuspended in 20 ml SME under anaerobic
conditions

Gas-phase 20 bar CO:
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Start electrolysis (30 V) at room temperature in the night per timer for 6 h
Start heating in the morning when enough hydrogen is present
15 ml gas sample taken, 5 ml discharged (dead volume), 10 ml used for

analysis of 200 ul in duplicates
The resuits of this experiment are shown in Figure 13.

In this experiment electrolysis was started at room temperature. Within 8 h
~ 60 % of hydrogen was produced from electrolysis (at initial 20 bar COz)
which is enough to support the growth of the methanogens. Heating started
at 10.00 the methanogens immediately started to produce methane so that
we could measure 2 % CHa in the evening (see Fig 13). Within 24 h the
methanogens converted all hydrogen into methane to a final concentration
of 19 %. If more hydrogen had been present the methanogens would have

probably produced even more methane.

Example 12

Mec. jannaschii at 10 bar COgz, 30 V and 85°C

Electrolyte cathode: 240 ml medium, pH 6.5 and 60 m! liquid pre-culture
Electrolyte anode: Mg2504,1.25 M

Initial Gas-phase 10 bar CO2

Start electrolysis (30 V) at room temperature in the night per timer for 8 h
Measure hydrogen content in the morning and add additional hydrogen if
necessary; then start heating

15 ml sample taken, 5 ml discharged (dead volume), 10 ml used for

analysis of 200 pl in duplets
The results of this experiment are provided in Figure 14.

Inoculated fiquid pre-cultures and started with 10 bar CO2. Electrolysis ran
for 8 h at 30 V. After 22.5 h of incubation at the final temperature (85°C) the
methane concentration was ~ 30 Vol. % which corresponds to 244 mi
methane in total. Then gas was released and external hydrogen added.
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Example 13
Mec. jannaschii at 10 bar COz, 30 V and 92°C

Electrolyte cathode: 280 mi medium, pH 6.5 and 0.5 g frozen celis,
resuspended in 20 mt under anaerobic conditions
Electrolyte anode: Mgz2S04.1.25 M
Initial Gas-phase 20 bar COz
Start electrolysis (30 V) at room temperature in the night per timer

- Measure hydrogen content in the morning and add additional hydrogen if
necessary, then start heating
15 ml sample taken, 5 mi discharged (dead volume), 10 ml used for
anaiysis of 200 i in duplets

The results of this experiment are shown in Figure 15.

This test produced 19.5 vol. % in total without addition of external hydrogen
(see Fig. 15). Within 41.5 h of total incubation time the methanogens
converted all present hydrogen into methane.

Exampte 14
Mec. jannaschif at 20 bar CO2, 30 V and 92°C

Electrolyte cathode: 280 ml medium, pH 6.5 and 0.5 g frozen cells,
resuspended in 20 m! under anaerobic conditions

Electrolyte anode: Mg2S04,1.25 M

Initial Gas-phase 20 bar CO3

Start electrolysis (30 V) at room temperature in the night per timer
Measure hydrogen content in the morning and add additional hydrogen if
necessary, then start heating

15 ml sample taken, 5 mi discharged (dead volume), 10 mi used for

analysis of 200 ul in duplets

The resuits of this experiment are shown in Figure 186.
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This test produced 31 vol. % of methane which corresponds to 465 mi
gaseous methane (see Fig. 16). No external hydrogen was added. All
hydrogen present was produced from electrolysis and has been utilized by

the methanogens for synthesis of methane.

Example 15
Mc. jannaschii at 92°C with addition of external hydrogen at 30 bar

H2/CO2

Electrolyte cathode: 280 ml medium, pH 6.5 and 0.5 g frozen cells,
resuspended in 20 m! under anaerobic conditions

Electrolyte anode: MgzS04,1.25 M

Initial Gas-phase 15 bar COzand 15 bar external hydrogen => 30 bar
H2/CO2 gas-phase with ~ 70/30 (v(v) H2/CO2

no electrolysis

15 mi sample taken, 5 ml discharged (dead volume), 10 mi used for
analysis of 200 ul in duplets

Determination of the time taken to convert all the hydrogen of methane
Determination of the CHa production rate

The results of this experiment are provided in Figure 17.

