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(57) Abrégé(suite)/Abstract(continued):

feeding fluids into the reactor chamber and at least one discharge line (4) for discharging fluids from the reactor chamber, wherein
the at least one discharge line is provided with a device (5a, 5b, 5c¢, 5d) for controlling or regulating the flow rate, preferably having a
valve, for adjusting the pressure within the reactor chamber, wherein a conveyance means is provided on at least one feed line for
introducing a water-containing medium into the reactor chamber and wherein at least one discharge line (4) protrudes into the
reactor chamber or opens directly into the reactor chamber, through which the compressed hydrogen is discharged from the
reactor chamber, wherein the reactor chamber exhibits at least two areas that are separate from each other and connected in a
gas-conducting manner, of which at least one area comprises the metal-containing contact mass (2) and at least one additional
area comprises at least one inert material (7, 13).
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ABSTRACT

The present invention relates to a device for producing
compressed hydrogen, comprising a pressure-resistant reactor (1)
with a reactor chamber having a metal-containing contact mass
(2), wherein the reactor (1) comprises at least one feed line (3)
for feeding fluids into the reactor chamber and at least one
discharge line (4) for discharging fluids from the reactor
chamber, wherein the at least one discharge line is provided with
a device (5a, 5b, 5c, 5d) for controlling or regulating the flow
rate, preferably having a valve, for adjusting the pressure
within the reactor chamber, wherein a conveyance means 1is
provided on at least one feed line for introducing a water-
contalning medium into the reactor chamber and wherein at least
one discharge line (4) protrudes into the reactor chamber or
opens directly into the reactor chamber, through which the
compressed hydrogen is discharged from the reactor chamber,
wherein the reactor chamber exhibits at least two areas that are
separate from each other and connected in a gasconducting manner,
of which at least one area comprises the metal-containing contact
mass (2) and at least one additional area comprises at least one

inert material (7, 13).



METHOD FOR PRODUCING HYDROGEN

Field
The present invention relates to a method for producing

compressed hydrogen.

Background

Hydrogen is an important energy carrier, the significance of
which has increased in recent years, since hardly any pollutants
and no fine dust particles are produced when burning hydrogen. An
advantageous combustion reaction of this type is desirable in
particular in internal combustion engines for road vehicles. In
addition, hydrogen is used increasingly for energy recovery in
fuel cells. Currently, however, the majority of the produced
hydrogen is used in the chemical industry.

Hydrogen is nowadays primarily produced with the aid of steam
reforming, partial oxidation, and autothermal reforming. In these
methods, a synthesis gas rich in CO is produced, and therefore
these methods often are combined with the water-gas shift reaction,
in order to produce a mixture of hydrogen and carbon dioxide. If
a partial oxidation and autothermal reforming is used, air is
additionally introduced, and the produced hydrogen is additionally
diluted with large amounts of nitrogen from the air. In order to
separate this added nitrogen, CO,, unreacted CO and starting
material from the produced hydrogen, additional purification steps
are necessary. This purification 1is usually performed by pressure
swing adsorption or monoethanolamine scrubbing.

Document GBR 902 338 describes methods and devices for
producing compressed hydrogen. Here, steam is brought into contact

with iron particles, whereby hydrogen and also iron oxide are
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formed. The formed iron oxide is reduced in a further step to iron
and is fed back into the hydrogen production step.

DE 279726 from the year 1913 describes a method for producing
hydrogen in which superheated steam is conveyed over heated metals.
The retort in which this method is performed has an opening for
discharging the hydrogen, at which opening there is arranged a
pipeline provided with valves.

A method for producing compressed hydrogen is disclosed in
US 3 880 987, in which method steam is brought into contact with
metal tin and tin oxide.

DE 2507612 describes a method for producing hydrogen, in which
tungsten dioxide is used as catalyst. During the course of this
method, steam is brought into contact with the catalyst at a
temperature of less than 700°C.

Further methods for producing hydrogen include the use of
membrane reactors, electrolysis, or chemical looping reactions.

All of the methods known from the prior art for producing
hydrogen have different disadvantages. On the one hand, hydrogen
contaminated with nitrogen, CO,, unreacted CO and starting material
is produced by these methods. In order to purify this hydrogen,
additional methods and devices are required, which makes the
production of hydrogen by means of these methods time-consuming
and costly. With the aid of electrolysis, it would indeed be
possible to produce pure hydrogen, however this type of production
is economical only with availability of favourable power sources.
On the other hand, the hydrogen produced by means of these methods
usually 1is not compressed. In other words, 1in order to produce
compressed hydrogen, a device for compressing hydrogen is
additionally required.

The storage and the transpert of hydrogen pose a further

problem. Hydrogen 1is usually stored in pressure vessels. As a

Date Regue/Date Received 2021-09-10



- 3 -
result of compression by means of compressors and optional cooling,
hydrogen can be introduced into and stored in pressure vessels in
a compressed or liquid form. A key problem in liquefying and
compressing hydrogen is the high energy expenditure and also the
eqgquipment costs. In addition, this type of storage poses the risk
that the vessels or the valves fitted thereon may burst as a result
of the high internal pressure. Alternative forms for storage of
hydrogen are based on solids or liquids (for example metal hydride

storage and adsorption storage).

Brief Description of the Drawings

Figure 1 shows a first section through a reactor according to
the invention.

Figure 2 shows a second section through the reactor of
Figure 1.

Figure 3 shows the section of Figure 2 without the
incorporated areas.

Figure 4 shows an external view of the reactor of Figures 1-3.

Figure 5 shows a schematic illustration of the reactor and
method according to the invention.

