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(57) The present disclosure relates generally to re-
verse water-gas shift processes, integrated Fischer-
Tropsch processes, and a supported reverse water-
gas shift catalyst for conducting these processes. The
catalysts described herein include a support that is a
ceriumoxidesupport, a titaniumoxidesupport, aluminum
oxide support, zinc oxide support, a zirconium oxide
support, or a mixed oxide support comprising a mixture
of two or more of cerium oxide, titanium oxide, aluminum
oxide, zinc oxide, and zirconium oxide; a metal selected
from at least one of manganese, copper, gallium, indium,
lanthanum, titanium, niobium, vanadium, and zirconium,
present in an amount in the range of 0.5 to 20 wt% of the
catalyst, based on the total weight of the catalyst; and
optionally, at least one of platinum, palladium, gold, and
nickel, present in an amount in the range of 0.05 to 10
wt% of the catalyst, based on the total weight of the
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Description

BACKGROUND OF THE DISCLOSURE

1. Field

[0001] Thepresent disclosure relates generally to reversewater-gas shift catalysts, processes ofmaking the same, and
processes for performing reverse water-gas shift reactions. The present disclosure also relates to integrating processes
for performing reverse water-gas shift reactions with processes for performing Fischer-Tropsch reactions.

2. Technical Background

[0002] The reverse water-gas shift reaction (rWGS) is an advantageous route to obtain carbon monoxide from carbon
dioxide for further chemical processing. The rWGSconverts carbon dioxide and hydrogen to carbonmonoxide andwater,
as shown in Equation (1).

This canbeused, for example, tomodify theCO:H2 ratio of a gasmixture for further processing. The carbonmonoxide and
hydrogen so formed is a valuable feedstock for a number of chemical processes, for example, the well-known Fischer-
Tropsch (FT) process, shown in Equation (2).

[0003] However, the rWGS reaction is not favored in all circumstances. For example, a competing reaction is the
Sabatier reaction (Equation (3)), which decreases carbonmonoxide yield in favor of methane production, which is not an
active feedstock for FT.

The strongly exothermic Sabatier reaction is thermodynamically favored over the endothermic rWGS reaction at lower
reaction temperatures. As such,minimizing themethanation during rWGS, especially at low temperatures, can become a
significant challenge.
[0004] Similarly, the carbonmonoxide product from rWGS can be hydrogenated to methane, as shown in Equation (4).

Hydrogenation of carbon monoxide to methane is also an exothermic reaction, so it too is favored at lower temperatures.
The stoichiometry of the reaction requires at least a 3:1 ratio of hydrogen to carbonmonoxide. Thismeans that performing
the rWGS reaction with a large excess of hydrogen to drive the equilibrium toward carbonmonoxide (see Equation (1)) is
not always ideal because it runs the risk of hydrogenating the carbon monoxide product to form methane.
[0005] Coupled with Equations (3) and (4), further undesirable side reactions can occur. These side reactions can form
undesirable carbondeposits on the surfaceof catalysts used to promote rWGS.Examples of these carbon-producing side
reactions are shown in Equations (5), (6), and (7). All three of these reactions are endothermic and are favored at higher
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temperatures, just like the rWGS reaction.

CO + H2 ↔ C + H2O

CH4 ↔ 2H2 + C

2CO ↔ CO2 + C

Accordingly, because the carbon-producing side reactions (Equations (5)‑(7)) are also endothermic and are favored at
higher temperatures, operation at higher temperatures to favor the desired carbonmonoxide product can severely impact
catalyst lifetime through the deposition of carbon.
[0006] Given the multiple reactions and competing thermodynamics at play, there remains a need in the art for new
rWGS catalysts and processes, especially for integration with Fischer-Tropsch processes.
[0007] Additionally, CO2 is a substantial input in these reactions. Carbon dioxide is a widely available gas (currently
present in the atmosphere at about 400 ppm) that is inert to many transformations. Additionally, the tendency of carbon
dioxide to absorb infrared radiation has led to its designation as a greenhouse gas. Thus, there is a need to develop
economical processes that utilize carbon dioxide, especially waste carbon dioxide that would otherwise be added to the
ever-rising concentration of carbon dioxide in the atmosphere.

SUMMARY

[0008] In one aspect, the present disclosure provides for a supported reverse water-gas shift catalyst comprising:

a support that is a cerium oxide support, a titanium oxide support, an aluminum oxide support, zinc oxide support, a
zirconiumoxide support, or amixedoxide support comprising amixture of twoormoreof ceriumoxide, titaniumoxide,
aluminum oxide, zinc oxide and zirconium oxide;
a metal selected from at least one of manganese, copper, gallium, indium, lanthanum, titanium, niobium, vanadium,
and zirconium, present in an amount in the range of 0.5 to 20 wt% of the catalyst, based on the total weight of the
catalyst; and
optionally, at least one of platinum, palladium, gold, and nickel present in an amount in the range of 0.05 to 10 wt% of
the catalyst, based on the total weight of the catalyst.

[0009] In one aspect, the present disclosure provides for a supported reverse water-gas shift catalyst comprising:

a support that is a cerium oxide support, a titanium oxide support, an aluminum oxide support, a zinc oxide support, a
zirconiumoxide support, or amixedoxide support comprising amixture of twoormoreof ceriumoxide, titaniumoxide,
aluminum oxide, zinc oxide and zirconium oxide;
a metal selected from at least one of manganese, copper, gallium, indium, lanthanum, titanium, niobium, vanadium,
and zirconium, present in an amount in the range of 0.5 to 20 wt% of the catalyst, based on the total weight of the
catalyst; and
at least one of platinum, palladium, gold, or nickel present in an amount in the range of 0.05 to 10 wt% of the catalyst,
based on the total weight of the catalyst.
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[0010] In another aspect, the present disclosure provides for a method of making the catalyst as described herein, the
method comprising:

providing a support that is a cerium oxide support, a titanium oxide support, an aluminum oxide support, a zinc oxide
support, a zirconium support, or a mixed oxide support comprising a mixture of two or more of cerium oxide, titanium
oxide, aluminum oxide, zinc oxide and zirconium oxide;
contacting the support with one ormore liquids each comprising one ormoremetal-containing compounds dispersed
in a solvent(s), wherein themetal is selected frommanganese, copper, gallium, indium, lanthanum, titanium, niobium,
vanadium, and zirconium, and optionally one or more platinum‑, palladium‑, gold‑, or nickel-containing compounds;
allowing the solvent to evaporate to provide a catalyst precursor; and calcining the catalyst precursor.

[0011] In another aspect, the present disclosure provides for a catalyst as described herein made by the method as
described herein.
[0012] Inanother aspect, thepresent disclosureprovidesamethod for performinga reversewater-gasshift reaction, the
method comprising contacting at a temperature in the range of 200‑1100 °C a catalyst as described herein with a feed
stream comprising CO2 and H2, wherein at least part of the CO2 of the first feed stream is from biogas, a CO2 emission
source, and/or direct air capture, to provide a product stream comprising CO and H2, the product stream having a lower
concentration ofCO2and a higher concentration ofCO than the feed stream. For example, in someembodiments, at least
a part of CO2of the first feed stream is frombiogas. In someembodiments, at least a part of theCO2of the first feed stream
is fromaCO2emissionsource.And in someembodiments, at least apart of theCO2of thefirst feedstream is fromdirect air
capture.
[0013] In one aspect, the present disclosure provides for a process for performing an integrated Fischer-Tropsch
process, the process comprising:

providing a first feed stream comprising H2 and CO2, wherein at least part of the CO2 of the first feed stream is from
biogas, a CO2 emission source and/or direct air capture;
contacting at a first temperature in the range of 200‑1100 °C and at a first pressure a reverse water-gas shift catalyst
with the first feed stream to performa reversewater-gas shift reaction to provide a first product stream comprisingCO
and H2, the first product stream having a lower concentration of CO2 and a higher concentration of CO than the first
feed stream;
contacting at a second temperature and at a second pressure a Fischer-Tropsch catalyst with a second feed stream
comprisingH2andat least aportionofCOof thefirst product stream toprovideasecondproduct streamcomprisingC5
+ hydrocarbons,
wherein the reverse water-gas shift catalyst is a supported reverse water-gas shift catalyst comprising:

a support that is a ceriumoxide support, a titaniumoxide support, an aluminumoxide support, zinc oxide support,
zirconium oxide support, or a mixed oxide support comprising a mixture of two or more of cerium oxide, titanium
oxide, aluminum oxide, zinc oxide and zirconium oxide;
a metal selected from at least one of manganese, copper, gallium, indium, lanthanum, titanium, niobium,
vanadium, and zirconium, present in an amount in the range of 0.5 to 20 wt% of the catalyst, based on the
total weight of the catalyst; and
optionally, at least oneof platinum,palladium,gold, andnickel, present inanamount in the rangeof 0.05 to10wt%
of the catalyst, based on the total weight of the catalyst.

For example, in someembodiments, at least a part of CO2 of the first feed stream is frombiogas. In someembodiments, at
least a part of the CO2 of the first feed stream is from aCOz emission source. And in some embodiments, at least a part of
the CO2 of the first feed stream is from direct air capture.

BRIEF DESCRIPTION OF FIGURES

[0014] The accompanying drawings are included to provide a further understanding of the methods of the disclosure,
and are incorporated in and constitute a part of this specification. The drawings are not necessarily to scale, and sizes of
various elements may be distorted for clarity. The drawings illustrate one or more embodiment(s) of the disclosure and
together with the description serve to explain the principles and operation of the disclosure.

FIG. 1 is a schematic of the reverse water-gas shift reaction as described herein.

FIG. 2 is a schematic of a process for performing an integrated Fischer-Tropsch process as described herein.
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FIG. 3 is a schematic of a process for performing an integrated Fischer-Tropsch process as described herein.

FIG. 4 is a schematic of a process for performing an integrated Fischer-Tropsch process as described herein.

FIG. 5 is a schematic of a process for performing an integrated Fischer-Tropsch process as described herein.

FIG. 6 is a schematic of a process for performing an integrated Fischer-Tropsch process as described herein.

FIG. 7 is a schematic of a process for performing an integrated Fischer-Tropsch process as described herein.

DETAILED DESCRIPTION

[0015] As discussed above, the reverse gas-water shift reaction reacts carbon dioxide with hydrogen to form carbon
monoxide and water and can be useful in providing a feedstock containing carbonmonoxide and hydrogen -‑ often called
"synthesis gas" -‑ for use in processes such as the Fischer-Tropsch process. However, the Sabatier reaction, carbon
monoxidemethanation, and carbon-producing side reactions can interfere with the rWGS reaction. TheSabatier reaction
and CO methanation are exothermic and favored at lower temperatures, while the rWGS and carbon-producing side
reactions are endothermic and favored at higher temperatures. Additionally, these reactions rely on CO2, a greenhouse
gas. To prevent further waste of CO2 that would otherwise be added to the atmosphere, here remains a need to develop
process that use CO2. Advantageously, hydrocarbon synthesis processes that use waste carbon dioxide as a feed have
the potential to be low-carbon, carbon neutral, or even have a negative carbon footprint. One way to achieve this is to
transform carbon dioxide into carbon monoxide through reverse water-gas shift reactions, as described herein. Accord-
ingly, there remains a need for rWGS catalysts that can provide good performance in spite of these complicating factors.
Here, thepresent inventorshaveprovidedsupported reversewater-gasshift catalysts that includeametal oxidesupport, a
metal selected from at least one of manganese, gallium, indium, lanthanum, titanium, niobium, vanadium, and zirconium,
and optionally, at least one of platinum, palladium, gold, and nickel. Additionally, the present inventors have found rWGS
processes that are particularly advantageous for integration with a Fischer-Tropsch process by using supported reverse
water-gas shift catalysts as described herein and using renewable sources of CO2.

