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Description

[0001] The present invention relates to a process for
the catalytic production of methanol and/or its derivatives
dimethyl ether, ethene or propene from CO, with water
removal.

[0002] Methanol production from CO, is a promising
route for the conversion of CO, into valuable products. To
obtain renewable methanol, the hydrogen needed for this
synthesis has to be generated renewably, e.g. obtained
by converting, by electrolysis, electricity from wind or PV
power plants, in particular excess electricity from those
sources. The US patent US 8 105 541 B2 discloses
exemplarily a fluidized bed reactor used for the generat-
ing hydrogen from steam and natural gas. A sorbent
material provided as particles in a fluidized bed of the
reactor allows to remove carbon dioxide (co-product) and
facilitate the progression of the reaction.

[0003] Differently from the state of the art methanol
production, which usually relies on natural gas supply, the
capacity of production plants for renewable methanol will
be limited by the local supply of either H, or CO,. This is,
for example, the case of biogas plants, where a limited
amount of biogenic CO, is available for the reaction.
[0004] Renewable methanol can be used both as a
CO,-neutral fuel in engines or as an additive for gasoline.
Furthermore, it is an important feedstock for organic
synthesis and can be used as storage molecule for
hydrogen. The reaction to form methanol from CO, is
exothermic and limited by thermodynamics and thus
requires an appropriate reactor design to achieve high
yield. It is generally conducted on a Cu/ZnO-based cat-
alyst, at pressure between 50-100 bar. The product is
liquid at room temperature and pressure and can be
easily separated from the unreacted gases. Being stored
in liquid form, methanol is simply transported from the
production site to the final consumers.

[0005] The main challenge in the methanol production
from CO, is the strict thermodynamic limit, which requires
to avoid hotspots and to keep the temperature at the
reactor end low and/or even constant over the complete
reactor. In order to do so, the heat transfer must be kept
as high as possible in the entire reactor.

[0006] A further Challenge of CO, as reactant for
methanol conversion is the higher production of water
compared to CO-rich reactant gases, which causes a
decrease of the reaction rate due to the competitive
adsorption of the reaction products water and methanol
on the catalyst surface.

[0007] A suitable reactor concept for the scope of high
heat transfer is the fluidized bed reactor, due to the
continuous back mixing caused by the catalyst in con-
tinuous movement in the reactor.

[0008] The state of the art methanol synthesis is
achieved in fixed bed catalytic reactors composed of
several pipes filled with a Cu/ZnO/Al,O5 catalyst. The
heat production of the reaction is controlled by adaptation
of the heat transfer on the cooling side or by use of
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intermediate quenching and splitfeed. Further, often high
pressures and recirculation of unreacted compounds is
applied. Due to economic reasons, these solutions can-
not, however, easily be implemented at

[0009] Ilow plant capacities, that could be requested by
distributed methanol production, made possible by the
local availability of renewable electrical energy and by the
local CO, sources, for example from biogas, sewage
sludge and/or gasification.

[0010] Several processes or concepts that allow
methanol production from CO, or CO have been pub-
lished, including one or more reactors in series. Some
report the use of cascade fluidized reactors to produce
methanol from syngas. The process concerns the pro-
duction of methanol by reaction of a gaseous mixture
composed of hydrogen and carbon monoxide in the
presence of a catalyst composition in a fluidized bed at
50 to 350 bar. This reactor is externally cooled and the
process is characterized by the presence of a plurality of
fluidized catalyst bed reactors in series with inter-stage
removal of methanol from the reaction mixture by con-
densation or adsorption/absorption with a solvent.
Further, the use of a fast-fluidized bed reactor is reported
to produce process methanol from a synthesis gas (syn-
gas) feed. The reactor is operated at substantially plug
flow type behavior. The catalyst is circulated so that the
heat is captured by the catalyst and the reaction can be
initiated with little to no preheating of feed. In addition,
little reactor cooling is needed. In the later, the process
refers to the production of the methanol product from
synthesis gas (syngas) using a fluid bed reactor. Back
mixing of feed and catalyst is used to balance the internal
reactor heat transfer. The back mixing is controlled with a
series of control points, among them superficial gas
velocity, catalyst density in the reactor, reactor height
to diameter ratio (especially in the dense catalyst bed
region) and catalyst particle size.

[0011] Others design a process in which methanol is
produced via exothermic equilibrium reactions and
methanol, water and heat are partially removed from
the methanol synthesis reactor or at an intermediate
point between two or more methanol synthesis reactors
by means of a solvent. This solvent can absorb methanol,
water and heat. The preferred reactor system comprises
a first boiling water reactor and a successive reactor for
the synthesis of methanol. With this method, it is possible
to obtain a sufficient temperature control across the
catalytic bed. Solvent can be an alcohol, such as propy-
lene glycol or glycerol.

[0012] Several patents/patent applications concern
the production of methanol with continuous product re-
moval by means of a liquid absorbent. They report a
process composed of one or more fixed-bed reactors
in which a liquid absorbent removes the methanol
formed. The liquid absorbent is then regenerated in a
separated unit. Some design systems for the absorption-
enhanced synthesis in equilibrium-limited reactions.
These systems include an appropriate reactor design
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to guarantee the circulation of the liquid absorbent in the
reactor and the removal of the liquid product.

[0013] Others disclose a system composed of a plur-
ality of fluidized bed reactors in series for the synthesis of
methanol. The reactants are co-fed with an inert solvent
that absorbs the reaction product. The solvent can be
water, a higher alcohol, a higher ether or a higher ester.
The liquid mixture containing the product is separated
after the reactor and the gaseous reactants are fed to the
next reaction stage.

[0014] There is also a system for the continuous pro-
duction of methanol by use of simulated moving-bed
reactive chromatography. With this system, the methanol
produced is adsorbed on a proper material, which is
progressively moved through the reactor through a si-
mulated moving bed. Additional disclosure provides for a
pressure swing adsorption (PSA) process for the perfor-
mance of reversible reactors. In this case, methanol is
produced in the PSA unit, in the presence of a uniformly
distributed adsorbent. The product is adsorbed at the
reaction temperature and pressure. The sorbent is then
regenerated with various strategies to obtain the final
product.

