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(57) ABSTRACT

Process for the production of hydrogen and the co-produc-
tion of carbon dioxide 1n separate streams comprising the
following operations:

feeding of a solid to a first reaction zone (R1) in which
a liquid or gaseous hydrocarbon, preferably natural
gas or methane, 1s also fed, which reacts with said
solid fed at its maximum oxidation degree (over-
reduced form), leading to the formation of the com-
bustion products carbon dioxide and water and the
solid at its minimum oxidation degree (reduced
form);

feeding of the solid 1n reduced form to a second
reaction zone (R2) into which water is also fed,
which reacts with said reduced form of the solid,
producing hydrogen, steam and the solid at an inter-
mediate oxidation degree (oxidized form);

feeding of the solid 1n oxidized form to a third reaction
zone (R3) into which air 1s also fed, obtaining, from
the further oxidation of the solid, heat and the solid
in over-oxidized form to be recycled to the first
reaction zone (R1),

wherein said solid contains at least on element selected from
elements which, 1in addition to the metallic state, have at
least three different oxidation states and are therefore
capable of producing two redox pairs, 1n order of the
oxidation state,

characterized in that in the first reaction zone (R1) the solid
in over-oxidized form and the liquid or gaseous hydrocarbon
are fed 1n countercurrent.
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PROCESS FOR THE PRODUCTION OF
HYDROGEN AND THE CO-PRODUCTION OF
CARBON DIOXIDE

[0001] The present invention relates to a process which
uses natural gas or methane and water for the production of
hydrogen and the co-production of carbon dioxide 1n sepa-
rate streams.

[0002] The H, produced according to the invention can be
used not only 1n all hydrogenation operations but also for
feeding energy generators such as fuel cells, whereas the
CO_co-produced can be eliminated where most convenient

2 * L] L]
(exhausted well, sea bottom, etc.) to avoid its accumulation
in the atmosphere.

[0003] The known art describes processes and technolo-
gies for the production of synthesis gas CO/H, by the direct
oxidation of natural gas using steam (steam reforming) or
oxygen (partial oxidation) as oxidizing agent.

[0004]
CH,+H,0—=C0+3H,

[0005] the thermodynamic limits established by the for-
mation of equilibrium, must be faced in the reaction area

In the first case (steam reforming)

CO+H,0s—CO+H,
[0006]

CH,+1/20,=CO+2H,

In the second case (partial oxidation)

[0007] problems of selectivity must be faced with respect
to the total oxidation of the natural gas to CO,/H,O which
can only be overcome by operating within a temperature
range (over 1000° C.), which, in addition to the necessity of
a cryogenic air fractionation unit, makes the industrial
technological application onerous.

[0008] In both cases, downstream of the natural gas con-
version, the CO/H, mixture must still be treated with steam
to increase the production of H, (low/high temperature
WGS) followed by a first physical separation (PSA) of the
hydrogen and subsequently, to obtain a high purity product,
a further separation of the residual CO,, by chemical absorp-
tion (washing with amines). Furthermore, in the case of
stcam reforming, a thermal support must be provided for the
process as the reforming step and desorption from the amine
of the carbonated CO, are of an endothermic nature.

[0009] In order to overcome problems relating to thermal
support, autothermal reforming processes are being widely
adopted, which envisage the feeding of the CH,/O, mixture
in a molar ratio (2:1) but operating within a temperature
range which 1s such as to favour a total combustion reaction

[0010] together with which the reforming of the excess
methane with the H,O and CO, produced by the combus-
tion, 1s effected contemporaneously.

[0011] In this way, the exothermy of total oxidation is
balanced with the endothermy of steam reforming; in this
case, with respect to partial combustion, there 1s no techno-
logical problem caused by the combustion temperature but
a cryogenic air fractionation unit 1s still necessary.

[0012] The known art also describes processes and tech-
nologies for the production of H,/CO, by the indirect steam
reforming of natural gas; these are characterized by the
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formation of products 1n separate streams, thus not only
avolding all separation and purification operations of the
products (HT/LT WGS; PSA; amines) but also overcoming
all the thermodynamic limits established by the WGS reac-
tion which runs consecutively with the direct reforming
reaction discussed above.

[0013] In these processes, the reaction between H,O and
natural gas 1s indirect as the oxygen exchange takes place
through a solid capable of providing one or more interme-
diate redox pairs (Meo/Me O, ,y; Me/MeO) between the
reducing potential of the CH,/CO, pair and the oxidizing
potential of the H,O/H, pair. In practice, the redox solid acts
as oxygen donor to the natural gas (reducing agent) and
oxygen receiver from the water (oxidizing agent). The
oxygen exchanged through the solid 1s chemically defined as
“reversible oxygen” hereafter indicated as C.O.A. (chemical
oxygen available) when it is released and as C.O.D. (chemi-
cal oxygen demand) when it is acquired by the solid.

[0014] Patent U.S. Pat. No. 3,442,620 describes a process
in which, in a first phase (endothermic) which leads to the
production of the CO,/H,O stream, the redox solid 1n 1its
oxidized form, 1s completely or partially reduced to the
metallic state by a reducing agent (in this case synthesis gas

produced from coal and consequently there are two redox
pairs in question (CO/CO, and H,/H,O).