Reverse Water-Gas Shift Catalysts

[0016] In oneaspect, thepresent disclosureprovidesa supported reversewater-gas shift catalyst comprising: a support
that is a cerium oxide support, a titanium oxide support, aluminum oxide support, a zinc oxide support, a zirconium oxide
support, or amixedoxidesupport comprisingamixtureof twoormoreof ceriumoxide, titaniumoxide,aluminumoxide, zinc
oxideandzirconiumoxide; ametal selected fromat least oneofmanganese, copper, gallium, indium, lanthanum, titanium,
niobium, vanadium, and zirconium, present in an amount in the range of 0.5 to 20 wt% of the catalyst, based on the total
weight of thecatalyst; andoptionally, at least oneof platinum,palladium,gold, andnickel, present inanamount in the range
of 0.05 to 10 wt% of the catalyst, based on the total weight of the catalyst. Suitable catalysts have been described in
International Application No. PCT/CN2022/102723, filed June 30, 2022, International Application No.
PCT/CN2022/102660, filed June 30, 2022, International Application No. PCT/CN2022/102685, filed June 30, 2022,
International Application No. PCT/CN2022/102763, filed June 30, 2022, International Application No.
PCT/CN2022/102976, filed June 30, 2022, International Application No. PCT/CN2022/102812, filed June 30, 2022,
International Application No. PCT/CN2022/102630, filed June 30, 2022, International Application No.
PCT/CN2022/102630, filed June 30, 2022, International Application No. PCT/CN2022/102799, filed June 30, 2022,
International Application No. PCT/IB2023/056800, filed June 29, 2023, International Application No.
PCT/IB2023/056802, filed June 29, 2023, International Application No. PCT/IB2023/056803, filed June 29, 2023,
International Application No. PCT/CN2023/104014, filed June 29, 2023, and International Application No.
PCT/CN2023/103835, filed June 29, 2023, each of which is hereby incorporated by reference in its entirety.
[0017] In another aspect, the present disclosure provides a supported reverse water-gas shift catalyst comprising: a
support that is a ceriumoxide support, a titaniumoxide support, aluminumoxide support, a zinc oxide support, a zirconium
oxide support, or a mixed oxide support comprising a mixture of two or more of cerium oxide, titanium oxide, aluminum
oxide, zinc oxide, and zirconium oxide; a metal selected from at least one of manganese, copper, gallium, indium,
lanthanum, titanium, niobium, vanadium, and zirconium, present in an amount in the range of 0.5 to 20wt%of the catalyst,
based on the total weight of the catalyst; and at least one of platinum, palladium, gold, and nickel, present in an amount in
the range of 0.05 to 10 wt% of the catalyst, based on the total weight of the catalyst.
[0018] As described above, the reverse water-gas shift catalysts of the present disclosure are supported catalysts. In
various embodiments as otherwise described herein, the support makes up at least 70 wt%, e.g., at least 75 wt%, or 80
wt%, or 85 wt%, or 90 wt% of the catalyst on an oxide basis.
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[0019] In various embodiments as otherwise described herein, the support is a cerium oxide support. As used herein, a
"cerium oxide" support is a support that presents at least a surface layer (e.g., 50 microns in thickness) that is at least 50
wt%ceriumoxide, onanoxidebasis. In variousembodimentsof thedisclosureasdescribedherein, at least a surface layer
of the cerium oxide support includes at least 60 wt% cerium oxide, e.g., at least 70 wt% cerium oxide, or at least 80 wt%
cerium oxide. In some such embodiments, at least a surface layer of the cerium oxide support includes at least 90 wt%
cerium oxide. For example, in some embodiments, at least a surface layer of the cerium oxide support includes at least 95
wt% cerium oxide or at least 98 wt% cerium oxide. In various examples, the cerium oxide support contains cerium oxide
substantially throughout, e.g., at least 50wt%of the ceriumoxide support is ceriumoxide, on an oxide basis. For example,
in various embodiments, the cerium oxide support includes at least 60 wt% cerium oxide, e.g., at least 70 wt% cerium
oxide, or at least 80 wt% cerium oxide. In various embodiments, the cerium oxide support includes at least 90 wt% cerium
oxide, e.g., at least 95wt%ceriumoxide, or at least 98wt%ceriumoxide. In someembodiments, the ceriumoxide support
may further include additional metals or metal oxides.
[0020] In various embodiments as otherwisedescribed herein, the support is a titaniumoxide support. As usedherein, a
"titanium oxide" support is a support that presents at least a surface layer (e.g., 50microns in thickness) that is at least 50
wt% titanium oxide, on an oxide basis. In various embodiments of the disclosure as described herein, at least a surface
layer of the titaniumoxide support includesat least 60wt% titaniumoxide, e.g., at least 70wt% titaniumoxide, or at least 80
wt% titanium oxide. In some such embodiments, at least a surface layer of the titanium oxide support includes at least 90
wt% titanium oxide. For example, in some embodiments, at least a surface layer of the titanium oxide support includes at
least 95 wt% titanium oxide or at least 98 wt% titanium oxide. In various examples, the titanium oxide support contains
titanium oxide substantially throughout, e.g., at least 50 wt% of the titanium oxide support is titanium oxide, on an oxide
basis. For example, in various embodiments, the titanium oxide support includes at least 60 wt% titanium oxide, e.g., at
least 70wt% titaniumoxide, or at least 80wt% titaniumoxide. In various embodiments, the titaniumoxide support includes
at least 90wt% titaniumoxide, e.g., at least 95wt% titaniumoxide,or at least 98wt% titaniumoxide. In someembodiments,
the titanium oxide support may further include additional metals or metal oxides.
[0021] In various embodiments as otherwise described herein, the support is an aluminum oxide support. As used
herein, an "aluminumoxide" support is a support that presents at least a surface layer (e.g., 50microns in thickness) that is
at least 50wt%aluminumoxide,onanoxidebasis. In variousembodimentsof thedisclosureasdescribedherein, at least a
surface layer of the aluminum oxide support includes at least 60 wt% aluminum oxide, e.g., at least 70 wt% aluminum
oxide, or at least 80 wt% aluminum oxide. In some such embodiments, at least a surface layer of the aluminum oxide
support includes at least 90 wt% aluminum oxide. For example, in some embodiments, at least a surface layer of the
aluminumoxide support includes at least 95wt%aluminumoxide or at least 98wt%aluminumoxide. In various examples,
the aluminumoxide support contains aluminumoxide substantially throughout, e.g., at least 50wt%of thealuminumoxide
support is aluminumoxide, onanoxide basis. For example, in various embodiments, the aluminumoxide support includes
at least 60 wt% aluminum oxide, e.g., at least 70 wt% aluminum oxide, or at least 80 wt% aluminum oxide. In various
embodiments, thealuminumoxidesupport includesat least 90wt%aluminumoxide, e.g., at least 95wt%aluminumoxide,
or at least 98 wt% aluminum oxide. In some embodiments, the aluminum oxide support may further include additional
metals or metal oxides.
[0022] In various embodiments as otherwise described herein, the support is a zinc oxide support. As used herein, a
" zinc oxide" support is a support that presents at least a surface layer (e.g., 50microns in thickness) that is at least 50wt%
zinc oxide, on an oxide basis. In various embodiments of the disclosure as described herein, at least a surface layer of the
zinc oxide support includes at least 60 wt% zinc oxide, e.g., at least 70 wt% zinc oxide, or at least 80 wt% zinc oxide. In
some such embodiments, at least a surface layer of the zinc oxide support includes at least 90 wt% zinc oxide. For
example, in some embodiments, at least a surface layer of the zinc oxide support includes at least 95 wt% zinc oxide or at
least 98 wt% zinc oxide. In various examples, the zinc oxide support contains zinc oxide substantially throughout, e.g., at
least 50wt%of the zincoxide support is zincoxide, onanoxidebasis. For example, in variousembodiments, the zinc oxide
support includes at least 60 wt% zinc oxide, e.g., at least 70 wt% zinc oxide, or at least 80 wt% zinc oxide. In various
embodiments, the zinc oxide support includesat least 90wt%zincoxide, e.g., at least 95wt%zincoxide, or at least 98wt%
zinc oxide. In some embodiments, the zinc oxide support may further include additional metals or metal oxides.
[0023] In various embodiments asotherwisedescribed herein, the support is a zirconiumoxide support. As usedherein,
a "zirconium oxide" support is a support that presents at least a surface layer (e.g., 50microns in thickness) that is at least
50 wt% zirconium oxide, on an oxide basis. In various embodiments of the disclosure as described herein, at least a
surface layerof thezirconiumoxidesupport includesat least 60wt%zirconiumoxide, e.g., at least 70wt%zirconiumoxide,
or at least 80 wt% zirconium oxide. In some such embodiments, at least a surface layer of the zirconium oxide support
includes at least 90 wt% zirconium oxide. For example, in some embodiments, at least a surface layer of the zirconium
oxide support includes at least 95 wt% zirconium oxide or at least 98 wt% zirconium oxide. In various examples, the
zirconium oxide support contains zirconium oxide substantially throughout, e.g., at least 50 wt% of the zirconium oxide
support is zirconiumoxide, on an oxide basis. For example, in various embodiments, the zirconiumoxide support includes
at least 60 wt% zirconium oxide, e.g., at least 70 wt% zirconium oxide, or at least 80 wt% zirconium oxide. In various
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embodiments, the zirconiumoxide support includes at least 90wt%zirconiumoxide, e.g., at least 95wt%zirconiumoxide,
or at least 98 wt% zirconium oxide. In some embodiments, the zirconium oxide support may further include additional
metals or metal oxides.
[0024] In various embodiments as otherwise described herein, the support is a mixed oxide support. These can be
provided, for example, by admixture of multiple of the oxides above and formation into a support that includes both. For
example, in some embodiments, the mixed oxide support is a mixture of two or more metal oxides, such as cerium oxide,
titanium oxide, aluminum oxide, zinc oxide, and zirconium oxide. In some embodiments, at least a surface layer of the
support includes at least 50 wt% total of two or more of cerium oxide, titanium oxide, aluminum oxide, zinc oxide, and
zirconium oxide, on an oxide basis. In some embodiments, at least a surface layer of the mixed oxide support includes at
least 60 wt% total, e.g., at least 70 wt%, or at least 80 wt%of two ormore of cerium oxide, titanium oxide, aluminumoxide,
zinc oxide, and zirconiumoxide. In someembodiments, at least a surface layer of themixedoxide support includesat least
90 wt%, e.g., at least 95 wt%, or at least 98 wt% of two or more cerium oxide, titanium oxide, aluminum oxide, zinc oxide,
and zirconium oxide. In various examples, the mixed oxide support contains the oxides substantially throughout, e.g., at
least 50 wt% of the mixed oxide support is two or more of cerium oxide, titanium oxide, aluminum oxide, zinc oxide, and
zirconiumoxide. In variousembodiments, themixedoxidesupport includesat least 60wt% total, e.g., at least 70wt%,or at
least 80 wt% of two or more of cerium oxide, titanium oxide, aluminum oxide, zinc oxide, and zirconium oxide. In various
embodiments, themixedoxidesupport includesat least 90wt% total, e.g., at least 95wt%,or at least 98wt%of twoormore
of cerium oxide, titanium oxide, aluminum oxide, zinc oxide, and zirconium oxide. In some embodiments, themixed oxide
support may further include additional metals or metal oxides.
[0025] The present inventors have found that cerium oxide, titanium oxide, aluminum oxide, zinc oxide and zirconium
oxide can provide good performance in the absence of substantial amounts of othermetals in the support. For example, in
various embodiments of the disclosure as otherwise described herein, the support does not include additional metals in a
total amount of additional metals in excess of 2 wt%, e.g., in excess of 1 wt% or in excess of 0.5 wt%, on an oxide basis.
[0026] However, the inventors have noted that inmany cases performance can be desirably effected by the inclusion of
othermetals in thesupport.Accordingly, in otherembodimentsasotherwisedescribedherein, thesupport includesat least
one additionalmetal. In various embodiments, the total amount of the at least one additionalmetal is in the range of 0.5‑20
wt%, e.g., 1‑20 wt%, or 2‑20 wt%, or 0.5‑15 wt%, or 1‑15 wt%, or 2‑15 wt%, or 0.5‑10 wt%, or 1‑10 wt%, or 2‑10 wt%, or
0.5‑5 wt%, or 1‑5 wt%, on an oxide basis.
[0027] Supports suitable for use herein can be providedwith a range of pore volumes. The person of ordinary skill in the
artwill select aporevolumeappropriate for adesiredcatalytic process.For example, in variousembodimentsasotherwise
described herein, the pore volume is at least 0.05 mL/g, e.g., at least 0.1 mL/g. In various embodiments as otherwise
described herein, the pore volume is at most 1.5 mL/g, e.g., at most 1 mL/g. In various embodiments of the present
disclosureasdescribedherein, thepore volume is in the rangeof 0.05‑1.5mL/g, e.g., 0.1mUg to1mL/g.Porevolumesare
measured by mercury porosimetry, for example, as measured according to ASTM D4284‑12.
[0028] As described above, the supported reverse water-gas shift catalysts of the disclosure include a metal selected
fromat least oneofmanganese, copper, gallium, indium, lanthanum, titanium,niobium, vanadium, andzirconium. In some
embodiments, the metal is selected from one of manganese, copper, gallium, indium, lanthanum, titanium, niobium,
vanadium, and zirconium. The present inventors have determined that inclusion of themetal(s) in the catalyst can provide
improved CO selectivity for the rWGS reaction, as described in the Examples below. For the purposes of this disclosure,
the amount ofmetal present is calculatedasaweight percentageofmetal atoms in the catalyst basedon the total weight of
the catalyst, despite the form in which that metal may be present. The metal may be present in the catalyst in a variety of
forms; most commonly, metal is principally present as metal oxide, metal, or a combination thereof.
[0029] In various embodiments of the present disclosure as otherwise described herein, manganese is present in the
catalyst in an amount in the range of 0.5 to 20 wt%, based on total weight of the catalyst. For example, in various
embodiments,manganese is present in thecatalyst in anamount in the rangeof 0.5 to15wt%,or 0.5 to12wt%,or 0.5 to 10
wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
manganese ispresent in thecatalyst inanamount in the rangeof1 to20wt%,e.g., in the rangeof1 to15wt%,or1 to12wt%
or 1 to 10 wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described
herein,manganese is present in an amount in the rangeof 2 to 20wt%, e.g., in the range of 2 to 15wt%, or 2 to 12wt%, or 2
to 10wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
manganese is present in an amount in the range of 4 to 20 wt%, e.g., in the range of 4 to 15 wt%, or 4 to 12 wt%, or 4 to 10
wt%, based on the total weight of the catalyst.
[0030] In variousembodimentsof thepresent disclosureasotherwisedescribedherein, copper is present in the catalyst
in an amount in the range of 0.5 to 20 wt%, based on total weight of the catalyst. For example, in various embodiments,
copper is present in the catalyst in an amount in the range of 0.5 to 15wt%, or 0.5 to 12wt%, or 0.5 to 10wt%, based on the
total weight of the catalyst. In various embodiments of the present disclosure as described herein, copper is present in the
catalyst in an amount in the range of 1 to 20wt%, e.g., in the range of 1 to 15wt%, or 1 to 12wt%, or 1 to 10 wt%, based on
the total weight of the catalyst. In various embodiments of the present disclosure as described herein, copper is present in
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an amount in the range of 2 to 20 wt%, e.g., in the range of 2 to 15 wt%, or 2 to 12 wt%, or 2 to 10 wt%, based on the total
weight of the catalyst. In various embodiments of the present disclosure as described herein, copper is present in an
amount in the rangeof 4 to 20wt%, e.g., in the rangeof 4 to 15wt%, or 4 to 12wt%, or 4 to 10wt%, basedon the totalweight
of the catalyst.
[0031] In variousembodimentsof thepresent disclosureasotherwisedescribedherein, gallium ispresent in thecatalyst
in an amount in the range of 0.5 to 20 wt%, based on total weight of the catalyst. For example, in various embodiments,
gallium is present in the catalyst in an amount in the range of 0.5 to 15wt%, or 0.5 to 12wt%, or 0.5 to 10wt%, based on the
total weight of the catalyst. In various embodiments of the present disclosure as described herein, gallium is present in the
catalyst in an amount in the range of 1 to 20wt%, e.g., in the range of 1 to 15wt%, or 1 to 12wt%, or 1 to 10 wt%, based on
the total weight of the catalyst. In various embodiments of the present disclosure as described herein, gallium is present in
an amount in the range of 2 to 20 wt%, e.g., in the range of 2 to 15 wt%, or 2 to 12 wt%, or 2 to 10 wt%, based on the total
weight of the catalyst. In various embodiments of the present disclosure as described herein, gallium is present in an
amount in the rangeof 4 to 20wt%, e.g., in the rangeof 4 to 15wt%, or 4 to 12wt%, or 4 to 10wt%, basedon the totalweight
of the catalyst.
[0032] In various embodiments of the present disclosure asotherwise described herein, indium is present in the catalyst
in an amount in the range of 0.5 to 20 wt%, based on total weight of the catalyst. For example, in various embodiments,
indium is present in the catalyst in an amount in the range of 0.5 to 15wt%, or 0.5 to 12wt%, or 0.5 to 10wt%, based on the
total weight of the catalyst. In various embodiments of the present disclosure as described herein, indium is present in the
catalyst in an amount in the range of 1 to 20wt%, e.g., in the range of 1 to 15wt%, or 1 to 12wt%, or 1 to 10 wt%, based on
the total weight of the catalyst. In various embodiments of the present disclosure as described herein, indium is present in
an amount in the range of 2 to 20 wt%, e.g., in the range of 2 to 15 wt%, or 2 to 12 wt%, or 2 to 10 wt%, based on the total
weight of the catalyst. In various embodiments of the present disclosure as described herein, indium is present in an
amount in the rangeof 4 to 20wt%, e.g., in the rangeof 4 to 15wt%, or 4 to 12wt%, or 4 to 10wt%, basedon the totalweight
of the catalyst.
[0033] In various embodiments of the present disclosure as otherwise described herein, lanthanum is present in the
catalyst in an amount in the range of 0.5 to 20 wt%, based on total weight of the catalyst. For example, in various
embodiments, lanthanum is present in the catalyst in an amount in the range of 0.5 to 15wt%, or 0.5 to 12wt%, or 0.5 to 10
wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
lanthanum ispresent in the catalyst in anamount in the rangeof 1 to 20wt%,e.g., in the rangeof 1 to15wt%,or1 to12wt%,
or 1 to 10 wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described
herein, lanthanum ispresent in anamount in the rangeof 2 to 20wt%,e.g., in the rangeof 2 to 15wt%,or 2 to12wt%,or 2 to
10 wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
lanthanum ispresent inanamount in the rangeof4 to20wt%,e.g., in the rangeof4 to15wt%,or4 to12wt%,or4 to10wt%,
based on the total weight of the catalyst.
[0034] In various embodiments of the present disclosure as otherwise described herein, titanium is present in the
catalyst in an amount in the range of 0.5 to 20 wt%, based on total weight of the catalyst. For example, in various
embodiments, titanium is present in the catalyst in an amount in the range of 0.5 to 15 wt%, or 0.5 to 12 wt%, or 0.5 to 10
wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
titanium is present in the catalyst in anamount in the rangeof 1 to 20wt%, e.g., in the rangeof 1 to 15wt%,or 1 to12wt%, or
1 to 10 wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described
herein, titanium ispresent inanamount in the rangeof 2 to20wt%,e.g., in the rangeof 2 to15wt%,or 2 to12wt%,or 2 to 10
wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
titanium is present in an amount in the range of 4 to 20wt%, e.g., in the range of 4 to 15wt%, or 4 to 12wt%, or 4 to 10wt%,
based on the total weight of the catalyst.
[0035] In various embodiments of the present disclosure as otherwise described herein, niobium is present in the
catalyst in an amount in the range of 0.5 to 20 wt%, based on total weight of the catalyst. For example, in various
embodiments, niobium is present in the catalyst in an amount in the range of 0.5 to 15 wt%, or 0.5 to 12 wt%, or 0.5 to 10
wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
niobium is present in the catalyst in anamount in the rangeof 1 to 20wt%, e.g., in the rangeof 1 to 15wt%,or 1 to12wt%, or
1 to 10 wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described
herein, niobium ispresent inanamount in the rangeof 2 to20wt%,e.g., in the rangeof 2 to15wt%,or 2 to12wt%,or2 to10
wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
niobium is present in an amount in the range of 4 to 20wt%, e.g., in the range of 4 to 15wt%, or 4 to 12wt%, or 4 to 10wt%,
based on the total weight of the catalyst.
[0036] In various embodiments of the present disclosure as otherwise described herein, vanadium is present in the
catalyst in an amount in the range of 0.5 to 20 wt%, based on total weight of the catalyst. For example, in various
embodiments, vanadium is present in the catalyst in an amount in the range of 0.5 to 15wt%, or 0.5 to 12wt%, or 0.5 to 10
wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
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vanadium is present in the catalyst in anamount in the rangeof 1 to 20wt%, e.g., in the rangeof 1 to 15wt%, or 1 to 12wt%,
or 1 to 10 wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described
herein, vanadium is present in anamount in the rangeof 2 to 20wt%, e.g., in the rangeof 2 to 15wt%, or 2 to 12wt%, or 2 to
10 wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
vanadium ispresent in anamount in the rangeof 4 to 20wt%,e.g., in the rangeof 4 to15wt%,or 4 to12wt%,or 4 to10wt%,
based on the total weight of the catalyst.
[0037] In various embodiments of the present disclosure as otherwise described herein, zirconium is present in the
catalyst in an amount in the range of 0.5 to 20 wt%, based on total weight of the catalyst. For example, in various
embodiments, zirconium is present in the catalyst in an amount in the range of 0.5 to 15wt%, or 0.5 to 12wt%, or 0.5 to 10
wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
zirconium is present in the catalyst in an amount in the rangeof 1 to 20wt%, e.g., in the rangeof 1 to 15wt%, or 1 to 12wt%,
or 1 to 10 wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described
herein, zirconium is present in an amount in the rangeof 2 to 20wt%, e.g., in the rangeof 2 to 15wt%, or 2 to 12wt%, or 2 to
10 wt%, based on the total weight of the catalyst. In various embodiments of the present disclosure as described herein,
zirconium is present in anamount in the rangeof 4 to20wt%,e.g., in the rangeof 4 to 15wt%,or 4 to 12wt%, or 4 to10wt%,
based on the total weight of the catalyst.
[0038] As described above, the supported reverse water-gas shift catalysts of the disclosure optionally include at least
one of platinum, palladium, gold, and nickel. For example, in various embodiments as otherwise described herein,
platinum is present in the catalyst. For the purposes of this disclosure, the amount of platinum present is calculated as a
weight percentage of platinumatoms in the catalyst based on the total weight of the catalyst, despite the form inwhich that
platinum may be present. The platinum may be present in the catalyst in a variety of forms; most commonly, platinum is
principally present as metal, metal oxide, or a combination thereof. In some embodiments of the present disclosure as
described herein, platinum is present in the catalyst in an amount in the range of 0.05 to 10wt%, e.g., in the range of 0.1 to
10wt%, or 0.5 to 10wt%, 1 to 10wt%, or 2 to 10wt%, or 5 to 10wt%, based on the total weight of the catalyst. For example,
in someembodiments, platinum is present in the catalyst in anamount in the rangeof 0.05 to 7wt%, e.g., in the rangeof 0.1
to 7 wt%, or 0.5 to 7 wt%, or 1 to 7 wt%, or 2 to 7 wt%, based on the total weight of the catalyst. In some embodiments,
platinum is present in the catalyst in an amount in the range of 0.05 to 5 wt%, e.g., in the range of 0.1 to 5 wt%, or 0.5 to 5
wt%, or 1 to 5 wt%, or 2 to 5 wt%, based on the total weight of the catalyst. For example, in some embodiments of the
presentdisclosureasdescribedherein, platinum ispresent in thecatalyst inanamount in the rangeof0.05 to2wt%,e.g., in
the range of 0.1 to 2 wt%, or 0.3 to 2 wt%, or 0.5 to 2 wt%, based on the total weight of the catalyst. In some embodiments,
platinum is present in the catalyst in an amount in the range of 0.05 to 1.5wt%, e.g., in the range of 0.1 to 1.5wt%, or 0.3 to
1.5 wt%, or 0.5 to 1.5 wt%, based on the total weight of the catalyst. In some embodiments, platinum is present in an
amount in the range of 0.05 to 1 wt%, e.g., in the range of 0.1 to 1 wt%, or 0.3 to 1 wt%, or 0.5 to 1 wt%, based on the total
weight of the catalyst. In some embodiments, platinum is present in the catalyst in an amount in the range of 0.05 to 0.8
wt%, e.g., in the range of 0.1 to 0.8 wt%, or 0.3 to 0.8 wt%, or 0.5 to 0.8 wt%, based on the total weight of the catalyst.
[0039] In various embodiments as otherwise described herein, palladium is present in the catalyst. For the purposes of
this disclosure, the amount of palladium present is calculated as a weight percentage of palladium atoms in the catalyst
based on the total weight of the catalyst, despite the form in which that palladiummay be present. The palladiummay be
present in the catalyst in a variety of forms; most commonly, palladium is principally present as metal, metal oxide, or a
combination thereof. In some embodiments of the present disclosure as described herein, palladium is present in the
catalyst in an amount in the range of 0.05 to 10wt%, e.g., in the range of 0.1 to 10wt%, or 0.5 to 10wt%, 1 to 10wt%, or 2 to
10wt%, or 5 to 10wt%, based on the total weight of the catalyst. For example, in someembodiments, palladium is present
in the catalyst in anamount in the rangeof 0.05 to 7wt%, e.g., in the rangeof 0.1 to 7wt%, or 0.5 to 7wt%, or 1 to 7wt%, or 2
to 7wt%, based on the total weight of the catalyst. In someembodiments, palladium is present in the catalyst in an amount
in the rangeof 0.05 to 5wt%, e.g., in the rangeof 0.1 to 5wt%, or 0.5 to 5wt%, or 1 to 5wt%, or 2 to 5wt%, basedon the total
weight of the catalyst. For example, in some embodiments of the present disclosure as described herein, palladium is
present in the catalyst in anamount in the rangeof 0.05 to2wt%,e.g., in the rangeof 0.1 to2wt%,or 0.3 to 2wt%,or 0.5 to2
wt%, based on the total weight of the catalyst. In some embodiments, palladium is present in the catalyst in an amount in
the rangeof0.05 to1.5wt%,e.g., in the rangeof0.1 to1.5wt%,or0.3 to1.5wt%,or0.5 to1.5wt%,basedon the totalweight
of the catalyst. In some embodiments, palladium is present in an amount in the range of 0.05 to 1 wt%, e.g., in the range of
0.1 to 1 wt%, or 0.3 to 1 wt%, or 0.5 to 1 wt%, based on the total weight of the catalyst. In some embodiments, palladium is
present in the catalyst in an amount in the range of 0.05 to 0.8wt%, e.g., in the range of 0.1 to 0.8wt%, or 0.3 to 0.8wt%, or
0.5 to 0.8 wt%, based on the total weight of the catalyst.
[0040] In various embodiments as otherwise described herein, gold is present in the catalyst. For the purposes of this
disclosure, the amount of gold present is calculated as aweight percentage of gold atoms in the catalyst based on the total
weight of the catalyst, despite the form inwhich that palladiummaybepresent. The goldmaybe present in the catalyst in a
variety of forms; most commonly, gold is principally present as metal, metal oxide, or a combination thereof. In some
embodimentsof thepresent disclosureasdescribedherein, gold is present in the catalyst in anamount in the rangeof 0.05
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to 10wt%, e.g., in the rangeof 0.1 to 10wt%, or 0.5 to 10wt%, 1 to 10wt%, or 2 to 10wt%, or 5 to 10wt%, basedon the total
weight of the catalyst. For example, in some embodiments, gold is present in the catalyst in an amount in the range of 0.05
to 7 wt%, e.g., in the range of 0.1 to 7 wt%, or 0.5 to 7 wt%, or 1 to 7 wt%, or 2 to 7 wt%, based on the total weight of the
catalyst. In some embodiments, gold is present in the catalyst in an amount in the range of 0.05 to 5wt%, e.g., in the range
of 0.1 to 5wt%, or 0.5 to 5wt%, or 1 to 5 wt%, or 2 to 5 wt%, based on the total weight of the catalyst. For example, in some
embodimentsof thepresent disclosureasdescribedherein, gold is present in the catalyst in anamount in the rangeof 0.05
to 2wt%, e.g., in the rangeof 0.1 to 2wt%, or 0.3 to 2wt%, or 0.5 to 2wt%, based on the total weight of the catalyst. In some
embodiments, gold is present in thecatalyst in anamount in the rangeof0.05 to1.5wt%,e.g., in the rangeof0.1 to1.5wt%,
or 0.3 to 1.5 wt%, or 0.5 to 1.5 wt%, based on the total weight of the catalyst. In some embodiments, gold is present in an
amount in the range of 0.05 to 1 wt%, e.g., in the range of 0.1 to 1 wt%, or 0.3 to 1 wt%, or 0.5 to 1 wt%, based on the total
weight of the catalyst. In some embodiments, gold is present in the catalyst in an amount in the range of 0.05 to 0.8 wt%,
e.g., in the range of 0.1 to 0.8 wt%, or 0.3 to 0.8 wt%, or 0.5 to 0.8 wt%, based on the total weight of the catalyst.
[0041] In various embodiments as otherwise described herein, nickel is present in the catalyst. For the purposes of this
disclosure, the amount of nickel present is calculated as a weight percentage of nickel atoms in the catalyst based on the
totalweight of the catalyst, despite the form inwhich that nickelmaybepresent. Thenickelmaybepresent in the catalyst in
a variety of forms; most commonly, nickel is principally present as metal, metal oxide, or a combination thereof. In some
embodiments of the present disclosure as described herein, nickel is present in the catalyst in an amount in the range of
0.05 to 10wt%, e.g., in the rangeof 0.1 to 10wt%, or 0.5 to 10wt%, 1 to 10wt%, or 2 to 10wt%, or 5 to 10wt%, basedon the
totalweight of the catalyst. For example, in someembodiments, nickel is present in thecatalyst in anamount in the rangeof
0.05 to 7wt%, e.g., in the range of 0.1 to 7wt%, or 0.5 to 7wt%, or 1 to 7wt%, or 2 to 7wt%, based on the total weight of the
catalyst. In someembodiments, nickel is present in the catalyst in anamount in the rangeof 0.05 to5wt%,e.g., in the range
of 0.1 to 5wt%, or 0.5 to 5wt%, or 1 to 5 wt%, or 2 to 5 wt%, based on the total weight of the catalyst. For example, in some
embodiments of the present disclosure as described herein, nickel is present in the catalyst in an amount in the range of
0.05 to 2wt%, e.g., in the range of 0.1 to 2wt%, or 0.3 to 2wt%, or 0.5 to 2wt%, based on the total weight of the catalyst. In
someembodiments, nickel is present in the catalyst in an amount in the rangeof 0.05 to 1.5wt%, e.g., in the range of 0.1 to
1.5 wt%, or 0.3 to 1.5 wt%, or 0.5 to 1.5 wt%, based on the total weight of the catalyst. In some embodiments, nickel is
present in an amount in the range of 0.05 to 1wt%, e.g., in the range of 0.1 to 1wt%, or 0.3 to 1wt%, or 0.5 to 1wt%, based
on the totalweight of thecatalyst. In someembodiments, nickel is present in thecatalyst in anamount in the rangeof 0.05 to
0.8 wt%, e.g., in the range of 0.1 to 0.8 wt%, or 0.3 to 0.8 wt%, or 0.5 to 0.8 wt%, based on the total weight of the catalyst.
[0042] The platinum, palladium, gold, and/or nickel and the metal can be provided in a variety of weight ratios. For
example, in some embodiments of the present disclosure as described herein, the weight ratio of platinum, palladium,
gold, and/or nickel tometal present in the catalyst is at least 0.05:1. For example, in various embodiments, theweight ratio
of platinum, palladium, gold, and/or nickel to metal is at least 0.1:1. In various embodiments of the present disclosure as
described herein, the weight ratio of platinum, palladium, gold, and/or nickel tometal present in the catalyst is at most 1:1.
For example, the weight ratio of platinum, palladium, gold, and/or nickel to metal is at most 0.5:1. For example, in various
embodiments, the weight ratio of platinum, palladium, gold, and/or nickel to metal present in the catalyst is in the range of
0.05:1 to 1:1. For example, the weight ratio of platinum, palladium, gold, and/or nickel to metal is in the range of 0.05:1 to
0.5:1, or 0.05:1 to 0.3:1, or 0.07:1 to 1:1, or 0.07:1 to 0.5:1, or 0.07:1 to 0.3:1, or 0.1:1 to 1:1, or 0.1:1 to 0.5:1, or 0.1:1 to
0.3:1.
[0043] The present inventors have determined that suitable reverse water-gas shift catalysts can be formed of one or
more of cerium oxide, titanium oxide, aluminum oxide, zinc oxide, and zirconium oxide as a support, with a metal and
optionallywithplatinum,palladium,gold, and/or nickel included in/on thecatalyst.Aswouldbeunderstoodby thepersonof
ordinary skill in the art, the amount of cerium, titanium, aluminum, zinc, zirconium, metal, and platinum, palladium, gold,
and nickel (if present) can be quantified on a metallic basis regardless of the form in which these metals may be present.
For example, the amount of thesemetals can be calculated as a weight percentage based on the total weight of metals in
the catalysts (i.e., on a metallic basis), without the inclusion of oxygen or non-metallic counterions in the calculation.
Accordingly, in various embodiments of the present disclosure as described herein, the total amount of cerium, titanium,
aluminum, zinc, zirconium, and metal in the catalyst is at least 90 wt%, e.g., at least 95 wt%, or at least 98 wt% of the
catalyst, on a metallic basis. For example, in some particular embodiments, the total amount of cerium and metal in the
catalyst is at least 90wt%,e.g., at least 95wt%,or at least 98wt%of thecatalyst, onametallic basis. Inotherembodiments,
the total amount of titanium and metal in the catalyst is at least 90 wt%, e.g., at least 95 wt%, or at least 98 wt% of the
catalyst, on a metallic basis. In other embodiments, the total amount of aluminum and metal in the catalyst is at least 90
wt%, e.g., at least 95wt%, or at least 98 wt%of the catalyst, on ametallic basis. In other embodiments, the total amount of
zincandmetal in the catalyst is at least 90wt%,e.g., at least 95wt%,or at least 98wt%of the catalyst, onametallic basis. In
other embodiments, the total amount of zirconium and metal in the catalyst is at least 90 wt%, e.g., at least 95 wt%, or at
least 98wt%of the catalyst, on ametallic basis. In various embodiments of the present disclosure as described herein, the
total amount of cerium, titanium, aluminum, zinc, zirconium,metal, platinum, palladium, gold, andnickel in the catalyst is at
least 90 wt%, e.g., at least 95 wt%, or at least 98 wt% of the catalyst, on a metallic basis. For example, in some particular

10

EP 4 553 134 A1

5

10

15

20

25

30

35

40

45

50

55



embodiments, the total amount of cerium, metal, platinum, palladium, gold, and nickel in the catalyst is at least 90 wt%,
e.g., at least 95 wt%, or at least 98 wt% of the catalyst, on a metallic basis. In other embodiments, the total amount of
titanium, metal, platinum, palladium, gold, and nickel in the catalyst is at least 90 wt%, e.g., at least 95 wt%, or at least 98
wt% of the catalyst, on a metallic basis. In other embodiments, the total amount of aluminum, metal, platinum, palladium,
gold, and nickel in the catalyst is at least 90wt%, e.g., at least 95wt%, or at least 98wt%of the catalyst, on ametallic basis.
In other embodiments, the total amount of zinc, metal, platinum, palladium, gold, and nickel in the catalyst is at least 90
wt%, e.g., at least 95wt%, or at least 98 wt%of the catalyst, on ametallic basis. In other embodiments, the total amount of
zirconium,metal, platinum, palladium, gold, and nickel in the catalyst is at least 90wt%, e.g., at least 95wt%, or at least 98
wt% of the catalyst, on a metallic basis.
[0044] As described above, the supported catalyst includes metals and optionally at least one of platinum, palladium,
gold, and nickel. Depending on the process of synthesis, these species, which will typically be principally present in
metallic form and/or oxide form, can be disposed at a variety of different places on the support. For example, they can be
found in pores of the support and on the outer surface of the support. They may be found substantially throughout the
support, e.g., as when a large volume of impregnation liquid is used, or only in a surface layer of the support, e.g., when
impregnation liquid does not infiltrate into the entirety of the support, such as when using an incipient wetness technique.
[0045] Without intending to be bound by theory, it is believed that the active form of platinum and palladium is typically a
substantially metallic form. As described below, as platinum and palladiummay be present substantially in an oxide form
after catalyst preparation and during shipment and storage, it is typically desirable to activate the catalyst by contacting it
with a reductant, e.g., hydrogengas, to convert a substantial fractionof suchoxide tometallic form.However, the personof
ordinary skill in theartwill appreciate that thepresentdisclosurecontemplates theusefulnessofawidevariety of palladium
and platinum forms in its catalysts, as these can be active or can be conveniently transformed to active forms.
[0046] The metal will typically be provided in oxide form after catalyst preparation and during shipment and storage.
Without intending to beboundby theory, the present inventors believe that themetal acts to improve the catalytic activity of
the supported platinum, palladium, gold, and/or nickel catalysts by reducing CO methanation that can occur over the
typical reverse water-gas shift reaction temperature range, which impacts CO selectivity. The present inventors believe
that the improved activity can be attributed to the metal interfacing with the support (e.g., cerium oxide, titanium oxide,
aluminum oxide, zinc oxide, zirconium oxide, or a mixed oxide). Additionally, when platinum, palladium, gold, and nickel
are present in the catalyst, thepresent inventors believe that the improvedactivity canbeattributed to themetal interfacing
with both the noble metals and the support. The present inventors contemplate that it is possible that somemetal oxide is
converted to metallic form during the activation of the platinum, palladium, gold, and/or nickel species. However, the
personof ordinary skill in the artwill appreciate that the present disclosure contemplates theusefulnessof awide variety of
metal forms in its catalysts, as these can provide a promoting effect or can be conveniently transformed to forms that will.
[0047] The person of ordinary skill in the art will appreciate that the catalysts of the disclosure can be provided in many
forms, depending especially on the particular formof the reactor system inwhich they are to be used, e.g., in a fixed bed or
as a fluid bed. The supports themselves canbe provided as discrete bodies ofmaterial, e.g., as porous particles, pellets or
shaped extrudates, with metal and optionally, palladium, platinum, gold, and/or nickel provided thereon to provide the
catalyst. However, in other embodiments, a catalyst of the disclosure can itself be formed as a layer on an underlying
substrate. Theunderlying substrate is not particularly limited. It canbe formedof, e.g., ametal ormetal oxide, andcan itself
beprovided in anumberof forms, suchasparticles, pellets, shapedextrudates, ormonoliths. Thepersonof ordinary skill in
the art can, e.g., use coating or other forming techniques to provide a layer of support on the substrate, then addmetal and
optionally, platinum, palladium, gold, and/or nickel. Of course, aswould be understood by the person of ordinary skill in the
art, other embodiments may be possible.
[0048] Another aspect of the present disclosure provides for a method of making the catalyst as described herein. As
described above, the method includes providing a support that is a cerium oxide support, a titanium oxide support, an
aluminum oxide support, a zinc oxide support, a zirconium oxide support, or a mixed oxide support including a mixture of
two or more of cerium oxide, titanium oxide, aluminum oxide, zinc oxide, and zirconium oxide; contacting the support with
one or more liquids each comprising one or more metal-containing compounds dispersed in a solvent(s), wherein the
metal is selected frommanganese, copper, gallium, indium, lanthanum, titanium, niobium, vanadium, and zirconium, and
optionally one or more platinum-, palladium-, gold-, or nickel-containing compounds; allowing the solvent(s) to evaporate
to provide a catalyst precursor; and calcining the catalyst precursor. Thepersonof ordinary skill in the art will appreciate, of
course, that other methods can be used to make the catalysts described herein.
[0049] In some embodiments of the present disclosure as described herein, contacting the support with the liquid
includes adding the liquid in an amount about equal to (i.e., within 25%of, or within 10%of) the pore volumeof the support.
In other embodiments, contacting the support with the liquid includes adding the liquid in an amount greater than the pore
volume of the support. For example, in some embodiments, the ratio of the amount of liquid to the amount of support on a
mass basis is in the range of 0.75:1 to 5:1, e.g., in the range of 0.9:1 to 3:1. In some embodiments, contacting the support
with the liquid provides a slurry.
[0050] In various embodiments of the present disclosure as described herein, allowing the solvent to evaporate is
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conductedat ambient temperature. In variousembodiments, allowing the solvent to evaporate is conductedat anelevated
temperature for a drying time. The person of ordinary skill in the art would be able to select appropriate apparatuses or
instruments to allow the solvent to evaporate, and such apparatuses or instruments are not particularly limited.
Additionally, the person of ordinary skill in the art would understand that the elevated temperature that will allow the
solvent toevaporatedependson theboilingpoint of thesolvent.Assuch, thepersonof ordinaryskill in theartwouldbeable
to select an appropriate elevated temperature. For example, in some embodiments, the elevated temperature is in the
rangeof 50‑150 °C, e.g., in the rangeof 50‑120 °C, or 50‑100 °C, or 100‑150 °C, or 100‑120 °C. In someembodiments, the
drying time is in the range of 1 to 48 hours, e.g., in the range of 10 to 36 hours, or 12 to 24 hours. For example, in particular
embodiments, the drying time is about 24 hours. In some embodiments, allowing the solvent to evaporate is conducted
under vacuum and at an elevated temperature for a drying time, as described herein. In some embodiments, allowing the
solvent to evaporate is conducted in a stirring drybath at an elevated temperature, for example, in the range of 30‑100 °C.
[0051] In some embodiments of the present disclosure as described herein, calcining the catalyst precursor is
conducted in a furnace for a calcining time and at a calcining temperature. For example, in some embodiments, the
calcining time is in the range of 0.5 to 24 hours, or 0.5 to 15 hours, or 0.5 to 10 hours, or 0.5 to 5 hours. In some
embodiments, the calcining temperature is in the range of 100‑600 °C, e.g., in the range of 120‑500 °C.
[0052] As described above, themethod of making the catalyst as described herein includes contacting the support with
one or more liquids each including one or more metal-containing compounds and optionally, one or more platinum‑,
palladium‑, gold‑, or nickel-containing compounds dispersed in a solvent. The platinum‑, palladium‑, gold‑, and metal-
containing compounds are not particularly limited and the person of ordinary skill in the art would be able to choose
appropriate compounds that are soluble in the solvent. For example, in someembodiments of the disclosure as described
herein, the platinum‑, palladium‑, gold‑, andmetal-containing compoundsmay be selected frommetal salts (e.g., nitrates
and acetates). The solvent is also not particularly limited and the person of ordinary skill in the art would be able to choose
an appropriate solvent that can be absorbed by the support. For example, in some embodiments of the disclosure as
described herein, the solvent is water. As the person of ordinary skill in the art will appreciate, these metal species are
conveniently provided in the same liquid, so that only one step of contacting the support with liquid is required. However,
other schemes are possible.
[0053] In another aspect, the present disclosure provides a catalyst as described herein made by the methods as
described herein.