Figure 6 shows a schematic illustration of an alternative

reactor and method according to the invention.

Detailed Description

The object of the present invention is, inter alia, to provide
an alternative method and a device for producing compressed
hydrogen, which method and device overcome the disadvantages of
the prior art.

The present invention relates to a device for producing
compressed hydrogen comprising a pressure-resistant reactor with

a reactor chamber having a metal-containing contact mass, wherein
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the reactor comprises at least one feed line for feeding fluids
into the reactor chamber and at least one discharge line for
discharging fluids from the reactor chamber, wherein the at least
one discharge line is provided with a device for controlling or
regulating the flow rate, preferably having a valve, for adjusting
the pressure within the reactor chamber, wherein a conveyance means
is provided on at least one feed line for introducing a water-
containing medium into a reactor chamber, and wherein at least one
discharge line protrudes into the reactor chamber or opens directly
into the reactor chamber, through which compressed hydrogen is
discharged from the reactor chamber, wherein the reactor chamber
has at least two areas that are separate from each other and are
connected to each other in a gas-conducting manner, of which at
least one area comprises the metal-containing contact mass and at
least one additional area comprises at least one inert material.
A further aspect of the present invention relates to a method
for producing compressed hydrogen in a device according to the
invention comprising a step of introducing a water-containing
medium into a reactor chamber of a pressure-resistant reactor of
this device by means of a conveyance means, preferably a pump,
wherein the reactor chamber comprises a metal-containing contact
mass, wherein the water-containing medium is evaporated before or
in the reactor chamber, whereby the pressure within the reactor
chamber rises above the ambient pressure, and the evaporated water
is reacted with the metal of the contact mass to form hydrogen,
and the metal 1is reacted to form metal oxide, wherein the
compressed hydrogen is discharged from the reactor chamber by means
of a line protruding into the reactor chamber or opening directly
into the reactor chamber, wherein the pressure within the reactor

chamber is controlled or regulated using a device, provided on the
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discharge 1line, for controlling or regulating the flow rate,
preferably using a valve.

The reactors used in the method according to the invention
enable the production of compressed hydrogen without the use of
compressors which compress the hydrogen usually produced at normal
pressure. In accordance with the invention, a water-containing
medium (water or steam) is brought into contact with a metal-
containing contact mass. Hydrogen is released due to the oxidation
of the metal in the metal-containing contact mass at a temperature
of preferably 300°C to 1200°C, even more preferably 400°C to
1000°C, particularly preferably from 450°C to 950°C. The devices
for controlling or regulating the flow rate at the openings located
on the reactor make it possible for the pressure within the reactor
to rise as a result of the evaporation of the water in the reactor
chamber. The formed hydrogen is thus present likewise under this
pressure. If a conveyance means (for example pump) is used to
introduce a water-containing medium into the reactor, this must
maintain the pressure and must build up a corresponding counter
pressure by conveyance of the medium. If a specific pressure within
the reactor chamber is reached, the reactor chamber can be closed
in the area of the conveyance means using a device for controlling
or regulating the flow rate, preferably using a valve. The pressure
formed within the reactor during the course of the reaction can
thus be maintained, and compressed hydrogen can be removed from
the reactor at a later time. In addition, with the device according
to the invention, a specific amount of water or steam can be
introduced initially into the reactor, which can then be closed.
Due to the feeding of heat, the pressure within the reactor chamber
rises accordingly. By contrast, in the case of the methods known
from the prior art for hydrogen production, the pressure 1in the

corresponding reactors is generated by bringing the steam at high
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pressure into contact with a suitable contact mass. In other words,
the pressure is built up in such systems by introducing the steam
by means of pressure (for example see GB 902 338). Further
technical measures in the hydrogen production are thus necessary.

If a desired pressure 1is reached, the valve on a discharge
line is opened for example, whereby hydrogen can be drained under
a defined pressure. Once a desired pressure has built up within
the reactor, compressed hydrogen can thus be directly discharged
from the reactor by means of a line provided with a device for
controlling or regulating the flow rate (for example a valve). The
compressed hydrogen can be discharged continuously by using the
conveyance means to introduce water into the reactor at the same
time as the discharge. The discharge amount of compressed hydrogen
can be determined by the device for controlling or regulating the
flow rate at the discharge opening. The pressure within the reactor
is thus also controlled or regulated.

The metal of the metal-containing contact mass is a metal
which reduces at least in part by hydrogen, carbon monoxide, or
gaseous hydrocarbons under the given temperatures and which also
can be oxidised at least in part with steam, resulting in the
formation of hydrogen. Such metals are sufficiently known to a
person skilled in the art, wherein iron, tungsten, molybdenum and
germanium are particularly suitable.

The terms “reduced at least in part” and “oxidised at least
in part”, as used herein, mean respectively that the metal or metal
oxide 1s oxidised and reduced either completely or only in part.
An example for partial reduction is the reduction of Fesz0, to FeO,
for example.

In accordance with a preferred embodiment of the present

invention, the pressure within the reactor chamber 1is controlled

Date Regue/Date Received 2021-09-10



-7 -
by the conveyance means and one or more devices for controlling
the flow rate in lines leading into and from the reactor chamber.

The pressure within the reactor chamber is preferably
controlled or regulated by the conveyance means with which the
water-containing medium is introduced into the reactor. In order
to generate a corresponding counter pressure in the reactor,
whereby the pressure within the reactor can be increased above the
ambient pressure, devices for controlling or regulating the flow
rate in the lines leading into and from the reactor chamber are
disposed on said lines. Devices for controlling the flow rate are
preferably valves. Stop valves, flow control valves, check valves,
pressure valves and/or directional wvalves are ©particularly
preferred.