[0015] The main reduction scheme is described by the
following equations:

Me, Oy, 1y+CO < —>X MeO+CO, 2)
Me, Oy, 1y+Ho 5 —>X MeO+H,O b)
MeO+CO< —=Me+CO, C)
MeO+H,<=—=Me+H,O d)
[0016] In a second process phase (exothermic) which

leads to the production of the H, stream, the redox solid in
its reduced form 1s oxidized by the H,O to the initial
oxidation state according to the following equations:

Me+H,0= —MeO+H, e)
XMeO+H,05—Me, O, 1y+H, f)
[0017] wherein Me refers to Fe and X=3.

[0018] In the first process step, the solid oxygen carrier
(oxidizing agent) in its most oxidized form (Me, O,y In
down flow) and the reducing agent (CO/H, in up flow) are
fed m countercurrent to each other 1n a sub-stoichiometric
Ox/Red molar ratio with each other (reducing defect).

[0019] The reduction of the solid which is carried out with
a step-wise mechanism, takes place 1n a two-zone reactor, a
first upper zone where the formation of MeO (reactions a
and b) is effected and a second lower zone where the further
reduction to Me is effected (reactions ¢ and d).

[0020] In the second process step, the solid oxygen
receiver (reducing agent) obtained in the first step (Me/MeO
mixture in down flow) and the oxidizing agent (H,O in up
flow) are fed 1n countercurrent to each other in an oversto-
ichiometric Ox/Red molar ratio with each other (oxidizing
excess) with the partial transformation of the oxidizing agent
to H..

[0021] The oxidation of the solid is carried out in two
zones, a first upper zone where the formation of MeO
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(reaction e) takes place and a second lower zone where the
further oxidation of the solid 1s effected to its initial form
(reaction f).

10022] These process zones however cannot be considered
in the light of subsequent process steps as each zone 1s
characterized by a set of reactions at equilibrium.

[0023] In addition to these reactive steps, the process
comprises a riser fed with an 1nert or poorly reactive gas
such as the reduction spent-gas (a mixture of CO,/H,O/CO/
H,) which allows the solid obtained in the second step
(simple pneumatic conveyance) to be re-fed to the first
process step thus obtaining the continuous production of the
two gaseous process streams described above.

[0024] All the process steps (a-f) are in equilibrium;
consequently, as the process operates at “autogenous” con-
version values (of equilibrium), once the pressure has been
set within a range of 200-2500 psig, in order to close the
process balance, a pair of temperatures must be selected
(also on the basis of the composition of the reducing gas

—H,/CO ratio) within a range of 1000° F.-2000° F. for
carrying out the reduction step and oxidation step respec-

fively.

[0025] As the process operates at a high solid/gas ratio and
with a partial conversion of the reducing gas, as a conse-
quence:

[0026] the reduction off-gas does not consist of an
intrinsically removable stream of CO,

[0027] the conversion per passage of exchangeable
oxygen (redox yield) is rather low (values around
10-15%) which means a low yield/time-space to
hydrogen.

[0028] In conclusion the chemical process yield is in the
order of 65%.

10029] Furthermore the problem of the closing of the
thermal balance remains unsolved as the overall process 1s
endothermic (the process reaction is CO+H,O0=CO,+H.,).

[0030] Patent application EP-1134187 also proposes the

indirect reaction between H,O and natural gas and describes
a process and material wherein in a first step (endothermic)
which leads to the production of the stream of CO,, and H,, O,
the redox solid 1n 1ts oxidized form 1s reduced 1n counter-
current by a reducing agent in upflow (in this case CH, and
consequently there is the redox pair CH,/CO,).

[0031] The main reduction scheme is described by the
following equation:

4Me, 7,0y, 1y*CH, 5 —4Me, Z,0,+CO,+2H,0
[0032] wherein x21; y20; z=0

[0033] wherein Me represents the redox element
which 1s preferably supported Fe

[0034] wherein Z acts as promoter preferably
selected from Ce, Cr, Zr.

[0035] More specifically, the reduction step of the material
contemplates, with respect to the oxidizing agent, four
parallel equilibriums (h; I; j; k), as follows:

4Fe,0 +CH,<—12 FeO+CO,+2H,0 Kh=[CO,]
|[H,O)| CH, ] h)
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Fe,0,4+CH,—>3 FeO+CO+2H, Ki=[CO|[H,

[CH,] i)
Fe,0,+C0s—3 FeO+CO,Kj=[CO,][CO] i)
Fe,O +H,<—3 FeO+H,0 Kk=[H,O[H,], k)

[0036] which, on the other hand, are of the competitive
type with respect to the reducing species giving rise to
possible problems of sub-conversion for the kinetically
unfavourable species (rate determining steps).

[0037] To complete the conversion of the reducing agent,
the technology proposed optionally envisages the introduc-
tion of an enrichment operation (TSA; PSA) of the reduction
spent-gas in the reducing species (H,/CO) and to subse-
quently re-feed it with further fresh redox solid (in a
substantial excess) to an additional reduction zone. This
however 1s onerous from an economical point of view.