Reverse Water-Gas Shift Reaction

[0054] Another aspect of the present disclosure provides amethod for performing a reversewater-gas shift reaction. As
described above, the method includes contacting at a temperature in the range of 250‑1100 °C a catalyst as described
hereinwith a feedstream that includesCO2andH2,wherein at least part of theCO2of thefirst feedstream is frombiogas, a
CO2 emission source, and/or direct air capture, to provide a product stream that includes CO and H2, the product stream
having a lower concentration ofCO2 anda higher concentration ofCO than the feed stream.An example of such amethod
is shown schematically in FIG. 1. In FIG. 1, the method 100 includes performing a reverse water-gas shift reaction by
providing a feed stream111 comprisingH2 andCO2, here, to a reaction zone, e.g., a reactor 110. A reversewater-gas shift
catalyst 113, as described herein, is contacted at a temperature in the range of 250‑1100 °C with the feed stream 111 to
provide a product stream 112 comprising CO and H2. The product stream has a lower concentration of CO2 and a higher
concentration of CO than the feed stream.
[0055] As used herein, a "feed stream" is used to mean the total material input to a process step, regardless of whether
provided in a single physical stream ormultiple physical streams, and whether through a single inlet or multiple inlets. For
example, H2 andCO of the feed stream can be provided to the reverse water-gas shift catalyst in a single physical stream
(e.g., in a single pipe to reactor 110), or in multiple physical streams (e.g., separate inlets for CO and H2, or one inlet for
fresh CO and H2 and another for recycled CO and/or H2). Similarly, a "product stream" is used to mean the total material
output from a process step, regardless of whether provided in a single physical stream or multiple physical streams, and
whether through a single outlet or multiple outlets.
[0056] As described above, CO2 is a substantial input to the claimed processes. Advantageously, the present inventors
have recognized that at least part of theCO2of the first feed stream (e.g., at least 50%, at least 75%, at least 90%or at least
95%) can come from renewable or otherwise environmentally responsible sources. Accordingly, as described above, at
least part of the CO2 of the first feed stream is from biogas, a CO2 emission source, and/or direct air capture.
[0057] In variousembodiments, at least aportionof theCO2of thefirst feedstream is frombiogas.Biogas isproducedby
anaerobic digestion of organic matter (e.g., animal water, food waste, plant matter) by microorganisms and includes
substantial amountsofCO2andmethane. Insomeembodimentsasdescribedherein, amajority (i.e., at least 50mol%) the
CO2 of the first feed stream is from biogas. In some embodiments as described herein, substantially all (e.g., at least 90
mol%) of the CO2 of the first feed stream is from biogas. For example, in some embodiments, the CO2 of the first feed
stream comprises at least 50 mol% (e.g., at least 75 mol%, at least 90 mol%, or at least 95 mol%) CO2 from biogas. In
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various embodiments, such as when at least part of the CO2 of the first feed stream is from biogas, the process as
described herein may operate with significant amounts of unreacted methane. For example, in various embodiments
wherein the first feed stream comprises methane, such as from biogas, the first feed stream comprises methane in an
amount in the rangeof10‑70mol%,or10‑50mol%,or20‑70mol%,or20‑50mol%,or30‑70mol%,or30‑50mol%.. Inother
embodiments as described herein, when the first feed stream comprises biogas, the methane in the biogas may be
separated out before being added to the first feed stream. Accordingly, in some embodiments, the process as described
hereinmayoperatewith lowamountsofunreactedmethane.For example, in certainembodimentsasotherwisedescribed
herein, the first feed stream comprises methane in an amount in the range of 0.1 to 10 mol%, or 0.1 to 5 mol%, or 0.1 to 1
mol%.
[0058] In various embodiments, at least a portion of the CO2 of the first feed stream is from direct air capture. Carbon
dioxide is a common waste material, and often desirable to be removed from waste streams rather than be vented to the
atmosphere. Such capture of carbon dioxide is critical to the implementation of many renewable initiatives as it serves to
lower the carbon footprint of the associated process. Advantageously, the carbon dioxide utilized in the processes
described herein may be carbon dioxide collected from the atmosphere or that would otherwise have been released into
the atmosphere, e.g., from a combustion or other industrial process. The carbon dioxide may be captured, where it is
collected or absorbed after release from an industrial process, or harvested directly from the atmosphere. By using
captured carbon dioxide, the eventual hydrocarbon product can be substantially carbon-neutral or of lower carbon
intensity.Methodsof carbondioxide captureare known to thoseof skill in theart. In variousembodiments, at least a portion
of the CO2 of the first feed stream is from direct air capture. In some embodiments as described herein, a majority (i.e., at
least 50 mol%) the CO2 of the first feed stream is from direct air capture. In some embodiments as described herein,
substantially all (e.g., at least 90 mol%) of the CO2 of the first feed stream is from direct air capture. For example, in some
embodiments, the CO2 of the first feed stream comprises at least 50 mol% (e.g., at least 75 mol%, at least 90 mol%, or at
least 95 mol%) CO2 from direct air capture.
[0059] In various embodiments as described herein, at least part of the CO2 of the first feed stream is from a CO2
emission source. Additionally or alternatively, carbon dioxide is often scrubbed from industrial effluent, especially
processes that generate large amounts of carbon dioxide as a byproduct. As used herein, the source of this carbon
dioxide byproduct from industrial processes is referred to as a CO2 emission source. In some embodiments as described
herein, a majority (i.e., at least50 mol%) the CO2 of the first feed stream is from a CO2 emission source. In some
embodiments as described herein, substantially all (e.g., at least 90mol%) of theCO2of the first feed stream is fromaCO2
emission source. For example, in someembodiments, theCO2of the first feed streamcomprises at least 50mol% (e.g., at
least 75 mol%, at least 90 mol%, or at least 95 mol%) CO2 from a CO2 emission source. The CO2 emission source is not
particularly limitedandmayderived fromany industrial production known in theart. For example, in someembodimentsas
described herein, the CO2 emission source is a manufacturing plant, a bioethanol plant, a CO2 producing fermentation
plant, a steel plant, or a cement plant. Accordingly, in various embodiments as otherwise described herein, at least part of
the CO2 of the first feed stream (e.g., at least 50%, at least 75%, at least 90% or at least 95%) is captured from a
manufacturing plant, e.g., a bioethanol plant (e.g., CO2 produced fermentation), a steel plant or a cement plant. In some
embodimentsasdescribedherein, theCO2emissionsource is apoint source froma fermentation,manufacturing, or other
industrial process. The point source may be in the form of a chimney or vent or other structure for containing and/or
transporting CO2 known in the art.
[0060] Accordingly, the rWGS-Fischer Tropsch integrated processes of the disclosure as described herein can be not
only carbon neutral, but in some cases a net consumer of carbon dioxide. These benefits in particular make the integrated
processes highly attractive for decarbonizing transportation fuels, for both automotive and aviation sectors, since the
carbon monoxide produced in the rWGS reaction can be readily utilized by well-established technologies to synthesize
liquid hydrocarbon fuels by Fischer-Tropsch processes.
[0061] For example, in various embodiments of the present disclosure as described herein, the reverse water-gas shift
reaction has a CO selectivity of at least 50%, e.g., at least 50%. In various embodiments, the reverse water-gas shift
reaction has a CO selectivity of at least 70%, e.g., of at least 80%. In various embodiments, the reverse water-gas shift
reaction has a CO selectivity of at least 85%, e.g., or at least 90%. In various embodiments, the reverse water-gas shift
reactionhasaCOselectivity of at least 95%,e.g., or at least 96%.Asusedherein, a "selectivity" for agiven reactionproduct
is themolar fraction of the converted feed (here, the CO2 that is converted to products other thanCO2) that is converted to
the identified product (for "CO selectivity," CO). The present inventors have determined that the present catalysts, even
when operating at lower temperatures (e.g., less than 900 °C) than many conventional reverse water-gas shift catalysts,
can provide excellent selectivity for CO, despite the potential for competition by theSabatier reaction and themethanation
of CO. For example, in various embodiments of the present disclosure as described herein, the reverse water-gas shift
reaction has a CO selectivity in the range of 50‑99 wt%, e.g., 60‑99%, or 70‑99%, or 80‑99%, or 90‑99%, or 95‑99%. In
various embodiments, the reverse water-gas shift reaction has a CO selectivity in the range of 50‑90%, e.g., 60‑90%, or
70‑90%, or 50‑80%, or 60‑80%, or 50‑70%.
[0062] Notably, evenover abroad rangeof temperatures in the rangeof 200‑1100 °C, the catalysts describedherein can
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be operated to provide carbon monoxide with only a very minor degree of methane formation. For example, in various
embodiments of the present disclosure asdescribed herein, the reversewater-gas shift reaction hasamethane selectivity
of nomore than40%,e.g., nomore than35%,or30%,or25%,or20%.Forexample, in variousembodimentsof thepresent
disclosure as described herein, the reverse water-gas shift reaction has a methane selectivity of no more than 15%, e.g.,
nomore than 12%, or 10%, or 8%. For example, in various embodiments of the present disclosure as otherwise described
herein, the reverse water-gas shift reaction has a methane selectivity of no more than 5%, e.g., no more than 4%. For
example, in some embodiments, the reverse water-gas shift reaction has a methane selectivity of no more than 2%, e.g.,
no more than 1%. In some embodiments, the reverse water-gas shift reaction has a methane selectivity of no more than
0.5%, e.g., no more than 0.2%.
[0063] The present inventors have determined that the catalysts described here can provide desirably high CO
selectivity anddesirably lowmethaneselectivity at commercially relevant conversion rates.Asusedherein, a "conversion"
is a molar fraction of a feed that is reacted (be it to desirable products or undesirable species). In various embodiments of
the present disclosure as described herein, the reversewater-gas shift reaction has aCO2 conversion of at least 5%, e.g.,
at least 10%, or 20%. For example, in someembodiments, the reversewater-gas shift reaction has aCO2 conversion of at
least 30%, e.g., at least 40%, or 50%, or 60%. In various embodiments of the present disclosure as described herein, the
reversewater-gas shift reactionhasaCO2conversionof nomore than90%, e.g., nomore than80%,or nomore than70%.
For example, in someembodiments, the reversewater-gas shift reaction hasaCO2 conversion of nomore than 65%, e.g.,
no more than 60%. For example, in various embodiments as otherwise described herein, the CO2 conversion is in the
rangeof 10‑90%, e.g., 10‑80%, 10‑70%, or 10‑60%, or 10‑65%, or 20‑90%, or 20‑80%, or 20‑70%, or 20‑60%, or 20‑65%,
or 30‑90%, or 30‑80%, or 30‑70%, or 30‑60%, or 30‑65%, or 40‑90%, or 40‑80%, or 40‑70%, or 40‑60%, or 40‑65%. The
person of ordinary skill in the art will, based on the disclosure herein, operate at a degree of conversion that provides a
desirable product. And of course, in other embodiments, e.g., when in a stacked-bed or mixed-bed system, the CO2
conversion may be even higher than described here.
[0064] Advantageously, the processes described herein can be performed at temperatures that are lower than
temperatures used in many conventional reverse water-gas shift processes. As described above, various processes
of the disclosure can be performed in a temperature range of 200‑1100°C, e.g., in the range of 200‑1050 °C, or 200‑1000
°C, or 200‑950 °C, or 250‑1050 °C, or 250‑1000 °C, or 250‑950 °C. For example, in some embodiments, the method for
performing the reversewater-gas shift reaction is conductedat a temperature in the rangeof 250‑900 °C, e.g., in the range
of 250‑850 °C, 250‑800 °C, or 250‑750 °C, or 250‑700 °C, or 250‑650 °C, or 250‑600 °C. In some embodiments as
describedherein, themethod forperforming the reversewater-gasshift reaction is conductedata temperature in the range
of 300‑1100 °C, e.g., in the range of 300‑1050 °C, or 300‑1000 °C, or 300‑950 °C. In some embodiments of the present
disclosure as described herein, the method for performing the reverse water-gas shift reaction is conducted at a
temperature in the range of 300‑900 °C, e.g., in the range of 300‑850 °C, or 300‑800 °C, or 300‑750 °C, or 300‑700
°C,or300‑650 °C,or300‑600 °C. Insomeembodimentsasdescribedherein, themethod forperforming the reversewater-
gas shift reaction is conductedat a temperature in the rangeof 350‑1100 °C, e.g., in the rangeof 350‑1050 °C, or 350‑1000
°C , or 350‑950 °C. In some embodiments of the present disclosure as described herein, the method for performing the
reversewater-gas shift reaction is conductedat a temperature in the rangeof 350‑900 °C, e.g., in the rangeof 350‑850 °C ,
or 350‑800 °C , or 350‑750 °C, or 350‑700 °C, or 350‑650 °C, or 350‑600 °C. In some embodiments as described herein,
themethod for performing the reverse water-gas shift reaction is conducted at a temperature in the range of 400‑1100 °C,
e.g., in the range of 400‑1050 °C, or 400‑1000 °C , or 400‑950 °C. In some embodiments, the method for performing the
reversewater-gas shift reaction is conducted at a temperature in the rangeof 400‑900 °C, e.g., in the rangeof 400‑850 °C,
or 400‑800 °C , or 400‑750 °C, or 400‑700 °C, or 400‑650 °C, or 400‑600 °C. In some embodiments as described herein,
themethod for performing the reverse water-gas shift reaction is conducted at a temperature in the range of 450‑1100 °C,
e.g., in the range of 450‑1050 °C, or 450‑1000 °C, or 450‑950 °C. In some embodiments, the method for performing the
reversewater-gas shift reaction is conductedat a temperature in the rangeof 450‑900 °C, e.g., in the rangeof 450‑850 °C ,
or450‑800 °C,or450‑750 °C,or 450‑700°C, or450‑650 °C,or450‑600 °C. Insomeembodimentsasdescribedherein, the
method for performing the reversewater-gas shift reaction is conductedat a temperature in the rangeof 500‑1100 °C, e.g.,
in the range of 500‑1050 °C, or 500‑1000 °C, or 500‑950 °C. In someembodiments, themethod for performing the reverse
water-gas shift reaction is conducted at a temperature in the range of 500‑900 °C, e.g., in the range of 500‑850 °C, or
500‑800 °C, or 500‑750 °C , or 500‑700 °C, or 500‑650 °C, or 500‑600 °C. In some embodiments as described herein, the
method for performing the reversewater-gas shift reaction is conductedat a temperature in the rangeof 550‑1100 °C, e.g.,
in the range of 550‑1050 °C, or 550‑1000 °C, or 550‑950 °C. In someembodiments, themethod for performing the reverse
water-gas shift reaction is conducted at a temperature in the range of 550‑900 °C, e.g., in the range of 550‑850 °C, or
550‑800 °C, or 550‑750°C, or 550‑700 °C, or 550‑650 °C, or 550‑600 °C. In some embodiments as described herein, the
method for performing the reversewater-gas shift reaction is conductedat a temperature in the rangeof 600‑1100 °C, e.g.,
in the range of 600‑1050 °C, or 600‑1000 °C, or 600‑950 °C. In someembodiments, themethod for performing the reverse
water-gas shift reaction is conducted at a temperature in the range of 600‑900 °C, e.g., in the range of 600‑850 °C, or
600‑800 °C, or 600‑750°C, or 600‑700 °C, or 600‑650 °C. In some embodiments as described herein, the method for
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performing the reverse water-gas shift reaction is conducted at a temperature in the range of 650‑1100 °C, e.g., in the
rangeof650‑1050 °C,or650‑1000 °C,or650‑950 °C. Insomeembodiments, themethod forperforming the reversewater-
gas shift reaction is conductedat a temperature in the rangeof 650‑900 °C, e.g., in the rangeof 650‑850 °C, or 650‑800 °C,
or 650‑750°C,or 650‑700 °C. In someembodimentsasdescribedherein, themethod for performing the reversewater-gas
shift reaction is conducted at a temperature in the range of 700‑1100 °C, e.g., in the range of 700‑1050 °C, or 700‑1000 °C,
or 700‑950 °C. In some embodiments, the method for performing the reverse water-gas shift reaction is conducted at a
temperature in the range of 700‑900 °C, e.g., in the range of 700‑850 °C, or 700‑800 °C, or 700‑750°C.
[0065] In someembodiments, the reversewater-gas shift reaction is conductedat a temperature in the rangeof 200‑500
°C, e.g., 200‑450 °C, or 200‑400 °C, or 200‑350 °C, or 250‑500 °C, or 250‑450 °C, or 250‑400 °C, or 250‑350 °C. The
present inventors have noted that operation at these temperatures can provide for lower energy demand, as well as for
facile integration with a subsequent Fischer-Tropsch process step.
[0066] As described above, the feed stream includes CO2 and H2. Advantageously, the present inventors have
recognized that both of these can come from renewable or otherwise environmentally responsible sources. For example,
at least part of the H2 can be so-called "green" hydrogen, e.g., produced from the electrolysis of water operated using
renewable electricity (such as wind, solar, or hydroelectric power). In other embodiments, at least part of the H2 may be
froma so-called "blue" source, e.g., fromanatural gas reforming processwith carbon capture.Of course, other sources of
hydrogen can be used in part or in full. For example, in someembodiments, at least a portion of theH2 of the feed stream is
grey hydrogen, black hydrogen, brown hydrogen, pink hydrogen, turquoise hydrogen, yellow hydrogen, and/or white
hydrogen.CO2canbecaptured from theenvironment generally, ormoredirectly fromprocesses that formCO2 (especially
in difficult-to-abate sectors),makingaproduct that is latermade from theCOat least carbon-neutral. For example, in some
embodiments, at least part of the CO2 is from direct air capture, or from amanufacturing plant such as a bioethanol plant
(e.g., CO2produced fermentation), a steel plant, or a cement plant. Accordingly, the rWGS reaction canbenot only carbon
neutral, but in some cases a net consumer of carbon dioxide. These benefits in particularmakes the rWGS reaction highly
attractive for decarbonizing transportation fuels, for both automotive and aviation sectors, since the carbon monoxide
produced in the reaction can be readily utilized by well-established technologies to synthesize liquid hydrocarbon fuels.
[0067] The feed stream contains both H2 and CO2 (e.g., provided to a reaction zone in a single physical stream or
multiple physical streams). As used herein, the feed stream includes all feeds to the process, regardless of whether
provided as amixture of gases or as gases provided individually to a reaction zone. In various embodiments as otherwise
described herein, themolar ratio ofH2 toCO2 in the feed stream is at least 0.1:1, e.g., at least 0.5:1. In someembodiments,
themolar ratio of H2 to CO2 in the feed stream is at least 0.9:1, e.g., at 1:1 or least 1.5:1. In some embodiments, themolar
ratio ofH2 toCO2 in the feed stream is at least 2:1, e.g., at least 2.5:1. In someembodiments, themolar ratio ofH2 toCO2 in
the feed stream is nomore than 100:1, e.g., nomore than 75:1, or 50:1. In someembodiments, themolar ratio of H2 toCO2
in the feed stream is no more than 20:1, e.g., no more than 15:1, or 10:1. For example, in some embodiments, the molar
ratio of H2 to CO2 in the feed stream is in the range of 0.5:1 to 10:1. The person of ordinary skill in the art will provide a
desired ratio of H2:CO2 in the feed stream, based on the disclosure herein, that provides a desirable conversion and
selectivity; excessH2 can, if consistent with a desirable conversion and selectivity, be provided to flow through the system
and provide a product stream with a desirable ratio of H2 to CO for a downstream process.
[0068] Other gases may also be included in the feed stream. For example, in some embodiments, the feed stream
further comprises CO. In various embodiments as described herein, the first feed stream comprises no more than 20
mol%, nomore than 10mol%, or nomore than 5mol%, or nomore than 3mol%, or nomore than 1mol%, of CO. In some
embodiments of the disclosure as otherwise described herein, the feed stream further comprises one ormore inert gases.
For example, in someembodiments, the feed stream further comprises nitrogenand/ormethane. In various embodiments
asdescribedherein, the first feedstreamcomprisesnomore than10mol%,nomore than6mol%, or nomore than2mol%,
of nitrogen. In various embodiments as described herein, the gasesof first feed steammaybe separated out to provide the
amounts of carbon dioxide, methane, and/or nitrogen as described herein. For example, in some embodiments as
describedherein,methane isseparated from thefirst feedstreamtoprovideafirst feedstreamcomprisingat least 50mol%
carbondioxide, e.g., at least 60mol%carbondioxide, at least 70mol%carbondioxide, at least 80mol%carbon dioxide, or
at least 90 mol% carbon dioxide.
[0069] The processes described herein can be performed at a variety of pressures, as would be appreciated by the
person of ordinary skill in the art. In various embodiments of the present disclosure, themethod for performing the reverse
water-gas shift reaction is conductedat a pressure in the rangeof 1 to 100barg. For example, themethod is conductedat a
pressure in the rangeof 1 to 70barg, or 1 to 50barg, or 1 to 40 barg, or 1 to 35barg, or 5 to 70barg, or 5 to 50barg, or 5 to 40
barg, or 5 to 35barg, or 10 to 70barg, 10 to 50barg, or 10 to 40barg, or 10 to 35barg, or 20 to 70barg, 20 to 50barg, or 20 to
40 barg, or 20 to 35 barg, or 25 to 70 barg, 25 to 50 barg, or 25 to 40 barg, or 25 to 35 barg.
[0070] The processes described herein can be performed at a variety of GHSV (gas hourly space velocity), aswould be
appreciated by the personof ordinary skill in the art. As such, theGHSV for performing the reversewater-gas shift reaction
is not particularly limited. For example, in some embodiments of the present disclosure, the method for performing the
reverse water-gas shift reaction is conducted at a GHSV in the range of 1,000 to 2,000,000 h‑1. In various embodiments,
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themethod for performing the reverse water-gas shift reaction is conducted at a GHSV in the range of 1,000 to 1,200,000
h‑1, or 1,000 to 500,000 h‑1, or 1,000 to 100,000 h‑1, or 5,000 to 1,200,000 h‑1, or 5,000 to 500,000 h‑1, or 5,000 to 100,000
h‑1, or 10,000 to 1,200,000 h‑1, or 10,000 to 500,000 h‑1, or 10,000 to 100,000 h‑1. In various embodiments of the present
disclose, the method for performing the reverse water-gas shift reaction is conducted at a GHSV in the range of 1,000 to
50,000h‑1, or 2,000 to50,000h‑1, or 5,000 to 50,000h‑1, or 10,000 to 50,000, or 1,000 to 40,000h‑1, or 2,000 to40,000h‑1,
or 5,000 to 40,000 h‑1, or 10,000 to 40,000 h‑1, or 1,000 to 30,000 h‑1, or 2,000 to 30,000 h‑1, or 5,000 to 30,000 h‑1, or
10,000 to 30,000 h‑1.
[0071] The rWGScatalyst described herein is based in part on platinum, palladium, gold, and/or nickel. It will typically be
desirable to activate the rWGS catalyst, e.g., before contacting with the feed stream. Thus in some embodiments of the
present disclosure asdescribedherein, themethodcomprises activating the rWGScatalyst prior to contacting the catalyst
with the feed stream. For example, in some embodiments, activating the catalyst comprises contacting the catalyst with a
reducing streamcomprising a reductive gas, e.g., hydrogen. In various embodiments of the present disclose, the reducing
stream comprises hydrogen in an amount of at least 25mol%, e.g., at least 50mol%, or 75mol%, or 90mol%. The person
of ordinary skill in the art will determine suitable conditions for activation of the rWGS catalyst. As such, the person or
ordinary skill in the art would be able to choose an appropriate temperature, pressure, and time for activating the rWGS
catalyst. For example, in various embodiments activating the catalyst is conducted at a temperature in the range of 200 °C
to1000 °C. In someembodiment, activating the catalyst is conductedat a temperature in the rangeof 250 °C to1000 °C, or
300°C to1000 °C,200°C to900°C,or250°C to900 °C,or300°C to900°C,200°C to800 °C,or250°C to800°C,or300°C
to 800 °C, or 200 °C to 700 °C, or 250 °C to 800 °C, or 300 °C to 700 °C. In someembodiments of the present disclosure as
described herein, activating the catalyst provides a catalyst that is at least 10% reduced (e.g., at least 25%, or at least 50%
reduced).
[0072] Thepresent inventors have found that contacting the rWGScatalysts as described hereinwith a feed streamcan
provide a product stream with advantageously high CO selectivity and low methane selectivity. The amount of CO in the
product streamcanbe further controlledby the rWGSreactionconditions, asdescribedabove.But ingeneral, themethods
for performing the rWGS reaction as described herein, provide a product stream comprising H2 and CO, with the product
stream having a lower concentration of CO2 and a higher concentration of CO than the feed stream, as is consistent with
the degrees of conversion described herein. For example, in various embodiments, the product stream includes nomore
than 95 mol% CO2, or no more than 90 mol% CO2. In some embodiments, the product stream includes no more than 85
mol% CO2, or no more than 80 mol% CO2. In other examples, the product stream includes no more than 75 mol%, or no
more than 70mol%CO2. However, as described above, the present inventors have determined that it can be desirable to
perform the processes at intermediate degrees of conversion to provide desirably high CO selectivities and desirably low
methaneselectivities.Accordingly, in variousembodimentsasotherwisedescribedherein, theproduct stream includesan
amount of CO2 together with the CO.
[0073] Other gases may also be included in the product stream. In some embodiments of the disclosure as otherwise
described herein, the product stream further comprises one or more inert gases. These inert gasesmay be included from
the feed stream or provided from a source other than the feed stream. For example, in some embodiments, the product
stream further comprises nitrogen and/or methane.
[0074] Depending on, inter alia, the degree of conversion, the CO selectivity, the relative amounts of H2 and CO2 in the
feed stream, and the reaction conditions, the product stream can include H2 in combination with CO, in a variety of ratios.
For example, in some embodiments, the ratio of H2:CO in the product stream is in the range of 0.1:1 to 100:1 (e.g., in the
range of 0.1:1 to 50:1, or 0.1:1 to 25:1, or 0.1:1 to 10:1, or 0.1:1 to 5:1, or 1:1 to 100:1, or 1:1 to 50:1, or 1:1 to 25:1, or 1:1 to
10:1, or 1:1 to 5:1).
[0075] The person of ordinary skill in the art would appreciate that, based on the methods as described herein, the
product stream may include H2, CO, and CO2 and other components in various amounts. Components of the product
stream may be separated and used for various purposes in the rWGS process.
[0076] For example, in various embodiments of the present disclosure as described herein, the method further
comprises separating the product stream to recycle at least a portion (e.g., at least 5 mol%, at least 10 mol%, at least
25mol%, at least 50mol%, at least 75mol%, or at least 90mol%) of one ormore components of the product stream to the
feedstream.Forexample,when theproduct stream includesCO2, themethodcan include recyclingat least aportion (e.g.,
at least 5mol%,at least 10mol%,at least 25mol%,at least 50mol%.at least 75mol%,orat least 90mol%)of theCO2of the
product stream to the feed stream. The product stream may also include H2; in some embodiments, the method further
includes recycling at least a portion ofH2 of the product stream (e.g., at least 5mol%, at least 10mol%, at least 25mol%, at
least 50 mol%, at least 75 mol%, or at least 90 mol%) to the feed stream.
[0077] Such recycling is shown in the process 100 of FIG. 1 (and of FIG. 2). Here, the process 100 includes separating
from the product stream112 at least a portion of CO2 (stream 114) to recycle to the feed stream111. Similarly, the process
100 includes separating from the product stream 112 at least a portion of H2 (stream 115) to recycle to the product stream
111.While stream 115 is depicted as entering reactor 110 through a different inlet than the rest of the feed stream 111, it is
considered to be part of the feed stream, as it is part of the material input to the process step.
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[0078] As noted above, one competing reaction in the reverse water-gas shift reaction is the Sabatier reaction, which
makesmethane.While in various embodiments the reversewater-gas shift processes described herein can beperformed
without forming large amounts of methane, in some embodiments there can be some methane formed. Accordingly, in
various embodiments of the method as described herein, the product stream comprises one or more light hydrocarbons.
For example, in some embodiments, the product stream may include one or more of methane, ethane, propane, or
combinations thereof.When the first product steam includesmethane, a substantial fraction of suchmethanemaybe from
biogas provided to the first feed stream (e.g., at least 50%, at least 75%, or at least 90%). As would be understood by the
person of ordinary skill in the art, it may be desirable to operate the reverse water-gas shift reaction to provide higher
amountsof light hydrocarbons in theproduct feed.For example, such light hydrocarbonsmaybe inert in further processing
of the product streamand somaybeacceptable at higher amounts, especiallywhenbiogas is used in the first feed stream.
The person of ordinary skill in the art would be able to select appropriate reaction conditions (e.g., temperature, pressure,
feed streamcomposition) to provide a product stream that includesmethane at a desired amount. For example, in various
embodimentsasotherwisedescribedherein, theproduct stream includesnomore than20mol%methaneor nomore than
15 mol%. As noted above, when lower amounts of methane are desired in the product stream, the catalysts of the
disclosure can provide very lowmethane selectivity. Additionally, when biogas is present in the first feed stream,methane
may be separated before contacting with the reverse water-gas shift catalyst to provide a first feed stream and a first
product stream with low amounts of methane. Accordingly, in various embodiments as otherwise described herein, the
product stream includes no more than 10 mol% methane. For example, in various embodiments, the product stream
includes nomore than 5mol%, or 1mol%, or 0.5mol%, or nomore than 0.1mol%methane. In general, light hydrocarbons
(e.g., C1‑C5 hydrocarbons) may be present in the product stream. For example, in various embodiments as otherwise
described herein, the product stream includes nomore than 20mol% light hydrocarbons (e.g., nomore than 15mol%, no
more than10mol%, nomore than5mol%, nomore than1mol%,nomore than0.5mol%,or nomore than0.1nomol% light
hydrocarbons).
[0079] These light hydrocarbons (e.g., C1‑C5 hydrocarbons) of the product stream can be separated and used for other
purposes. For example, in various embodiments, themethod further includes separating at least a portion of one or more
light hydrocarbons from theproduct stream toprovide a light hydrocarbon stream.For example, inmethod100of FIG. 1, at
least a portion of one ormore light hydrocarbons are separated from the product stream112 to provide a light hydrocarbon
stream116. The light hydrocarbon stream, for example, can be used to provide other products, can be partially oxidized to
form CO, can be steam reformed to provide hydrogen, and/or can be burned to provide heat or other energy (e.g.,
electricity for electrolysis) for use in the rWGSmethod or otherwise. In some embodiments as described herein, the light
hydrocarbon stream comprises methane from biogas which can be burned to provide energy (e.g., heat energy or
electrical energy) for use in the integrated process (e.g., for heating the first feed stream).
Of course, as would be understood by the ordinary skill in the art, the light hydrocarbon stream may be used in other
processesaswell. For example, aswouldbeunderstoodby thepersonofordinary skill in theart, some rWGScatalysts can
have reforming capability. Without being bound by theory, the present inventors hypothesize that one explanation for the
low methane production observed using the rWGS catalysts as described herein is that methane is formed but then
immediately reformed into CO and H2. Accordingly, in some embodiments as described herein, the light hydrocarbons of
the process stream is recycled to the feed stream for the rWGS reaction. These light hydrocarbons can be separated and
used forotherpurposes.For example, in variousembodiments, theprocess further includesseparatingat least aportionof
one or more light hydrocarbons from the first product stream to provide a light hydrocarbon stream. For example, in
process100ofFIG.2, at least aportionofoneormore light hydrocarbonsareseparated from thefirst product stream112 to
providea light hydrocarbonstream118.The light hydrocarbonstream, for example, canbeused toprovideother products,
can be partially oxidized to formCO, can be steam reformed to provide hydrogen, and/or can be burned to provide heat or
other energy (e.g., electricity for electrolysis) for use in the integrated process or otherwise. Of course, as would be
understood by the person of ordinary skill in the art, the light hydrocarbon streammay be used in other processes as well.