[0015] Others design a slurry bed reactor for increas-
ing the yield of equilibrium-limited reactions by means of
co-feed of an absorbing agent. The absorbing agent
reacts with one or more products and it is transmitted
to a recycle or a regeneration unit. The absorbing agent
can also be replaced by fresh material in a replacing unit.
In the prior art, one also finds a system for carrying out
equilibrium reactions in a two-stage process. In the first
step, the process parameters are adjusted to have both
reactants and products in gas phase. In the second step,
the reaction is performed in the presence of an adsor-
bent, which captures one of the products. The adsorbed
methanol is then separated in a desorption unit. Adsorb-
ing agent and unreacted components are recycled back
to the first reactor.

[0016] Further, a system forthe production of ammonia
at high conversion rates in a fluidized bed reactor is
known. Sorbent particles being at least ten times smaller
than the catalyst particle are co-fed in the reactor. The
sorbent particle selectively remove ammonia from the
reactor and are regenerated in a special unit. A reactor
systemincluding afluidized bed reactor including sorbent
particles that are entrained in the product stream is
known, so that they can be removed at the reactor outlet
and regenerated. The catalytic particles are sized to stay
gravimetrically in the fluidized zone.

[0017] Itis therefore the objective of the presentinven-
tion to provide technical solutions to make the small-
scale methanol production from CO, possible, achieving
high conversion in a simple system. Especially the devel-
opment of high pressures is limited as the options for
internal energy recovery are significantly smaller than in
state-of-art systems where the off-heat from the natural
gas reformer is used to raise steam which then is fed to a
turbine which drives a gas compressor on the same axis.
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Moreover, other means have to be found to avoid the
competitive adsorption of water and methanol on the
catalyst surface leading to decreased reaction rates,
and to decrease the thermodynamic limitation.

[0018] This objective is achieved according to the pre-
sentinvention by a process for the catalytic production of
methanol and/or its derivatives dimethyl ether, ethene or
propene from a gas mixture comprising at least H, and
CO and/or CO, in at least a first reactor, comprising the
steps of:

i) bringing the gas mixture at a reaction temperature
between 180°C to 360°C and a pressure smaller
than 50 bar at gas flow conditions within the at least
first reactor into contact with solid sorbent particles,
such as molecular sieves like zeolite, alumina, silica,
silicate, carbon material or mixtures thereof, and
optionally catalyst particles, for the generation of
at least water and methanol and absorbing water
and/or methanol and/or derivate molecules on the
solid sorbent particles in order to achieve in-situ or
intermediate ex-situ at least partial removal of water
and/or methanol and/or derivate molecules from the
flow of the gas mixture,

ii) separating at least partially at least one of the
reaction products in first reactor or between a num-
ber of subsequent reactors at a temperature close to
the reaction temperature by extracting the particles
of the solid sorbent particles from the gas flow; and
iii) operating the at least first reactor as fluidized bed
reactor, wherein a regeneration of the solid sorbent
particles is conducted in the upper part of the first
reactor by a temperature increase or an addition of
dry gases or a combination thereof, and wherein the
regenerated solid sorbent particles are fed back from
the upper part of the first reactor to the reactive bed in
the lower part of the first reactor by means of a
cyclone.

[0019] Thus, this process achieves a simple, econom-
ically more feasible process for the generation of metha-
nol at small scale thanks to i) an efficient removal of the
heat of the reaction and to control the temperature profile;
ii) to decreasing the extent of competitive adsorption of
the reaction products water and methanol on the catalyst
surface that otherwise would limit the reaction rate; and
iii) overcoming the equilibrium limitation by different
means than high pressure or frequent (in series or due
to recycles) intermittent steps of cooling, condensation
(or scrubbing) and re-heating. The extraction of the
loaded solid sorbent particle and the possibility to recycle
the solid sorbent particles therefore opens all possibilities
to control the heat removal from the reactor(s), the con-
densation of water and/or methanol and/or derivate mo-
lecules on the solid sorbent particles (thus limiting com-
petitive adsorption) and the re-heating of the reactor by
the recycling of freshly desorbed solid sorbent particles
into the reactor(s).
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[0020] Advantageous features which can be used in
suitable combinations are listed below:

solid sorbent particles which are separated by grav-

i) a regeneration of the solid sorbent is conducted

ity from the reactor and fine and/or less dense solid
sorbent particles, which are entrained from the re-
actor or floating on the bed of the reactor;

within at least one of the reactor(s), e.g. inthe upper 5

part, by a temperature increase or an addition of dry x) water and/or methanol or other compounds are at

gases or a combination thereof; least partially removed in-situ from the fluidized bed
reactor by immersing structures containing or con-

ii) the regeneration of the solid sorbent is conducted sisting of solid sorbent;

outside the reactor(s) by a temperature increase 10

and/or a pressure decrease and/or addition of dry xi) a feed stream is composed of CO,, biogas, gas

gases; from fermentations or sewage sludge digestion or
producer gas from gasification or pyrolysis;

iii) at least one further line for the flow of the gas

mixture is available to allow switchable operation for 15 xii) the CO,:H, ratio or CO:H, ratio in the feed stream

uninterrupted generation of methanol and an alter- is different from the stoichiometric ratio of the metha-

nating regeneration of the solid sorbent; nol synthesis reaction wherein an excess of reactant,
not converted in the reactor(s), is at least partly

iv) the heat of the methanol reaction in one produc- recycled and mixed with the feed stream;

tion line is at least partially used for the regeneration 20

of the solid sorbent in the other line(s); xiii) hydrogen is fed in stoichiometric excess;

v) a combination of separation methods, such as the xiv) a second catalyst or catalytic functionality is

size and specific weight of solid sorbents, fluids with introduced into the reactor to enable follow-up reac-

low vapor pressure, with different properties is ap- 25 tions of methanol and other reaction products;

plied to atleast partly enrich the materials used in this

separation method during ad-/absorption with the xv) the reactants CO, CO, and/or H, remaining after

reaction products; the methanol production are converted to methane
and/or other hydrocarbons in an appropriate reactor,

vi) at least one of the reactors is operated with 30 using a catalyst containing at least one of the ele-

catalysts based on metals like Cu, In, Ir, Ag, Pd, ments Nickel, Ruthenium, Iron or Cobalt;