[0038] In a second step of the process (exothermic) which
leads to the production of the stream of H,, the reduced
redox solid 1s oxidized to the initial oxidation state in
countercurrent with steam in upflow according to the fol-
lowing equation:

4Me, Z,0,+4H,05—>4Me, 7,0y, 1y +4H, 1)

[0039] With respect to U.S. Pat. No. 3,442,620, a particu-
lar selection of the pair of reduction and oxidation tempera-
tures for closing the molar balance, 1s not required as the
reduction is effected at complete conversion (not a sponta-
neous equilibrium conversion) of the reversible oxygen and
in the oxidation, the conversion of the steam can be con-
sidered as a freedom degree.

[0040] As the overall process is endothermic (the reaction
is 2H,0+CH,—CO,+4H.,) the patent proposes the closing
of the thermal balance by interposing, prior to the two redox
steps, a thermal supporting riser (third step) in which heat is
supplied to the process for:

[0041] combustion of part of the hydrogen produced
[0042] combustion of additional natural gas

[0043] over-oxidation with air of the redox solid

[0044] feeding an air combustor with reduction

spent-gas containing CO/H, not before, however,
effecting the CO, and H,O operation (PSA etc.)

[0045] In conclusion, the chemical process yield is around
83% (enthalpic efficiency close to 90%).

[0046] Although the technology described allows the
objectives of said European patent application to be reached
with extremely high chemical yield and enthalpic values, the
problem remains however of the control/minimization (at
the stoichiometric value) of the MO/CH, ratio, as may be
required for the reduction reaction on various cascade zones
and operating 1n excess of reversible oxygen whose direct
consequence 1s a decrease 1n the space/time yield on the
redox solid due to the low conversion of the oxidized form
Me,Z,0,,,y fed to the reduction step with methane (reac-

tion g)).

10047] Patent application IT-MIO3A000192 describes the
preparation of reactive systems consisting of an active phase
based on Iron and a microspheroidal carrier based on
micro-spheroidal alumina capable of providing a high redox
yield (productivity to hydrogen in terms of NItH,/Kg of
material) which are processed with a three-reaction-zone
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process comprising a first process phase in which water
(oxidizing agent and solid (reducing agent) enter and H, is
produced together with oxidized solid; a second process
phase for heat supply in which air (oxidizing agent) and
oxidized solid (reducing agent) enter and producing heat
together with over-oxidized solid; a third process phase 1n
which the over-oxidized solid (oxidizing agent) enters with
natural gas (reducing agent) producing CO./H,O and
reduced solid.

[0048] The high productive capacity of these materials can
only be obtained, however, 1 these are processed with
suitable reactor expedients both from a fluid-dynamic (pro-
moting the fluidization of the reactive bed and therefore
promoting the oxygen exchange between gas and solid) and
chemical point of view, as the use of reactive systems based
on 1ron oxides contemplates the presence of parallel equi-
librium reactions (h; I; j; k) which, in the absence of
expedients to shift the equilibriums towards the formation of
products, cause a low process yield.

[0049] We have found an advantageous process which can
be applied on an industrial scale and which allows the
continuous production of separate streams of H, and CO,
with a high purity, at the same time, maximizing the space
and time yield, as there 1s no necessity of resorting either to
separation or purification operations downstream.

[0050] The process, object of the present invention, for the
production of hydrogen and the co-production of carbon
dioxide comprises the following operations:

[0051] feeding of a solid to a first reaction zone (R1)
in which a liquid or gaseous hydrocarbon 1s also fed,
which reacts with said solid fed at its maximum
oxidation degree (over-reduced form), leading to the
formation of the combustion products carbon diox-
1de and water and the solid at 1ts minimum oxidation
degree (reduced form);

[0052] feeding of the solid in reduced form to a
second reaction zone (R2) into which water is also
fed, which reacts with said reduced form of the solid,
producing hydrogen, stecam and the solid at an inter-
mediate oxidation degree (oxidized form);

[0053] feeding of the solid in oxidized form to a third

reaction zone (R3) into which air is also fed, obtain-
ing, from the further oxidation of the solid, heat and
the solid 1n over-oxidized form to be recycled to the
first reaction zone (R1),

[0054] wherein said solid contains at least one element
selected from elements which, 1n addition to the metallic
state, have at least three different oxidation states and are

therefore capable of producing at least two redox pairs,
according to the oxidation state,

[0055] characterized in that in the first reaction zone (R1)
the solid 1n over-oxidized form and the liquid or gaseous
hydrocarbon are fed in countercurrent.

[0056] The hydrocarbon fed in the process according to
the invention 1s preferably gaseous, more preferably natural
gas or methane.

[0057] The redox reaction of the first reaction zone (R1)
can be carried out 1n a step reactor, preferably at pressures
ranging from 1 to 20 bar, at temperatures lower than or equal

Oct. 20, 2003

to 900° C., continuously feeding in countercurrent, over-
oxidized solid (C.O.A)/natural gas or methane with a molar
ratio less than or equal to 4/1.

[0058] The concept of a step reactor envisages the fact that
a single reaction 1s effected on a series of successive
chemical equilibrium steps at an increasing conversion
degree.

[0059] The water and carbon dioxide can be removed from

the top of the step reactor with a molar ratio CO.,/H,O equal
to 1/2.