Integrated Fischer-Tropsch Processes

[0080] In some embodiments as described herein, the supported reverse water-gas can be used in a rWGS process
integratedwithanFTprocess.Theembodiments related to the reversewater-gasshift portionof the integratedFTprocess
are as described above in theprevious section. For example, the feed streamof the rWGSprocess corresponds to the first
feed stream in the integrated FT process and the product stream of the rWGS process corresponds to the first product
stream in the integrated FT process.
[0081] Another aspect of the present disclosure provides a process for performing an integrated Fischer-Tropsch
process (i.e., integrated with an rWGS process). The process includes providing a first feed stream comprising H2 and
CO2, wherein at least part of the CO2 of the first feed stream is from biogas, a CO2 emission source, and/or direct air
capture; contacting at a first temperature in the range of 200‑1100 °C and at a first pressure a reverse water-gas shift
catalyst, as described herein, with the first feed stream to perform a reverse water-gas shift reaction to provide a first
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product stream comprising CO and H2, the first product stream having a lower concentration of CO2 and a higher
concentration of CO than the first stream feed stream. An example of such a process is shown schematically in FIG. 2. In
FIG. 2, the process 100 includes performing a reverse water-gas shift reaction by providing a first feed stream 111
comprising H2 and CO2, here, to a first reaction zone, e.g., a reactor 110. A reverse water-gas shift catalyst 113, as
described herein, is contacted at a first temperature in the rangeof 250‑1100 °Candat a first pressurewith the feed stream
111 to provide a first product stream112 comprisingCOandH2. The first product streamhas a lower concentration of CO2
and a higher concentration of CO than the first feed stream. The process of this aspect of the disclosure also includes
contacting at a second temperature and at a second pressure a Fischer-Tropsch catalyst with a second feed stream
comprising H2 and at least a portion of CO of the first product stream to provide a second product stream comprising C5+
hydrocarbons, In theprocess100ofFIG.2, at least aportionofCOof thefirst product stream112 is included in second feed
stream 121, which is contacted with Fischer-Tropsch catalyst 123, here, in a second reaction zone (e.g., a reactor 120).
This provides a second product stream 122, which includes C5+ hydrocarbons.
[0082] Thepresent inventors have found that contacting the rWGScatalysts as described hereinwith a first feed stream
can provide a first product streamwith advantageously highCOselectivity and lowmethane selectivity. The amount of CO
in the first product stream can be further controlled by the rWGS reaction conditions, as described above. However, as
described above, the present inventors have determined that it can be desirable to perform the processes at intermediate
degrees of conversion to provide desirably high CO selectivities and desirably low methane selectivities. Moreover, the
present inventors have noted that it can be advantageous to perform the downstream Fischer-Tropsch process with a
relatively high level of inerts, and thus contemplate that passing a significant amount of CO2 to the Fischer-Tropsch
process step can be beneficial. Accordingly, in various embodiments as otherwise described herein, the first product
stream includesanamount ofCO2 togetherwith theCO. In various embodiments, the first product streamcomprises in the
range of 5‑95 mol% CO2, e.g., 5‑90 mol%, or 5‑85 mol%, or 5‑80 mol%, or 5‑75 mol%, or 5‑70 mol%, or 10‑95 mol%, or
10‑90 mol%, or 10‑85 mol%, or 10‑80 mol%, or 10‑75 mol%, or 10‑70 mol%, or 20‑95 mol%, or 20‑90 mol%, or 20‑85
mol%, or 20‑80 mol%, or 20‑75 mol%, or 20‑70 mol%, or 30‑95 mol%, or 30‑90 mol%, or 30‑85 mol%, or 30‑80 mol%, or
30‑75 mol%, or 30‑70 mol% CO2.
[0083] Moreover, as describedbelow,Fischer-Tropsch catalysts typically require activationbya reducinggas.Aswould
be understood by the person of skill in the art, different Fischer-Tropsch catalysts required different activation conditions
(e.g., gas composition, temperature, pressure, time). For example, iron based Fischer-Tropsch catalysts require
activation with both H2 and CO, while cobalt based Fischer-Tropsch catalysts require activation with just H2. As such,
H2 and CO or just H2 from the first product stream can be used to perform this activation. Accordingly, in various
embodiments as otherwise described herein, the process includes separating at least a portion of H2 andCO (desirably in
a ratio of at least 1:1 or at least 3:1) from the first product stream and contacting it with the Fischer-Tropsch catalyst to
activate the Fischer-Tropsch catalyst. In various other embodiments as otherwise described herein, the process includes
separating at least a portion of H2 from the first product stream and contacting it with the Fischer-Tropsch catalyst to
activate the Fischer-Tropsch catalyst. For example, in the process of FIG. 2, stream 125 separates H2 or H2 and CO and
conducts it to reactor 120. This separation need not be continuous; rather, it need only be performed for a time desirable to
provide reducing gas to the Fischer-Tropsch catalyst for activation. Of course, as would be understood by the person of
skill in theart, other sourcesofH2orCOmaybeused toprovide reducinggas to theFischer-Tropschcatalyst for activation.
[0084] As shown above, water is a product of the reverse water-gas shift reaction. Accordingly, the first product stream
will generally containwater. Inmany cases it canbedesirable to reduce theamount ofwater that is provided to theFischer-
Tropsch process step. Accordingly, in various embodiments as otherwise described herein, the process further includes
removing at least a portion (e.g., at least 25%, at least 50%, or at least 75%) of water from the first product stream. In the
embodiment of FIG. 2, a water removal zone 116 is used to removewater and provide awater-containing stream117. The
person of ordinary skill in the art will appreciate that a variety of processes can be used to remove water from the first
product stream.For example, the first product streamcanbecontactedwith awater scavenger to removewater therefrom.
For example, a molecular sieve guard bed can be used to remove water from the first product stream; water can be
recovered from the molecular sieves of the guard bed, e.g., by heating and vacuum. In other embodiments, a knockout
vessel can be used. However, use of a knockout vessel can in some cases cool the first product streamenough so that it is
desirably reheated for introduction to the Fischer-Tropsch process step.Water removed from the first product stream can
be used, e.g., as feed water for electrolysis processes described herein.
[0085] As noted above, the reverse water-gas shift process can be provided at a wide variety of temperatures. In some
cases, those temperatures can be relatively close to the temperature of the subsequent Fischer-Tropsch process step
(often150‑400 °C, e.g., 200‑350 °C, or other temperaturesasdescribedbelow). Inother cases, the reversewater-gas shift
process can be performed at temperatures significantly higher than the temperature of the Fischer-Tropsch step. The
present inventors have noted that it can be desirable to provide for heat exchangewith a relatively hot first product stream
to cool the first product stream to a temperature more appropriate for the Fischer Tropsch step and to provide heat
elsewhere to the integrated process. For example, in various embodiments of the processes as otherwise described
herein, the process further comprises exchanging heat between at least a portion of the first product stream and at least a
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portion of the first feed stream, thereby cooling at least a portion of the first product streamand heating at least a portion of
thefirst feedstream.Anexampleof suchaprocess is shownschematically inFIG.3. InFIG.3, theprocess200, first reactor
210, first feed stream211, first product stream212, reversewater-gas shift catalyst 213, second reactor 220, second feed
stream 221, second product stream 222 and Fischer-Tropsch catalyst 223 are generally as described above. Here, the
process 200 includes exchanging heat between at least a portion of the first product stream212and a least a portion of the
first feed stream211 in a first heat exchange zone230, thereby cooling at least a portion of the first product stream212and
heating at least a portion of the first feed stream211. Thepersonof ordinary skill in the art will appreciate that awide variety
of heat exchangers can be used for this purpose.
[0086] Of course, anyexcessheat in the first product streamcanbeadditionally or alternatively used for other purposes.
For example, in variousembodiments theprocess further comprisesexchangingheat betweenat least a portionof the first
product stream and a steam generation zone, thereby cooling at least a portion of the first product stream and providing
heat to the steamgeneration zone.This is shown inFIG.3.Here, after heat exchangewith the first feedstream211, thefirst
product stream212 is conducted to steamgeneration zone232, to cool the first product stream212andprovide heat to the
steam generation zone 232. Steam can be generated from the heat provided, and electricity can be generated from the
steam. For example, in the embodiment of FIG. 3, electricity stream 264 is provided by the generation of electricity using
steamgenerated in the steamgeneration zone232.Of course, aswould beunderstood to thepersonof ordinary skill in the
art, the steam generated in the steam generation zone may be used in other processes. In various embodiments, the
steam may be used to heat the first feed stream. For example, in the embodiment of FIG. 3, the steam stream 266
generated in the steamgeneration zone 232 is conducted to the heat exchange zone 290 to heat the first feed stream211.
[0087] As noted above, at least a portion of the CO of the first product stream is included in the second feed stream, for
reaction in a Fischer-Tropsch process. For example, in various embodiments as otherwise described herein, at least 25%
of theCOof thefirst product stream,e.g., at least 50%of theCO,at least 75%of theCO,or at least 90%of theCOof thefirst
product stream is included in thesecond feedstream.Ofcourse,asnotedabove, someof theCOof thefirst product stream
can be used for other purposes, e.g., catalyst activation as described herein.
[0088] In some embodiments, substantially all of theCOof the second feed streamcomes from the first product stream.
However, in other embodiments, CO can be provided to the second feed stream from other sources, fossil-derived or
otherwise. For example, in various embodiments, CO is provided to the second feed stream from a CO source other than
the first product stream. In FIG. 3, a streamofCO226a from someother source is included in the second feed stream221.
The person of ordinary skill in the art will appreciate that CO can be provided from a variety of sources, e.g., gasification,
reforming, or electrochemical CO2 reduction. Moreover, as described in more detail below, CO can be recycled to the
second feed stream from the second product stream; and/or can be provided by reaction of a light hydrocarbon stream,
e.g., by partial oxidation or reforming (e.g., steam reforming and/or autothermal reforming)..
[0089] As noted above, the second feed stream includes H2. Notably, the first product streamwill often include H2, e.g.,
unreacted from thefirst feedstream. Invariousembodiments, thefirst product stream includesH2wherein thesecond feed
stream includes at least a portion of the H2 of the first product stream. For example, in various embodiments as otherwise
described herein, at least 25%of the H2 of the first product stream, e.g., at least 50%of theH2, at least 75%of theH2, or at
least 90%of theH2of thefirst product stream is included in the second feedstream.Of course, asnotedabove, someof the
H2 of the first product stream can be used for other purposes, e.g., catalyst activation as described herein.
[0090] In some embodiments, substantially all of the H2 of the second feed stream comes from the first product stream.
In fact, the person of ordinary skill in the art can providemoreH2 than necessary for the reverse water-gas shift reaction in
the first feed stream, to provide excess H2 in the first product stream that can then provide a desired amount of H2 to the
second feed stream for the Fischer-Tropsch process step. However, in other embodiments, H2 can be provided to the
second feed stream from other sources. For example, in various embodiments, H2 is provided to the second feed stream
fromaH2sourceother than thefirst product stream. InFIG.3, astreamofH2226b fromsomeother source is included in the
second feed stream 221. The person of ordinary skill in the art will appreciate that H2 can be provided from a variety of
sources, e.g., gasification, reforming, or H2O electrolysis (including the electrolysis described herein). Moreover, as
described in more detail below, H2 can be recycled to the second feed stream from the second product stream.
[0091] The person of ordinary skill in the art can, based on the disclosure herein, adjust the relative amounts of H2 and
CO in thesecond feedstreamtoprovideadesired ratio.Forexample,moreor lessH2of thefirst feedstreamand/ormoreor
lessH2 fromelectrolysis can be included in the second feed stream. Similarly, more or lessCOof the first feed streamand
more or less CO from other sources (e.g., partial oxidation and reforming as described below) can be included in the
second feed stream.
[0092] As noted above, it can be desirable to perform the Fischer-Tropsch process step in the presence of a significant
level of inerts. One such inert, CO2, can come from the reverse water-gas shift, e.g., via the first product stream.
Accordingly, in various embodiments as otherwise described herein, the second feed stream includes at least a portion of
CO2 of the first product stream. For example, in various embodiments, at least 10% of the CO2 of the first product stream,
e.g., at least 25%of theCO2, at least 50%of theCO2, at least 75%of theCO2, or at least 90%of theCO2of the first product
stream is included in the second feed stream. Of course, in other embodiments, the second feed streammay not include
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any substantial amount of CO2 of the first product stream. Accordingly, in various embodiments, the second feed stream
does not include a substantial amount of CO2of the first product stream.While it can be desirable generally to recycleCO2
to thefirst feedstream foruse in the reversewater-gasshift reaction, asdescribed inmoredetail below, unreactedCO2can
be recycled from the second product stream to the first feed stream.
[0093] But it canadditionally oralternativelybedesirable to includeadditional inert content to thesecond feedstream,be
it CO2 or other inerts such as nitrogen andmethane. For example, in various embodiments, one ormore inerts (e.g., CO2,
nitrogen and/ormethane) are provided to the second feed stream froma source other than the first product stream. InFIG.
3, astreamof inert(s)226c fromsomeother source is included in thesecond feedstream221.Thepersonofordinaryskill in
the art will appreciate that inerts can be provided from a variety of sources. Moreover, as described in more detail below,
inerts can be recycled to the second feed stream from the second product stream.
[0094] As noted above, it can be desirable to perform the Fischer-Tropsch process step in the presence of inerts.
Accordingly, in various embodiments as otherwise described herein, the portion of the first product stream that is included
in the second feed stream has a CO2 content in the range of 10‑95mol%CO2, e.g., 10‑90mol%, or 10‑85mol%, or 10‑80
mol%, or 10‑75 mol%, or 10‑70 mol%, or 20‑95 mol%, or 20‑90 mol%, or 20‑85 mol%, or 20‑80 mol%, or 20‑75 mol%, or
20‑70 mol%, or 30‑95 mol%, or 30‑90 mol%, or 30‑85 mol%, or 30‑80 mol%, or 30‑75 mol%, or 30‑70 mol% CO2.
[0095] Other gasesmay also be included in the second feed stream, as described above. For example, as noted above,
it can be desirable to perform the Fischer-Tropsch process step in the presence of a significant amount of inerts (i.e.,
components that are notH2orCO). For example, in various embodiments, the second feed stream includes up to80mol%
ofoneormore inerts, e.g., in the rangeof 3‑80mol%,or5‑80mol%,or10‑80mol%,or 15‑80mol%,or 30‑80mol%ofoneor
more inerts. In various embodiments, the second feed stream includes up to 70mol% inerts, up to 60mol% inerts, or up to
50mol% inerts, e.g., 3‑70mol%,or5‑70mol%,or10‑70mol%,or15‑70mol%,or30‑70mol%,or3‑60mol%,or5‑60mol%,
or 10‑60mol%, or 15‑60mol%, or 30‑60mol%, or 3‑50mol%,or 5‑50mol%, or 10‑50mol%, or 15‑50mol%, or 30‑50mol%
inerts. In various embodiments, the second feed stream includes up to 80% of one or more inerts selected from CO2,
methane and nitrogen, e.g., up to 70 mol%, up to 60 mol%, or up to 50 mol%, or 15‑70 mol%, or 30‑70 mol%, or 15‑60
mol%, or 30‑60mol%, or 15‑50mol%, or 30‑50mol%. In various embodiments, the second feed stream includes up to 80
mol%ofCO2,e.g., up to70mol%,up to60mol%,or up to50mol%,or15‑70mol%,or30‑70mol%,or15‑60mol%,or30‑60
mol%, or 15‑50 mol%, or 30‑50 mol%.
[0096] The person of ordinary skill in the art can tune the portion of the first product stream that is included in the second
feedstream toprovideadesirableH2:COratio. For example in variousembodiments, theportionof thefirst product stream
that is included in the second feed streamhasaH2:CO ratio in the rangeof 0.5:1 to 10:1, e.g., in the rangeof 1:1 to 2.5:1.Of
course, whatever the H2:CO ratio of the portion of the first product stream that is included in the second feed stream, the
person of ordinary skill in the art can addH2 or CO as described above as necessary to provide the desired ratio overall in
the second feed stream.
[0097] As described above, the second feed stream contains both H2 and CO and the second feed stream includes all
feeds to the Fischer Tropsch reactor, regardless of whether the second feed stream is provided as amixture of feeds or as
feeds provided individually to a reaction zone. In various embodiments of the present disclosure as described herein, the
second feed stream has a H2:CO ratio in the range of 0.5:1 to 6:1. In some embodiments, the second feed stream has a
H2:CO ratio in the range of 1:1 to 3:1, or 1:1 to 2.5:1. In someembodiments, the second feed streamhasaH2:CO ratio of at
least 1.4:1. For example, in some embodiments, the second feed stream has a H2:CO ratio in the range of 1.4:1 to 3:1, or
1.4:1 to 2:1. The person of ordinary skill in the art will provide a desired ratio of H2:CO in the second feed stream, based on
the disclosure herein that provides a desirable conversion and selectivity in the Fischer-Tropsch process.
[0098] As noted above it can be desirable to reduce the amount of water that is conducted to the Fischer-Tropsch
process step. Accordingly, in various embodiments as otherwise described herein, the portion of the first product stream
that is included in the second feed streamhasawater content of nomore than10mol%, e.g., or nomore than2mol%, or no
more than 0.5 mol%.
[0099] And as noted above, it can be desirable to perform the Fischer-Tropsch processwith a relatively small amount of
waterpresent.Accordingly, in variousembodiments, thesecond feedstreamhasawater contentof nomore than10mol%,
e.g., or no more than 2 mol%, or no more than 0.5 mol%.
[0100] The processes as described here include contacting a Fischer-Tropsch catalyst with the second feed stream as
described herein. The Fischer-Tropsch catalyst for use in the processes as described herein is not particularly limited and
the person of ordinary skill in the art would be able to choose a catalyst as appropriate for their desired Fischer-Tropsch
product. In some embodiments, the Fischer-Tropsch catalyst includes cobalt, iron, rhodium, ruthenium, or a combination
thereof.
[0101] For example, in some embodiments of the present disclosure as described herein, the Fischer-Tropsch catalyst
comprises cobalt, e.g., in an amount in the range of 5‑25 wt%, calculated as Co(0). "Calculated as Co(0)" and analogous
terms mean that the weight of cobalt atoms/ions themselves are used in the calculation, and not the total amount of any
compound or polynuclear ion inwhich those cobalt atoms/ionsmight be bound. For example, in various embodiments, the
Fischer-Tropsch catalyst comprises cobalt in an amount in the range of 7‑25wt%, or 10‑25wt%, or 5‑20wt%, or 7‑20wt%,
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or 10‑20wt%, calculated asCo(0). As the person of ordinary skill in the art will appreciate, cobalt-based catalysts are often
provided to the reaction zone in the formof cobalt oxide on a support; the cobalt can be reductively activated (e.g., with H2)
in situ to provide an active catalyst species with a significant concentration of Co(0).
[0102] In some embodiments, the Fischer-Tropsch catalyst comprises iron, e.g., in an amount in the range of 5‑95wt%,
calculated as Fe(0). For example, in various embodiments, the Fischer-Tropsch catalyst comprises iron in the range of
10‑95 wt%, or 25‑95 wt%, or 50‑95 wt%, or 5‑85 wt%, or 10‑85 wt%, or 25‑85 wt%, or 50‑85 wt%, or 5‑75 wt%, or 10‑75
wt%, or 25‑75 wt%, calculated as Fe(0). As the person of ordinary skill in the art will appreciate, iron-based catalysts are
oftenprovided to the reactionzone in the formofmetallic ironor ironoxide, optionally onasupport; the ironcanbeactivated
(e.g., by reaction with H2 and CO) to provide an active catalyst species with a significant concentration of iron carbide.
[0103] In various embodiments of the disclosure as described herein, especially when the catalyst is a cobalt-based
catalyst, the Fischer-Tropsch catalyst further includes manganese. For example, in various embodiments, the Fischer-
Tropsch catalyst includes manganese in an amount up to 15 wt%, e.g., up to 12 wt%, or up to 10 wt%, or up to 7 wt%,
calculated as Mn(0). In certain such embodiments, a catalyst material includes manganese in an amount in the range of
0.1‑15wt%, e.g., 0.1‑10wt%, or 0.1‑5wt%, 0.5‑15wt%, or 0.5‑10wt%, or 0.5‑5wt%, or calculated asMn(0). Of course, in
other embodiments substantially no manganese is present (e.g., less than 0.1 wt% or less than 0.5 wt% manganese is
present).
[0104] The Fischer-Tropsch catalysts suitable for use in the process as described herein can be a variety of forms and
are not particularly limited. For example, the Fischer-Tropsch catalyst may be a supported or unsupported catalyst.While
the form of the catalyst is not particularly limited, in various desirable embodiments, the Fischer-Tropsch catalyst is a
supported catalyst,wherein the support comprises at least oneof titaniumoxide, zirconiumoxide, ceriumoxide, aluminum
oxide, silicon oxide and zinc oxide. For example, in various embodiments, the support comprises at least one or titanium
oxide, aluminumoxide, and siliconoxide. In someembodiments of thepresent disclosure asdescribedherein, the support
is a titanium dioxide support.
[0105] The person of ordinary skill in the art will appreciate that the Fischer-Tropsch catalysts of the disclosure can be
provided inmany forms,dependingespecially on theparticular formof the reactor system inwhich theyare tobeused,e.g.,
in a fixed bed or as a fluidized bed. The supports of the Fischer-Tropsch catalysts can be provided themselves as discrete
bodies of material, e.g., as porous particles, pellets or shaped extrudates, with themetals provided thereon to provide the
Fischer-Tropsch catalyst. However, in other embodiments, a Fischer-Tropsch catalyst of the disclosure can itself be
formedasa layer onanunderlying substrate. Theunderlying substrate is not particularly limited. It canbe formedof, e.g., a
metal or metal oxide, and can itself be provided in a number of forms, such as particles, pellets, shaped extrudates, or
monoliths. Thepersonof ordinary skill in theartwill select anappropriateFischer-Tropschcatalyst for theparticular reactor
system.
[0106] Aswith the rWGScatalyst, Fischer-Tropsch catalysts are typically activated before use, e.g., to provide cobalt(0)
species on a cobalt-based catalyst, or iron carbide species on an iron-based catalyst. Such activation can be performed
prior to contacting the Fischer-Tropsch catalyst with a second feed stream.
[0107] Forexample, in someembodiments, theFischer-Tropschcatalyst is activatedby contactwitha reducinggas.For
example, hydrogen can be an especially suitable gas for activating Fischer-Tropsch catalyst, e.g., when the activation is a
reduction tometal(0) species, e.g., as for many cobalt-based catalysts. In various embodiments of the present disclosure
as otherwise described herein, the reducing gas comprises at least a portion of H2 from the first product stream. For
example, in some embodiments, the process further comprises separating at least a portion of H2 of the first product
stream and contacting it with the Fischer-Tropsch catalyst to activate Fischer-Tropsch catalyst. In the process 100 shown
schematically in FIG. 2, at least a portion of hydrogen stream 125 is separated from the first product stream 112 and
contactedwith theFischer-Tropsch catalyst 123 to activate it. In other embodiments,H2 present in the second feed stream
can be used to activate the catalyst. As would be understood by the person of ordinary skill in the art, activation
temperatures can vary depending on the Fischer-Tropsch catalyst used. As such, the person of ordinary skill in the art
would be able to select an appropriate temperature for activating the catalyst, e.g., in the range of 200‑400 °C.
[0108] In various embodiments, the Fischer-Tropsch catalyst is activated by contact with H2 and CO. This can be
especially suitable when the activation provides conversion to carbide, e.g., as for many iron-based catalysts. In various
embodiments of the present disclosure as otherwise described herein, the reducing gas comprises at least a portion of H2
and CO from the first product stream. For example, in some embodiments, the process further comprises separating at
least a portion of H2 and at least a portion of CO of the first product stream and contacting it with the Fischer-Tropsch
catalyst to activate Fischer-Tropsch catalyst. In the process 200 shown schematically in FIG. 3, at least a portion ofH2 and
CO stream 227 is separated from the first product stream 212 and contacted with the Fischer-Tropsch catalyst 223 to
activate it. In other embodiments, H2 and CO present in the second feed stream can be used to activate the catalyst.
Activation temperatures can vary, e.g., in the range of 200‑400 °C.
[0109] As described above, the process includes contacting at a second temperature and at a second pressure a
Fischer-Tropsch catalyst with a second feed stream. The person of ordinary skill in the art will select appropriate reaction
conditions in conjunctionwith theparticular feedand catalyst used toprovidedesiredFischer-Tropschprocesses. In some
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embodiments of the disclosure as described herein, the second temperature is in the rangeof 150‑400 °C. For example, in
various embodiments, the second temperature is in the range of 150‑350 °C, or 150‑300 °C, or 150‑250°C, or 150‑200°C,
or 200‑400 °C, or 200‑350 °C, or 200‑300°C, or 200‑250 °C, or 250‑400 °C, or 250‑350 °C, or 250‑300 °C, or 300‑400 °C. In
some particular embodiments, the second temperature is in the range of 200‑350 °C.
[0110] Notably, in many embodiments, the first temperature and the second temperature can be relatively close to one
another. Thepresent inventors havenoted that the reversewater-gas shift catalysts described herein canprovide suitable
activity andCOselectivity even at relatively low temperatures. Accordingly, the first product stream can be providedwith a
temperature that is suitable for, or at least close to suitable for, the Fischer-Tropsch reaction step. This can desirably
provide for increased process integration. For example, in various embodiments, the first temperature is within 100 °C of
the second temperature, e.g., within 50 °C of the second temperature, or within 25 °C of the second temperature.
[0111] However, in other embodiments, the first temperature and the second temperature are less close to one another.
The present inventors have noted that in many cases a desirable reverse water-gas shift process temperature will be
significantly greater than a desirable Fischer-Tropsch process temperature. For example, in various embodiments, the
first temperature is at least 100 °C greater than the second temperature, e.g., at least 150 °C greater than the second
temperature, or at least 200 °C greater than the second temperature. The excess heat in the first product stream can be
used for a number of purposes, for example, to preheat at least part of the first feed stream or to generate steam for use in
generating electricity, as described above.
[0112] In some embodiments of the disclosure as described herein, the second pressure is in the range of 10‑50 barg.
For example, in various embodiments, the second pressure is in the range of 20‑50 barg, or 25‑50 barg, or 10‑40 barg, or
20‑40barg, or 25‑40barg or 10‑35barg, or 20‑35barg, or 25‑35barg. In someembodiments, the secondpressure is in the
range of 20‑50 barg.
[0113] The Fischer-Tropsch processes described herein can be performed at a variety of GHSV (gas hourly space
velocity) values, as would be appreciated by the person of ordinary skill in the art. As such, the GHSV for performing the
Fischer-Tropsch reaction is not particularly limited. For example, in some embodiments of the present disclosure, the
process for performing the Fischer-Tropsch reaction is conducted at a GHSV in the range of 1,000 to 2,000,000 h‑1. In
various embodiments, the process for performing the reversewater-gas shift reaction is conductedat aGHSV in the range
of1,000 to1,200,000h‑1, or 1,000 to500,000h‑1, or 1,000 to100,000h‑1, or 5,000 to1,200,000h‑1, or 5,000 to500,000h‑1,
or 5,000 to 100,000 h‑1, or 10,000 to 1,200,000 h‑1, or 10,000 to 500,000 h‑1, or 10,000 to 100,000 h‑1. In various
embodiments of the present disclose, the process for performing the Fischer-Tropsch reaction is conducted at aGHSV in