Pt, Zn, Ga or their oxides supported on Al203,

Si02, Ti02, Ce02, ZrO2, carbides, nitrides, phos- xvi) another gas stream is mixed with the reactants

phides or a mixture thereof or a perovskite type CO, CO, and/or H, remaining after the methanol

material containing one of the mentioned elements; 35 production before the conversion to methane and/or
other hydrocarbons in an appropriate reactor;

vii) water and/or methanol or other compounds are at

least partially removed in-situ from the fluidized bed xvii) at least one membrane unit separates at least

reactor by use of fine or less dense solid sorbent partly methane from the feed stream to the methanol

particles which are entrained from the reactor or 40 synthesis reactor to bypass the methanol synthesis;

floating on a reactor bed and collected downstream

of the particle bed of the reactor, and wherein the xviii) the CO,, source is a biogas plant and wherein

solid sorbents are molecular sieves such as zeolite, the membrane unit is used for biogas-upgrading

alumina, silica, silicate, carbon material or mixtures during times when the methanol generation is not

thereof; 45 or not fully operational;

viii) water and/or methanol or other compounds are xix) the reactants CO, CO, and/or H, remaining after

at least partially removed in-situ from the fluidized the methanol production are converted to electricity

bed reactor by use of larger or more dense solid and heat in a suitable plant, preferably a combined

sorbent particles which are separated by gravity from 50 heat and power plant based on an internal combus-

the reactor and are collected at the bottom of the tion engine or a micro gas turbine or a fuel cell; and

reactor, and wherein the solid sorbents are molecu-

lar sieves such as zeolite, alumina, silica, silicate, xx) another gas streamis mixed with the reactants

carbon material or mixtures thereof; CO, CO, and/or H, remaining after methanol pro-

55

ix) water and/or methanol or other compounds are at
least partially removed in-situ from the fluidized bed
reactor by combined use oflarger and/or more dense

[0021]

duction before conversion to electricity and heat in
the suitable device.

Preferred embodiments of the present inven-
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tion are described hereinafter in more detail with refer-
ence to the attached drawings, which depict in:

Figure 1  schematically the process configuration for
a multi reactor methanol generation pro-
cess;

Figure 2  schematically a reactor filled with a sorbent
lighter than the catalyst being separated
from the top of the reactor;

Figure 3  schematically a reactor filled with a sorbent
heavier than the catalyst being separated
from the bottom of the reactor;

a schematical representation of the process
which is hereinafter explained under Exam-
ple 1; and

Figure 4

Figure 5 aschematical representation of the process
which is hereinafter explained under Exam-

ple 2.
Concept of the invention

[0022] To achieve a simple, economically more feasi-
ble process for the generation of methanol at small scale,
it is necessary to i) efficiently remove the heat of the
reaction and to control the temperature profile; ii) to
decrease the extent of competitive adsorption of water
and reaction products on the catalyst surface that other-
wise would limit the reaction rate; andiii) to overcome the
equilibrium limitation by different means than high pres-
sure or frequent (in series or due to recycles) intermittent
steps of cooling, condensation (or scrubbing) and re-
heating.

[0023] Clearly, catalyst active at as low temperature as
possible are helpful and further adding reactants in ex-
cess and removal of reaction products are favorable.
[0024] To avoid a too high extent of the reverse water
gas shift (which produces CO that in too high concentra-
tions could deactivate the catalyst), hydrogen should be
added in excess. Non-reacted hydrogen at the end of the
synthesis could be separated and recycled to the metha-
nol synthesis or can be fed to a subsequent process or
reactor. In this subsequent reactor, the hydrogen and
unconverted carbon oxides (CO, CO,) could react to
another useful product such as renewable methane,
where it might be helpful to add another gas stream such
as CO,, biogas or producer gas from gasification, pyr-
olysis or similar to obtain the correct stoichiometric ratio.
[0025] Alternatively, the unreacted gas could be used
thermally in a gas engine, fuel cell or gas turbine to
produce electricity and heat where the heat could be
used for purposes such as raising steam for high tem-
perature electrolysis, heating of reactors or buildings,
feedstock pretreatments, raising of cold by absorption
refrigeration, and/or similar processes.
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[0026] Removal of reaction products by condensation
before the recycle is part of the state of art processes;
other concepts suggested the use of solvents. In the
process suggested here, the water removal should take
place by solid sorbents that can take up water and/or
methanol and other condensable products at tempera-
tures close to the reaction temperature. This allows de-
creasing the extent of competitive adsorption within the
reactor and to avoid too many heat exchangers etc.
needed for cooling down to the temperature level of
condensation or scrubbing with solvents and subsequent
re-heating.

[0027] The use of (solid) sorbents inherently means
that these have to be regenerated either in-situ (by stop-
ping the methanol synthesis and flushing with gas or by
decreasing the pressure) or ex-situ by removing the
sorbent from the reactor and introducing fresh or regen-
erated sorbent. During the in-situ regeneration, the re-
actant flow can be fed to a parallel second synthesis line
to allow uninterrupted production. Here, the off-heat of
one process line can be helpful for the regeneration the
second line. For this, very close thermal contact has to be
ensured, either by direct heat transfer and conduction
from reactor chamber to reactor chamber or by applying
suitable heat transfer media (thermo-oil loops, gas loops,
heat pipes, steam cycles etc.) or by heat exchange with
process streams.

[0028] Itis also possible to conduct the regeneration of
the solid sorbent particles in the upper part of the reactor
by change of temperature and/or addition of dry gas.
Suitable baffles or structures can be used to increase
the residence time of the solid sorbert particles in the part
of the reactor used for regeneration. The particles may
then slowly move down back to the reactive bed. Alter-
natively, the separation of these particles could be rea-
lized by a cyclone placed in the freeboard of the fluidized
bed. The regeneration in the upper part may take place
continuously, or from time to time by change of the gas
flow rates.

[0029] Ex-situ regeneration requires removing the
(nearly) spent sorbents from the process during opera-
tion, which could happen from time to time or even con-
tinuously. The moving of solid sorbents through reactors
is especially facilitated in fluidized bed reactors where the
catalyst and the gas together form a fluid type phase. As
this reactor also comprises excellent heat transfer prop-
erties, it is especially useful for the process concept
suggested here, as described in the following. In case
of adding a fluid with very low vapor pressure, three
phase reactors such as trickle beds (preferably in coun-
tercurrent operation) and especially bubble column could
be applied as well.