In accordance with a further preferred embodiment of the
present invention, the pressure when reacting evaporated water
with the metal of the contact mass to form hydrogen and when
reacting the metal or the metals to form metal oxide is at least
2 bar, preferably at least 3 bar, preferably at least 4 bar,
preferably at least 5 bar, even more preferably at least 6 bar,
even more preferably at least 7 bar, even more preferably at least
8 bar, even more preferably at least 9 bar, in particular at least
10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250 or
300 bar. The pressure during the reaction particularly preferably
is, or rises to at most 400, 350, 300, 250, 200, 150, 100, 90, 80,
70, 60 or 50 bar, depending on the pressure resistance of the
reactor used, the lines, and the connections to the devices for
controlling the flow rate. In addition, the pressure during the
reaction is preferably between 2 and 400 bar, between 2 and 350
bar, between 2 and 300 bar, between 2 and 250 bar, between 2 and
200 bar, between 2 and 150 bar, between 2 and 100 bar, between 2

and 80 bar, between 2 and 60 bar, between 5 and 400 bar, between
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5 and 400 bar, between 5 and 400 bar, between 5 and 350 bar,
between 5 and 300 bar, between 5 and 250 bar, between 5 and 200
bar, between 5 and 150 bar, between 5 and 100 bar, between 5 and
80 bar, or between 5 and 60 bar. A pressure range between 2 and
250 bar, even more preferably between 5 and 200 bar, is
particularly preferred.

The metal-containing contact mass preferably has the form of
a metal sponge, pellet, powder, granulate, or a combination
thereof. Methods for producing contact masses of this type are
sufficiently known to a person skilled in the art. The metal-
containing contact mass which is brought into contact with the
water of the water-containing medium or with the steam can have
any form in principle. Contact masses which are mechanically stable
and which have a sufficiently large surface for the reaction of
water to form hydrogen are particularly preferred.

In accordance with a preferred embodiment of the present
invention, the metal-containing contact mass comprises a metal
and/or metal oxide selected from the group consisting of iron,
iron oxide, molybdenum, molybdenum oxide, tungsten, tungsten
oxide, germanium, germanium oxide, and combinations thereof. The
use of iron or iron oxide in the metal-containing contact mass 1is
particularly preferred.

The metal-containing contact mass used in accordance with the
invention can comprise the aforementioned metals or metal oxides
in any amount and in any ratios.

In accordance with a preferred embodiment of the present
invention, the contact mass additioconally comprises metal oxides in
order to increase the stability and reactivity of the contact mass.
Suitable additional metal oxides are preferably selected from the
group consisting of CoO, GeO,, CuO, NiO,, PtO,, Nay0, In,0s3, Li,0,
WOs, Ag20, ZnO, RuO, NiO, Fe,0s;, RuO,, Gay0s, PtO, Nb,0s, MnO,, In,0s,
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PdO, K,0, SnO,, TiO,, Cr,0s, HfO, Zr0,, VO,, CeO,, Y,03, CalO, MoO,,
5i0,, La,0s3, MgO, SC,05, Sr0O, Al,03, and combinations thereof. The
proportion of the active metals (such as iron, molybdenum, tungsten
and germanium) in the metal-containing contact mass is preferably
higher than that of the non-reactive additives or metal oxides
(such as Al,03 and 7Zr0;). The metal-containing contact mass
accordingly comprises at least 60%, preferably at least 70%,
preferably at least 80%, preferably at least 90%, preferably at
least 95%, even more preferably at least 99% active metals. In
this context, “active” means that the material/metal can be reduced
at least in part by hydrogen, carbon monoxide or gaseous
hydrocarbons under the given temperatures and also can be oxidised
at least in part with steam, resulting in the formation of
hydrocgen.

In accordance with the present invention, the reactor chamber
has at least two areas that are separate from each other and are
connected to each other in a gas-conducting manner, of which at
least one area comprises the metal-containing contact mass and at
least one additional area comprises at least one inert material.

The 1line protruding into the reactor chamber preferably
protrudes into the area comprising the inert material, and the
compressed hydrogen is discharged from the reactor chamber via the
area comprising the inert material. It is thus made possible that
the hydrogen recovered from the reactor chamber contains fewer
impurities compared to hydrogen produced in the conventional
manner.

The contact mass disposed in the reactor chamber of the device
according to the invention remains in the reactor according to the
invention during the entire method and during the reduction of
said contact mass after the hydrogen production. This has the

advantage that the contact mass does not have to be transferred
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into a regeneration reactor and therefore does not have to be
moved. The area of the reactor chamber comprising the contact mass
is thus considered to be a fixed-bed reactor. The fact that both
oxidation and reduction of the contact mass are performed in the
same reactor chamber thus has advantages compared to conventional
devices as described in GB 902 338.

Hydrogen is recovered in the method according to the invention
from steam or water. Excess water is preferably separated from the
produced compressed hydrogen by feeding the compressed hydrogen
discharged from the reactor to a steam separator. Preferably at
least 10%, even more preferably at least 20%, even more preferably
at least 30%, even more preferably at least 40%, even more
preferably at least 50%, even more preferably at least 60%, even
more preferably at least 70%, even more preferably at least 80%,
even more preferably at least 90%, even more preferably at least
95%, and in particular 100% of the water of the hydrogen/water
mixture leaving the reactor is removed by this method step. The
steam separation 1s based on a condenser 1in accordance with a
preferred embodiment of the present invention.