[0060] The redox reaction of the second reaction zone
(R2) can be carried out in a step reactor, preferably operating
at a pressure substantially equal to that of the step reactor of
the first reaction zone, in which the reduced solid (C.0.D.)
and the steam are fed countercurrent in continuous with a
molar ratio less than or equal to 1.

[0061] The redox reaction of the third reaction zone (R3)

can be carried out 1n a riser, feeding air and the oxidized
solid 1n equicurrent.

[0062] The additional heat supply to the system can also
be obtained by the combustion of natural gas or methane
optionally co-fed with air into the third reaction zone (R3).

[0063] Solids which can be used are those containing at
least one element selected from elements having at least
three different oxidation states, stable under the reaction
conditions, which differ in their oxygen content and in that
they are capable of cyclically passing from the most reduced
form to the most oxidized form and vice versa.

[0064] Solids containing one or more elements with the
above characteristics can be used, 1.€. having, 1n addition to
the metallic state, at least three different oxidation states,
preferably three states, and capable of producing in the order
of oxidation state, at least two redox pairs, preferably 2
pairs, and can be adopted as such or 1n a mixture with other
clements which are not subject to redox reactions; the
reactive phase thus obtained can, 1n turn, be used as such or
suitably dispersed or supported on compounds such as silica,
alumina, or other pure oxides such as magnesium, calcium,
cerium, zirconium, titanium, lanthanum, but also mixtures
thereof.

[0065] Among solids having at least three different oxi-
dation states, 1ron proves to be particularly advantageous,
and can be present 1n the solid in binary form

Fe,O,

[0066] And/or in ternary form
Fe,Z,0,

0067] Wherein x21, y20, z21,

0068] Z is at least an element selected from Ce, Zr, V and
Mo.

[0069] In the third reaction zone (R3), the element selected
from elements having at least three different oxidation states
can optionally consist of two phases deriving from the fact
that the oxidation step 1n R2 1s carried out with a partial and
incomplete conversion of the element: when the element 1s
iron, the two phases are FeO and Fe 0,.

[0070] A preferred embodiment according to the invention
can be obtained by a process configuration wherein the first
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phase that leads to the reduction of the redox solid (reaction
(g)) is carried out in a step reactor which operates under
suitable conditions of P (from 1 to 20 bar) and temperature
(up to a maximum of 900° C. and depending however on the
active phase used) to which natural gas or methane (reduc-
ing agent) are fed in continuous in upflow, and the reversible
oxygen carrier Me Z O ;, (solid oxidizing agent) in down-
flow in a molar ratio (RED/OX) between each other that can
be lower than or equal to that given by the stoichiometry of
the reaction (g) (1/4), and a stream of CO,/H,O in a molar
rat1io equal to 1/2, 1s continuously removed, from above and,
a stream of reduced solid Me, Z,0_, from below.

x iz vy
[0071] In this way, the reduction reactions (h; I; j; k) of
Fe O, with CH, which lead to the formation ot the hydrogen
precursor (FeQ) are effected on a series of equilibrium steps
at an increasing conversion degree (reduction) in downflow
for the oxidizing solid and increasing parameters (oxidation)
in upflow for the reducing gas.

[0072] From a chemical point of view, it 1s verified that in
upilow, the reducing potential of the gas decreases due to the
formation of the redox pairs CO,/CO and H,O/H,, but, as
the pair Fe,O,/FeO 1ncreases, the oxidizing potential of the
solid, which actually supports the reaction (greater avail-
ability of oxygen which moves the equilibrium to the right),
Increases.

[0073] In order to provide thermal support to the process
with the 1ntroduction of a third over-oxidation phase of the
reactive system, in the upper part of the reactor (upflow),
there 1s an additional and even more efficient redox pair
Fe,O,/Fe .0 ,, capable of producing and sustaining the reac-
fion even operating at high gas/solid ratios.

|0074] From a reactor point of view, the situation can be
effected 1 a reactor of the plug-flow type which typically
operates at a conversion proiile which varies along the 1n/out
axis of the reagent feeding and whose efficiency 1s linked to
the minimization of back-mixing phenomena between solid
and gas. In principle, a mobile bed reactor or fractionated
(staged) fluid bed reactor can be used by the introduction of
diaphragms (for example perforated plates or others), whose
pressure drop (passage span) is studied to limit back-mixing
phenomena and at the same time, allowing the upward
movement of the gas and downward movement of the solid.
The distance between one diaphragm and another (holdup of
cach step) is calculated on the basis of the kinetic charac-
teristics of the reaction so as to obtain, for each step, an
optimum distribution of the overall contact time. The mini-
mum number of steps required 1s that fixed by the thermo-
dynamics of the reactive system at the various reaction
temperatures which are established in the reduction reactor
and are determined by the thermal balance on said reactor.

[0075] The second phase of the process which leads to the
oxidation of the redox solid (reaction (k)), is carried out in
a multi-step reactor which operates at the same reactor
pressure as the previous phase, and at a temperature selected
on the basis of the thermodynamics and kinetics of the
reaction (k), to which steam (oxidizing agent) is fed in
continuous in upflow and the solid oxygen receiver Me Z-
,O, (reducing agent) in downflow, in a molar ratio (RED/
OX) which can be lower than or equal to, preferably lower
than 1 (excess oxidizing agent), at the stoichiometry of the
reaction (k), and a stream of H, and steam is removed in
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continuous from above, whereas a stream of Me_Z_O%*") is
removed from below, which can be re-fed directly to the
previous phase.