Process concept with fluidized bed reactor
[0030] CO,and H,, in aratio variable from 1:3 to 1:10,

are fed into a catalytic reactor, to form atleast CH;OH and
H,0, but potentially also molecules derived from metha-
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nol such as dimethyl-ether and similar. The feed stream
can also contain significant amounts of CH,, for example
because CO, originates from biogas. The reaction oc-
curs on an adequate catalyst and/or catalyst combina-
tions. In the course of the reaction, heat is produced and
the cooling medium (in the immersed heat exchangers or
reactor shell) removes it. The reactor could be designed
as a circulating or bubbling fluidized bed. The use of this
reactor type allows an efficient removal of the reaction
heat.

[0031] Thanks to the large mixing, the good heat trans-
fer is maintained independently from the gas flow rate,
allowing a stable performance of the reactor. This is not
possible with the standard packed bed reactors, as the
heat transfer coefficient for this class of reactors is
strongly dependent on the gas flow rate. The necessary
long pipes of these reactors are unpractical for small-
scale applications. With the fluidized bed technology, a
compact reactor can be designed, making this solution
particularly suitable for small-scale applications.

[0032] The reactor can also be used for the production
of methanol from biogas mixture. In this case, the
methane present is treated as inert in the reactor and
H, is added to the reacting mixture in an appropriate ratio
to the present CO,, varying from 1:3 to 1:10. When
working with excess of hydrogen, the unreacted gases
can be passed in an additional reactor, over Ni, Co or Ru-
based catalyst to convert the remaining and/or additional
carbon oxides (CO and CO,) to methane.

[0033] Alternatively, unreacted gas from the methanol
synthesis reactors could be converted to heat and elec-
tricity in a combined heat and power plant (CHP) such as
a gas motor, (micro) gas turbine or a (high temperature)
fuel cell. When using biogas as source for CO,, it might
make sense to integrate a membrane unit to separate
parts of the methane before the first methanol synthesis.
This lowers the dilution of the reactive gas by methane.
When no renewable hydrogen is available and it makes
hardly sense to operate the methanol synthesis, e.g. in
winter, the membrane unit could be used for upgrading of
the raw biogas to biomethane.

[0034] The classical methanol synthesis reaction re-
quires intermediate condensation of the products in order
to overcome the thermodynamic limitations. For this
reason, the system may be composed of several reactors
in series, with intermediate water separation steps. Water
and methanol are removed in this intermediate operation
by cooling and condensing the liquids or by use of an
appropriate absorbing fluid or by adsorption on a specific
material (solid sorbent). By choosing different methods or
materials, at least partially selective removal of either
water or methanol or derivate molecules such as DME
could be applied to facilitate later separation of the reac-
tion products from each other. The remaining CO, CO,
and H, are fed to the subsequent reactor.

[0035] Figure 1 depicts schematically this process
configuration. As the reverse water-gas-shift reaction
may take place as a side reaction of the methanol synth-
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esis, the CO,:CO ratio is changed over the consecutive
reactors, with increasing CO content in the gas stream.
For this reason, the temperature of the reactor may be
varied stage-by-stage, being the optimal temperature
higher with a higher amount of CO present, due to the
different thermodynamic equilibrium curve.

[0036] Furthermore, the fluidized bed reactor allows for
a special management of the water removal. This can be
obtained by a proper use of a water sorbent. The water
sorbent can be composed of molecular sieves such as
zeolites, alumina, silica, silicates, active carbons or other
appropriate material. The sorbent can be formulated,
sized or designed in a different way than the catalyst,
to exploit the different fluid-dynamic properties of the
materials and efficiently remove the sorbent. Two differ-
ent strategies can be applied, as explained in the follow-
ing.

[0037] Inthe fluidized bed, the sorbent can be shaped
in a way to have a lower fluidization region than the
catalyst. In this case, two different fluid-dynamic regimes
exist for the two distinguished materials in the reactor: the
catalyst remains suspended in the dense phase of the
fluidized bed while the sorbent results in entrained flow
along the reactor. The sorbent is thus transported out of
the catalytic bed by the gas flow and can be further
treated at the reactor outlet or in the upper part of the
reactor.

[0038] This process principles are depicted in figure 2.
The sorbent can be regenerated in various ways. In one
possible solution, in the upper part of the reactor an
appropriate change of temperature and/or addition of
dry gas can be operated to regenerate in-situ the sorbent,
which is then directly recirculated to the catalytic bed. In
another configuration, the sorbent is collected at the
reactor top outlet and fed to a second equipment for
the regeneration. This equipment is operated in a circu-
lating bed way, either continuously or batch wise. The
regeneration can proceed via treatment at a higher tem-
perature, lower pressure, via drying in a suitable process
stream or a combination thereof.

[0039] Another sorbent configuration allows a different
separation from the catalyst. If the sorbent shows a
fluidization region at significantly higher flow rates than
the catalyst (e.g. because the sorbent particles are bigger
than the catalyst particles or of sufficiently higher den-
sity), this separates the sorbent particles from the catalyst
particles in the dense phase precipitating on the bottom of
the reactor. This phenomenon can be used to design an
in-situ liquid removal strategy as explained in figure 3.
The sorbent is fed from the top of the reactor and pro-
gressively descends the reactor towards the bottom,
while collecting liquids. The spent sorbent is then col-
lected, regenerated and fed again on the top of the
reactor. In a third variation, structures containing or con-
sisting of solid sorbent (e.g. rods or particles in permeable
bags or nets) are immersed into the fluidized bed and
removed for the regeneration, either in situ (above the
bed with raised temperature and/or dry gas flow) or ex-
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situ.
Example 1

[0040] A mixture of CO, and H, in ratio 3:1 is fed to a
first fluidized bed reactor R1. This reactor is operated
between 200-300 °C and between 20-50 bar. The cata-
lyst used is Cu/ZnO/Al,O3. The product gases from this
reactor are passed through a condenser C1, where the
temperature is reduced to 150 °C and the liquid products
are separated. The remaining gas mixture, composed of
CO, CO,and H, is fed to the second fluidized bed reactor.
This second reactoris operated between 200-300 °C and
in the presence of a zeolite-based sorbent. The sorbentis
continuously fed with the reacting gases from the bottom
of the second reactor and entrained by the gas flow. The
spent sorbent is separated from the product gases at the
top of the reactor by a cyclone, sent to an appropriate
regeneration unit and recycled to the reactor. The un-
reacted gases are recycled to the first reactor after re-
compression. The process principles of Example 1 are
schematically summarized in figure 4.