The method according to the invention comprises a first step
in which water is reacted in the presence of metal to form hydrogen
and the metal is reacted to form a metal oxide. In order to reduce
the metal oxide from this first step to metal and therefore in
order to “regenerate” the metal-containing contact mass, a further
method step is preferably performed. The metal oxide produced in
a first step is regenerated or reduced as a result. The step of
“regeneration” 1is performed 1in accordance with the invention in
the reactor chamber of the device according to the invention,
whereby it is not necessary to remove the contact mass that is to
be regenerated from the reactor. In the case of conventional

methods, as described for example in GB 902 338, the contact mass
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is by contrast removed from the reactor, regenerated, and then re-
introduced into the reactor chamber. A separate reactor is
therefore required for this type of regeneration of the contact
mass.

In accordance with a further preferred embodiment of the
present invention, the method according to the invention comprises
a second step, which is independent of the first step of reacting
evaporated water with the metal of the contact mass to form
hydrogen and of reacting the metal to form metal oxide, and in
which the metal oxide of the metal-containing contact mass from
the first step is reduced at least in part to metal with a gas
mixture comprising carbon monoxide and/or hydrogen and/or methane
and/or long-chain hydrocarbons. Gas mixtures of this type are
produced for example during the production of synthesis gas from
petroleum fractions, such as diesel, as described below. The term
“long-chain hydrocarbons” as used herein includes hydrocarbons
having more than one carbon atom, preferably with a chain length
of more than 2, 3, 4 or 5 carbon atoms. Suitable gas mixtures can
also comprise alcochols of hydrocarbons (for example methanol or
ethanol) .

The oxidation reaction can be carried out in alternation with
the reduction reaction in the same reactor. The process of
producing compressed hydrogen can thus be performed continuously
if the method according to the invention is carried out in at least
two reactors in a staggered manner. A reduction step and an
oxidation step take place in alternation in each of the reactors.
Each reaction step is followed by execution of the other reaction
step.

In accordance with a preferred embodiment of the present
invention, the gas mixture comprising carbon monoxide and hydrogen

is produced from a gasifiable carbon-containing starting material
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in a synthesis gas area located preferably within the reactor
chamber and comprising a catalyst and/or a non-catalytic solid,
and 1is conducted into the area comprising the at least partly
oxidised metal-containing contact mass.

In accordance with the invention, any source for a gas mixture
comprising carbon monoxide and/or hydrogen and/or methane and/or
long-chain hydrocarbons can be used in order to reduce the oxidised
metal of the metal contact mass or the metal oxides at least in
part. However, it 1is particularly preferred when the gas mixture
comprising carbon monoxide and hydrogen or the synthesis gas is
produced directly in the reactor itself. Gasifiable carbon-
containing starting materials could therefore be introduced
directly into the reactor, whereby an additional synthesis gas
reactor can be spared.

All substances and substance mixtures known for the production
of synthesis gas can be used as “gasifiable carbon-containing
starting materials” and can be solid, ligquid, or gaseous. Solid
gasifiable starting materials can be, for example, carbon or
biomass, such as wood or straw. Crude oil distillates (fractions
with a low boiling point and/or high boiling point), but also
alcohols (for example methanol, ethanol, or propanol) can be used
as liquid starting materials for synthesis gas. Gaseous starting
materials include, inter alia, methane, biogas, natural gas and/or
liquid gas. Oxidising agents (for example air and/or oxygen and/or
steam and/or carbon dioxide) are additionally added as necessary
to these starting materials.

The synthesis gas area within the reactor according to the
invention preferably comprises a catalyst which is preferably
selected from the group consisting of metals, metal oxides, and
combinations thereof, 1in particular nickel, cobalt, ruthenium,

platinum, palladium, gold, iron, MgO, Al,0;, Si0O,, CuO, or CeO,. Of
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course, any type and form of catalysts which are usually used in
the production of synthesis gas can be used in the method according
to the invention.

If a non-catalytic solid is used in the synthesis gas area in
the method according to the invention, said solid is preferably
selected from the group consisting of nickel oxide, iron oxide,
copper oxide, tungsten oxide, and combinations thereof. The non-
catalytic solid does not have to be able to react with steam to
form metal oxide and hydrogen. For example, nickel and copper are
therefore also possible. The non-catalytic solid will be oxidised
with air, for example, so as to form its oxide again (regeneration
step similar to steam oxidation of, for example, iron in the
reactor area comprising the metal-containing contact mass).

In order to improve the energy efficiency of the method
according to the invention, it is particularly preferred to
discharge from the reactor the gas mixture (“waste gas”) produced
in the second step, i.e. the “reduction step” (reduction of the
oxidised metal of the metal-containing contact mass) and to use
said gas mixture in order to control the temperature of the reactor
and/or of the carbon-containing starting material to be introduced
into the reactor. Here, it 1s possible to use the waste heat of
the gas mixture discharged from the reactor, or the gas mixture
(“waste gas”) itself is burned for heat recovery.

In accordance with a particularly preferred embodiment of the
present invention, the gas mixture comprising carbon monoxide and
hydrogen is produced from a carbon-containing starting material in
an area disposed within the reactor chamber for partial oxidation
of a carbon-containing starting material, which optionally
comprises a catalyst for the partial oxidation, and is conducted
into the area comprising the at least partly oxidised metal-

containing contact mass.
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The catalyst for the partial oxidation is preferably selected
from the group consisting of metals, metal oxides, and combinations
thereof, in particular nickel, cobalt, ruthenium, platinum,
palladium, gold, iron, MgO, Al,0;3, Si0O,, CuO, or CeO,.