The experiment was started with an initial ratio of 80/20 (viv) H2/C Oz (see
Fig. 17). It took 22.5 h of incubation at the final temperature for Mc.
fannaschii to consume (nearly) all the hydrogen present. The total amount
of methane was ~ 48 vol. % which corresponds to 1425 ml methane. The
methane production rate for this experiment was 63 mi/h. The pH stayed
constant at 6.5.
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CLAIMS

1. A method for producing methane from carbon dioxide, hydrogen
and anaerobic Archaea methanogen/s provided in an aqueous
growth substrate; wherein:

the aqueous substrate containing anaerobic Archaea
methanogen/s is supplied to a vessel; and

the vessel and aqueous growth substrate is pressurized to a
pressure of from 5 to 1000 bar with a pressurizing fluid
consisting of carbon dioxide, or a mixture of carbon dioxide and
hydrogen.

2. The method claimed in claim 1, wherein the vessel and aqueous

growth substrate is pressurized to a pressure of 5 to 500 bar.

3. The method claimed in claim 2, wherein the vessel and aqueous

growth substrate is pressurized to a pressure of from 5 to 200 bar.

4, The method claimed in claim 3, wherein the vessel and aqueous

growth substrate is pressurized to a pressure of from 10 to 150 bar.

5. The method claimed in claim 4, wherein the vessel and aqueous

growth substrate is pressurized to a pressure of from 20 to 150 bar.

6. The method claimed in claim 5, wherein the vessel and aqueous

growth substrate is pressurized to a pressure of from 40 to 150 bar.

7. The method claimed in claim 1, wherein sufficient aqueous growth
substrate is provided in the reaction vessel to provide an aqueous
growth substrate to head space volumetric ratio of 1:1 to 4:1.

8. The method claimed in claim 1, wherein the volumetric ratio of
aqueous growth substrate to head space is from 2:1 to 3:1.
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The method claimed in claim 1, wherein the aqueous growth
substrate is pressurized with a mixture of hydrogen and carbon
dioxide.

The method claimed in claim 9, wherein the hydrogen and carbon

dioxide are present in a molar ratio of 4:1 to 1:4.

The method claimed in claim 10, wherein the hydrogen and carbon
dioxide are present in a molar ratio of 2:1 to 1:4.

The method claimed in claim 11, wherein the hydrogen and carbon

dioxide are present in a molar ratio of 1:1 to 1:4.

The method claimed in claim 12, wherein the hydrogen and carbon

dioxide are present in a molar ratio of 1:2 to 1:4.

The method claimed in claim 1, wherein the pH of the aqueous

growth medium is maintained in the range from 6 to 7.5.

The method claimed in claim 14, wherein the pH of the aqueous

growth medium is maintained in the range from 6.5t0 7.

The method claimed in claim 1, wherein the methanogen/s is/are
hyperthermophilic hyperextremophile, psychrophile/cryophile and/or
an exoelectrogenic microbiological organism.

The method claimed in claim 1, wherein the reaction is carried out
at a temperature at or near the optmum for growth of the

methanogen/s.

The method claimed in claim 17, wherein the methanogen/s is/are a
hyperthermophilic hyperextremophile anaerobic Archaea, and
wherein the reaction is carried out at a temperature of 50°C to
400°C.
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The method claimed in claim 18, wherein the reaction is carried out
at a temperature of 80°C to 200°C.

The method claimed in claim 19, wherein the reaction is carried out
at a temperature of 80°C to 150°C.

The method claimed in claim 17, wherein the methanogen/s is/are a
psychrophile/cryophile anaerobic Archaea, and wherein the reaction

is carried out at a temperature of -50 to 50°C.

The method claimed in claim 21, wherein the reaction is carried out
at a temperature of -5 to -20°C.

The method claimed in claim 1, wherein the pH of the aqueous

growth medium is controlled.

The method claimed in claim 23, wherein the pH of the aqueous
growth medium is controlled by providing a cathode in the reaction
vessel and passing a current through the aqueous growth medium

to generate hydrogen and also to control the pH with electrolysis.

The method claimed in claim 24, wherein electrolysis is
implemented intermittently to control the pH.