Example 2

[0041] Abiogas mixture, composed of CO,and CHy, is
enriched in Hy, to a stoichiometric ratio CO,:H, higher
than 3:1 is fed to a first fluidized bed reactor R1 operating
at200-400 °C over a Cu/ZnO/Al,O5 catalyst. The product
liquids of this first reactor are eliminated in an appropriate
unit by condensation C1. The remaining gas, composed
of CO, CO, CH, and H,, is fed to the second methanol
reactor, where itis also in contact, in countercurrent, with
a zeolite-based sorbent. The sorbent extracts in-situ the
product water and methanol and it is collected from the
bottom of the second reactor, regenerated and fed back
to the second reactor. The remaining unreacted gases
are fed to a methanation reactor R3, where the remaining
CO and CO, is converted to methane. A schematic
representation of this process is depicted in figure 5.

Reviewed prior art
[0042]

US 5,216,034; US 2007/0299146; US 7,579,383 B2;
WO 2016/096425 Al; EP 0 326 718 A1; WO
2016/128187 A1;

EP 3492 165 A1; GB2255516A; US005523326A;
US 20120232174 A1; GB2293334A; WO
2018/136849 Al and

US 20100092381A1..

Claims

1. A process for the catalytic production of methanol
and/or its derivatives dimethyl ether, ethene or pro-
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pene from a gas mixture comprising at least H, and
CO and/or CO, in at least a first reactor, comprising
the steps of:

i) bringing the gas mixture at areaction tempera-
ture between 180°C to 360°C and a pressure
smaller than 50 bar at gas flow conditions within
the at least first reactor into contact with solid
sorbent particles, such as molecular sieves like
zeolite, alumina, silica, silicate, carbon material
or mixtures thereof, and optionally catalyst par-
ticles, for the generation of at least water and
methanol and absorbing water and/or methanol
and/or derivate molecules on the solid sorbent
particles in order to achieve in-situ or intermedi-
ate ex-situ at least partial removal of water an-
d/or methanol and/or derivate molecules from
the flow of the gas mixture,

i) separating at least partially at least one of the
reaction products in first reactor or between a
number of subsequentreactors atatemperature
close to the reaction temperature by extracting
the particles of the solid sorbent particles from
the gas flow; and

iii) operating the at least first reactor as fluidized
bed reactor, wherein a regeneration of the solid
sorbent particles is conducted in the upper part
of the first reactor by a temperature increase or
an addition of dry gases or a combination there-
of, and wherein the regenerated solid sorbent
particles are fed back from the upper part of the
first reactor to the reactive bed in the lower part
of the first reactor by means of a cyclone.

The process according to claim 1, wherein a regen-
eration of the solid sorbent particles is conducted
within at least one of the reactor(s) by a temperature
increase or an addition of dry gases or a combination
thereof.

The process according to claim 1 or 2, wherein
additionally the regeneration of the solid sorbent
particles is conducted outside the first reactor by a
temperature increase and/or a pressure decrease
and/or addition of dry gases in a further reactor.

The process according to any of the preceding
claims wherein at least one further line for the flow
of the gas mixture is available to allow switchable
operation for uninterrupted generation of methanol
and/or its derivatives dimethyl ether, ethene or pro-
pene and an alternating regeneration of the solid
sorbent particles.

The process according to claim 4, wherein the heat of
the methanol reaction in one production line is at
least partially used for the regeneration of the solid
sorbent in the other line(s).
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The process according to any of the preceding
claims, wherein a combination of separation meth-
ods, such as the size and specific weight of solid
sorbents particles, fluids with low vapor pressure,
with different properties is applied to at least partly
enrich the materials used in this separation method
during ad-/absorption with the reaction products.

The process according to any of the preceding
claims, wherein at least one of the reactors is oper-
ated with catalysts based on metals like Cu, In, Ir, Ag,
Pd, Pt, Zn, Ga or their oxides supported on Al203,
Si02, TiO2, Ce02, ZrO2, carbides, nitrides, phos-
phides or a mixture thereof or a perovskite type
material containing one of the mentioned elements.

The process according to any of the preceding
claims, wherein water and/or methanol or other com-
pounds are at least partially removed in-situ from the
fluidized bed reactor by use of fine orless dense solid
sorbent particles which are entrained from the reac-
tor or floating on a reactor bed and collected down-
stream of the particle bed of the reactor.

The process according to any of the preceding
claims 1to 7, wherein water and/or methanol or other
compounds are at least partially removed in-situ
from the fluidized bed reactor by use of larger or
more dense solid sorbent particles which are sepa-
rated by gravity from the reactor and are collected at
the bottom of the reactor.

The process according to any of the preceding
claims 1to 7, wherein water and/or methanol or other
compounds are at least partially removed in-situ
from the fluidized bed reactor by combined use of
larger and/or more dense solid sorbent particles
which are separated by gravity from the reactor
and fine and/or less dense solid sorbent particles,
which are entrained from the reactor or floating on
the bed of the reactor.

The process according to any of the preceding
claims 1to 7, wherein water and/or methanol or other
compounds are at least partially removed in-situ
from the fluidized bed reactor by immersing struc-
tures containing or consisting of solid sorbent parti-
cles.

The process according to any of the preceding
claims wherein a feed stream is composed of CO,,
biogas, gas from fermentations or sewage sludge
digestion or producer gas from gasification or pyr-
olysis.

The process according to any of the preceding
claims, wherein the CO,:H, ratio or CO:H, ratio in
the feed stream is different from the stoichiometric
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15.

16.

17.

18.

19.

20.

21.

ratio of the methanol synthesis reaction wherein an
excess of reactant, not converted in the reactor(s), is
at least partly recycled and mixed with the feed
stream.

The process according to claim 13 wherein hydrogen
is fed in stoichiometric excess.

