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& (S57) Abstract: We disclose a device for the production of hydrogen from water using heat. The device employs thermal water

\¢ splitting and works essentially without electricity. It is based on the concept of a membrane reactor with two kinds of membranes
& allowing the separation of hydrogen and oxygen simultaneously in stoichiometric quantities from the reactor volume. The device has
& a special geometry resulting in a temperature distribution inside the reaction chamber to accommodate the use of hydrogen selective
O\ membranes. The device will help to reduce the need for hydrogen transport and storage as it will be rather compact for on-site use
in households, small factories or gas stations. The use of the device in mobile applications is conceivable. The heat source of the
device as described is combustion of a hydrocarbon using porous burner technology; however the device can be modified to exploit
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any other heat source, especially solar radiation.
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REACTOR FOR THE STMULTANEQUS SEPARATION OF HYDROGEN AND OXYGEN FROM WATER

Hydrogen is the fuel of the future. Although many developments in
the field of fuel cells, hydrogen combustion engines, and related
technologies are going on, hydrogen consumers are still far away
from being economically viable. Hydrogen transport and storage
are further obstacles to & quick change from a fossil-driven to a

hydrogen-driven econony.

The disclosed device is based on thermal water dissociation in a
heat and mass transfer optimized membrane reactor for
simultaneous, stolichiometric oxygen and hydrogen separation, As
it is a stand-alone small or medium-scale hydrogen production
plant, the device will help to reduce the need for hydrogen
transport and storage. Consequently, it will help to accelerate
the introduction o¢f hydrogen as an energy vector, and it 1is

therefore expected to be 0f substantial economic importance,

The hydrogen produced by the device is clean, the only
contaminant being water., It can be fed right away to a fuel cell
and thus c¢an be combined with fuel cell stacks to co-generate
heat and electricity for households or small factories. The use
of the device in mobile applic-ations is conceivable, and very

compact versions can be employed in fuel cell cars.

The recent evolution within the mnaterial sector and especially

the development of new types of membranes has made it possible to
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manufacture economically viable devices like the disclosed one

with a long lifetime,.

The device can be realised as disclosed using combustion as heat
source. The available heat produced in the c¢combustion is
increased usging the hot oxygen from the water-splitting process
separated by the device. Even though burning acetylene with the
oxygen produced by the device is thermally most favourable, other
gases like butane, natural gas or methanol have high enough flame

temperatures (see Table 2} to make hydrogen by thermolysis.

The exhaust gas from the combustion will contain a minlimum of
carbon oxides because of the optimization of heat and mass flows.
Other exhaust products are only water and possibly some

hydrocarbons due to imperfections in the combustion.

The device can be modified to use solar radiation as heat source
and thus produce hydrogen fyrom water without any emission of

carbon oxides.

Figure 1 shows an embodiment of the device according to the invention.

Figures 2a and b show embodiments of the device according to the

invention with several heating tubes or with just one heating tube.

Figure 1 shows a possible embodiment of the device. The device is
a thermally insulated, cylindrical reactor chamber (1}. Passing
through the reactor chamber, and parallel to its axis, are three

types of one or more tubes with specific functions:

1. one or more substantially gas impervious, solid tubes used

as a membrane for selectively passing hydrogen (2),
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2. cne or more substantially gas impervious, solid tubes used
as a membrane for selectively passing oxygen (3), and

3. one or more substantially gas impexvious, s0lid tubes

containing the heat source {(4).

Arrangements with several heating tubes or with just one are
illustrated in Figures 2 a and b. Significant is the positioning
of the oxygen selective membranes around the heat source to
shield the remaining reactor volume from direct, radiative heat

transport. However, other geometrical configurations like those

shown in Figure 2 are possible.

The reactor chambex contains some water, and it has several water

inlets (5).-

A gas is burned inside the heating tubes (6). Heat sources may be
tubular, porous burners, which optimise combustion inside small
volumes. Acetylene 1is chosen as an example, indicated in the
Figure, but any other gas reaching sufficiently high flame
temperatures may be used as well. The heat is transferred via the
walls of the heating tubes, and by conduction, convection and

radiation, to the water inside the reactor and also to the other

components of the device.

The water inside the reactor will eventually vaporize and

ultimately dissociate into its components: atomic and molecular
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hydrogen, oxygen, and hydroxyl OH", Other possible combinations
of hydrogen and oxygen are negligible, their abundance being
below the ppm level for practical temperatures up to and over

2500 X depending on - the thermodynamic conditions inside the

reactor.