A method for the production of methane from carbon dioxide,
hydrogen and anaerobic Archaea methanogen/s which includes the
steps of:

a) providing an anode reaction vessel containing a positive
electrode (anode) and a liquid electrolytic medium comprising

water and ionizing material;

b) providing a cathode reaction vessel containing a negative
electrode (cathode), an electrolytic aqueous growth
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substrate, methanogen/s, carbon dioxide and hydrogen,
wherein the cathode vessel and aqueous growth substrate is

pressurized to a pressure of from 5 to 1000 bar;

c) connecting the first and second reaction vessels with
connection means which allows electrons and/or ions, to pass
between the electrolytic media of the anode and cathode

reaction vessels;

d) applying a direct electrical current to the positive electrode
and the negative electrode to:

. effect ionization of hydrogen in the cathode reaction
vessel to produce hydrogen and also to increase the

pH of the electrolytic aqueous growth substrate; and

. effect ionized oxygen in the first reaction vessel, to
form oxygen.

The method claimed in claim 26, wherein electrolysis is
implemented intermittently to control the pH in the cathode reaction

vessel.

The method claimed in claim 26, wherein methane is recovered

from the cathode reaction vessel.

The method claimed in claim 27, wherein oxygen is recovered from
the first reaction vessel.

The method claimed in claim 26, wherein reaction vessels and are
operated at the same internal pressure.

The method claimed in claim 26, wherein the connection means is
an electrolytic medium, and a membrane which allows electrons to

pass through, and some ions, is provided.
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The method claimed in claim 26, wherein the connection means is

provided with a valve that is insulated from the electrolyte.

The method claimed in claim 26, wherein the reaction vessels are
operated at different temperature.

The method claimed in claim 33, wherein the anode reaction vessel
is operated at ambient temperature; and the cathode reaction
vessel is operated at a temperature at or near the optimum for
growth of the methanogen/s.

The method claimed in claim 34, wherein the methanogen/s is/are a
hyperthermophilic hyperextremophile anaerobic Archaea, and
wherein the reaction is carried out at a temperature of 50°C to
400°C.

The method claimed in claim 35, wherein the reaction is carried out
at a temperature of 80°C to 200°C.

The method claimed in claim 35, wherein the reaction is carried out
at a temperature of 80°C to 150°C.

The method claimed in claim 34, wherein the methanogen/s is/are a
psychrophile/cryophile anaerobic Archaea, and wherein the reaction
is carried out at a temperature of -50 to 50°C.

The method claimed in claim 38, wherein the reaction is carried out
at a temperature of -5 to -20°C.

The method claimed in claim 36, wherein the cathode reaction
vessel and the anode reaction vessel are pressurized to a pressure
of 5 to 500 bar.
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The method claimed in claim 40, wherein the cathode reaction
vessel and the anode reaction vessel are pressurized to a pressure
of from 5 to 200 bar.

The method claimed in claim 41, wherein the cathode reaction
vessel and the anode reaction vessel are pressurized to a pressure
of from 10 to 150 bar.

The method claimed in claim 42, wherein the cathode reaction
vessel and the anode reaction vessel are pressurized to a pressure
of from 20 to 150 bar.

The method claimed in claim 43, wherein the cathode reaction
vessel and the anode reaction vessel are pressurized to a pressure
of from 40 to 150 bar.

The method claimed in claim 26, wherein cathode reaction vessel is
pressurized with a pressurizing fluid consisting of a mixture of

hydrogen and carbon dioxide.

The method claimed in claim 45, wherein the hydrogen and carbon
dioxide are present in a molar ratio of 4:1 o 1:4.

The method claimed in claim 46, wherein the hydrogen and carbon
dioxide are present in a molar ratio of 2:1 to 1:4.

The method claimed in claim 47, wherein the hydrogen and carbon

dioxide are present in a molar ratio of 1:1 to 1:4.

The method claimed in claim 48, wherein the hydrogen and carbon

dioxide are present in a molar ratio of 1:2 to 1:4.

The method claimed in claim 26, wherein sufficient aqueous growth
substrate is provided in the cathode reaction vessel to provide an

CA 2880127 2019-08-02
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aqueous growth substrate to head space volumetric ratio of 1:1 to
4:1.

The method claimed in claim 50, wherein the volumetric ratio of

aqueous growth substrate to head space is from 2:1 to 3:1.