The process according to any of the preceding
claims, wherein a second catalyst or catalytic func-
tionality is introduced into the reactor to enable fol-
low-up reactions of methanol and other reaction
products.

The process according to any of the preceding
claims, wherein the remaining reactants CO, CO,
and/or H, after the methanol production are con-
verted to methane and/or other hydrocarbons in
an appropriate reactor, using a catalyst containing
at least one of the elements Nickel, Ruthenium, Iron
or Cobalt.

The process according to claim 16, wherein another
gas stream is mixed with the reactants CO, CO,
and/or H, remaining after the methanol production
before the conversion to methane and/or other hy-
drocarbons in an appropriate reactor.

The process according to claim 16 or 17, wherein at
least one membrane unit separates at least partly
methane from the feed stream to the methanol synth-
esis reactor to bypass the methanol synthesis.

The process according to claim 18, wherein the CO,
source is a biogas plant and wherein the membrane
unit is used for biogas-upgrading during times when
the methanol generation is not or not fully opera-
tional.

The process according to any of the preceding
claims 1to 15, wherein the reactants CO, CO, and/or
H, remaining after the methanol production are con-
verted to electricity and heat in a suitable plant,
preferably a combined heat and power plant based
on an internal combustion engine or a micro gas
turbine or a fuel cell.

The process according to claim 20, wherein another
gas stream is mixed with the reactants CO, CO,
and/or H, remaining after methanol production be-
fore conversion to electricity and heat in the suitable
device.

Patentanspriiche

1.

Verfahren fir die katalytische Herstellung von Me-
thanol und/oder dessen Derivaten Dimethylether,
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Ethen oder Propen aus einem Gasgemisch, das
zumindest H, und CO und/oder CO, umfasst, in
zumindest einem ersten Reaktor mit folgenden
Schritten:

i) Inkontaktbringen des Gasgemischs bei einer
Reaktionstemperatur zwischen 180°C und
360°C und einem Druck unter 50 bar unter
Gasstromungsbedingungen in dem zumindest
ersten Reaktor mit Sorptionsmittel-Feststoffpar-
tikeln, wie beispielsweise Molekularsieben wie
Zeolith, Aluminiumoxid, Siliziumdioxid, Silikat,
Kohlenstoffmaterial oder Gemischen daraus,
und wahlweise Katalysatorpartikeln zum Erzeu-
gen von zumindest Wasser und Methanol und
Absorbieren von Wasser und/oder Methanol
und/oder Derivatmolekilen an den Sorptions-
mittel-Feststoffpartikeln, um in-situ oder zwi-
schendurch ex-situ ein zumindest teilweises
Entfernen von Wasser und/oder Methanol un-
d/oder Derivatmolekiilen aus der Stromung des
Gasgemischs zu bewirken,

ii) zumindest teilweises Abtrennen mindestens
eines der Reaktionsprodukte im ersten Reaktor
oder zwischen einer Anzahl nachfolgender
Reaktoren bei einer Temperatur, die in der Nahe
der Reaktionstemperatur liegt, durch Extrahie-
ren der Sorptionsmittel-Feststoffpartikel aus der
Gasstromung und

i) Betreiben des zumindest ersten Reaktors als
Wirbelbettreaktor, wobeiim oberen Teil des ers-
ten Reaktors durch eine Temperaturerh6hung
oder Hinzufligen von Trockengasen oder durch
eine Kombination davon eine Regenerierung
der Sorptionsmittel-Feststoffpartikel durchge-
fuhrt wird und die regenerierten Sorptionsmit-
tel-Feststoffpartikel mithilfe eines Zyklons aus
dem oberen Teil des ersten Reaktors in das
Reaktionsbett im unteren Teil des ersten Reak-
tors zurtickgefihrt werden.

Verfahren nach Anspruch 1, wobei in mindestens
einem der Reaktoren durch eine Temperaturerh6-
hung oder Hinzufiigen von Trockengasen oder
durch eine Kombination davon eine Regenerierung
der Sorptionsmittel-Feststoffpartikel durchgefihrt
wird.

Verfahren nach Anspruch 1 oder 2, wobei die Re-
generierung der Sorptionsmittel-Feststoffpartikel
zusatzlich durch eine Temperaturerh6hung und/o-
der eine Druckverringerung und/oder Hinzufiigen
von Trockengasen in einem weiteren Reaktor auRer-
halb des ersten Reaktors durchgefiihrt wird.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei mindestens eine weitere Leitung fiir die
Stromung des Gasgemischs zur Verfligung steht
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10.

und so ein Wechselbetrieb zum ununterbrochenen
Erzeugen von Methanol und/oder dessen Derivaten
Dimethylether, Ethen oder Propen und im Wechsel
damit erfolgenden Regenerieren der Sorptionsmit-
tel-Feststoffpartikel mdglich ist.

Verfahren nach Anspruch 4, wobei die Warme der
Methanolreaktion in einer Produktionsleitung zumin-
dest teilweise zum Regenerieren des festen Sorp-
tionsmittels in der/den anderen Leitung/en genutzt
wird.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei eine Kombination von Abtrennmethoden
wie Grofte und spezifisches Gewicht von Sorptions-
mittel-Feststoffpartikeln, Fluide mit niedrigem
Dampfdruck, mit unterschiedlichen Eigenschaften
angewendet wird, um die bei dieser Abtrennmetho-
de benutzten Materialien bei der Ad-/Absorption zu-
mindest teilweise mit den Reaktionsprodukten an-
zureichern.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei mindestens einer der Reaktoren mit Ka-
talysatoren auf Basis von Metallen wie Cu, In, Ir, Ag,
Pd, Pt, Zn, Ga oder deren Oxiden auf Al,O5, SiO,,
TiO,, CeO,, ZrO2, Carbiden, Nitriden, Phosphiden
oder einem Gemisch davon oder einem perowskitar-
tigen Material, das mindestens eines der genannten
Elemente enthalt, betrieben wird.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei durch Verwendung von feinen oder weni-
ger dichten Sorptionsmittel-Feststoffpartikeln, die
aus dem Reaktor mitgerissen werden oder auf ei-
nem Reaktorbett schwimmen und stromabwaérts
vom Partikelbett des Reaktors aufgefangen werden,
Wasser und/oder Methanol oder andere Verbindun-
gen zumindest teilweise in-situ aus dem Wirbelbett-
reaktor entfernt werden.