In the case of the partial oxidation, a sub-stoichiometric
fuel-air mixture is partially burned in the presence of a catalyst,
wherein a synthesis gas rich in hydrogen is produced. In order to
reduce or suppress the formation of elemental carbon, water and/or
steam are/is admixed during the partial oxidation.

In accordance with a preferred embodiment of the present
invention, the partial oxidation is carried out in at least one
reaction area, preferably a line, in the reactor chamber, wherein
the at least one reaction area 1is guided through the area
comprising the metal-containing contact mass so as to utilise the
heat created during the partial oxidation in order to heat the
metal-containing contact mass. As a result of this approach, the
energy efficiency of the method according to the invention is
significantly increased, since the heat required for the reduction
of the metal-containing contact mass does not have to be introduced
at the insulated and pressure-strengthened outer shell of the
reactor, but inside the reactor. It is particularly advantageous
if a number of reaction areas for the partial oxidation, preferably
a number of lines, penetrate the metal-containing contact mass.

In accordance with a preferred embodiment of the present
invention, the synthesis gas area or the area for partial oxidation
of a carbon-containing starting material is separated from the
metal-containing contact mass by a gas-permeable inert area. In
the method according to the invention, the gas or gas mixture
formed in the synthesis gas area or in the area of the partial
oxidation 1is thus initially guided preferably into an 1nert area

within the reactor chamber, and then to the metal-containing
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contact mass. This gas guidance has the advantage that any solid
carbon or also other impurities (for example sulphur compounds)
formed during the production of the synthesis gas or during the
partial oxidation do not pass into the area of the metal-containing
contact mass, whereby the efficiency of the hydrogen production
remains substantially untainted by any impurities, and the purity
of the hydrogen can be increased.

In accordance with a further preferred embodiment of the
present invention, the compressed hydrogen is discharged from the
reactor chamber from the inert area between the synthesis gas area
or the area for partial oxidation of a carbon-containing starting
material. As a result of the discharge of the compressed hydrogen
from the reactor chamber from the aforementioned inert area, it is
possible to produce highly pure compressed hydrogen.

In accordance with a preferred embodiment of the present
invention, the metal-containing contact mass of the device
according to the invention has the form of a metal sponge, pellet,
powder, granulate, or a combination thereof.

In accordance with a further preferred embodiment of the
present invention, the metal-containing contact mass comprises a
metal and/or metal oxide selected from the group consisting of
iron, iron oxide, molybdenum, molybdenum oxide, tungsten, tungsten
oxide, germanium, germanium oxide, and combinations thereof.

In order to 1increase the stability and reactivity of the
contact mass, the contact mass preferably comprises additional
metal oxides.

In accordance with a preferred embodiment of the present
invention, the additional metal oxides are selected from the group
consisting of CoO, GeO,, Cu0O, NiO,, PtO,, Na,0, In,03, Li,0, WOs,
Ag.0, Zn0O, RuO, NiO, Fe,0s5, RuO,, Ga,03, PtO, Nb;Os, MnO,, In,0s3, PdO,
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K,0, SnO,, TiO,, Cr,0;5, HfO, Zr0,, VO,, Ce0,, Y,03, CalO, MoO,, SiO,,
La,03, MgO, SC,03, Sr0O, Al,03, and combinations thereof.

In accordance with a particularly preferred embodiment of the
present invention, the reactor chamber has at least two areas that
are separate from each other and are connected to each other in a
gas—-conducting manner, of which at least one area comprises the
metal-containing contact mass and at least one additional area
comprises at least one inert material.

In accordance with a preferred embodiment of the present
invention, the discharge line protruding into the reactor chamber
opens directly into the area comprising the inert material.

The reactor according to the invention has feed lines and
discharge lines, by means of which fluids (gases and liquids, such
as water) can be introduced into the reactor. These lines
preferably open into an area comprising an inert material. In other
words, the fluids that can be introduced into the reactor are not
brought directly into contact with a chemically reactive material.

The discharge line protruding into the reactor chamber, by
means of which line fluids such as the compressed hydrogen can be
discharged from the reactor, is preferably connected to a steam
separator. The steam separator serves to separate water contained
in the compressed hydrogen in order to produce pure hydrogen.

In accordance with a further preferred embodiment of the
present invention, at least one synthesis gas area 1is arranged in
the reactor chamber and comprises a catalyst and/or a non-catalytic
solid. In addition to the at least one area with metal contact
mass, at least one synthesis gas area can additionally be arranged
in the reactor chamber. These two areas are physically separate
from one another, but are connected to each other in a gas-

conducting manner. The different chemical reactions can therefore
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take place separately in the corresponding areas in the reactor
chamber.

The catalyst of the synthesis gas area is preferably selected
from the group consisting of metals, metal oxides, and combinations
thereof, in particular nickel, cobalt, ruthenium, platinum,
palladium, gold, iron, MgO, Al,0;3, Si0O,, CuO, or CeO,.

The non-catalytic solid of the synthesis gas area is
preferably selected from the group consisting of nickel oxide,
iron oxide, copper oxide, tungsten oxide, and combinations
thereof.

In accordance with a further preferred embodiment of the
present invention, at least one area for partial oxidation of a
carbon-containing starting material is arranged in the reactor
chamber and comprises a catalyst for the partial oxidation.

In accordance with a preferred embodiment of the present
invention, the catalyst for the partial oxidation is selected from
the group consisting of metals, metal oxides, and combinations
thereof, 1in particular nickel, cobalt, ruthenium, platinum,
palladium, gold, iron, MgO, Al,03, Si0,, CuO, or CeO,.