The oxygen selective membrane tubes are placed closest t¢ the
heat source, i.e., in the region where the temperature and thus
the degree of water dAissociation 18 highest and where there is a
sizeable oxygen partial pressure. The oxygen passes the membrane
due to the concentration difference between the ingide of the
reactor and the inside of the membrane tube. The separated oxygen
is directed to the gas burner to attain the highest possible

combustion temperature and thus the highest possible degree of

water dissociation.

Additionally, the oxygen selective membrane tubes serve as a heat
shield Dbetween heat source and hydrogen membrane: tubes and

reactor walls.

The tubes are placed closer to the reactor walls. The reactor
wall and possibly the hydrogen membrane tubes are cooled. The
temperatures 1n the region of the hydrogen membrane tubes are
accordingly much lower than the temperatures in the waterx

dissoclation area. To assure optimized functioning of the

hydrogen selective membranes, the Ctemperatures are typically
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around or below 1000°C; at higher temperatures oxygen transfex
will start and worsen the selectivity, with decreasing

temperatures hydrogen transfer rates will diminish.

The surplus hydrogen in the dissociation region after oxygen was
extracted will diffuse throughout the reactor. Hvdrogen is
extracted Lo counteract the loss of separated oxygen and thus
keep the absolute hydrogen to oxygen xatio in the reaction

chambexy balanced, i.e., in the molecular ratio of 2:1.

Inside the gas selective membrane tubes must be a lower partial
pressure of the respective gas than outside, to allow the
membrane to function. This can be assured e.g. by connecting the
gas selective membrane tubes to pumps. By pumping, a gas
concentration gradient across the membrane wall 1is created.
RHydrogen and oxygen will pass the respective membranes, and the
gases can be directed to storage or to consumers. A small turbine
in the exhaust gas stream c¢an provide the necessary electricity

for the oxygen and hydrogen pumps.

Water is injected to compensate for the extracted oxygen and
hydrogen. The water inlets are arranged such that water droplets
or c¢old wvapour c¢ool all 3joints between functional tubes and
reactor chamber. The water injection may as well be realised via

vapour penetration through the reactor walls. The water or steamn,
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which is injected, can be preheated as part of the thermal

insulation and with heat from the exhaust gas of the burners.

The amount of hydrogen and oxygen extracted is controlled to be 2
to 1, in theilr stoichiometxic ratio in water. Thus, the reactor

is refuelled with exactly the corresponding amount of water.

The required temperatures for water dissociation can be obtained
with a variety of gases with sufficiently high flame temperature..
Sufficiently high is defined by the desired degree of water
'dissociation. Table 1 shows, for a pressure of 1l bar, the degree
of water Qdissociation {(mass fraction in percent) and the hydrogen
partial pressure at different vapour temperatures. The wvalues:

have been calculated using STANJAN software [1].

1500 K 2000 K 2200 K 2273 X 2500 K 3000 X 3500 K
0.02% 0.70% 1.37% 2.49% 5.89% 24 .,64% 62.36%,

0.2 mbar 6 mbar 14 mbar 22 mbar 50 mbar 200 mbar 454 mbar

Table 1: Water dissociation in weight percent at different

temperatures and corresponding hydrogen partial pressure.

The disclosed device separates oxygen from water. This oxygen is

conducted into the burner to improve the combustion in terms of

(a) cleaner exhaust and {(b) higher flame temperature.
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{(a) “Cleaner” is understood as a reduction of NO, ang
hydrocarbons in the exhaust gas. The exhaust gas, which will
mainly contain C0O; and water, can be combined with the hydrogen
from the device to feed for example a Fischer-Tropsch process.

The carbon dioxide can be trapped e.g. by letting the exhaust gas

bubble through a limewater bath.

approx., flame temperature

in air f[°C]. with 0O, [°C]
unleaded gasoline 2030 2260
hydrogen 2100 2800
methanol 1870 2200
ethanol 1920 2380
methane 1960 2800
ethane 1960 2810
butane 1970 2830
propane 1980 2820
acetylene 2400 3100

Table 2: Approximate flame temperatures in air and in oxygen for

a—-selection of gases.

(b) Increasing the combustion temperature is important. Flames ot

most gases in air reach only temperatures around 2000°C

(see

Table 2), whereas flame temperatures can rise over 3000°C when
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the gas is burnt with oxygen. Depending on the gas used, stored

oxygen will need to be supplied during start-up of the device.