[0076] From the point of view of fluid-dynamics, this
phase of the process can also be carried out 1n a fluid bed
reactor which, according to the art, can be equipped with
dividers whose function 1s to force the fluidization of the
solid and thus improve the oxygen exchange between solid
and gas (reduction in the diameter of the gas bubbles) There
can be various types of dividers (for example, perforated
plates; chevron) depending on the rheological characteristics
of the gas and solid.

[0077] The third phase, where, in order to close the
thermal balance of the process, the over-oxidation takes
place of the active phase to Fe,O, with air (exothermic), can
be carried out by feeding gas and solid 1n equicurrent to a
riser with the subsequent re-entry of this solid to the first
phase of the process, preferably by pneumatic conveyance.

[0078] An embodiment of the present invention is pro-
vided below with the help of FIG. 1, which should 1in no way
be considered as limiting the scope of the invention itself.

[0079] With reference to the loop illustrated in FIG. 1, R1

represents the first process phase for the reduction of the
solid and production of CO,, R2 represents the second
process phase for the oxidation of the solid and production
of H,, R3 represents the third process phase for the thermal
support by over-oxidation of the solid.

0080] The operating pressure of the loop 1s 20 ata.

0081] Methane (1) 1s fed to the first phase of the process
(R1), from which the combustion products CO, and H,O (2)
are removed; steam (3) is fed to the second phase of the
process (R2), from which the oxidation product H, (4) is
removed; air (5) is fed to the third phase of the process (R3),
from which impoverished air (6) 1s removed.

[0082] The scheme i1s completed by the circulation lines of
the solid which connect the three process phases, the
reduced solid (8) coming from the reduction phase (R1), is
fed to the oxidation phase, the oxidized solid (9) coming
from the oxidation phase (R2), is fed to the over-oxidation
phase, the over-oxidized solid (7) coming from the heat
production phase (R3), is fed to the reduction.

EXAMPLE 1

[0083] With reference to the scheme of FIG. 1, the oper-
ating pressure of the loop is 20 ata, methane (1), steam (3)
and air (5) are fed after preheating. The circulation flowrate
of the solid 1s 1n relation to the Fe,O,/CH, ratio necessary
for completely converting the methane to CO, and water 1n
the upper part of R1 (ratio depending on both the thermo-
dynamics and contact time in R1) but at the same time it
must be such as to guarantee the closing of the process
thermal balance without resorting to excessively high AT
values in the endothermic step (reduction) (Minimum tem-
perature in R1—lower part—mnot lower than 710° C.) to
avold problems relating to kinetics and also excessively high
AT values in the exothermic step (over-oxidation)) (Maxi-
mum temperature in R3—upper part—not exceeding 850°
C.). In accordance with this, redox solids are used, charac-
terized in their thermal capacity values (Cp) and in their
active phase (Fe,O)/inert carrier ratio, capable therefore of
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releasing or acquiring (excluding the formation of metallic
phases) a quantity of oxygen (O reversible) equal to a few
welght percentage units (>1% w) with respect to the total of
the carrier (active phase+inert carrier).

|0084] From the point of view of chemical-performance,
the productivity of this redox solid 1s equal to about 14 NLt
of H, per Kg of solid processed per percentage of reversible
oxygen acquired in the oxidation step with water (C.0.D.).

[0085] For R1, a multi-step reactor is used in countercur-
rent, in which the minimum number of steps (theoretical
steps) 1s in relation to the positioning of the chemical
equilibriums at the operating temperatures in which the
stable reduced species 1s FeO, passing through the formation
of the sub-stoichiometric oxide Fe,,,-O (see following
tables); for R2, on the other hand, a single equilibrium step
has always been considered: in this reactor, in fact, by
stopping the reduction of Fe O, 1n R1 at FeO, there 18 only
the inverse reaction from FeO to Fe, 0O, and there 1s therefore

no advantage in using a multi-step reactor (there may be this
advantage however from a fluid-dynamic point of view).

|0086] The air flow-rate to R3 is selected case by case on
the basis of fluid-dynamic considerations to avoid having an
excessively dense conveyance line.

TABLE 1

Reduction phase in R1 and production of CO, feeding 2379
_kg/hr of REDOX solid and 22.4 Nmc/hr of methane (R 4.47:1)

Solid

[nlet gas Step 4 1inlet

line (1) Step1 Step2 Step 3 line (4) line (7)
T C. 450 72477  783.4  839.0 8537 848

Flow rate kmoles/hour
CH, 1 0.480  0.121  0.018 0.0
CO, 0 0.268 0487 0582 1.0
H,O 0 0.444 0920 1.199 2.0
CO 0 0.252 0391 0400 0.0
H, 0 0.596  0.838 0.766 0.0
Fe 0O, 0 0 0 0.761  4.47
Fe,O, 0.47 1.444 2710 2472 O
FeO 7.53 0 0 0 0
Fey g,70 0 4867  0.854
[nert carrier 11.708 11.708 11.708 11.708 11.708
[0087]
TABLE 11

Oxidation phase in R2 and production of H, by feeding
2314 kg/hr of REDOX solid reduced and 83.34 kg/hr of H,O.