The method claimed in claim 26, wherein the pH of the aqueous

growth medium is maintained in the range from 6 to 7.5.

The method claimed in claim 52, wherein the pH of the aqueous

growth medium is maintained in the range from 6.5 10 7.

The method claimed in claim 26, wherein the voltage applied across
the positive electrode and the negative electrode is from -0.2v to -
40v.

The method claimed in claim 54, wherein the voltage applied across

the positive electrode and the negative electrode is from -2v to -40v.

The method claimed in claim 55, wherein the voitage applied across
the positive electrode and the negative electrode is from -10v to -
40v.

The method claimed in claim 56, wherein the voltage applied across

the positive electrode and the negative electrode is from -20 to -40v.

The method claimed in claim 57, wherein the voltage applied across
the positive electrode and the negative electrode is from -25v to -
35v.

The method claimed in claim 26, wherein a direct electrical current
flowing across the positive electrode and the negative electrode is
75— 125 mAmps.
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60. An apparatus for the production of methane from carbon dioxide,
hydrogen and anaerobic Archaea methanogen/s comprising:
a cathode reaction vessel for containing carbon dioxide and
electrolytic water;
an anode reaction vessel for containing electrolytic water;
a negative electrode (cathode) capable of supporting anaerobic
Archaea methanogens located within the cathode reaction vessel;
a positive electrode {anode) located within the anode reaction vessel;
and
connection means for connecting electrolytic water in the cathode
reaction vessel and anode reaction vessel so that a direct electric
current can flow between the two,
characterized in that the cathode reaction vessel and the anode
reaction vessel are adapted to be pressurized to a pressure of from 5
to 1000 bar, the cathode reaction vessel is adapted to be pressurized
with a pressurizing fluid consisting of carbon dioxide or a mixture of
carbon dioxide and hydrogen, and internal surfaces of cathode reaction
vessel and anode reaction vessel are made from non-conductive non-
corrosive materials that insulate the electrolytic media from the rest of
the apparatus, except for the cathode and anode which come in to

contact with electrolytic water within the reaction vessels.

61. The apparatus claimed in claim 60, wherein the cathode reaction
vessel and the anode reaction vessel are adapted to be pressurized
to a pressure of 5 to 500 bar.

62. The apparatus claimed in claim 61, wherein the cathode reaction
vessel and the anode reaction vessel are adapted to be pressurized
to a pressure of from 5 to 200 bar.

63. The apparatus claimed in claim 62, wherein the cathode reaction
vessel and the anode reaction vessel are pressurized to a pressure
of from 10 to 150 bar.
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The apparatus claimed in claim 63, wherein the cathode reaction
vessel and the anode reaction vessel are adapted to be pressurized
to a pressure of from 20 to 150 bar.

The apparatus claimed in claim 64, wherein the cathode reaction
vessel and the anode reaction vessel are adapted to be pressurized
to a pressure of from 40 to 150 bar.

The apparatus claimed in claim 60, wherein the connection means is

a conduit containing liquid electrolyte.

The apparatus claimed in claim 66, wherein the conduit includes a
semi-pervious membrane which allows the passage of ions between
the electrolytic water in the cathode reaction vessel and anode
reaction vessel.

The apparatus claimed in claim 66, wherein the conduit has a valve

which does not make electrical contact with the electrolyte.

The apparatus claimed in claim 60, wherein negative electrode in
the cathode reaction vessel is in the form of a porous structure
capable of supporting methanogen biofilm formation.

The apparatus claimed in claim 69, wherein the negative electrode
is a hollow microporous cylinder which is closed at one end and
which is made from a Pt amalgam or Pt, or Platinum Group Metal,
Titanium or Platinum Group Metal plated Titanium.

The apparatus claimed in claim 60, wherein the positive electrode in
the anode reaction vessel is made of Pt or Platinum Group metal, or
electroplated Titanium.

The apparatus claimed in claim 60, including means for equalizing the
pressure in the cathode reaction vessel and anode reaction vessel.

CA 2880127 2019-08-02



73.

74.

75.

76.

77.

78.

-40-

The apparatus claimed in claim 72, wherein the pressure equalizing
means is pressurized by pressurizing fluid used to pressurize the
cathode reaction vessel, which also simultaneously pressurizes the
anode reaction vessel.