There are no ballast gases and the energy to be supplied is just
that needed to heat and dissociate the fresh water, and that

needed to maintain the working point thermal ecquilibrium

situation,

The thermal efficiency of the device can be improved if hot steam
from a hydrogen consumer (fuel cell, hydrogen combustion engine)

18 used to replenish the device.

Hydrogen and oxygen production may be increased by adding a
catalyst into the reactor. An example are catalysts with two or
more oxidation states like the Zn—~Zn0O or the FeO-Fe, 0, systems,
where the Zn or the Fe0O reduces the watar molecule while the ZnO

or the Fe,0; releases the oxygen at high temperatures.

Hydrogen and oxygen production may also be increased by using
catalvtic membranes, which split the water molecules when they
come into contact with the membrane surface. Titanium and Cexium -

oxides have exhibited catalytic effects when integrated into high

temperature ceramic membranes [2].

Without catalyst or catalytic membranes, the working point

temperature is well above 2000°C. For example at 2227°C (2500 K)
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and a pressure of 6.75 bar inside the reactor, the hydrogen

partial pressure is about 169 mbar.

Materials, which stand these conditions, are rare. However, today
materials are available for both heating tubes and burner as well

as for the gas separating membranes:

FPor the heating tubes, graphite or zirxconia with a sufficiently

protective coating by some high-melting oxide is a first choice,

Oxygen separation is possible to be carried out with a high yield

at temperatures starting at about 1200°C. Oxygen separaktion due

to ionic conduction increases with temperature for many

refractory materials.

Using existing membrane materials, the hydrogen selective
membrane tubes have to be placed in a region where the
temperature is of the order of or below 1000°C, which is near the
reactor walls or even integrated into the reactor walls, Hydrogen
separation is possible to be carried out at a rate of the order
of 10cm’/cm’/min based on results with mixed-conductance cermet

nmnembranes [2}.

The low temperature near and of the reactor wall allows using
cheap and abundant materials like alumina to bhuild the reactor

components.,
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1. A device for separating water into hydrogen and oxygen, comprising
a thermally insulgted, cylindrical zreactor chamber (1) and,
located within said reaction chamber, and parallel to its axis,
one or more substantially gas impervious, solid tubes containing
tﬁe heat source (4), one Or more substantially gas impervious,
solid tubes used as hydrogen selective membranes(s) (2), one ox
more substantially gas impervious, solid tubes used as oxygen
selective membranes(s) (3), and a mechanism (5) foxr passing
water or steam into said reactor chambexr (1), characterized in
that the one or wore oxygen-selective membrane(s) (3) is/are
positioned arcund the heat source (4) and placed closest to the
heat source (4) such that said oxygen-selective membrane(s) (3)
serve (s) also as a heat shield between the heat gource (4) and
the hydrogen-selective membrane(s) (2) and the walls of the

reactoy chamber {1).

2 . The device of c¢laim 1 wherein the multiple tubes used as the
oxygen-selective membranes (3) are arranged concentrically
around a heating tube (4), and multipie tubes used as hydrogen-
selective membranes (2) are arranged@ on a sector between the

tubes used as the oxygen-~-selective membranes (3} and the wall of

the reactor chamber (1).

3. The device of claim 1 wherein the multiple tubes used as the
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oxygen-selective membranes (3) are arranged concentrically around
a heating tube (4), and multiple tubes used as hydrogen-selective
membranes (2) are arranged concentrically between the tubes used

as the oxygen-selective membranes (2) and the wall of the reactor

chamber (1).

4, The device of claim 1 wherein the mechanism (5) for passing water
or steam into sald reactor chamber (1) comprises water inlets
arranged such that water dJdroplets or cold vapour cool(s) all

joint between said tubes and said reactor chamber (1).

S . The device of claim 1 wherein the heat source (4) consists of one

or multiple porous burners.

6. The device of claim 1 wherein sgolar radiation i1s used as heat

source (4) .
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7. The device of claim 1 wherein the hydrogen-selective membrane(s)

(2) is/are integrated into the wall of the reactor chamber (1).

8. The device of c¢laim 1 wherein the reactor chamber (1) contains

a catalyst.

9. The device of <claim 1 wherein the hydrogen-selective
membrane (s) (2) and/or the oxygen-selective membrane(g) (3)

lg/are (a) catalytic membrane(s).
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