the rangeof1,000 to50,000h‑1, or 2,000 to50,000h‑1, or 5,000 to50,000h‑1, or 10,000 to50,000, or1,000 to40,000h‑1, or
2,000 to40,000h‑1, or 5,000 to40,000h‑1, or 10,000 to40,000h‑1, or 1,000 to30,000h‑1, or 2,000 to30,000h‑1, or 5,000 to
30,000 h‑1, or 10,000 to 30,000 h‑1.
[0114] The Fischer-Tropsch process is typically used to make C5+ hydrocarbons, for example, unsubstituted C5+
hydrocarbons (e.g., alkanes and alkenes) and oxygenated C5+ hydrocarbons (e.g., C5+ alcohols, aldehydes, ketones,
carboxylic acids). In various embodiments of the disclosure as described herein, contacting the Fischer-Tropsch catalyst
with the second feed stream to provide the second product stream is performed with a C5+ selectivity (i.e., for all C5+
species) of at least 30%, e.g., at least 50%, or at least 70%. For example, in some embodiments, the selectivity for C5+
alkanes is at least 30%, e.g., at least 50%, or at least 70%. In some embodiments, the selectivity for C5+ alkanes and C5+
alcohols is at least 30%, e.g., at least 50%, or at least 70%.
[0115] Additional componentsmaybe in present in the secondproduct stream.For example, in someembodiments, the
second product stream includeswater, which is another product of the Fischer-Tropsch reaction. Also present can be one
or more light hydrocarbons (i.e., C1‑C4) as a side product. CO and/or H2 can be present, e.g., unreacted from the second
feed stream.CO2 or other inerts as described herein can also be present. Such components of the secondproduct stream
can be separated and/or recycled in variousmanners.When the second product steam includesmethane, suchmethane
may be substantially from biogas provided to the first feed stream (e.g., at least 50%, at least 75%, or at least 90%).
[0116] For example, in various embodiments, the process further comprises separating at least a portion of water from
the second product stream.This is shown schematically in FIG. 4. In the embodiment of FIG. 4, the reversewater-gas shift
catalyst 313 and the Fischer-Tropsch catalyst 323 are provided in separate beds in the same reactor. Thus, the first
reaction zone 310 is a volume of the reactor 305 that includes the bed 314 containing the reverse water-gas shift catalyst
313, and the second reaction zone 320 is a volume of the reactor 305 that includes the bed 324 containing the Fischer-
Tropsch catalyst 323. First feed stream 311 is contacted with the reverse water-gas shift catalyst 313 to provide first
product stream312,which is passeddirectly as the second feed stream321 to theFischer-Tropsch catalyst 323 toprovide
second product stream 322. Here, the process also optionally includes separating at least a portion of water (e.g., at least
50%, at least 75%, or at least 90%) from the second product stream 322 to provide water-containing stream 334.
[0117] Light hydrocarbons, while often not a desired portion of a Fischer-Tropsch product to be used as a fuel or a
lubricant, can themselves be useful for a number of purposes. Accordingly, in various embodiments, the process further
includes separating at least a portion of C1‑C4 hydrocarbons from the second product stream to provide a light
hydrocarbon stream. The light hydrocarbon stream can, for example, be recycled to the first feed stream or the second
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feed stream. For example, in the process 200 of FIG. 3, light hydrocarbons can be provided as part of the recycle stream
236, which becomes part of the second feed stream221. In the process 300 of FIG. 4, light hydrocarbons can be provided
as part of the recycle stream 336, which becomes part of the first feed stream 311. In the process 400 of FIG. 5, light
hydrocarbons are recycled via recycle stream 442 to first feed stream 411.
[0118] There are other uses for the light hydrocarbon stream. For example, in some embodiments, the process further
comprises oxidizing at least a portion of the light hydrocarbon stream to provide a CO‑ and/or CO2-containing partial
oxidation (pOX) stream, and including at least a portion of the pOX stream in the first feed stream and/or the second feed
stream. In some embodiments as described herein, the light hydrocarbon stream comprises methane from biogas. In
some embodiments herein, at least 50%ofmethane of the light hydrocarbon stream ismethane frombiogas. An example
of such a process is shown schematically in FIG. 5, in which the process 400, the first feed stream 411, the first product
stream412, the reversewater-gas shift catalyst 413, the second feed stream421, the second product stream422 and the
Fischer-Tropsch catalyst 423 can beas otherwise described herein. Here, the process includes oxidizing at least a portion
of the light hydrocarbon stream 450) in a partial oxidation reaction zone 452 to provide a CO‑ and/or CO2 containing pOX
stream, and including at least a portion of the pOX stream 454 stream in the first feed stream 411 and/or the second feed
stream 421.
[0119] Asdescribedabove, at least part of theCO2of the first feed streammaybe frombiogas. In someembodimentsas
describedherein, theprocess includesprovidingabiogas comprisingCO2andmethane, andprovidingat least aportionof
the CO2 to the first feed stream, and at least a portion of the methane to the oxidation of at least a portion of the light
hydrocarbon stream as shown in the embodiment of FIG. 6.
[0120] Othermethodscanbeused toprovideCOand/orCO2 from the light hydrocarbonstream.Forexample, reforming
techniques such as steam reforming and autothermal reforming can be used to provide CO by reaction of hydrocarbons
with water. Accordingly, in various embodiments, the process further comprises reforming (e.g., steam reforming and/or
autothermal reforming) at least a portion of the light hydrocarbon stream to provide aCO‑and/orCO2-containing reformed
stream,and includingat least aportionof the reformedstream in thefirst feedstreamand/or thesecond feedstream.Water
separated from thefirst and/or secondproduct streamscanbeprovidedaspart of a feed to the reformingdescribedherein.
[0121] Moreover, the light hydrocarbon streamcan be burned to provide heat energy, which can be used to heat various
process streams, or to generate electricity. Accordingly, in various embodiments, the process includes burning at least a
portion of the light hydrocarbon stream to provide energy, e.g., heat energy or electrical energy. For example, in the
process400ofFIG. 5, a portionof light hydrocarbonstream450 is burned in apower generation zone (here, in anelectrical
generator 470), to generate electricity stream 472. In various embodiments, the heat energy may be used to provide the
needed heat duty for the reverse water-gas shift process. For example, in the process 400 of FIG. 5, a portion of the light
hydrocarbon stream 450 is burned in a power generation zone (here, in a heat generator 480), to generate heat stream
482. The heat stream 482 is conducted to a heat exchange zone 490 to heat the first feed stream 411. Heat energy can
similarly be provided to the Fischer-Tropsch reaction. And as the person of ordinary skill in the art will appreciate, other
treatments of the light hydrocarbon stream (e.g., partial oxidation) can also provide energy, which can be used, e.g., as
described herein.
[0122] As with the first product stream, heat can be exchanged from the second product stream to provide heat to, for
example, a feed streamor a steamgeneration zone. For example, in various embodiments, the process further comprises
exchanging heat between at least a portion of the second product stream and at least a portion of the first feed stream,
thereby cooling at least a portion of the second product stream and heating at least a portion of the first feed stream. In
process300of FIG. 4, heat is exchangedbetweenat least a portion of the secondproduct stream322and first feed stream
311 in a secondheat exchange zone330, thereby cooling the secondproduct stream322andheating the first feed stream
311. Of course, heat can also be exchanged from the second product stream to the second feed stream. For example, in
various embodiments, the process further comprises exchanging heat between at least a portion of the second product
streamandat least a portionof the second feedstream, thereby coolingat least a portionof the secondproduct streamand
heating at least a portion of the second feed stream. In process 400 of FIG. 5, heat is exchangedbetween at least a portion
of the second product stream 422 and second feed stream 421 in a second heat exchange zone 430, thereby cooling the
second product stream 422 and heating the second feed stream 421. The person of ordinary skill in the art will appreciate
that a wide variety of heat exchangers can be used for this purpose.
[0123] Of course, any excess heat in the second product stream can be additionally or alternatively used for other
purposes.Forexample, in variousembodiments theprocess further comprisesexchangingheatbetweenat least aportion
of the secondproduct streamandasteamgeneration zone, thereby cooling at least a portionof the secondproduct stream
and providing heat to the steam generation zone. This is shown in FIG. 4. Here, after heat exchange with the first feed
stream311, the secondproduct stream322 is conducted to steamgeneration zone332, to cool the secondproduct stream
322 and provide heat to the steam generation zone 332. Steam can be generated from the heat provided, and electricity
can be generated from the steam (not shown here).
[0124] It can be desirable to recycle hydrogen from the second product stream, for example, to the first feed stream
and/or the second feed stream. For example, in various embodiments, the process includes recycling at least a portion of
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H2of the secondproduct stream to the second feed stream.For example, in the processof FIG. 3, at least a portion ofH2 of
the secondproduct stream (e.g., at least 25%,at least 50%,or at least 75%)canbe recycled to the second feedstream221
via recycle stream 236. In various embodiments, the process includes recycling at least a portion of H2 of the second
product stream to the first feed stream. For example, in the process of FIG. 4, at least a portion of H2 of the second product
stream (e.g., at least 25%,at least 50%,or at least 75%) canbe recycled to the first feedstream311via recycle stream336.
In various embodiments, at least 25%, e.g., at least 50% of H2 of the second product stream is recycled to the first feed
stream or the second feed stream. In various embodiments, at least 75%, e.g., at least 90% of H2 of the second product
stream is recycled to the first feed stream or the second feed stream.
[0125] In some cases, e.g., whenH2 is provided to the second feed stream fromanH2 source other than the first product
stream, H2 from the second product stream canmake upmost of the H2 of the first feed stream, e.g., at least 90%, at least
95%,orat least 98%of theH2of thefirst feedstream.This is shown,e.g., inFIG.5.Here, theprimaryH2 input to theprocess
is through stream440, which becomes part of the second feed stream 421. H2 of the second product stream is included in
recycle stream 442, which becomes part of first feed stream 411.
[0126] Similarly, it can be desirable to recycle CO of the second product stream, for example, to the first feed stream
and/or the second feed stream. For example, in various embodiments, the process includes recycling at least a portion of
COof the second product stream to the second feed stream. For example, in the process of FIG. 3, at least a portion of CO
of the second product stream (e.g., at least 25%, at least 50%, or at least 75%) can be recycled to the second feed stream
221 via recycle stream236. In various embodiments, the process includes recycling at least a portion of COof the second
product stream to the first feed stream.For example, in the process of FIG. 4, at least a portion ofCOof the secondproduct
stream (e.g., at least 25%,at least 50%,or at least 75%) canbe recycled to the first feedstream311via recycle stream336.
In various embodiments, at least 25%, e.g., at least 50% of CO of the second product stream is recycled to the first feed
stream or the second feed stream. In various embodiments, at least 75%, e.g., at least 90% of CO of the second product
stream is recycled to the first feed stream or the second feed stream.
[0127] In many cases, both CO and H2 of the second product stream will be recycled.
[0128] Moreover, when one or more inerts are used in the Fischer-Tropsch process step, it can be desirable to recycle
these. For example, in various embodiments, the process includes recycling at least a portion of inerts of the second
product stream to the second feed stream. For example, in the process of FIG. 3, at least a portion of inerts of the second
product stream (e.g., at least 25%, at least 50%, or at least 75%) canbe recycled to the second feed stream221via recycle
stream 236. In various embodiments, the process includes recycling at least a portion of inerts of the second product
stream to the first feed stream. For example, in the process of FIG. 4, at least a portion of inerts of the second product
stream (e.g., at least 25%,at least 50%,or at least 75%) canbe recycled to the first feedstream311via recycle stream336.
In various embodiments, at least 25%, e.g., at least 50% of inerts of the second product stream is recycled to the first feed
streamor the second feed stream. In various embodiments, at least 75%, e.g., at least 90%of inerts of the second product
stream is recycled to the first feed stream or the second feed stream. In various embodiments, a purge stream can be
incorporatedwith the recycle stream toprevent uncontrolledaccumulationof inerts in the recycle stream(not shownhere).
[0129] Specifically, as CO2 is the carbon source for the reverse water-gas shift process step, it can be especially
desirable to recycle CO2 to the first feed stream. Accordingly, in various embodiments, the process includes recycling at
least aportion (e.g., at least 50%,at least 75%,orat least 90%)ofCO2of thesecondproduct stream to thefirst feedstream.
For example, in the process of FIG. 4, at least a portion of CO2 of the second product stream (e.g., at least 50%, at least
75%, or at least 90%) can be recycled to the first feed stream 311 via recycle stream 336.
[0130] In some cases, e.g., when CO2 is provided to the second feed stream from a CO2 source other than the first
product stream, CO2 from the second product stream can make up most of the CO2 of the first feed stream, e.g., at least
90%, at least 95%, or at least 98% of the CO2 of the first feed stream. This is shown, e.g., in FIG. 5. Here, the primary CO2
input to the process is through stream440,which becomes part of the second feed stream421.CO2of the second product
stream is included in recycle stream 442, which becomes part of first feed stream 411.
[0131] As noted above, the Fischer-Tropsch process step provides a second product stream that includes C5+
hydrocarbons (e.g., unsubstituted hydrocarbons like alkanes and alkenes, and/or oxygenated hydrocarbons such as
alcohols). Accordingly, in various embodiments, one or more products are provided from at least a portion of C5+
hydrocarbons of the second product stream. The C5+ hydrocarbons can be used as the basis of a variety of fuels, e.g.,
gasoline, diesel, aviation fuel. Other products, like waxes and lubricants, can also bemade. And alkenes and oxygenates
can be used as feedstocks in a variety of other processes.
[0132] The person of ordinary skill in the art will use conventional post-processing techniques to convert the C5+
hydrocarbon-containing product to desirable products such as desirable fuels. For example, in various embodiments, the
process further includes hydroprocessing at least a portion of C5+ hydrocarbons of the second product stream. As the
personofordinary skill in theartwill appreciate, hydroprocessing isa treatmentof thehydrocarbonstreamwithhydrogen in
the presence of a suitable catalyst. A wide variety of hydroprocessing techniques are known, and the person of ordinary
skill in the art will apply them here. For example, in the process 300 of FIG. 4, second product stream 322 is
hydroprocessed in hydroprocessing reactor 350, to provide a hydroprocessed product stream 352.
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[0133] As described above, CO2 and H2 are substantial inputs to the claimed processes. Advantageously, the present
inventors have recognized that each of these can come from renewable or otherwise environmentally responsible
sources.Asdescribedabove,a least apart of theCO2of thefirst feedstream is frombiogas,aCO2emissionsource,and/or
direct air capture. A part of the CO2 of the second feed stream may also be from biogas, a CO2 emission source, and/or
direct air capture.
[0134] Accordingly, in someembodimentsof thedisclosureasdescribedherein, at least apart of theCO2of thefirst feed
streamand/or the second feed stream is froma renewable source. In some embodiments, at least part (e.g., at least 25%,
at least 50%, or at least 75%) of theCO2 of the first feed streamand/or the second feed stream is fromdirect air capture. In
someembodiments, at least part (e.g., at least 25%, at least 50%, or at least 75%)of theCO2of the first feed streamand/or
thesecond feedstream is fromamanufacturingplant suchasabioethanol plant (e.g.,CO2produced fermentation), a steel
plant, or a cement plant. Accordingly, the rWGS-Fischer Tropsch integrated processes of the disclosure as described
herein can be not only carbon neutral, but in some cases a net consumer of carbon dioxide. These benefits in particular
make the integrated processes highly attractive for decarbonizing transportation fuels, for both automotive and aviation
sectors, since the carbon monoxide produced in the rWGS reaction can be readily utilized by well-established technol-
ogies to synthesize liquid hydrocarbon fuels by Fischer-Tropsch processes.
[0135] Similarly, H2 canbe provided fromenvironmentally-responsible sources. In someembodiments, at least a part of
the H2 of the first feed stream and/or the second feed stream is from a renewable source. For example, in various
embodiments, at least part (e.g., at least 25%, at least 50%, or at least 75%) of the H2 of the first feed stream and/or the
second feed stream can be so-called "green" hydrogen, e.g., produced from the electrolysis of water operated using
renewable electricity (such aswind, solar, or hydro-electric power). In someembodiments, at least part (e.g., at least 25%,
at least 50%,or at least 75%)of theH2of thefirst feedstreamand/or the second feedstreammaybe fromaso-called "blue"
source, e.g., from a natural gas reforming processwith carbon capture. Of course, other sources of H2 can be used in part
or in full. For example, in someembodiments, at least part (e.g., at least 25%, at least 50%, or at least 75%) of theH2 of the
first feed stream and/or the second feed stream is grey hydrogen, black hydrogen, brown hydrogen, pink hydrogen,
turquoise hydrogen, yellow hydrogen, and/or white hydrogen.
[0136] The present inventors have noted that electrolysis of water is a desirable way to provide hydrogen to the claimed
processes. Accordingly, in some embodiments, the process includes providing at least a portion of H2 to the first feed
stream and/or the second feed stream by electrolysis of water. In some embodiments, the electrolysis of water is
performed using at least partially electricity from a renewable source, e.g., to provide so-called "green hydrogen."
However, thepresent inventorshavenoted that electricity canbegeneratedaspart of theclaimedprocess, e.g., usingheat
exchange from the first or second product stream, or by burning light hydrocarbons as described above. In some
embodiments, the electrolysis of water is performed using at least partially electricity generated according to the
processes as described herein. For example, in the process 200 of FIG. 3, water 262 separated from the first product
stream is electrolyzed in electrolyzer 260, using electricity 264 generated from steammade in the steam generation zone
232 by heat exchange from the first product stream. H2 generated in the electrolysis is provided via stream 265 to the first
feed stream. In some embodiments, at least a portion of O2 generated in the electrolysis is provided to a partial oxidation
reaction zone as described herein and as shown in the embodiment of FIG. 7. Hydrogen fromelectrolysis can also burned
to provide heat energy, e.g., which can be used to heat the first feed stream.
[0137] Theprocesses described herein canbeoperated in awide variety of reactor systems. In someembodiments, the
first reaction zone (i.e., in which the reversewater-gas shift process step is performed) comprises a first reactor in which a
reversewater-gas shift catalyst is disposed, and the second reaction zone (i.e., inwhich theFischer-Tropschprocess step
is performed) comprises a second reactor inwhich theFischer-Tropsch catalyst is disposed. Examples of such processes
are shown schematically in FIGS. 1, 2, and 4. In these examples, the process (100, 200, 400) is performed in a reactor
system that includes a first reactor (110, 210, 410) in which a reverse water-gas shift catalyst (113, 213, 413) is disposed,
and a second reactor (120, 220, 420) inwhich theFischer-Tropsch catalyst (123, 223, 423) is disposed. The reactors used
for the integrated process of the present disclosure as described herein are not particularly limited, and the person of
ordinary skill in the art will be able to select an appropriate reactor.
[0138] But other embodiments are possible. For example, in some embodiments, the process is performed in a reactor
system comprising first catalyst bed in which the reverse water-gas shift catalyst is disposed, and wherein the second
reaction zone comprises a second catalyst bed in which the Fischer-Tropsch catalyst is disposed. In some embodiments,
thefirst reactor bedand thesecond reactor bedaredisposedwithin thesame reactor.Suchaconfiguration is shown inFIG.
4, in which the reversewater-gas shift catalyst 313 is disposed in a first catalyst bed 314, and the Fischer-Tropsch catalyst
323 is disposed in a second catalyst bed 324. Here, the catalyst beds 314 and 324 are in the same reactor 305, with
process gases flowing between them.Such a configuration can be especially desirablewhen the first temperature and the
second temperature are relatively close to one another.
[0139] In various embodiments, the process is performed in a reactor system comprising one or more first catalyst
containers inwhich the reversewater-gas shift catalyst is disposed, andwherein the second reaction zone comprises one
ormore second catalyst containers in which the Fischer-Tropsch catalyst is disposed. These can be provided in the same
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reactor, such as described above with respect to catalyst beds.
[0140] As noted above, the reverse water-gas shift process step using the palladium and platinum catalysts described
herein and the Fischer-Tropsch process step can be performed under similar conditions. Accordingly, in various
embodiments, the reverse water-gas shift catalyst and the Fischer-Tropsch catalyst can be provided together in the
same catalyst bed, e.g., mixed together. Such an embodiment is shown in FIG. 6. Here, the process 500 is performed in a
reactor system that includes a reactor 505 in which the reverse water-gas shift catalyst 513 and the Fischer-Tropsch
catalyst 523aremixed together inasinglecatalystbed524.Here, first feedstream511andsecondproduct stream522can
besubstantially asdescribedherein. Thefirst product streamand thesecond feedstreamareunderstood tobe themixture
of process gases within the mixed catalysts.
[0141] In the embodiments particularly-described above, separate rWGSandFischer-Tropsch catalysts are used, e.g.,
in separate reactors, in separate regions of the same reactor, or even comingled in the same region of a reactor.
[0142] However, the present inventors also note that there are certain commonalities between the rWGS catalysts
described herein and certain Fischer-Tropsch catalysts. For example, as the person of ordinary skill in the art would
appreciate, manganese is a common modifier used in Fischer-Tropsch catalysts, especially those based on cobalt. The
present inventors also note that similar supports can be used for each.
[0143] Accordingly, in addition to theconfigurationsdescribedabove, thepresent inventors contemplate theprovisionof
a single bifunctional catalyst with both reverse water-gas shift activity and Fischer-Tropsch activity. Such a bifunctional
catalyst includes both rWGS-active catalyst metal and the Fischer-Tropsch active catalyst metal in the same body. The
person or ordinary skill in the art will appreciate that both the rWGS catalysts and the Fischer-Tropsch catalysts are
supported catalyst, e.g., metal oxide supported catalyst. As such, in various embodiments of the present disclosure, the
rWGS-active catalystmetals and Fischer-Tropsch active catalystmetals can be provided together on the same support to
provide a bifunctional catalyst. For example, in some embodiments, the supports of bifunctional catalyst are provided
themselves as discrete body of material, e.g., as porous particles, pellets, or shaped extrudates, with the rWGS-active
catalyst metals and the FT-active catalyst metals provided thereon to provide a bifunctional catalyst. The rWGS-active
catalyst metals and the FT-active catalyst metals may be homogenous distributed throughout the support or may be
distributed in discrete areas throughout the support. However, in other embodiments, the bifunctional catalyst of the
disclosure can itself be formed as a layer on an underlying substrate. For example, in someembodiments, the bifunctional
catalyst is formed from a layer of rWGS-active catalyst metals and a layer of FT-active catalyst metals on an underlying
substrate. The rWGS-active catalyst metals and the FT-active catalyst metals may be homogeneously distributed on the
underlying substrate. In other embodiments, the rWGS-active catalyst metals and the FT-active catalystmetalsmay be in
discrete areas on the underlying substrate. The underlying substrate is not particularly limited. It can be formed of, e.g., a
metal or metal oxide, and can itself be provided in a number of forms, such as particles, pellets, shaped extrudates, or
monoliths.
[0144] The bifunctional catalyst includes a support material, the rWGS-active catalyst metals as described herein, and
the Fischer-Tropsch active catalyst metals as described herein. For example, the bifunctional catalyst includes a support
that is ametal oxide support as described herein, at least one of platinum, palladium, gold, andmetal as described herein,
and at least one of cobalt, iron, rhodium, and ruthenium. In some embodiments of present disclosure, the bifunctional
catalyst includes a support that is a metal oxide support as described herein, at least one of platinum, palladium, gold,
metal as described herein, and cobalt. In someembodiments of the present disclosure, the bifunctional catalyst includes a
support comprising at least one of titanium oxide, zirconium oxide, cerium oxide, or aluminum oxide, at least one of
platinum, palladium, gold, and nickel, metals as described herein, and cobalt. In some embodiments, the bifunctional
catalyst includes a titaniumoxide support, at least one of platinum, palladium, gold, and nickel, metal as described herein,
andcobalt. In someembodiments, thebifunctional catalyst includesa titaniumoxidesupport, platinum,metal asdescribed
herein, and cobalt. In someembodiments, the bifunctional catalyst includes a titaniumoxide support, palladium,metals as
described herein, and cobalt. In some embodiments, the bifunctional catalyst includes a titanium oxide support, gold,
metals as described herein, and cobalt. For example, in some embodiments, the bifunctional catalyst includes a titanium
oxide support, at least one of platinum, palladium, gold, and nickel, present in an amount in the range of 0.05 to 10 wt%,
metal asdescribedherein, present inanamount in the rangeof 0.5 to20wt%,andcobalt, present inanamount in the range
of 7‑25 wt%. In some embodiments, the bifunctional catalyst includes a titanium oxide support, platinum, present in an
amount in the range of 0.05 to 10 wt%,metal as described herein, present in an amount in the range of 0.5 to 20 wt%, and
cobalt, present in an amount in the range of 7‑25wt%. In some embodiments, the bifunctional catalyst includes a titanium
oxide support, palladium, present in an amount in the range of 0.05 to 10 wt%, metal as described herein, present in an
amount in the rangeof 0.5 to 20wt%, andcobalt, present in anamount in the rangeof 7‑25wt%. In someembodiments, the
bifunctional catalyst includes a titanium oxide support, gold, present in an amount in the range of 0.05 to 10 wt%,metal as
described herein, present in an amount in the range of 0.5 to 20wt%, and cobalt, present in an amount in the range of 7‑25
wt%.
[0145] The ratio of rWGS-active catalystmetals to FT-active catalystmetals in the bifunctional catalyst is not particularly
limited and the person of ordinary skill in the art would be able to select an appropriate ratio. For example, in some
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embodiments, the ratio of rWGS-active catalyst metals to FT-active catalyst metals in the bifunctional catalyst is at least
0.1:1. In various embodiments, the ratio of rWGS-active catalyst metals to FT-active catalyst metals in the bifunctional
catalyst is at least 0.2:1, or 0.5, or 1:1.
[0146] Such catalysts can be used in embodiments like those described with respect to FIG. 6. The person of ordinary
skill in the art will select reaction conditions that provide the appropriate balance of reverse water-gas shift activity and
Fischer-Tropsch activity.
[0147] FIG. 7 is a schematic depiction of another integrated process according to the disclosure. Here, the reverse
water-gas shift and Fischer-Tropsch process steps are integrated together with partial oxidation of light hydrocarbons to
provide CO andH2 to the Fischer-Tropsch process step; electrolysis to provide H2 for the reverse water-gas shift process
step and O2 for the partial oxidation; and various recycles and optional feeds, as described throughout the present
specification.
[0148] Additional aspects of the disclosure are provided by the following enumerated embodiments, which may be
combined in any number and in any combination that is not logically or technically inconsistent.