The reactor chamber preferably has a number of areas for
partial oxidation in the form of lines, wherein the lines are
guided through the area comprising the metal-containing contact
mass. In the case of the partial oxidation, a sub-stoichiometric
fuel-air mixture is partially burned, and a synthesis gas rich in
hydrogen is produced. The heat created during the partial oxidation
can be used to heat the metal-containing contact mass. The energy
efficiency of the hydrogen production can thus be improved. The
provision of more than one line (for example more than two, more
than three, more than four, more than five, more than six, more

than eight, more than ten, more than 15, more than 20, more than
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30), in which a partial oxidation can be carried out, within the
metal-containing contact mass is particularly preferred.

In accordance with a preferred embodiment of the present
invention, the synthesis gas area or the area for partial oxidation
is separated from the metal-containing contact mass by a gas-
permeable inert area.

In accordance with a further preferred embodiment of the
present invention, an opening of the at least one discharge line
protruding into the reactor chamber is arranged in the inert area
between the synthesis gas area or the area for partial oxidation
and the area of the contact mass.

Due to the discharge of the hydrogen from the inert area, it
is possible to produce hydrogen of higher purity than with the
removal of the hydrogen directly from the synthesis gas area or
the area for partial oxidation. It i1is therefore particularly
preferred if the opening or the openings of the discharge line or
discharge lines is/are disposed in the inert area.

The present invention will be presented in greater detail
with reference to the following drawings, without being limited
thereto.

Figures 1 to 3 show a section through a reactor according to
the invention; Figure 4 shows an external view of a reactor; and
Figures 5 and 6 show a schematic illustration of the reactor and
method according to the invention.

Figure 1 shows a reactor 1 according to the invention, in the
interior of which there is arranged a metal-containing contact
mass 2. The metal-containing contact mass 2 comprises
substantially a material that can be reversibly oxidised and
reduced between a metal form and an oxidic form. The reactor 1 has
a feed line 3, by means of which water or steam can be brought

into an inert area 7 in the end region of the reactor 1. The inert
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and reactive areas of the reactor chamber within the reactor tube
11 are connected to each other in a gas-conducting manner, such
that water or steam fed by means of the feed line can reach the
metal-containing contact mass 2.

A synthesis gas area 8 is arranged in the reactor illustrated
in Figure 1. This area serves to provide a gas mixture from a
gasifiable carbon-containing starting material, which gas mixture,
under suitable conditions (for example at a temperature of from
300°C to 1200°C), is able to at least partly reduce metal oxide
provided in the metal contact mass to metal. The gasifiable carbon-
containing starting material can be introduced into the reactor
chamber (either into the synthesis gas area or an inert area 7
upstream of said synthesis gas area) directly at the tube bottom
12 of the reactor. An inert area 13 1is provided between the
synthesis gas area 8 and the metal-containing contact mass 2 (this
is the area in which hydrogen is recovered from water in the
presence of metal). This additional inert area 13 has the advantage
that any gaseous impurities which are still provided 1in the
synthesis gas area from the reduction or which can be formed as
secondary products during the oxidation do not pass into the
hydrogen produced as a result of the oxidation. In addition, any
undesired impurities (for example solid carbon) from the synthesis
gas area 8 or from the synthesis gas reaction are detained prior
to the infiltration into the metal-containing contact mass 2.

The compressed hydrogen produced in the reactor according to
the invention is preferably removed from the reactor by means of
a discharge line 4, which opens into an inert area 13, which is
connected to the metal-containing contact mass 2 1in a gas-
conducting manner. The removal of the hydrogen from the inert area
13 is advantageous since a hydrogen/water mixture containing fewer

impurities can be obtained as a result.
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Fig. 2 shows a cross—-section of a reactor 1 according to the
invention. As mentioned in the introduction, the method according
to the invention can comprise an oxidation step or an oxidation
and reduction step. In the oxidation step a metal, for example
iron, or metal oxide 1is brought into contact at a specific
temperature with water, whereby metal oxide and hydrogen are
produced. In the reduction step the metal oxide formed in the
oxidation step 1is reduced to metal or a metal oxide, with a
gasifiable carbon-containing starting material (for example
methane with water) being used. Depending on the method step,
different lines for introducing and removing gases and gas mixtures
into and from the reactor can be used in the device illustrated in
Fig. 2.

During the oxidation step, water can be introduced directly
or indirectly via the inert area 7 into the area with the metal-
containing contact mass 2 by means of the opening A of the feed
line 3. The hydrogen formed during the course of the oxidation or
the produced hydrogen/hydrogen mixture is removed from the reactor
via the opening 10 of the discharge line 4. In order to increase
the pressure during the oxidation within the reactor or reactor
chamber, all feed lines (apart from the feed line 3) and discharge
lines into and from the reactor are closed by means of devices
disposed thereon for controlling or regulating the flow rate,
preferably by means of a valve. The opening 10 of the discharge
line 4 can additionally be connected to a water separator, which
can remove water contained in the compressed hydrogen. The feed
line 3 1s coupled to a conveyance means for conveying media that
contain water.

During the course of the reduction step, a gasifiable carbon-
containing starting material (for example methane with water) 1is

introduced into the synthesis gas area 8 through the opening B of
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a feed line 14 wvia an inert area 7. The gasifiable carbon-
containing starting material could alternatively be transported
directly into the synthesis gas area 8. A discharge line 15 located
on the reactor discharges the gas mixture (for example comprising
C0O.,, CO, H,0 and H,) produced during the reduction of the metal-
containing contact mass 2 from the reactor 1 via the opening C.