I[nlet gas Line (3) Step 1 Line (4) Solid inlet Line (8)

T C. 400 734.8 707.6
Flow rate kmoles/hour

H,0 4.63 2.12

H, 0 2.51

Fe O, 0 0
Fe,O, 2.98 0.47
FeO 0 7.53

[nert carrier 11.708 11.708
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[0088]
TABLE I11
Over-oxidation phase of the REDOX solid in R3 and
production of heat by feeding 2354.9 kg/hr of
oxidized REDOX solid and 136 Nmc/hr of air.
Inlet gas [nlet solid Out gas Out solid
line (5) line (9) line (6) line (7)
T C. 430 734.8 848 848
Flow rates kmoles/hour
N, 4.819 4.819
O, 1.281 0.536
Fe, O, 0 4.47
Fe,O, 2.98 0
FeO 0 0
[nert carrier 11.708 11.708

[0089] From the values of Tables I, II and III it can be
observed that:

[0090] The methane conversion at the end of the
reactive steps with Fe;O, (steps 1+3) 1s 98.2%
whereas the selectivity to CO, and H,O 1s equal to

58%;

[0091] The methane conversion at the end of the

reactive step with Fe,O; (step 4) is 100% as also the
selectivity to CO, 1s 100%;

[0092] The conversion of the water in R2 is 54.2%;

[0093] The oxygen released (C.0O.A.) from the solid
in R1 (Ap) is -2,7% (90% of the theoretical
exchangeable oxygen value 1n the Fe,O,—FeO pas-
sage); that received (C.0.D.) from the solid in R2
(Ap) is +1.7% and that received in R3 (Ap) is, by
difference, +1.0%;

[0094] 2.51 Lt of H, are produced per litre of meth-
ane processed and consequently the thermal effi-
ciency of the cycle, referring to (QH.xAH_H.)/
(QCH_ xAH_CH,) 1s 75.65%;

[0095] 23.63 NLt of H, are produced per Kg of solid

processed and consequently the productivity of the
solid 1s 84.4%

[0096] The discharge of the gases from the head of

R1 (line 2) consists of a stream of which a third
consists of CO,, and two thirds of H,O: after cooling

and condensation, this stream forms a stream of pure
CO,;

[0097] The discharge of the gases from R2 (line 4)
consists of an almost equimolar stream 1n steam and
hydrogen: also 1n this case, after cooling and con-
densation, a stream 1s obtained which 1s practically
pure 1n H..

[0098] The example shows that, when operating with a
temperature of 853.7° C. in the upper part of R1, 4 equilib-
rium steps are suificient. In order to completely convert the
methane with a selectivity to CO, and H,O equal to 100%,
it 1s necessary however to operate with respect to the
stoichiometric value, in excess of Fe,O5 (4.47:1).

EXAMPLE 2

[0099] Reference is made to the scheme of FIG. 1 and
with the same assumptions made in Example 1 except for the
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fact that 1n this case R3 represents a over-oxidation unit with
air of the REDOX solid for the thermal support of the
process, but, unlike the previous case, methane 1s also fed as
fuel (mixed thermal support).

TABLE 1V

Reduction phase 1n R1 and production of CO, by feeding 2132
ke/hr of REDOX solid and 22.4 Nmc/hr of methane (R 4.0:1).

Inlet gas

line (1) Step1 Step2 Step3 Step 4 line (2)
T" C. 450 707.5  750.7  799.7 8435  854.7

Flow rate kmoles/hour
CH, 1 0.599  0.308 0.070 0.015 O
CO, 0 0.203  0.364 0527 0587 1
H,O 0 0.319  0.641 1.024 1215 2
CO 0 0.197 0.328 0403 0398 O
H, 0 0.482 0.743 0835 0.755 O
Fe,O, 0 0 0 0 0.359
Fe,0, 0 0.572  1.500  2.444  2.427
FeO 3 0 0 0 0
Fegy 6450 0 6.637  3.696  0.705
[nert carrier 10.477 10.477 10.477 10477 10477
[0100]
TABLE V

Oxidation phase in R2 and production of H, by feeding

2110.9 kg/hr of reduced REDOX solid and 86.22 kg/hr of H,O.

1,0
H,

Fe, O,
Fe;O,

FeQO

Inert carrier

[0101]

T C.

N,
O,
CH,
CO,
H,O
Fe 0,

Fe O,

FeQ

Inert carrier

[nlet gas Line (3) Step 1 Line (4) Solid inlet Line (8)

400 734.0
Flow rate kmoles/hour

707.5

4.79 2.123
0 2.667
0
2.667
0
10.477 1

o oo O O

A77

TABLE VI

Over-oxidation phase of REDOX solid in R3 and production

of heat by feeding 2354.9 kg/hr of oxidized REDOX solid
and 121.85 Nmc/hr of air and 0.87 Nmc/hr of methane.