Embodiment 1. A supported reverse water-gas shift catalyst comprising:

a support that is a ceriumoxide support, a titaniumoxide support, an aluminumoxide support, zinc oxide support,
a zirconiumoxide support, or amixed oxide support comprising amixture of two ormore of ceriumoxide, titanium
oxide, aluminum oxide, zinc oxide and zirconium oxide;
a metal selected from at least one of manganese, copper, gallium, indium, lanthanum, titanium, niobium,
vanadium, and zirconium, present in an amount in the range of 0.5 to 20 wt% of the catalyst, based on the
total weight of the catalyst; and
optionally, at least oneof platinum,palladium,gold, andnickel, present inanamount in the rangeof 0.05 to10wt%
of the catalyst, based on the total weight of the catalyst.

Embodiment 2. The catalyst of embodiment 1, wherein the support makes up at least 70wt% (e.g., at least 75wt%, or
80 wt%, or 85 wt%, or 90 wt%) of the catalyst, on an oxide basis.

Embodiment 3. The catalyst of embodiment 1 or embodiment 2, wherein the support is a cerium oxide support.

Embodiment 4. The catalyst of embodiment 3, wherein at least a surface layer of the cerium oxide support comprises
at least 60 wt% cerium oxide, e.g., at least 70 wt% cerium oxide or at least 80 wt% cerium oxide, on an oxide basis.

Embodiment 5. The catalyst of embodiment 3, wherein at least a surface layer of the cerium oxide support comprises
at least 90 wt% cerium oxide, e.g., at least 95 wt% cerium oxide, or at least 98 wt% cerium oxide, on an oxide basis.

Embodiment 6. The catalyst of any of embodiments 3‑5, wherein the cerium oxide support comprises at least 50 wt%
ceriumoxide, e.g., at least 60wt%ceriumoxide, or at least 70wt%ceriumoxide, or at least 80wt%ceriumoxide, onan
oxide basis.

Embodiment 7. The catalyst of any of embodiments 3‑5, wherein the cerium oxide support comprises at least 90 wt%
cerium oxide, e.g., at least 95 wt% cerium oxide, or at least 98 wt% cerium oxide, on an oxide basis.

Embodiment 8. The catalyst of embodiment 1 or embodiment 2, wherein the support is a titanium oxide support.

Embodiment 9. The catalyst of embodiment 8,wherein at least a surface layer of the titaniumoxide support comprises
at least 60wt% titaniumoxide, e.g., at least 70wt% titaniumoxide, or at least 80wt% titaniumoxide, onanoxidebasis.

Embodiment 10. The catalyst of embodiment 8, wherein at least a surface layer of the titanium oxide support
comprises at least 90 wt% titanium oxide, e.g., at least 95 wt% titanium oxide, or at least 98 wt% titanium oxide, on an
oxide basis.

Embodiment 11. The catalyst of any of embodiments 8‑10, wherein the titanium oxide support comprises at least 50
wt% titanium oxide, e.g., at least 60 wt% titanium oxide, or at least 70 wt% titanium oxide, or at least 80 wt% titanium
oxide, on an oxide basis.

Embodiment 12. The catalyst of any of embodiments 8‑10, wherein the titanium oxide support comprises at least 90
wt% titanium oxide, e.g., at least 95 wt% titanium oxide, or at least 98 wt% titanium oxide, on an oxide basis.
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Embodiment 14. The catalyst of embodiment 1 or embodiment 2, wherein the support is an aluminum oxide support.

Embodiment 15. The catalyst of embodiment 14, wherein at least a surface layer of the aluminum oxide support
comprisesat least 60wt%aluminumoxide,e.g., at least 70wt%aluminumoxideorat least 80wt%aluminumoxide, on
an oxide basis.

Embodiment 16. The catalyst of embodiment 14, wherein at least a surface layer of the aluminum oxide support
comprises at least 90 wt% aluminum oxide, e.g., at least 95 wt% aluminum oxide, or at least 98 wt% aluminum oxide,
on an oxide basis.

Embodiment 17. The catalyst of any of embodiments 14‑16, wherein the aluminum oxide support comprises at least
50 wt% aluminum oxide, e.g., at least 60 wt% aluminum oxide, or at least 70 wt% aluminum oxide, or at least 80 wt%
aluminum oxide, on an oxide basis.

Embodiment 18. The catalyst of any of embodiments 14‑16, wherein the aluminum oxide support comprises at least
90 wt% aluminum oxide, e.g., at least 95 wt% aluminum oxide, or at least 98 wt% aluminum oxide, on an oxide basis.

Embodiment 19. The catalyst of embodiment 1 or embodiment 2, wherein the support is a zinc oxide support.

Embodiment20.Thecatalyst ofembodiment19,whereinat least asurface layerof thezincoxidesupport comprisesat
least 60 wt% zinc oxide, e.g., at least 70 wt% zirconium oxide or at least 80 wt% zinc oxide, on an oxide basis.

Embodiment21.Thecatalyst ofembodiment19,whereinat least asurface layerof thezincoxidesupport comprisesat
least 90 wt% zinc oxide, e.g., at least 95 wt% zinc oxide, or at least 98 wt% zinc oxide, on an oxide basis.

Embodiment 22. The catalyst of any of embodiments 19‑21,wherein the zinc oxide support comprises at least 50wt%
zinc oxide, e.g., at least 60 wt% zinc oxide, or at least 70 wt% zinc oxide, or at least 80 wt% zinc oxide, on an oxide
basis.

Embodiment 23. The catalyst of any of embodiments 19‑22,wherein the zinc oxide support comprises at least 90wt%
zinc oxide, e.g., at least 95 wt% zinc oxide, or at least 98 wt% zinc oxide, on an oxide basis.

Embodiment 24. The catalyst of embodiment 1 or embodiment 2, wherein the support is a zirconium oxide support.

Embodiment 25. The catalyst of embodiment 24, wherein at least a surface layer of the zirconium oxide support
comprisesat least 60wt%zirconiumoxide, e.g., at least 70wt%zirconiumoxideor at least 80wt%zirconiumoxide, on
an oxide basis.

Embodiment 26. The catalyst of embodiment 24, wherein at least a surface layer of the zirconium oxide support
comprises at least 90 wt% zirconium oxide, e.g., at least 95 wt% zirconium oxide, or at least 98 wt% zirconium oxide,
on an oxide basis.

Embodiment 27. The catalyst of any of embodiments 24‑26, wherein the zirconium oxide support comprises at least
50 wt% zirconium oxide, e.g., at least 60 wt% zirconium oxide, or at least 70 wt% zirconium oxide, or at least 80 wt%
zirconium oxide, on an oxide basis.

Embodiment 28. The catalyst of any of embodiments 24‑27, wherein the zirconium oxide support comprises at least
90 wt% zirconium oxide, e.g., at least 95 wt% zirconium oxide, or at least 98 wt% zirconium oxide, on an oxide basis.

Embodiment 29. The catalyst of embodiment 1 or embodiment 2, wherein the support is amixed oxide support having
at least a surface layer comprising at least 50wt%of twoormoreof ceriumoxide, titaniumoxide, aluminumoxide, zinc
oxide, and zirconium oxide, on an oxide basis.

Embodiment 30. The catalyst of any of embodiments 1‑29,wherein the support does not include additionalmetals in a
total amount of additionalmetals in excessof 2wt%, e.g., in excessof 1wt%or in excessof 0.5wt%, onanoxidebasis.

Embodiment 31. The catalyst of any of embodiments 1‑29,wherein the support includes at least one additionalmetal.
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Embodiment 32. The catalyst of embodiment 31, wherein the total amount of the at least one additional metal is in the
rangeof0.5‑20wt%,e.g., 1‑20wt%,or 2‑20wt%,or 0.5‑15wt%,or 1‑15wt%,or2‑15wt%,or 0.5‑10wt%,or 1‑10wt%,
or 2‑10 wt%, or 0.5‑5 wt%, or 1‑5 wt%, on an oxide basis.

Embodiment 33. The catalyst of any of embodiments 1‑32, wherein the support has a pore volume of at least 0.05
mL/g.

Embodiment 34. Thecatalyst of anyof embodiments1‑33,wherein the support hasapore volumeof atmost 1.5mL/g.

Embodiment 35. The catalyst of any of embodiments 1‑34, wherein the support has a pore volume in the range of
0.05‑1.5 mL/g.

Embodiment 36. The catalyst of any of embodiments 1‑35, wherein the metal is manganese.

Embodiment 37. The catalyst of embodiment 36, wherein manganese is present in the catalyst in an amount in the
range of 0.5 to 15 wt%, e.g., in the range of 0.5 to 12 wt% or 0.5 to 10 wt%, based on the total weight of the catalyst.

Embodiment 38. The catalyst of embodiment 36, wherein manganese is present in the catalyst in an amount in the
range of 1 to 20 wt%, e.g., in the range of 1 to15 wt%, or 1 to 12 wt%, or 1 to 10 wt%, based on the total weight of the
catalyst.

Embodiment 39. The catalyst of embodiment 36, wherein manganese is present in the catalyst in an amount in the
range of 2 to 20 wt%, e.g., in the range of 2 to15 wt%, or 2 to 12 wt%, or 2 to 10 wt%, based on the total weight of the
catalyst.

Embodiment 40. The catalyst of embodiment 36, wherein manganese is present in the catalyst in an amount in the
range of 4 to 20 wt%, e.g., in the range of 4 to 15 wt%, or 4 to 12 wt%, or 4 to 10 wt%, based on the total weight of the
catalyst.

Embodiment 41. The catalyst of any of embodiments 1‑35, wherein the metal is copper.

Embodiment 42. The catalyst of embodiment 41,wherein copper is present in the catalyst in an amount in the rangeof
0.5 to 15 wt%, e.g., in the range of 0.5 to 12 wt% or 0.5 to 10 wt%, based on the total weight of the catalyst.

Embodiment 43. The catalyst of embodiment 41,wherein copper is present in the catalyst in an amount in the rangeof
1 to 20 wt%, e.g., in the range of 1 to15 wt%, or 1 to 12 wt%, or 1 to 10 wt%, based on the total weight of the catalyst.

Embodiment 44. The catalyst of embodiment 41,wherein copper is present in the catalyst in an amount in the rangeof
2 to 20 wt%, e.g., in the range of 2 to15 wt%, or 2 to 12 wt%, or 2 to 10 wt%, based on the total weight of the catalyst.

Embodiment 45. The catalyst of embodiment 41,wherein copper is present in the catalyst in an amount in the rangeof
4 to 20 wt%, e.g., in the range of 4 to 15 wt%, or 4 to 12 wt%, or 4 to 10 wt%, based on the total weight of the catalyst.

Embodiment 46. The catalyst of any of embodiments 1‑35, wherein the metal is gallium.

Embodiment 47. The catalyst of embodiment 46,wherein gallium is present in the catalyst in anamount in the rangeof
0.5 to 15 wt%, e.g., in the range of 0.5 to 12 wt% or 0.5 to 10 wt%, based on the total weight of the catalyst.

Embodiment 48. The catalyst of embodiment 46,wherein gallium is present in the catalyst in anamount in the rangeof
1 to 20 wt%, e.g., in the range of 1 to15 wt%, or 1 to 12 wt%, or 1 to 10 wt%, based on the total weight of the catalyst.

Embodiment 49. The catalyst of embodiment 46,wherein gallium is present in the catalyst in anamount in the rangeof
2 to 20 wt%, e.g., in the range of 2 to15 wt%, or 2 to 12 wt%, or 2 to 10 wt%, based on the total weight of the catalyst.

Embodiment 50. The catalyst of embodiment 46,wherein gallium is present in the catalyst in anamount in the rangeof
4 to 20 wt%, e.g., in the range of 4 to 15 wt%, or 4 to 12 wt%, or 4 to 10 wt%, based on the total weight of the catalyst.

Embodiment 51. The catalyst of any of embodiments 1‑35, wherein the is indium.
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Embodiment 52. The catalyst of embodiment 51,wherein indium is present in the catalyst in an amount in the range of
0.5 to 15 wt%, e.g., in the range of 0.5 to 12 wt% or 0.5 to 10 wt%, based on the total weight of the catalyst.

Embodiment 53. The catalyst of embodiment 51,wherein indium is present in the catalyst in an amount in the range of
1 to 20 wt%, e.g., in the range of 1 to15 wt%, or 1 to 12 wt%, or 1 to 10 wt%, based on the total weight of the catalyst.

Embodiment 54. The catalyst of embodiment 51,wherein indium is present in the catalyst in an amount in the range of
2 to 20 wt%, e.g., in the range of 2 to15 wt%, or 2 to 12 wt%, or 2 to 10 wt%, based on the total weight of the catalyst.

Embodiment 55. The catalyst of embodiment 51,wherein indium is present in the catalyst in an amount in the range of
4 to 20 wt%, e.g., in the range of 4 to 15 wt%, or 4 to 12 wt%, or 4 to 10 wt%, based on the total weight of the catalyst.

Embodiment 56. The catalyst of any of embodiments 1‑35, wherein the metal is lanthanum.

Embodiment 57. The catalyst of embodiment 56, wherein lanthanum is present in the catalyst in an amount in the
range of 0.5 to 15 wt%, e.g., in the range of 0.5 to 12 wt% or 0.5 to 10 wt%, based on the total weight of the catalyst.

Embodiment 58. The catalyst of embodiment 56, wherein lanthanum is present in the catalyst in an amount in the
range of 1 to 20 wt%, e.g., in the range of 1 to15 wt%, or 1 to 12 wt%, or 1 to 10 wt%, based on the total weight of the
catalyst.

Embodiment 59. The catalyst of embodiment 56, wherein lanthanum is present in the catalyst in an amount in the
range of 2 to 20 wt%, e.g., in the range of 2 to15 wt%, or 2 to 12 wt%, or 2 to 10 wt%, based on the total weight of the
catalyst.