Fig. 3 shows a reactor 1 according to the invention without
the incorporated areas.

Fig. 4 shows the external view of a reactor 1 according to
the invention. Exemplary fluids which are removed from and
introduced into the reactor during the oxidation step and reduction
step are indicated Jjointly with the flow directions.

Fig. 5 schematically shows two 1images of the reactors
according to the invention and the positions (open - white, closed
- black) of the devices, fitted on the feed and discharge lines,
for controlling or regulating the flow rate, preferably the valves
(5a, 5b, 5c, 5d). During the reduction reaction, the valve on the
feed line is opened in order to introduce the gasifiable carbon-
containing starting material (5a) (for example methane/water). In
so doing, the gasifiable carbon-containing starting material flows
through the synthesis gas area 8, the inert area 13, and the metal-
containing contact mass 2 of the reactor, wherein the gas mixture
leaving the reactor when the wvalve 5b is opened can be used in
order to heat the gasifiable carbon-containing starting material
that is to be introduced and in order to heat the entire process.

During the oxidation reaction, all openings apart from the
valve 5c on the feed line for water into the reactor are closed,
in order to increase the pressure within the reactor. The valve 5d
is opened accordingly once a predefined pressure within the reactor
has been reached, in order to remove compressed hydrogen from the

reactor.
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Figure 6 shows an alternative embodiment of the reactor 1
according to the invention, in which the area of partial oxidation
9 is integrated into the area of the metal-containing contact mass
2. The area of partial oxidation 9 is disposed in a tube or a line
located within the area of the metal-containing contact mass 2.
From a structural point of view, the line 14 from Figure 2 in the
simplest case could be extended to just before the reactor end and
filled with a solid material. This arrangement 1is especially
expedient when the synthesis gas 1is produced by means of an

exothermic reaction (for example catalytic partial oxidation).

CxHy + x/202 2 xCO + y/2H; (partial oxidation)

In this case, the heat created during the production of the
synthesis gas is used in order to supply energy to the endothermic
reduction. Waste gas of the reduction can additionally be used for
the recovery of process heat. The line with valve 5b in Figure 5
is in this case optional, but can be used as necessary for
regeneration reactions and air oxidations.

A device according to Fig. 6 can also have inert areas (7).

The method according to the invention, which is preferably
carried out with the device according to the invention, comprises
at least one oxidation step in which water is reacted with metal
to form hydrogen and metal oxide. In order to reduce the metal
oxide at least in part to metal and thus regenerate the metal-
containing contact mass for the next oxidation cycle, the contact
mass 1is reduced at least in part, as presented in the following
general example.

Reduction:

A hydrocarbon (for example methane) is mixed with steam and

then conducted into the reactor via an area comprising inert
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material, the gas mixture being brought to reaction temperature in
the reactor. The mixture then reaches the synthesis gas area.
Either a catalyst or a non-catalytic solid (metal oxide M,0O,.,
wherein M stands for metal and w and z are integers) is disposed
in this area for the production of synthesis gas. With use of a
catalyst, the following general reaction (1) takes place (x and vy

are integers).

CyxHy + xH,0 =2 xCO + (x+y/2)H, (1)

With the use of a non-catalytic solid, synthesis gas can be

produced via reaction (2)

CxHy + MO 2 xCO + y/2 H; +M (2)

In both cases, solid carbon (Cg) can form as a result of

secondary reactions (3 and 4).

C:Hy 2 xCs + y/2H; (3)
2C0 2 Cs + COy (4)

Other impurities, such as sulphur compounds, are also
collected here or, if necessary, already in the inert area or
outside the reactor. In this case, the first inert area has the
function of a filter or absorber/adsorber.

The synthesis gas 1is conducted via the second inert area. As
required, filter or absorber/adsorber material can also be used
here additionally. The synthesis gas then reaches the metal-
containing contact mass. There, the reduction of the metal oxide

(here iron oxide by way of example) takes place (5 and 6).
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Fes04 + Hy,/CO = 3Fe0 + H,0/CO, (5)
3Fe0 4+ 3H,/CO = 3Fe + 3H,0/CO0, (6)
Oxidation:

Water is conducted into the reactor in counter flow and is
evaporated there. The steam reacts with iron and produces hydrogen

(7 and 8).

3Fe 4+ 3H,0 =2 3Fe0 + 3H, (7)
3Fe0 + Hy0 = Fes04 + H, (8)

The hydrogen 1is conducted away through a second line (for
example tube), which opens into an inert area between the metal-
containing contact mass and the synthesis gas area. Because the
hydrogen 1s conducted via this 1line, 1t cannot enter 1into a
reaction with the impurities present in the synthesis gas area,
and there is also no contamination of the produced hydrogen. The
steam/hydrogen mixture present is conducted into a condenser, in
which the steam condenses. An arbitrary hydrogen pressure can be
set by closing order limiting the gas flow at the condenser outlet.

Regeneration:

By reaction with steam or a small proportion of the produced
hydrogen, contaminations of the synthesis gas area can be removed,
whereby this area is regenerated. In addition, the area can then
be oxidised with air as necessary in order to remove contaminations
or in order to form metal oxide again, which reacts again in the
next cycle via reaction 2.