Inlet gas Fuel Solid inlet Out gas Out solid
line (5) line (5) line (9) line (6) line (7)
430 450 734 848 848
Flow rate kmoles/hour
4.298 4.298
1.142 0.398
0.039 0
0.039
0.078
0 4
2667 0
0 0
10.477 10.477
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[0102] From the values of Tables IV, V and VI it can be
observed that:

line (7)

3848

-

[0103] The methane conversion at the end of the
reactive steps with Fe;O, (steps 1+4) is 100%

Step 5 Solid 1nlet

10.477

whereas the selectivity to CO, and H,O 1s equal to
58%;

[0104] The methane conversion at the end of the
reactive step with Fe,O, (step 5) is 100% as also the
selectivity to CO, 1s 100%;

[0105] The conversion of the water in R2 is 55.7%;

[0106] The oxygen released (C.O.A.) from the solid
in R1 (Ap) is -3,0% (100% of the theoretical
exchangeable oxygen value 1n the Fe,O,—FeO pas-
sage); that received (C.0.D.) from the solid in R2
(Ap) is +2.0% and that received in R3 (Ap) is, by
difference, +1.0%;

[0107] 2.56 Lt of H, are produced per litre of meth-
ane processed and consequently the thermal effi-
ciency of the cycle, referring to (QH,xAH_H,)/
(QCH_ xAH_CH,) 1s 76.51%;

[0108] 28.1 NLt of H, are produced per Kg of solid
processed and consequently the productivity of the
solid 1s 100%

[0109] The discharge of the gases from the head of
R1 consists of a stream of which a third consists of

CO, and two thirds of H,O: after cooling and con-
densation, this stream forms a stream of pure CO.,;

[0110] The stream at the outlet of R3 also contains
CO_and water, due to the combustion of the CH, 1n
R3: the separation of CO, 1s consequently not total

but 1s 96.3%:;

[0111] The discharge of the gases from R2 (line 4)

consists of an almost equimolar stream 1n steam and
hydrogen: also 1n this case, after cooling and con-
densation, a stream 1s obtained which 1s practically
pure 1n H..



US 2005/0232859 Al

[0112] This example shows that it is possible, with a
temperature of 854.7° C. in the upper part of R1, to
completely convert the methane with a selectivity to CO,
and H,O equal to 100% and at the same time to obtain the
maximum productivity in H, of the solid, by feeding Fe, O,
at a stoichiometric value with methane (4:1).

[0113] To obtain this, it is necessary to co-feed a quota of
methane to the thermal support unit which envisages the

presence of CO, (0.8%) 1n the fumes from R3.

[0114] Five equilibrium steps are necessary for this case
(in practice the introduction of an additional step with
respect to the previous case limits the excess of Fe,O,, from
the point of view of the methane, the H,/CH, productivity
proves to paradoxically improve even if a quota 1s fed to

R3).

EXAMPLE 3

[0115] Reference is made to the scheme of FIG. 1 and
with the same assumptions made in Example 1 except for the
fact that 1n this case R3 represents a over-oxidation unit for
thermal support with air of the REDOX solid which consists
of two phases (FeO and Fe;0,) deriving from the fact that
the oxidation step 1s carried out in R2 with a partial and
incomplete conversion of the FeO.

TABLE VII
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[0117]

TABLE IX

Over-oxidation phase of the REDOX solid in R3 and
production of heat by feeding 2354.9 kg/hr of
oxidized solid REDOX and 123.6 Nmc/hr of air.

Inlet gas [nlet solid Out gas Out solid
line (5) line (9) line (6) line (7)
T C. 430 743.2 850 850
Flow rates kmoles/hour
N, 4.361 4.361
O, 1.159 0.435
Fe, O, 0 4
Fe,O, 2.550 0
FeO 0.351 0
Feqy 6740 0 0
[nert carrier 10.477 10.477

|0118] From the values of Tables VII, VIII and IX, it can
be observed that:

[0119] The methane conversion at the end of the
reactive steps with Fe;O, (steps 1+4) is 100%
whereas the selectivity to CO, and H,O 1s equal to

58%;

Reduction phase in R1 and production of CO, by feeding 2132
kg/hr of solid REDOX and 22.4 Nmc/hr of methane (R 4.0:1).

Inlet gas Step 5 Solid 1inlet

line (1) Step1 Step2 Step3 Step4 line (2) line (7)
T° C. 450 707.6 751.7 302.9 347 856.8 850

Flow rate kmoles/hour
CH, 1 0.604 0.301 0.063 0.013 0
CO, 0 0.197 0.368 0.534 0.590 1
H,O 0 0.309 0.650 1.043 1.226 2
CO 0 0.199 0.331 0.404 0.397 0
H, 0 0.483 0.748 0.832 0.747 0
Fe,O, 0 0 0 0 0.407 4
Fe O, 0 0.546 1.526 2.483 2.396 0
FeO 8 0 0 0 0 0
Fe, o.,0 0 6.719  3.614 0.583 O 0
Inert carrier 10.477 10,477 10.477 10477 10477 10.477
10116] [0120] The methane conversion at the end of the
reactive step with Fe,O5 (step 5) is 100% as the
TABI.E VIII selectivity to CO, 1s also 100%:;

[0121] The conversion of the water in R2 is 55.9%;

[0122] The oxygen released (C.O.A.) from the solid
in R1 (Ap) is -3,0% (100% of the theoretical
exchangeable oxygen value 1n the Fe,O,—FeO pas-
sage); that received (C.0.D.) from the solid in R2
(Ap) is +1.9% and that received in R3 (Ap) is, by
difference, +1.1%;

Oxidation phase in R2 and production of H, by feeding
2110.9 kg/hr of reduced REDOX solid and 83.08 kg/hr of H,O.