Embodiment 60. The catalyst of embodiment 56, wherein lanthanum is present in the catalyst in an amount in the
range of 4 to 20 wt%, e.g., in the range of 4 to 15 wt%, or 4 to 12 wt%, or 4 to 10 wt%, based on the total weight of the
catalyst.

Embodiment 61. The catalyst of any of embodiments 1‑35, wherein the metal is titanium.

Embodiment62.Thecatalystof embodiment61,wherein titanium ispresent in thecatalyst inanamount in the rangeof
0.5 to 15 wt%, e.g., in the range of 0.5 to 12 wt% or 0.5 to 10 wt%, based on the total weight of the catalyst.

Embodiment63.Thecatalystof embodiment61,wherein titanium ispresent in thecatalyst inanamount in the rangeof
1 to 20 wt%, e.g., in the range of 1 to 15 wt%, or 1 to 12 wt%, or 1 to 10 wt%, based on the total weight of the catalyst.

Embodiment64.Thecatalystof embodiment61,wherein titanium ispresent in thecatalyst inanamount in the rangeof
2 to 20 wt%, e.g., in the range of 2 to 15 wt%, or 2 to 12 wt%, or 2 to 10 wt%, based on the total weight of the catalyst.

Embodiment65.Thecatalystof embodiment61,wherein titanium ispresent in thecatalyst inanamount in the rangeof
4 to 20 wt%, e.g., in the range of 4 to 15 wt%, or 4 to 12 wt%, or 4 to 10 wt%, based on the total weight of the catalyst.

Embodiment 66. The catalyst of any of embodiments 1‑35, wherein the metal is niobium.

Embodiment67.Thecatalystof embodiment66,whereinniobium ispresent in thecatalyst inanamount in the rangeof
0.5 to 15 wt%, e.g., in the range of 0.5 to 12 wt% or 0.5 to 10 wt%, based on the total weight of the catalyst.

Embodiment68.Thecatalystof embodiment66,whereinniobium ispresent in thecatalyst inanamount in the rangeof
1 to 20 wt%, e.g., in the range of 1 to15 wt%, or 1 to 12 wt%, or 1 to 10 wt%, based on the total weight of the catalyst.

Embodiment69.Thecatalystof embodiment66,whereinniobium ispresent in thecatalyst inanamount in the rangeof
2 to 20 wt%, e.g., in the range of 2 to15 wt%, or 2 to 12 wt%, or 2 to 10 wt%, based on the total weight of the catalyst.

Embodiment70.Thecatalystof embodiment66,whereinniobium ispresent in thecatalyst inanamount in the rangeof
4 to 20 wt%, e.g., in the range of 4 to 15 wt%, or 4 to 12 wt%, or 4 to 10 wt%, based on the total weight of the catalyst.

Embodiment 71. The catalyst of any of embodiments 1‑35, wherein the metal is vanadium.
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Embodiment 72.Thecatalyst of embodiment 71,wherein vanadium ispresent in thecatalyst in anamount in the range
of 0.5 to 15 wt%, e.g., in the range of 0.5 to 12 wt% or 0.5 to 10 wt%, based on the total weight of the catalyst.

Embodiment 73.Thecatalyst of embodiment 71,wherein vanadium ispresent in thecatalyst in anamount in the range
of 1 to 20wt%, e.g., in the range of 1 to15wt%, or 1 to 12wt%, or 1 to 10wt%, based on the total weight of the catalyst.

Embodiment 74.Thecatalyst of embodiment 71,wherein vanadium ispresent in thecatalyst in anamount in the range
of 2 to 20wt%, e.g., in the range of 2 to15wt%, or 2 to 12wt%, or 2 to 10wt%, based on the total weight of the catalyst.

Embodiment 75.Thecatalyst of embodiment 71,wherein vanadium ispresent in thecatalyst in anamount in the range
of 4 to 20wt%, e.g., in the range of 4 to 15wt%, or 4 to 12wt%, or 4 to 10wt%, based on the total weight of the catalyst.

Embodiment 76. The catalyst of any of embodiments 1‑35, wherein the metal is zirconium.

Embodiment 77. Thecatalyst of embodiment 76,wherein zirconium is present in thecatalyst in anamount in the range
of 0.5 to 15 wt%, e.g., in the range of 0.5 to 12 wt% or 0.5 to 10 wt%, based on the total weight of the catalyst.

Embodiment 78. Thecatalyst of embodiment 76,wherein zirconium is present in thecatalyst in anamount in the range
of 1 to 20wt%, e.g., in the range of 1 to15wt%, or 1 to 12wt%, or 1 to 10wt%, based on the total weight of the catalyst.

Embodiment 79. Thecatalyst of embodiment 76,wherein zirconium is present in thecatalyst in anamount in the range
of 2 to 20wt%, e.g., in the range of 2 to15wt%, or 2 to 12wt%, or 2 to 10wt%, based on the total weight of the catalyst.

Embodiment 80. Thecatalyst of embodiment 76,wherein zirconium is present in thecatalyst in anamount in the range
of 4 to 20wt%, e.g., in the range of 4 to 15wt%, or 4 to 12wt%, or 4 to 10wt%, based on the total weight of the catalyst.

Embodiment 81. The catalyst of any of embodiments 1‑80, wherein the total amount of cerium, titanium, aluminum,
zirconium, metal (e.g., manganese, gallium, indium, lanthanum, titanium, niobium, vanadium, and zirconium), in the
catalyst is at least 90 wt%, e.g., at least 95 wt% or at least 98 wt% of the catalyst, on a metallic basis.

Embodiment 82. The catalyst of any of embodiments 1‑81, wherein platinum, palladium, gold, or nickel is present in
the catalyst.

Embodiment 83. A supported reverse water-gas shift catalyst comprising:

a support that is a cerium oxide support, a titanium oxide support, a zirconium oxide support, or a mixed oxide
support comprising a mixture of two or more of cerium oxide, titanium oxide, aluminum oxide, zinc oxide, and
zirconium oxide;
a metal selected from at least one of manganese, copper, gallium, indium, lanthanum, titanium, niobium,
vanadium, and zirconium, present in an amount in the range of 0.5 to 20 wt% of the catalyst, based on the
total weight of the catalyst; and
at least one of platinum, palladium, gold, and nickel present in an amount in the range of 0.05 to 10 wt% of the
catalyst, based on the total weight of the catalyst.

Embodiment 84. The catalyst of embodiment 83, wherein the support is as described in any of embodiments 2‑35.

Embodiment 85. The catalyst of embodiment 83 or embodiment 84,wherein themetal ismanganese and is present in
the amounts as described in embodiments 36‑40.

Embodiment 86. The catalyst of embodiment 83 or embodiment 84, wherein themetal is copper and is present in the
amounts as described in embodiments 41‑45.

Embodiment 87. The catalyst of embodiment 83 or embodiment 84, wherein themetal is gallium and is present in the
amounts as described in embodiments 46‑50.

Embodiment 88. The catalyst of embodiment 83 or embodiment 84, wherein themetal is indium and is present in the
amounts as described in embodiments 51‑55.

31

EP 4 553 134 A1

5

10

15

20

25

30

35

40

45

50

55



Embodiment 89. The catalyst of embodiment 83 or embodiment 84, wherein themetal is lanthanum and is present in
theamounts as described in embodiments 56‑60.Embodiment 90. Thecatalyst of embodiment 83or embodiment 84,
wherein the metal is titanium and is present in the amounts as described in embodiments 61‑65.

Embodiment 91. The catalyst of embodiment 83 or embodiment 84, wherein themetal is niobiumand is present in the
amounts as described in embodiments 66‑70.

Embodiment 92. The catalyst of embodiment 83 or embodiment 84, wherein the metal is vanadium and is present in
the amounts as described in embodiments 71‑75.

Embodiment 93. The catalyst of embodiment 83 or embodiment 84, wherein the metal is zirconium and is present in
the amounts as described in embodiments 76‑80.

Embodiment 94. The catalyst of any of embodiments 83‑93, wherein platinum is present in the catalyst.

Embodiment 95. The catalyst of embodiment 94, wherein platinum is present in the catalyst in an amount in the range
of 0.1 to 10 wt%, e.g., in the range of 0.5 to 10 wt%, or 1 to 10 wt%, or 2 to 10 wt%, or 5 to 10 wt%, based on the total
weight of the catalyst.

Embodiment 96. The catalyst of embodiment 94, wherein platinum is present in the catalyst in an amount in the range
of 0.05 to 7wt%, e.g., in the rangeof 0.1 to 7wt%, or 0.5 to 7wt%, or 1 to 7wt%, or 2 to 7wt%, basedon the total weight
of the catalyst.

Embodiment 97. The catalyst of embodiment 94, wherein platinum is present in the catalyst in an amount in the range
of 0.05 to 5wt%, e.g., in the rangeof 0.1 to 5wt%, or 0.5 to 5wt%, or 1 to 5wt%, or 2 to 5wt%, basedon the total weight
of the catalyst.

Embodiment 98. The catalyst of embodiment 94,wherein platinum is present in the catalyst in an amount in a range of
0.05 to 2wt%, e.g., in the range of 0.1 to 2wt%, or 0.3 to 2wt%, or 0.5 to 2wt%, or 1 to 2wt%, based on the total weight
of the catalyst.

Embodiment 99. The catalyst of embodiment 94,wherein platinum is present in the catalyst in an amount in a range of
0.05 to 1.5wt%, e.g., in the range of 0.1 to 1.5wt%, or 0.3 to 1.5wt%, or 0.5 to 1.5wt%, based on the total weight of the
catalyst.

Embodiment 100.Thecatalyst of embodiment 94,wherein platinum ispresent in thecatalyst in anamount in the range
of 0.05 to 1 wt%, e.g., in the range of 0.1 to 1 wt%, or 0.3 to 1 wt%, or 0.5 to 1 wt%, based on the total weight of the
catalyst.

Embodiment 101.Thecatalyst of embodiment 94,wherein platinum ispresent in thecatalyst in anamount in the range
of 0.05 to 0.8 wt%, e.g., in the range of 0.1 to 0.8 wt%, or 0.3 to 0.8 wt%, or 0.5 to 0.8 wt%, based on the total weight of
the catalyst.

Embodiment 102. The catalyst of any of embodiments 83‑93, wherein palladium is present in the catalyst.

Embodiment 103. The catalyst of embodiment 102, wherein palladium is present in the catalyst in an amount in the
range of 0.1 to 10 wt%, e.g., in the range of 0.5 to 10 wt%, or 1 to 10 wt%, or 2 to 10 wt%, or 5 to 10 wt%, based on the
total weight of the catalyst.

Embodiment 104. The catalyst of embodiment 102, wherein palladium is present in the catalyst in an amount in the
range of 0.05 to 7wt%, e.g., in the range of 0.1 to 7wt%, or 0.5 to 7wt%, or 1 to 7wt%, or 2 to 7wt%, based on the total
weight of the catalyst.

Embodiment 105. The catalyst of embodiment 102, wherein palladium is present in the catalyst in an amount in the
range of 0.05 to 5wt%, e.g., in the range of 0.1 to 5wt%, or 0.5 to 5wt%, or 1 to 5wt%, or 2 to 5wt%, based on the total
weight of the catalyst.

Embodiment 106. The catalyst of embodiment 102, wherein palladium is present in the catalyst in an amount in a
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rangeof 0.05 to 2wt%,e.g., in the rangeof 0.1 to 2wt%, or 0.3 to 2wt%, or 0.5 to 2wt%, basedon the totalweight of the
catalyst.

Embodiment 107. The catalyst of embodiment 102, wherein palladium is present in the catalyst in an amount in a
range of 0.05 to 1.5 wt%, e.g., in the range of 0.1 to 1.5 wt%, or 0.3 to 1.5 wt%, or 0.5 to 1.5 wt%, based on the total
weight of the catalyst.

Embodiment 108. The catalyst of embodiment 102, wherein palladium is present in the catalyst in an amount in the
rangeof 0.05 to 1wt%,e.g., in the rangeof 0.1 to 1wt%, or 0.3 to 1wt%, or 0.5 to 1wt%, basedon the totalweight of the
catalyst.

Embodiment 109. The catalyst of embodiment 102, wherein palladium is present in the catalyst in an amount in the
range of 0.05 to 0.8 wt%, e.g., in the range of 0.1 to 0.8 wt%, or 0.3 to 0.8 wt%, or 0.5 to 0.8 wt%, based on the total
weight of the catalyst.

Embodiment 110. The catalyst of any of embodiments 82‑93, wherein gold is present in the catalyst.

Embodiment 111. The catalyst of embodiment 110, wherein gold is present in the catalyst in an amount in the range of
0.1 to 10wt%, e.g., in the rangeof 0.5 to 10wt%,or 1 to10wt%,or 2 to 10wt%,or 5 to10wt%,basedon the totalweight
of the catalyst.

Embodiment 112. The catalyst of embodiment 110, wherein gold is present in the catalyst in an amount in the range of
0.05 to 7wt%, e.g., in the rangeof 0.1 to 7wt%, or 0.5 to 7wt%, or 1 to 7wt%, or 2 to 7wt%, based on the total weight of
the catalyst.

Embodiment 113. The catalyst of embodiment 110, wherein gold is present in the catalyst in an amount in the range of
0.05 to 5wt%, e.g., in the rangeof 0.1 to 5wt%, or 0.5 to 5wt%, or 1 to 5wt%, or 2 to 5wt%, based on the total weight of
the catalyst.

Embodiment 114. The catalyst of embodiment 110, wherein gold is present in the catalyst in an amount in a range of
0.05 to 2wt%,e.g., in the rangeof 0.1 to2wt%,or 0.3 to2wt%,or 0.5 to 2wt%,basedon the totalweight of the catalyst.

Embodiment 115. The catalyst of embodiment 110, wherein gold is present in the catalyst in an amount in a range of
0.05 to 1.5wt%, e.g., in the range of 0.1 to 1.5wt%, or 0.3 to 1.5wt%, or 0.5 to 1.5wt%, based on the total weight of the
catalyst.

Embodiment 116. The catalyst of embodiment 110, wherein gold is present in the catalyst in an amount in the range of
0.05 to 1wt%,e.g., in the rangeof 0.1 to1wt%,or 0.3 to1wt%,or 0.5 to 1wt%,basedon the totalweight of the catalyst.

Embodiment 117. The catalyst of embodiment 110, wherein gold is present in the catalyst in an amount in the range of
0.05 to 0.8wt%, e.g., in the range of 0.1 to 0.8wt%, or 0.3 to 0.8wt%, or 0.5 to 0.8wt%, based on the total weight of the
catalyst.

Embodiment 118. The catalyst of any of embodiments 82‑93, wherein nickel is present in the catalyst.

Embodiment119.Thecatalystof embodiment118,whereinnickel ispresent in thecatalyst inanamount in the rangeof
0.1 to 10wt%, e.g., in the rangeof 0.5 to 10wt%,or 1 to10wt%,or 2 to 10wt%,or 5 to10wt%,basedon the totalweight
of the catalyst.

Embodiment 120. The catalyst of embodiment 118, wherein nickel is present in the catalyst in an amount in the range
of 0.05 to 7wt%, e.g., in the rangeof 0.1 to 7wt%, or 0.5 to 7wt%, or 1 to 7wt%, or 2 to 7wt%, basedon the total weight
of the catalyst.

Embodiment 121. The catalyst of embodiment 118, wherein nickel is present in the catalyst in an amount in the range
of 0.05 to 5wt%, e.g., in the rangeof 0.1 to 5wt%, or 0.5 to 5wt%, or 1 to 5wt%, or 2 to 5wt%, basedon the total weight
of the catalyst.

Embodiment 122. The catalyst of embodiment 118, wherein nickel is present in the catalyst in an amount in a range of
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0.05 to2wt%,e.g., in the rangeof 0.1 to2wt%,or 0.3 to2wt%,or 0.5 to 2wt%,basedon the totalweight of the catalyst.

Embodiment 123. The catalyst of embodiment 118, wherein nickel is present in the catalyst in an amount in a range of
0.05 to 1.5wt%, e.g., in the range of 0.1 to 1.5wt%, or 0.3 to 1.5wt%, or 0.5 to 1.5wt%, based on the total weight of the
catalyst.

Embodiment 124. The catalyst of embodiment 118, wherein nickel is present in the catalyst in an amount in the range
of 0.05 to 1 wt%, e.g., in the range of 0.1 to 1 wt%, or 0.3 to 1 wt%, or 0.5 to 1 wt%, based on the total weight of the
catalyst.

Embodiment 125. The catalyst of embodiment 118, wherein nickel is present in the catalyst in an amount in the range
of 0.05 to 0.8 wt%, e.g., in the range of 0.1 to 0.8 wt%, or 0.3 to 0.8 wt%, or 0.5 to 0.8 wt%, based on the total weight of
the catalyst.

Embodiment 126. The catalyst of any of embodiments 83‑125, wherein a weight ratio of platinum, palladium, gold,
and/or nickel to themetal (e.g.,manganese, gallium, indium, lanthanum, titanium, niobium, vanadium,and zirconium)
is at least 0.05:1, e.g., at least 0.1:1.

Embodiment 127. The catalyst of any of embodiments 83‑126, wherein a weight ratio of platinum, palladium, gold,
and/or nickel to themetal (e.g.,manganese, gallium, indium, lanthanum, titanium, niobium, vanadium,and zirconium)
is at most 5:1, e.g., at most 2:1, or 1:1, or 0.5:1.

Embodiment 128. The catalyst of any of embodiments 83‑127, wherein a ratio of platinum, palladium, gold, and/or
nickel to the metal (e.g., manganese, gallium, indium, lanthanum, titanium, niobium, vanadium, and zirconium) is in
the range of 0.05:1 to 1:1 (e.g., in the range of 0.05:1 to 2:1, or 0.05:1 to 1:1, or 0.05:1 to 0.5:1, or 0.05:1 to 0.3:1, or
0.07:1 to5:1, or 0.07:1 to2:1, or 0.07:1 to1:1, or 0.07:1 to0.5:1, or 0.07:1 to0.3:1, or 0.1:1 to5:1, or 0.1:1 to2:1, or 0.1:1
to 1:1, or 0.1:1 to 0.5:1, or 0.1:1 to 0.3:1).

Embodiment 129. The catalyst of any of embodiments 83‑128, wherein the total amount of cerium, titanium, zinc,
zirconium, metal (e.g., manganese, copper, gallium, indium, lanthanum, titanium, niobium, vanadium, and zirco-
nium), platinum, palladium, gold, and nickel in the catalyst is at least 90wt%, e.g., at least 95wt%or at least 98wt%of
the catalyst, on a metallic basis.

Embodiment 130. A method for making the catalyst of any of embodiments 1‑129, the method comprising:

providing a support that is a cerium oxide support, a titanium oxide support, an aluminum oxides support, a zinc
oxide support, a zirconium oxide support, or amixed oxide support comprising amixture of two ormore of cerium
oxide, titanium oxide, aluminum oxide, zinc oxide, and zirconium oxide;
contacting the support with one or more liquids each comprising one or more metalcontaining compounds
dispersed in a solvent(s), wherein the metal is selected from manganese, copper, gallium, indium, lanthanum,
titanium, niobium, vanadium, and zirconium, and optionally one or more platinum‑, palladium‑, gold‑, or nickel‑
containing compounds;
allowing the solvent(s) to evaporate to provide a catalyst precursor; and calcining the catalyst precursor.

Embodiment 131. The method of embodiment 130, wherein contacting the support with the liquid comprises adding
the liquid in an amount equal to the pore volume of the support.

Embodiment 132. The method of embodiment 130, wherein contacting the support with the liquid comprises adding
the liquid in an amount greater than the pore volume of the support.

Embodiment 133. The method of any of embodiments 130‑132, wherein ratio of the amount liquid to the amount of
support on a mass basis is in the range of 1:1 to 5:1 (e.g., in the range of 1:1 to 3:1).

Embodiment 134. The method of any of embodiments 130‑133, wherein contacting the support with the liquid
provides a slurry.

Embodiment 135. The method of any of embodiments 130‑134, wherein allowing the solvent to evaporate is
conducted at ambient temperature.
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Embodiment 136. Themethodof embodiments 130‑135,wherein allowing the solvent to evaporate is conductedat an
elevated temperature (e.g., in the range of 50‑150 °C) for a drying time (e.g., 24 hours).

Embodiment 137. The method of embodiments 130‑135, wherein allowing the solvent to evaporate is conducted
under vacuum and at an elevated temperature (e.g., in the range of 50‑150 °C) for a drying time (e.g., 24 hours).

Embodiment 138. The method of any of embodiments 130‑135, wherein allowing the solvent to evaporate is
conducted in a stirring drybath at an elevated temperature (e.g., in the range of 30‑100 °C).

Embodiment 139. Themethod of any of embodiments 130‑138,wherein calcining the catalyst precursor is conducted
for a calcining time in the range of 0.5 to 24 hours (e.g., 0.5 to 15 hours, or 0.5 to 10 hours, or 0.5 to 5 hours).

Embodiment 140. Themethod of any of embodiments 130‑139,wherein calcining the catalyst precursor is conducted
for a calcining is in the range of 100‑600 °C (e.g., in the range of 120‑500 °C).

Embodiment 141. The catalyst of any of embodiments 1‑129,made by amethod according to embodiments 130‑140.

Embodiment 142. A method for performing a reverse water-gas shift reaction, the method comprising:
contacting at a temperature in the range of 100‑1100 °C a catalyst according to any of embodiments 1‑104 and 116
witha feedstreamcomprisingCO2andH2,whereinat leastpart of theCO2of thefirst feedstream is frombiogas,aCO2
emission source, and/or direct air capture, to provide a product stream comprising CO and H2, the product stream
having a lower concentration of CO2 and a higher concentration of CO than the feed stream.

Embodiment 143. Themethod of embodiment 142, wherein the reverse water-gas shift reaction has a CO selectivity
of at least 50%, e.g., of at least 60%.

Embodiment 144. Themethod of embodiment 142, wherein the reverse water-gas shift reaction has a CO selectivity
of at least 70%, e.g., of at least 80%.

Embodiment 145. Themethod of embodiment 142, wherein the reverse water-gas shift reaction has a CO selectivity
of at least 85%, e.g., of at least 95%.

Embodiment 146. Themethod of embodiment 142, wherein the reverse water-gas shift reaction has a CO selectivity
of at least 85%, e.g., of at least 96%.

Embodiment 147. Themethod of embodiment 142, wherein the reverse water-gas shift reaction has a CO selectivity
of 50‑99 wt%, e.g., 60‑99%, or 70‑99%, or 80‑99%, or 90‑99%, or 95‑99%.

Embodiment 148. Themethod of embodiment 142, wherein the reverse water-gas shift reaction has a CO selectivity
of 50‑90%, e.g., 60‑90%, or 70‑90%, or 50‑80%, or 60‑80%, or 50‑70%.

Embodiment 149. The method of any of embodiments 142‑148, wherein the reverse water-gas shift reaction has a
methane selectivity of no more than 40%, e.g., no more than 35%, or 30%, or 25%, or 20%.

Embodiment 150. The method of any of embodiments 142‑148, wherein the reverse water-gas shift reaction has a
methane selectivity of no more than 15%, e.g., no more than 12%, or 10%, or 8%.

Embodiment 151. The method of any of embodiments 142‑148, wherein the reverse water-gas shift reaction has a
methane selectivity of no more than 5%, e.g., no more than 4%.

Embodiment 152. The method of any of embodiments 142‑148, wherein the reverse water-gas shift reaction has a
methane selectivity of no more than 2%, e.g., no more than 1%.

Embodiment 153. The method of any of embodiments 142‑148, wherein the reverse water-gas shift reaction has a
methane selectivity of no more than 0.5%, e.g., no more than 0.2%.

Embodiment 154. Themethod of any of embodiments 142‑153, having aCO2 conversion of at least 5%, e.g., at least
10%, or 20%.
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Embodiment 155. Themethodof anyof embodiments 142‑153, havingaCO2conversion of at least 30%, e.g., at least
40%.

Embodiment 156. Themethod of any of embodiments 142‑155, having a CO2 conversion of nomore than 90%, e.g.,
no more than 80%, or no more than 70%.

Embodiment 157. Themethod of any of embodiments 142‑156, having a CO2 conversion of nomore than 65%, e.g.,
no more than 60%.

Embodiment 158. Themethod of any of embodiments 142‑157, conducted at a temperature in the range of 250‑1050
°C, e.g., in the range of 250‑1000 °C, or 250‑950 °C.

Embodiment 159. The method of any of embodiments 142‑157, conducted at a temperature in the range of 250‑900
°C, e.g., in the range of 250‑850 °C , or 250‑800 °C, or 250‑750 °C, or 250‑700 °C, or 250‑650 °C, or 250‑600 °C.

Embodiment 160. Themethod of any of embodiments 142‑157, conducted at a temperature in the range of 300‑1100
°C, e.g., in the range of 300‑1050 °C, or 300‑1000 °C, or 300‑950 °C.

Embodiment 161. The method of any of embodiments 142‑157, conducted at a temperature in the range of 300‑900
°C, e.g., in the range of 300‑850 °C, or 300‑800 °C, or 300‑750 °C, or 300‑700 °C, or 300‑650 °C, or 300‑600 °C.

Embodiment 162. Themethod of any of embodiments 142‑157, conducted at a temperature in the range of 350‑1100
°C, e.g., in the range of 350‑1050 °C, or 350‑1000 °C , or 350‑950 °C.

Embodiment 163. The method of any of embodiments 142‑157, conducted at a temperature in the range of 350‑900
°C, e.g., in the range of 350‑850 °C, or 350‑800 °C , or 350‑750 °C, or 350‑700 °C, or 350‑650 °C, or 350‑600 °C.