The possibility of carrying out this step is an advantage of
the reactor design, but a regeneration step is not absolutely

necessary in every case.
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In the event of air oxidation, the following reaction occurs

in addition to the further oxidation of the contact mass:

2Fe304 + 1/20, = 3Fe;03 (9; after reaction 8)

The next reduction cycle then starts with:

3Fey03 + H,/CO -> 2F30,4 + H,0/CO, (10; before reaction 5)
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CLAIMS:

1. A method for producing compressed hydrogen in a device comprising a pressure-resistant
reactor with a reactor chamber having a metal-containing contact mass, wherein the reactor
comprises at least one feed line for feeding fluids into the reactor chamber and at least one
discharge line for discharging fluids from the reactor chamber, wherein the at least one discharge
line is provided with a device for controlling a flow rate for adjusting the pressure within the
reactor chamber, wherein a conveyance means is provided on the at least one feed line for
introducing a water-containing medium into the reactor chamber, and wherein the at least one
discharge line protrudes into the reactor chamber or opens directly into the reactor chamber,
through which compressed hydrogen is discharged from the reactor chamber, wherein the reactor
chamber has at least two areas that are separate from each other and are connected to each other in
a gas-conducting manner, of which at least one area comprises the metal-containing contact mass
and at least one additional area comprises at least one inert material, the reactor chamber further
comprising at least one synthesis gas area and comprising a catalyst and/or a non-catalytic solid,
said method comprising a first step of introducing a water-containing medium into the reactor
chamber of the pressure-resistant reactor of the device by means of the conveyance means,
wherein the water-containing medium is evaporated before or in the reactor chamber, whereby the
pressure within the reactor chamber rises above the ambient pressure, and evaporated water is
reacted with the metal of the contact mass to form hydrogen, and the metal is reacted to form
metal oxide, wherein the compressed hydrogen is discharged from the reactor chamber by means
of the line protruding into the reactor chamber or opening directly into the reactor chamber,
wherein the pressure within the reactor chamber is controlled using the device, provided on the at
least one discharge line, for controlling the flow rate, further comprising a second step, which is
independent of the first step of reacting evaporated water with the metal of the contact mass to
form hydrogen and of reacting the metal to form the metal oxide, and in which the metal oxide of
the metal-containing contact mass from the first step is reduced at least in part to the metal with a

gas mixture comprising carbon monoxide and/or hydrogen and/or methane and/or long-chain

hydrocarbons.

2. The method according to claim 1, wherein the device for controlling a flow rate has a
valve.

3. The method of claim 1 or 2, wherein the conveyance means is a pump.

4. The method of any one of claims 1-3, wherein the pressure within the reactor chamber is

controlled using a valve.
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5. The method according to any one of claims 1-4, wherein the pressure within the reactor
chamber is controlled by the conveyance means and one or more devices for controlling the flow

rate in the at least one feed line and the at least one discharge line.

6. The method according to any one of claims 1-4, wherein the pressure when reacting

evaporated water with the metal of the contact mass to form hydrogen is at least 2 bar.

7. The method according to any one of claims 1-4, wherein the line protruding into the
reactor chamber or opening directly into the reactor chamber, protrudes or opens into the at least
one additional area comprising the at least one inert material, and the compressed hydrogen is
discharged from the reactor chamber via the at least one additional area comprising the at least

one 1nert material.

8. The method according to any one of claims 1-4, wherein the compressed hydrogen
discharged from the reactor chamber is fed to a steam separator in order to separate water from

the compressed hydrogen.

9. The method according to any one of claims 1-4, wherein the gas mixture comprises carbon
monoxide and hydrogen, and is produced from a gasifiable carbon-containing starting material in

the at least one synthesis gas area.

10. The method according to any one of claims 1-4, wherein the gas mixture is discharged
from the reactor afier reducing the metal oxide in the second step and is used to control the

temperature of the reactor.

11. The method according to any one of claims 1-4, wherein the gas mixture comprises carbon
monoxide and hydrogen, and is produced from a carbon-containing starting material in at least
one reaction area disposed within the reactor chamber for partial oxidation of the carbon-

containing starting material.

12. The method according to claim 11, wherein the at least one reaction area disposed within

the reactor chamber for partial oxidation comprises a catalyst for the partial oxidation.

13. The method according to claim 11 or 12, wherein water and/or steam are/is admixed
during the partial oxidation of the carbon-containing starting material in order to reduce or

suppress the possible formation of carbon.
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14. The method according to claim 11 or 12, wherein the at least one reaction area is guided
through the at least one area comprising the metal-containing contact mass so as to utilize the heat

produced during the partial oxidation in order to heat the metal-containing contact mass.

15. The method according to claim 14, wherein the at least one reaction area is a line.

16. The method according to any one of claims 1-4, wherein the compressed hydrogen is
discharged from the reactor chamber from a gas-permeable inert arca between the at least one

synthesis gas area and the at least one area comprising the metal-containing contact mass.

17. The method according to any one of claims 1-4, wherein the pressure when reacting the
evaporated water with the metal of the contact mass to form hydrogen and when reacting the

metal to form the metal oxide 1s at least 4 bar.

18. The method according to any one of claims 1-4, wherein the pressure when reacting the
evaporated water with the metal of the contact mass to form hydrogen and when reacting the

metal to form the metal oxide 1s at least 6 bar.

19. The method according to any one of claims 1-4, wherein the pressure when reacting the
evaporated water with the metal of the contact mass to form hydrogen and when reacting the

metal to form the metal oxide is at least 10 bar.

20. The method according to claim 9, wherein the gas mixture is discharged from the reactor
after reducing the metal oxide in the second step and is used to control the temperature of the

gasifiable carbon-containing starting material.

21. The method according to claim 11 or 12, wherein the compressed hydrogen is discharged
from the reactor chamber from a gas-permeable inert area between the at least one reaction arca
for partial oxidation of the carbon-containing starting material and the at least one area comprising

the metal-containing contact mass.
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