Verfahren nach einem der vorhergehenden Ansprii-
che 1 bis 7, wobei durch Verwendung von gréReren
oder dichteren Sorptionsmittel-Feststoffpartikeln,
die durch Schwerkraft aus dem Reaktor abgetrennt
und am Boden des Reaktors aufgefangen werden,
Wasser und/oder Methanol oder andere Verbindun-
gen zumindest teilweise in-situ aus dem Wirbelbett-
reaktor entfernt werden.

Verfahren nach einem der vorhergehenden Anspri-
che 1 bis 7, wobei durch die kombinierte Verwen-
dung von grof3eren und/oder dichteren Sorptions-
mittel-Feststoffpartikeln, die durch Schwerkraft aus
dem Reaktor abgetrennt werden, und von feinen
und/oder weniger dichten Sorptionsmittel-Feststoff-
partikeln, die aus dem Reaktor mitgerissen werden
oder auf dem Reaktorbett schwimmen, Wasser un-
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d/oder Methanol oder andere Verbindungen zumin-
dest teilweise in-situ aus dem Wirbelbettreaktor ent-
fernt werden.

Verfahren nach einem der vorhergehenden Anspri-
che 1 bis 7, wobei durch Eintauchen von Strukturen,
die Sorptionsmittel-Feststoffpartikel enthalten oder
daraus bestehen, Wasser und/oder Methanol oder
andere Verbindungen zumindest teilweise in-situ
aus dem Wirbelbettreaktor entfernt werden.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei ein Feedstrom aus CO,, Biogas, Gas aus
Fermentationen oder Klarschlammfaulung oder Ge-
neratorgas aus Vergasung oder Pyrolyse zusam-
mengesetzt ist.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei sich das CO,:H,-Verhéltnis oder das
CO:H,-Verhéltnis im Feedstrom vom stdchiometri-
schen Verhaltnis der Methanolsynthesereaktion un-
terscheidet, wobei ein Uberschuss an Reaktant, der
nichtin dem/den Reaktor/en umgesetzt wird, zumin-
dest teilweise riickgefihrt und mit dem Feedstrom
vermischt wird.

Verfahren nach Anspruch 13, wobei Wasserstoff in
stéchiometrischem Uberschuss zugefiihrt wird.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei dem Reaktor ein zweiter Katalysator oder
eine zweite katalytische Funktionalitdt zugefihrt
wird, um nachfolgende Reaktionen von Methanol
und anderen Reaktionsprodukten zu ermdglichen.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei die nach der Methanolproduktion ver-
bleibenden Reaktanten CO, CO, und/oder H, in
einem geeigneten Reaktor unter Verwendung eines
Katalysators, der mindestens eines der Elemente
Nickel, Ruthenium, Eisen und Kobalt enthalt, zu
Methan und/oder anderen Kohlenwasserstoffen um-
gesetzt werden.

Verfahren nach Anspruch 16, wobei vor der Umset-
zung zu Methan und/oder anderen Kohlenwassers-
toffen in einem geeigneten Reaktor ein weiterer Gas-
strom mit den nach der Methanolproduktion ver-
bleibenden Reaktanten CO, CO, und/oder H, ver-
mischt wird.

Verfahren nach Anspruch 16 oder 17, wobei mindes-
tens eine Membraneinheit Methan zumindest teil-
weise aus dem Feedstrom in den Methanolsynthe-
sereaktor abtrennt, damit die Methanolsynthese um-
gangen wird.

Verfahren nach Anspruch 18, wobei es sich bei der
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CO,-Quelle um eine Biogasanlage handelt und die
Membraneinheit zu Zeiten, in denen die Methanol-
erzeugung nicht oder nicht vollstandig erfolgt, zum
Aufbereiten von Biogas benutzt wird.

Verfahren nach einem der vorhergehenden Anspri-
che 1bis 15, wobei die nach der Methanolproduktion
verbleibenden Reaktanten CO, CO, und/oder H, in
einer geeigneten Anlage, vorzugsweise einer Kraft-
Warme-Kopplungsanlage, die auf einem Verbren-
nungsmotor oder einer Mikrogasturbine oder einer
Brennstoffzelle basiert, in elektrischen Strom und
Warme umgewandelt werden.

Verfahren nach Anspruch 20, wobei vor der Um-
wandlung in elektrischen Strom und Warme in der
geeigneten Vorrichtung ein weiterer Gasstrom mit
den nach der Methanolproduktion verbleibenden
Reaktanten CO, CO, und/oder H, vermischt wird.

Revendications

Procédé de production catalytique de méthanol
et/ou de ses dérivés diméthyléther, éthéne ou pro-
péne a partir d'un mélange gazeux comprenant au
moins de I'H, et du CO et/ou du CO, dans au moins
un premier réacteur, comprenant les étapes de :

i) mise en contact du mélange gazeux, a une
température de réaction comprise entre 180 °C
et 360 °C et a une pression inférieure a 50 bars,
dans des conditions de flux gazeux au sein de
I’au moins premier réacteur, avec des particules
solides de sorbant, telles que des tamis molé-
culaires comme la zéolithe, I'alumine, la silice, le
silicate, le matériau carboné ou des mélanges
de ceux-ci, et éventuellement des particules de
catalyseur, pour la génération d’au moins d’eau
et de méthanol, et I'absorption d’eau et/ou de
méthanol et/ou de molécules dérivées sur les
particules solides de sorbant, afin de réaliser
une élimination au moins partielle in situ ou ex
situ intermédiaire de I'eau et/ou du méthanol
et/ou des molécules dérivées du flux du mé-
lange gazeux ;

ii) séparation au moins partielle d’au moins un
des produits de réaction dans le premier réac-
teur ou entre un certain nombre de réacteurs
successifs, a une température proche de la
température de réaction, par extraction des par-
ticules des particules solides de sorbant a partir
du flux de gaz ; et

iii) fonctionnement de I'au moins premier réac-
teur comme réacteur a lit fluidisé, dans lequel
une régénération des particules solides de sor-
bant est effectuée dans la partie supérieure du
premier réacteur par une augmentation de tem-
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pérature ou un ajout de gaz secs ou une combi-
naison de ceux-ci, et dans lequel les particules
solides de sorbant régénérées sont réintrodui-
tes depuis la partie supérieure du premier réac-
teur vers le lit réactionnel dans la partie infée-
rieure du premier réacteur au moyen d’'un cy-
clone.