The apparatus claimed in claim 73, wherein the pressure equalizing
means provides electrical insulation between the cathode reaction
vessel and anode reaction vessel.

The apparatus claimed in claim 73, wherein the pressure equalizing
means comprises a non-conductive tube with a piston located therein,

and an indicator for indicating the position of the piston within the tube.

The apparatus claimed in claim 60, including heat control means for

heating or cooling the cathode reaction vessel.

The apparatus claimed in claim 60, including a stirrer within the
cathode reaction vessel.

The apparatus claimed in claim 66, wherein the conduit is located
within a non-conductive and heat-resistant barrier between the

cathode reaction vessel and anode reaction vessel.

CA 2880127 2019-08-02



WO 2014/016815 PCT/IB2013/056215

10

ooz

T oo

@tgjﬂ,@@
D
il
¢
3

=1
SRjpse

i T k
22—~Ji 36 M 5 -
3401 B 46
18— | \ [ E 12 NN
H iy il
MR NN \ 08
26+ A ﬁi‘%‘éﬁ’ *‘48/
: ey - - -
- 38 -40
04947 @o
8| ﬁf A
( 16}, =l
18 4]28\
24 19
. 50
[

Fig. 2




CA 02880127 2015-01-26

WO 2014/016815 PCT/IB2013/056215
2/9
o
0
Y
-
9
0
] /— .O
oD
Re)
£l
\ <t
O ~O
N
=\
T




CA 02880127 2015-01-26
WO 2014/016815 PCT/IB2013/056215
3/9

Influence of CO,on the pH

g 50 - I
c 40
£ —— pH cathode
O 1 T 1 \ 1
0 2 4 6 8
pH
Fig. 4
70
60 q\
50
£
g 40 " —¢— cathode
';é.} 30 - - Onode
=20
N = ¥
0 I | |\ / T ]
o)




CA 02880127 2015-01-26

WO 2014/016815 PCT/IB2013/056215
4/9
Inoculation/
Electiolysis on  Heafing  Electrolysis Electrolysis on
{30V on off (5V)
1

70
60 /&\

. /‘**/‘/\’

VOL%;ig /
o/ || A
ol / -

0 2,5 3.4 6,25 22,2 24,75

- H2
&~ CH4

I
i
f
I
|
!
]
I
I
!
i
}
1
T
t
|

fime/h
Fig. 6
Inoculation/ ; ;
Electrolysis on E{gggirﬁigyizoﬁ/ E'GC{T g\(?;s o
50
45 /¢
40 ]
35 //
. 30 Eam o .
o~ ; : ;
5 2 // T e
= 20 | 5 5 | - CH4
}5 X E . E : 1]
10 5 i : 2 i
o/ b yy A 3
0 2,5 5 6,5 22,4 26,5
fime/h




CA 02880127 2015-01-26
WO 2014/016815 PCT/IB2013/056215
5/9

Electrolysis off/

Hedating on
Electrolysis on Electrolysis on -8 H2
(30V)
(30V) - CH4
Inoculation Electrolysis
o0 Off
50 /H\,\
70 ;
60 /f : E .
Vol, % 90 / : E |
40 / 5 j :
301 / | i ?
20 / : ' '
10 :
ob—a— Al 4

0 1025 17,75 23,25 9475 41, 75 4425 4575

fime/h
Fig. 8
Heating on
Electrolysis on Heating
Inoculation (3OV) Electrolysis off
70 off
60 ® K‘?AK—
50 y e
40 | R I N A
Vol. %l / | | : | |
20 7 {|— -
10 S S S S /

EaN
O
O~
O

O ;
0 7 17,256 23 25 41,5
fime/h

Fig. 9 & CH4

'