Inlet gas Line (3) Step 1 Line (4) Solid inlet Line (8)

T C. 400 734.8 707.6
Flow rate kmoles/hour

H,O 4.565 2.013 _
H, 0 5 559 [0123] 2.55 Lt of H, are produced per litre of meth-
Fe,O, 0 0 ane processed and consequently the thermal effi-
Fe;0, 2.552 0 ciency of the cycle, referring to (QH,xAH_H,)/
E‘?‘O - 3-343 g (QCH_ xAH_CH,) is 76.93%;

C0.974 _
Inert carrier 10.477 10.477 [0124] 26.9 NLt of H, are produced per Kg of solid

processed and consequently the productivity of the
solid 1s 95.7%
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[0125] The discharge of the gases from the head of
R1 consists of a stream of which a third consists of
CO, and two thirds of H,O: after cooling and con-
densation, this stream forms a stream of pure CO.,;

(0126

[0127] The discharge of the gases from R2 consists of
an almost equimolar stream 1n steam and hydrogen:
also 1n this case, after cooling and condensation, a
stream 1s obtained which 1s practically pure in H.,.

There 1s the total separation of CO,;

[0128] This example shows that it is possible to com-

pletely convert the methane with a selectivity to CO.,, and
H,O equal to 100% by feeding Fe,O,; (C.O.A.) in a sto-
ichiometric ratio with methane (4:1).

[0129] In order to obtain this, the maximum production of

H, in R2 must be renounced and consequently not only
Fe O, but also residual FeO will enter R3. This will allow
the total thermal balance to be closed without the necessity

of thermal support.

[0130] Also in this case, the minimum number of equilib-
rium steps necessary proved to be equal to 5.

1. A process for the production of hydrogen and the
coproduction of carbon dioxide comprising the following
operations:

feeding of a solid to a first reaction zone (R1) in which a
liquid or gaseous hydrocarbon 1s also fed, which reacts
with said solid fed at i1ts maximum oxidation degree
(over-reduced form), leading to the formation of the
combustion products carbon dioxide and water and the
solid at its minimum oxidation degree (reduced form);

feeding of the solid 1n reduced form to a second reaction
zone (R2) into which water 1s also fed, which reacts
with said reduced form of the solid, producing hydro-
gen, steam and the solid at an 1ntermediate oxidation
degree (oxidized form);

feeding of the solid 1in oxidized form to a third reaction
zone (R3) into which air is also fed, obtaining, from the
further oxidation of the solid, heat and the solid 1n
over-oxidized form to be recycled to the first reaction

zone (R1),

wherein said solid contains at least one element selected
from elements which, in addition to the metallic state,
have at least three different oxidation states and are
therefore capable of producing at least two redox pairs,
1n order to the oxidation state, characterized 1n that 1n
the first reaction zone (R1) the solid in over-oxidized
form and the liquid or gaseous hydrocarbon are fed 1n
countercurrent.
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2. The process according to claim 1, wherein the hydro-
carbon 1s gaseous.

3. The process according to claim 2, wherein the gaseous
hydrocarbon 1s methane or natural gas.

4. The process according to claim 1, wherein the redox
reaction of the first reaction zone 1s effected 1n a step reactor.

5. The process according to claim 4, wherein the redox
reaction 1s effected at pressures ranging from 1 to 20 bar and
at temperatures lower than or equal to 900° C., by feeding
in continuous with a over-oxidized solid/natural gas molar
ratio lower than or equal to 1/4.

6. The process according to claims 4 and §, wherein the
water and carbon dioxide are removed from the top of the
step reactor with a molar ratio CO,/H,O equal to 1/2.

7. The process according to claim 1, wherein the redox
reaction of the second reaction zone 1s carried out 1n a step
reactor.

8. The process according to claim 7, wherein the step
reactor of the second reaction zone operates at a pressure
which 1s substantially equal to that of the step reactor of the
first reaction zone 1 which the steam and reduced solid are
fed countercurrent 1in continuous with a molar ratio lower
than or equal to 1.

9. The process according to claim 1, wherein the redox
reaction of the third reaction zone (R3) is effected in a riser
by feeding air and the oxidized solid 1n equicurrent.

10. The process according to claim 1, wherein the element
contained 1n the solid 1s 1ron.

11. The process according to claim 10, wherein the 1ron 1s
present m the solid mn binary form Fe O and/or in ternary
form Fe 7,0, wherein x=1, y=0, z=1, Z 1s at least one
element selected from Ce, Zr, V and Mo.

12. The process according to claim 1, wherein, 1n the third

reaction zone (R3), natural gas or methane is also fed,
obtaining the supply of further heat by combustion.

13. The process according to claim 1, wherein the element
contained 1n the solid 1s selected from elements having, in
addition to the metallic state, three different oxidation states
and capable of producing two redox pairs 1n the order of the
oxidation state.

14. The process according to claim 1, wherein, 1n the third
reaction zone (R3), the solid consists of two phases.

15. The process according to claim 13 and 10, wherein the

iron contained 1n the solid consists of two phases FeO and
Fe,O..
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