Procédé selon la revendication 1, dans lequel une
régénération des particules solides de sorbant est
effectuée au sein d’au moins un du(des) réacteur(s)
par une augmentation de température ou un ajoutde
gaz secs ou une combinaison de ceux-ci.

Procédé selon larevendication 1 ou 2, dans lequel la
régénération des particules solides de sorbantesten
outre effectuée a I'extérieur du premier réacteur par
une augmentation de température et/ou une réduc-
tion de pression et/ou un ajout de gaz secs dans un
autre réacteur.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel au moins une ligne sup-
plémentaire pour le flux du mélange gazeux est
disponible afin de permettre un fonctionnement
commutable pour une génération ininterrompue de
méthanol et/ou de ses dérivés diméthyléther, éthéne
ou propéne, et une régénération alternée des parti-
cules solides de sorbant.

Procédé selon la revendication 4, dans lequel la
chaleur de la réaction de formation de méthanol
dans une ligne de production est au moins partiel-
lement utilisée pour la régénération du sorbant so-
lide dans l'autre ou les autres lignes.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel une combinaison de mé-
thodes de séparation, telles que la taille et le poids
spécifique des particules solides de sorbant, des
fluides a faible pression de vapeur, avec des pro-
priétés différentes, est appliquée pour enrichir au
moins partiellement les matériaux utilisés dans cette
méthode de séparation pendant I'ad-/absorption
avec les produits de réaction.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel au moins un des réacteurs
fonctionne avec des catalyseurs a base de métaux
telsquele Cu,I'In,I'lr,'Ag, le Pd, le Pt,le Zn, le Gaou
leurs oxydes supportés sur de I'Al,O3, du SiO,, du
TiO,, du CeO,, du ZrO2, des carbures, des nitrures,
des phosphures, ou un mélange de ceux-ci, ou un
matériau de type pérovskite contenant I'un des élé-
ments mentionnés.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel I'eau et/ou le méthanol ou
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les autres composés sont au moins partiellement
éliminés in situ du réacteur a lit fluidisé par utilisation
de particules solides de sorbant, fines ou de densité
moindre, qui sont entrainées du réacteur ou flottent
sur un lit de réacteur et sont collectées en aval du lit
de particules du réacteur.

Procédé selon I'une quelconque des revendications
1 a 7 précédentes, dans lequel I'eau et/ou le mé-
thanol ou les autres composés sont au moins par-
tiellement éliminés in situ du réacteur a lit fluidisé par
utilisation de particules solides de sorbant plus gros-
ses ou plus denses qui sont séparées par gravité du
réacteur et sont collectées au fond du réacteur.

Procédé selon I'une quelconque des revendications
1 & 7 précédentes, dans lequel I'eau et/ou le mé-
thanol ou les autres composés sont au moins par-
tiellement éliminés in situ du réacteur a lit fluidisé par
utilisation combinée de particules solides de sorbant
plus grosses et/ou plus denses qui sont séparées
par gravité du réacteur, et de particules solides de
sorbant fines et/ou de densité moindre qui sont en-
trainées du réacteur ou flottent sur le lit du réacteur.

Procédé selon I'une quelconque des revendications
1 a 7 précédentes, dans lequel I'eau et/ou le mé-
thanol ou les autres composés sont au moins par-
tiellement éliminés in situ du réacteur a lit fluidisé par
immersion de structures contenant ou constituées
de particules solides de sorbant.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel un flux d’alimentation est
compose de CO,, de biogaz, de gaz issu de fermen-
tations ou de la digestion de boues d’épuration, oude
gaz de gazogéne issu de gazéification ou de pyro-
lyse.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel le rapport CO,:H, ou le
rapport CO:H, dans le flux d’alimentation est diffé-
rent du rapport stoechiométrique de la réaction de
syntheése du méthanol, dans lequel un exces de
réactif, non converti dans le(s) réacteur(s), est au
moins partiellement recyclé et mélangé au flux d’a-
limentation.

Procédé selon la revendication 13, dans lequel de
I’hydrogéne est alimenté en exces stoechiométrique.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel un second catalyseur ou
une seconde fonctionnalité catalytique est introduit
dans le réacteur pour permettre des réactions ulté-
rieures du méthanol et d’autres produits de réaction.

Procédé selon I'une quelconque des revendications
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précédentes, dans lequel les réactifs CO, CO, et/ou
H, restants aprés la production de méthanol sont
convertis en méthane et/ou autres hydrocarbures
dans un réacteur approprié, a I'aide d’un catalyseur
contenant au moins I'un des éléments nickel, ruthé-
nium, fer ou cobalt.

Procédé selon la revendication 16, dans lequel un
autre flux de gaz est mélangé avec les réactifs CO,
CO, et/ou H, restants aprées la production de me-
thanol, avant la conversion en méthane et/ou autres
hydrocarbures dans un réacteur approprié.

Procédé selonlarevendication 16 ou 17, danslequel
au moins une unité a membrane sépare au moins
partiellement le méthane du flux d’alimentation des-
tiné au réacteur de synthése de méthanol afin de
contourner la synthése de méthanol.

Procédé selon la revendication 18, dans lequel la
source de CO, est une installation de production de
biogaz, etdans lequel 'unité a membrane est utilisée
pour I'enrichissement du biogaz pendant les pério-
des ou la génération de méthanol n’est pas ou pas
entierement opérationnelle.

Procédé selon I'une quelconque des revendications
1 a 15, dans lequel les réactifs CO, CO, et/ou H,
restants aprés la production de méthanol sont
convertis en électricité et chaleur dans une installa-
tion appropriée, de préférence une centrale de co-
génération thermique et électrique, basée sur un
moteur & combustion interne ou une microturbine
a gaz ou une pile & combustible.

Procédé selon la revendication 20, dans lequel un
autre flux gazeux est mélangé avec les réactifs CO,
CO, et/ou H, restants aprés la production de mé-
thanol, avant la conversion en électricité et chaleur
dans le dispositif approprié.
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