CA 02880127 2015-01-26

WO 2014/016815 PCT/IB2013/056215
6/9

425 _
400
20 —— X 387.5
350 —
325 —
300 —
275 :
250 i
095 e
Areq prd . 3= Araq
200 —
175 —
120 e
125
1?0 " 105.15
50 75.75
%
oz ANode o
21 /ésomple Vol.% O2 100%
Fig. 10
Electrolysis off/
Heating on
Inoculation Electrolysis on
100 15
90_ //A .-:g
80 12
B / \N\ ,// 1
T 60 r A ? 0
3 | N
o= 50 /] o~
O 40 / L Z D
> / / 5 =
o = !
20 3
o / b 7 ;
0-Abe— 1 I‘T’ i i i | n 10
0 5 10 15 20 25 30 35 40 45
-8 H2

time/h
Fig. 11 &~ CH4




WO 2014/016815

Electrolysis off/

CA 02880127 2015-01-26

7/9

PCT/IB2013/056215

Hedaoti n
Inoculation/ e Electrolysis
. Restart off @ H?D
E]@C?%‘@ls on Electrolysis on - CH4
(30V)
60 30
o~ 50 [Q\ /\A/’/_//A 25
T
2 40 \\ /A/ - 20 _
e T
L a0 / 15 O
o~
%\ 1 =
10 — \7\ )
OM I T T 1 1 N 0
0 10 20 30 40 50
fime/h
Fig. 12
Etectrolysis off/
Heaiing on -8 H?
Electolysis on —A- CH4
Inoculation
70 /A - 20
60 r‘\ - i
50 / \\ -
T 40 ? \ 12 ¥
BQ ll \ O
> 30 , A\ PR
p / e N T
10 1 -
O“—M T T \el X O
0 10 20 30 40 50 60
time/h




WO

Vol. % H2

CA 02880127 2015-01-26

PCT/IB2013/056215

2014/016815
8/9
ElecTro%ysis oft/
edti
R —o- H2
Flectrolysis on ~&~ CH4
inoculation Exchange of gas
80 35
70 ] r A - 30
60 ]
| / / - 25
50 - 3
- o \/ 20 3
40 3R
1 / X -15 5
S I T A o
20 B ]O
10 ] / _ / \ L5
0 e ; . 0
0 10 20 30 40 50 60 70
fime/h
Fig. 14
-8 H2
Electrolysis on Electrolysis off/
Inoculation Heating on - CH4
603 * 25
553 NG
501 f T 20
457 ':' \\\ /7‘
N ; <t
T 403 ] N . 5 I
52 352 ] \\ // (g
- 303 jé N7 o~
Q 05 7 7\ 3
> 49 i YA 10 9
20; ya 7—X,
151 / 7 AN
; 7/ 7 \ 5
103 V4 V4 \
g 7 V4 N
53 7z 7 AN
—+()
O 5 10 16 20 25 30 35 40 45
time/h

Fig. 15




WO 2014/016815 PCT/IB2013/056215

Electrolysis on

. Electrolysis off/ 8- H2
Inoculation Heating on CHA

Zg ~ /0
501 \ -
40: / \ / 520
:232 / / \ 10
/o Nk

Vol. % H2

\
>
o
Vol. %CH4

time/h
Fig. 16
-@- H2
90 ACHA o
80K /A = 45

70 AN e = 40
60- \ / = 35
50- ~ / = 30
40 > N
30 N 20
20 e ™~ 10
ol ~ 10

0 5 10 15 20 2%
time/h
Fig. 17

Vol, % H2
Vol. %CH4




§1 08 sansl}

@w@@u

T @ Bt



	Page 1 - COVER_PAGE
	Page 2 - ABSTRACT
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - DESCRIPTION
	Page 25 - DESCRIPTION
	Page 26 - DESCRIPTION
	Page 27 - DESCRIPTION
	Page 28 - DESCRIPTION
	Page 29 - DESCRIPTION
	Page 30 - DESCRIPTION
	Page 31 - DESCRIPTION
	Page 32 - DESCRIPTION
	Page 33 - DESCRIPTION
	Page 34 - CLAIMS
	Page 35 - CLAIMS
	Page 36 - CLAIMS
	Page 37 - CLAIMS
	Page 38 - CLAIMS
	Page 39 - CLAIMS
	Page 40 - CLAIMS
	Page 41 - CLAIMS
	Page 42 - CLAIMS
	Page 43 - CLAIMS
	Page 44 - DRAWINGS
	Page 45 - DRAWINGS
	Page 46 - DRAWINGS
	Page 47 - DRAWINGS
	Page 48 - DRAWINGS
	Page 49 - DRAWINGS
	Page 50 - DRAWINGS
	Page 51 - DRAWINGS
	Page 52 - DRAWINGS
	Page 53 - REPRESENTATIVE_DRAWING