Embodiment 164. Themethod of any of embodiments 142‑157, conducted at a temperature in the range of 400‑1100
°C, e.g., in the range of 400‑1050 °C, or 400‑1000 °C , or 400‑950 °C.

Embodiment 165. The method of any of embodiments 142‑157, conducted at a temperature in the range of 400‑900
°C, e.g., in the range of 400‑850 °C, or 400‑800 °C , or 400‑750 °C, or 400‑700 °C, or 400‑650 °C, or 400‑600 °C.

Embodiment 166. Themethod of any of embodiments 142‑157, conducted at a temperature in the range of 450‑1100
°C, e.g., in the range of 450‑1050 °C, or 450‑1000 °C, or 450‑950 °C.

Embodiment 167. The method of any of embodiments 142‑157, conducted at a temperature in the range of 450‑900
°C, e.g., in the range of 450‑850 °C, or 450‑800 °C, or 450‑750 °C, or 450‑700 °C, or 450‑650 °C, or 450‑600 °C.

Embodiment 168. Themethod of any of embodiments 142‑157, conducted at a temperature in the range of 500‑1100
°C, e.g., in the range of 500‑1050 °C, or 500‑1000 °C, or 500‑950 °C.

Embodiment 169. The method of any of embodiments 142‑157, conducted at a temperature in the range of 500‑900
°C, e.g., in the range of 500‑850 °C, or 500‑800 °C, or 500‑750 °C , or 500‑700 °C, or 500‑650 °C, or 500‑600 °C.

Embodiment 170. Themethod of any of embodiments 142‑157, conducted at a temperature in the range of 550‑1100
°C, e.g., in the range of 550‑1050 °C, or 550‑1000 °C, or 550‑950°C.

Embodiment 171. The method of any of embodiments 142‑157, conducted at a temperature in the range of 550‑900
°C, e.g., in the range of 550‑850 °C, or 550‑800 °C, or 550‑750°C, or 550‑700 °C, or 550‑650 °C, or 550‑600 °C.

Embodiment 172. Themethod of any of embodiments 142‑157, conducted at a temperature in the range of 600‑1100
°C, e.g., in the range of 600‑1050 °C, or 600‑1000 °C, or 600‑950°C.

Embodiment 173. The method of any of embodiments 142‑157, conducted at a temperature in the range of 600‑900
°C, e.g., in the range of 600‑850 °C, or 600‑800 °C, or 600‑750°C, or 600‑700 °C, or 600‑650 °C.

Embodiment 174. Themethod of any of embodiments 142‑157, conducted at a temperature in the range of 650‑1100
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°C, e.g., in the range of 650‑1050 °C, or 650‑1000 °C, or 650‑950°C.

Embodiment 175. The method of any of embodiments 142‑157, conducted at a temperature in the range of 650‑900
°C, e.g., in the range of 650‑850 °C, or 650‑800 °C, or 650‑750°C, or 650‑700 °C.

Embodiment 176. Themethod of any of embodiments 142‑157, conducted at a temperature in the range of 700‑1100
°C, e.g., in the range of 700‑1050 °C, or 700‑1000 °C, or 700‑950°C.

Embodiment 177. The method of any of embodiments 142‑157, conducted at a temperature in the range of 700‑900
°C, e.g., in the range of 700‑850 °C, or 700‑800 °C, or 700‑750°C.

Embodiment 178. The method of any of embodiments 142‑177, wherein at least part of the H2 of the feed stream is
from a renewable source.

Embodiment 179. The method of any of embodiments 142‑178, wherein at least part of the H2 of the feed stream is
green hydrogen.

Embodiment 180. The method of any of embodiments 142‑179, wherein at least part of the H2 of the feed stream is
blue hydrogen.

Embodiment 181. Themethod of any of embodiments 142‑180, wherein at least a part of the H2 of the feed stream is
grey hydrogen, black hydrogen, brown hydrogen, pink hydrogen, turquoise hydrogen, yellow hydrogen, and/or white
hydrogen.

Embodiment 182.Theprocessof embodiment 142‑180,wherein theCO2of thefirst feedstreamcomprisesat least 50
vol% (e.g., at least 75vol%, at least 90 vol%,or at least 95 vol%)CO2 frombiogas, aCO2emission source, and/orCO2
from direct air capture.

Embodiment183.Theprocessof claim142‑180,whereinat least part of theCO2of thefirst feedstream is frombiogas.

Embodiment 184. The process of embodiment 183, wherein the CO2 of the first feed stream comprises at least 50
vol% (e.g., at least 75 vol%, at least 90 vol%, or at least 95 vol%) CO2 from biogas.

Embodiment 185. The process of claim 142‑180, wherein at least part of the CO2 of the first feed stream is from direct
air capture.

Embodiment 186. The process of embodiment 185, wherein the CO2 of the first feed stream comprises at least 50
vol% (e.g., at least 75 vol%, at least 90 vol%, or at least 95 vol%) CO2 from direct air capture.

Embodiment 187. Theprocessof embodiment 142‑180,wherein at least part of theCO2of the first feedstream is from
a CO2 emission source (e.g., from a manufacturing plant, e.g., a bioethanol plant, a steel plant, or a cement plant).

Embodiment 188. The process of embodiment 187, wherein the CO2 of the first feed stream comprises at least 50
vol% (e.g., at least 75 vol%, at least 90 vol%, or at least 95 vol%) CO2 from a CO2 emission source.

Embodiment 189.Themethodof anyof embodiments142‑188,wherein themolar ratioofH2 toCO2 in the feedstream
is at least 0.1:1, e.g., at least 0.5:1.

Embodiment 190.Themethodof anyof embodiments142‑189,wherein themolar ratioofH2 toCO2 in the feedstream
is at least 0.9:1, e.g., at least 1:1 or at least 1.5:1.

Embodiment 191.Themethodof anyof embodiments142‑189,wherein themolar ratioofH2 toCO2 in the feedstream
is at least 2:1, e.g., at least 2.5:1.

Embodiment 192.Themethodof anyof embodiments142‑191,wherein themolar ratioofH2 toCO2 in the feedstream
is no more than 100:1, e.g., no more than 75:1, or 50:1.

Embodiment 193.Themethodof anyof embodiments142‑191,wherein themolar ratioofH2 toCO2 in the feedstream
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is no more than 20:1, e.g., no more than 15:1, or 10:1.

Embodiment 194.Themethodof anyof embodiments142‑191,wherein themolar ratioofH2 toCO2 in the feedstream
is in the range of 0.5:1 to 10:1.

Embodiment 195. Themethod of any of embodiments 142‑194, conducted at a pressure in the range of 1 to 100 barg
(e.g., in the rangeof 1 to 70barg, or 1 to50barg, or 1 to 40barg, or 1 to 35barg, or 5 to 80barg, or 5 to 50barg, or 5 to 40
barg, or 5 to 35 barg, or 10 to 70 barg, 10 to 50 barg, or 10 to 40 barg, or 10 to 35 barg, or 20 to 70 barg, 20 to 50 barg, or
20 to 40 barg, or 20 to 35 barg, or 25 to 70 barg, 25 to 50 barg, or 25 to 40 barg, or 25 to 35 barg).

Embodiment 196. The method of any of embodiments 142‑195, conducted at a GHSV in the range of 1,000 to
2,000,000 h‑1 (e.g., in the range of 1,000 to 1,200,000 h‑1, or 1,000 to 500,000 h‑1, or 1,000 to 100,000 h‑1, or 5,000 to
1,200,000 h‑1, or 5,000 to 500,000 h‑1, or 5,000 to 100,000 h‑1, or 10,000 to 1,200,000 h‑1, or 10,000 to 500,000 h‑1, or
10,000 to 100,000 h‑1).

Embodiment 197. Themethod of any of embodiments 142‑196, wherein the product stream comprises nomore than
95 mol% CO2 (e.g., no more than 90 mol% CO2).

Embodiment 198. Themethod of any of embodiments 142‑196, wherein the product stream comprises nomore than
85 mol% CO2 (e.g., no more than 80 mol% CO2).

Embodiment 199. Themethod of any of embodiments 142‑196, wherein the product stream comprises nomore than
75 mol% CO2 (e.g., no more than 70 mol% CO2).

Embodiment 200. The method of any of embodiments 142‑199, wherein the product stream further comprises CO2,
and wherein the method further comprises recycling at least a portion of the CO2 of the product stream to the feed
stream.

Embodiment 201. The method of any of embodiments 142‑200, wherein the product stream further comprises
hydrogen andwherein themethod further comprises recycling at least a portion of the hydrogen of the product stream
to the feed stream.

Embodiment 202.Themethodof anyof embodiments142‑201,wherein a ratio ofH2:CO in theproduct stream is in the
range of 0.1:1 to 100:1. (e.g., in the range of 0.1:1 to 50:1, or 0.1:1 to 25:1, or 0.1:1 to 10:1, or 0.1:1 to 5:1, or 1:1 to
100:1, or 1:1 to 50:1, or 1:1 to 25:1, or 1:1 to 10:1, or 1:1 to 5:1).

Embodiment 203. Themethod of any of embodiments 142‑202, wherein the product stream comprises nomore than
20 mol% methane, e.g., no more than 15 mol% methane.

Embodiment 204. Themethod of any of embodiments 142‑202, wherein the product stream comprises nomore than
10 mol% methane, e.g., no more than 5 mol%, or 1 mol%, or 0.5 mol%, or 0.1 mol% methane.

Embodiment 205. Themethod of any of embodiments 142‑204,wherein themethod comprises activating the catalyst
prior to contacting the catalyst with the feed stream.

Embodiment 206. Themethod of embodiment 205, wherein activating the catalyst comprises contacting the catalyst
with a reducing stream comprising a reductive gas (e.g., hydrogen).

Embodiment 207. The method of embodiment 205 or embodiment 206, wherein the reducing stream comprises
hydrogen in an amount of at least 25 mol% (e.g., at least 50 mol%, or 75 mol%, or 90 mol%).

Embodiment 208. The method of any of embodiments 205‑207, wherein activating the catalyst is conducted at a
temperature in the rangeof 200 to 1000 °C. (e.g., in the rangeof 250 °C to 1000 °C, or 300 °C to1000 °C, 200 °C to 900
°C,250 °C to900 °C, or300 °C to900 °C, 200 °C to800 °C,or250 °C to800 °C, or300 °C to800 °C, or200 °C to700 °C,
or 250 °C to 800 °C, or 300 °C to 700 °C).

Embodiment209.Themethodofanyof embodiments207‑208,whereinactivating thecatalyst providesacatalyst that
is at least 10% reduced (e.g., at least 25%, or 50%).

38

EP 4 553 134 A1

5

10

15

20

25

30

35

40

45

50

55



Embodiment 210. A process for performing an integrated Fischer-Tropsch process, the process comprising:

providingafirst feedstreamcomprisingH2andCO2,whereinat least part of theCO2of thefirst feedstream is from
biogas, a CO2 emission source, and/or direct air capture;
contacting at a first temperature in the range of 200‑1100 °C and at a first pressure a reverse water-gas shift
catalyst with the first feed stream to perform a reverse water-gas shift reaction to provide a first product stream
comprisingCOandH2, the first product streamhavinga lower concentration ofCO2andahigher concentration of
CO than the first feed stream;
contacting at a second temperature and at a second pressure a Fischer-Tropsch catalyst with a second feed
stream comprising H2 and at least a portion of CO of the first product stream to provide a second product stream
comprising C5+ hydrocarbons,
wherein the reverse water-gas shift catalyst is a supported reverse water-gas shift catalyst comprising:

a support that is a cerium oxide support, a titanium oxide support, an aluminum oxide support, a zinc oxide
support, a zirconium oxide support, or a mixed oxide support comprising a mixture of two or more of cerium
oxide, titanium oxide, aluminum oxide, zinc oxide, and zirconium oxide;
a metal selected from at least one of manganese, copper, gallium, indium, lanthanum, titanium, niobium,
vanadium,andzirconium,present inanamount in the rangeof 0.5 to20wt%of thecatalyst, basedon the total
weight of the catalyst; and
optionally, at least one of platinum, palladium, gold, and nickel present in an amount in the range of 0.05 to 10
wt% of the catalyst, based on the total weight of the catalyst.

Embodiment 211. Theprocessof embodiment 210,wherein the reversewater-gas shift catalyst is as described in any
embodiments 1 to 129.

Embodiment 212. The process of any embodiment 210, wherein the reverse water-gas shift catalyst is made by the
method of any of embodiments 130 to 141.

Embodiment 213. The process of any of embodiments 210‑212,wherein theCO2of the first feed streamcomprises at
least 50 vol% (e.g., at least 75 vol%, at least 90 vol%, or at least 95 vol%) CO2 from biogas, a CO2 emission source,
and/or CO2 from direct air capture.

Embodiment214.Theprocessof anyofembodiments210‑212,whereinat least part of theCO2of thefirst feedstream
is from biogas.

Embodiment 215. The process of embodiment 214, wherein the CO2 of the first feed stream comprises at least 50
vol% (e.g., at least 75 vol%, at least 90 vol%, or at least 95 vol%) CO2 from biogas.

Embodiment216.Theprocessof anyofembodiments210‑212,whereinat least part of theCO2of thefirst feedstream
is from direct air capture.

Embodiment 217. The process of embodiment 216, wherein the CO2 of the first feed stream comprises at least 50
vol% (e.g., at least 75 vol%, at least 90 vol%, or at least 95 vol%) CO2 from direct air capture.

Embodiment218.Theprocessof anyofembodiments210‑212,whereinat least part of theCO2of thefirst feedstream
is from a CO2 emission source (e.g., from a manufacturing plant, e.g., a bioethanol plant, a steel plant, or a cement
plant).

Embodiment 219. The process of embodiment 218, wherein the CO2 of the first feed stream comprises at least 50
vol% (e.g., at least 75 vol%, at least 90 vol%, or at least 95 vol%) CO2 from a CO2 emission source.

Embodiment 220. The process of any of embodiments 210‑219, wherein the molar ratio of H2 to CO2 in the first feed
stream is at least 0.1:1, e.g., at least 0.5:1.

Embodiment 221. The process of any of embodiments 210‑219, wherein the molar ratio of H2 to CO2 in the first feed
stream is at least 0.9:1, e.g., at least 1:1 or at least 1.5:1.

Embodiment 222. The process of any of embodiments 210‑219, wherein the molar ratio of H2 to CO2 in the first feed

39

EP 4 553 134 A1

5

10

15

20

25

30

35

40

45

50

55



stream is at least 2:1, e.g., at least 2.5:1.

Embodiment 223. The process of any of embodiments 210‑222, wherein the molar ratio of H2 to CO2 in the first feed
stream is no more than 100:1, e.g., no more than 75:1, or 50:1.

Embodiment 224. The process of any of embodiments 210‑222, wherein the molar ratio of H2 to CO2 in the first feed
stream is no more than 20:1, e.g., no more than 15:1, or 10:1.

Embodiment 225. The process of any of embodiments 210‑224, wherein the molar ratio of H2 to CO2 in the first feed
stream is in the range of 0.5:1 to 10:1.

Embodiment 226. The process according to any of embodiments 210‑225, wherein the first feed stream further
comprises CO.

Embodiment 227. Theprocessaccording to any of embodiments 210‑226,wherein the first feed streamcomprisesno
more than 20mol% (e.g., nomore than 10mol%, or nomore than 5mol%, or nomore than 3mol%, or nomore than 1
mol%) of CO.

Embodiment 228. The process according to any of embodiments 210‑227,wherein the first feed stream further
comprises one or more inert gases (e.g., nitrogen and/or methane).

Embodiment 229. Theprocessaccording to embodiment 228,wherein the first feed streamcomprise nomore than50
mol% (e.g., no more than 30 mol%, no more than 20 vml%, or no more than 10 mol%) of methane.

Embodiment 230. The process according to embodiment 228 or embodiment 229, wherein the first feed stream
comprises no more than 10 mol% (e.g., no more than 6 mol%, or no more than 2 mol%) of nitrogen.

Embodiment 231.Themethodof anyof embodiments210‑230,wherein the reversewater-gasshift reactionhasaCO
selectivity of at least 50%, e.g., of at least 60%.

Embodiment 232.Themethodof anyof embodiments210‑231,wherein the reversewater-gasshift reactionhasaCO
selectivity of at least 70%, e.g., of at least 80%.

Embodiment 233. Themethodof anyof embodiments210‑231,wherein the reversewater-gas shift reaction hasaCO
selectivity of at least 85%, e.g., of at least 95%.

Embodiment 234.Themethodof anyof embodiments210‑231,wherein the reversewater-gasshift reactionhasaCO
selectivity of at least 85%, e.g., of at least 96%.

Embodiment 235.Themethodof anyof embodiments210‑231,wherein the reversewater-gasshift reactionhasaCO
selectivity of 50‑99 wt%, e.g., 60‑99%, or 70‑99%, or 80‑99%, or 90‑99%, or 95‑99%.

Embodiment 236.Themethodof anyof embodiments210‑231,wherein the reversewater-gasshift reactionhasaCO
selectivity of 50‑90%, e.g., 60‑90%, or 70‑90%, or 50‑80%, or 60‑80%, or 50‑70%.

Embodiment 237. The method of any of embodiments 210‑236, wherein the reverse water-gas shift reaction has a
methane selectivity of no more than 40%, e.g., no more than 35%, or 30%, or 25%, or 20%.

Embodiment 238. The method of any of embodiments 210‑236, wherein the reverse water-gas shift reaction has a
methane selectivity of no more than 15%, e.g., no more than 12%, or 10%, or 8%.

Embodiment 239. The process of any of embodiments 210‑236, wherein the reverse water-gas shift reaction has a
methane selectivity of no more than 5%, e.g., no more than 4%.

Embodiment 240. The process of any of embodiments 210‑236, wherein the reverse water-gas shift reaction has a
methane selectivity of no more than 2%, e.g., no more than 1%.

Embodiment 241. The process of any of embodiments 210‑236, wherein the reverse water-gas shift reaction has a
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methane selectivity of no more than 0.5%, e.g., no more than 0.2%.

Embodiment 242. The process of any of embodiments 210‑241, wherein the reverse water-gas shift reaction has a
CO2 conversion of at least 5%, e.g., at least 10%, or 20%.

Embodiment 243. The process of any of embodiments 210‑241, wherein the reverse water-gas shift reaction has a
CO2 conversion of at least 30%, e.g., at least 40%.

Embodiment 244. The process of any of embodiments 210‑243, wherein the reverse water-gas shift reaction has a
CO2 conversion of no more than 90%, e.g., no more than 80%, or no more than 70%.

Embodiment 245. The process of any of embodiments 210‑243, wherein the reverse water-gas shift reaction has a
CO2 conversion of no more than 65%, e.g., no more than 60%.

Embodiment 246. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conducted at a temperature in the range of 250‑1050 °C, e.g., in the range of 250‑1000 °C, or 250‑950 °C.

Embodiment 247. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conductedat a temperature in the rangeof 250‑900 °C, e.g., in the rangeof 250‑850 °C , or 250‑800 °C, or 250‑750 °C,
or 250‑700 °C, or 250‑650 °C, or 250‑600 °C.

Embodiment 248. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conductedat a temperature in the rangeof 300‑1100 °C, e.g., in the rangeof 300‑1050 °C, or 300‑1000 °C, or 300‑950
°C.

Embodiment 249. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conductedat a temperature in the rangeof 300‑900 °C, e.g., in the rangeof 300‑850 °C, or 300‑800 °C, or 300‑750 °C,
or 300‑700 °C, or 300‑650 °C, or 300‑600 °C.

Embodiment 250. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conductedat a temperature in the rangeof 350‑1100 °C, e.g., in the rangeof 350‑1050 °C, or 350‑1000 °C , or 350‑950
°C.

Embodiment 251. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conductedat a temperature in the rangeof 350‑900 °C, e.g., in the rangeof 350‑850 °C, or 350‑800 °C , or 350‑750 °C,
or 350‑700 °C, or 350‑650 °C, or 350‑600 °C.

Embodiment 252. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conductedat a temperature in the rangeof 400‑1100 °C, e.g., in the rangeof 400‑1050 °C, or 400‑1000 °C , or 400‑950
°C.

Embodiment 253. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conductedat a temperature in the rangeof 400‑900 °C, e.g., in the rangeof 400‑850 °C, or 400‑800 °C , or 400‑750 °C,
or 400‑700 °C, or 400‑650 °C, or 400‑600 °C.

Embodiment 254. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conductedat a temperature in the rangeof 450‑1100 °C, e.g., in the rangeof 450‑1050 °C, or 450‑1000 °C, or 450‑950
°C.

Embodiment 255. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conductedat a temperature in the rangeof 450‑900 °C, e.g., in the rangeof 450‑850 °C, or 450‑800 °C, or 450‑750 °C,
or 450‑700 °C, or 450‑650 °C, or 450‑600 °C.

Embodiment 256. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conductedat a temperature in the rangeof 500‑1100 °C, e.g., in the rangeof 500‑1050 °C, or 500‑1000 °C, or 500‑950
°C.

Embodiment 257. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
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conductedat a temperature in the rangeof 500‑900 °C, e.g., in the rangeof 500‑850 °C, or 500‑800 °C, or 500‑750 °C ,
or 500‑700 °C, or 500‑650 °C, or 500‑600 °C.

Embodiment 258. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conducted at a temperature in the range of 550‑1100 °C, e.g., in the range of 550‑1050 °C, or 550‑1000 °C, or
550‑950°C.

Embodiment 259. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conducted at a temperature in the range of 550‑900 °C, e.g., in the range of 550‑850 °C, or 550‑800 °C, or 550‑750°C,
or 550‑700 °C, or 550‑650 °C, or 550‑600 °C.

Embodiment 260. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conducted at a temperature in the range of 600‑1100 °C, e.g., in the range of 600‑1050 °C, or 600‑1000 °C, or
600‑950°C.

Embodiment 261. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conducted at a temperature in the range of 600‑900 °C, e.g., in the range of 600‑850 °C, or 600‑800 °C, or 600‑750°C,
or 600‑700 °C, or 600‑650 °C.

Embodiment 262. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conducted at a temperature in the range of 650‑1100 °C, e.g., in the range of 650‑1050 °C, or 650‑1000 °C, or
650‑950°C.

Embodiment 263. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conducted at a temperature in the range of 650‑900 °C, e.g., in the range of 650‑850 °C, or 650‑800 °C, or 650‑750°C,
or 650‑700 °C.

Embodiment 264. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conducted at a temperature in the range of 700‑1100 °C, e.g., in the range of 700‑1050 °C, or 700‑1000 °C, or
700‑950°C.

Embodiment 265. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conducted at a temperature in the range of 700‑900 °C, e.g., in the range of 700‑850 °C, or 700‑800 °C, or 700‑750°C.

Embodiment 266. The process of any of embodiments 210‑245, wherein the reverse water-gas shift reaction is
conductedat a temperature in the rangeof 200‑500 °C, e.g., 200‑450 °C, or 200‑400 °C, or 200‑350 °C, or 250‑500 °C,
e.g., 250‑450 °C, or 250‑400 °C, or 250‑350 °C.

Embodiment 267. The process of any of embodiments 210‑266, wherein the reverse water-gas shift reaction is
conductedat a pressure in the rangeof 1 to 100barg (e.g., in the rangeof 1 to70barg, or 1 to50barg, or 1 to40barg, or
1 to 35 barg, or 5 to 80 barg, or 5 to 50 barg, or 5 to 40 barg, or 5 to 35 barg, or 10 to 70 barg, 10 to 50 barg, or 10 to 40
barg, or 10 to35barg, or 20 to70barg, 20 to50barg, or 20 to40barg, or 20 to 35barg, or 25 to70barg, 25 to50barg, or
25 to 40 barg, or 25 to 35 barg).

Embodiment 268. The process of any of embodiments 210‑267, wherein the reverse water-gas shift reaction is
conducted at a GHSV in the range of 1,000 to 2,000,000 h‑1 (e.g., in the range of 1,000 to 1,200,000 h‑1, or 1,000 to
500,000 h‑1, or 1,000 to 100,000 h‑1, or 5,000 to 1,200,000 h‑1, or 5,000 to 500,000 h‑1, or 5,000 to 100,000 h‑1, or
10,000 to 1,200,000 h‑1, or 10,000 to 500,000 h‑1, or 10,000 to 100,000 h‑1).

Embodiment269.Theprocessofanyof embodiments210‑268,wherein theprocesscomprisesactivating the reverse
water-gas shift catalyst, e.g., prior to contacting the reverse water-gas shift catalyst with the first feed stream.

Embodiment 270. The process of embodiment 269, wherein activating the rWGS catalyst comprises contacting the
rWGS catalyst with a reducing stream comprising a reductive gas (e.g., hydrogen).

Embodiment 271. The process of embodiment 269 or embodiment 270, wherein the reducing stream comprises
hydrogen in an amount of at least 25 mol% (e.g., at least 50 mol%, or 75 mol%, or 90 mol%).
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Embodiment 272. The process of any of embodiments 269‑271,wherein activating the rWGScatalyst is conducted at
a temperature in the rangeof 200 °C to1000 °C. (e.g., in the rangeof 250 °C to1000 °C, or 300 °C to1000 °C, 200 °C to
900 °C, 250 °C to 900 °C, or 300 °C to 900 °C, 200 °C to 800 °C, or 250 °C to 800 °C, or 300 °C to 800 °C, or 200 °C to
700 °C, or 250 °C to 700 °C, or 300 °C to 700 °C).

Embodiment 273. The process of any of embodiments 269‑272, wherein activating the rWGS catalyst provides a
catalyst that is at least 10% reduced (e.g., at least 25%, or 50%).

Embodiment 274. The process of any of embodiments 210‑273, wherein the first product stream comprises nomore
than 95 mol% CO2 (e.g., no more than 90 mol% CO2).

Embodiment 275. The process of any of embodiments 210‑273, wherein the first product stream comprises nomore
than 85 mol% CO2 (e.g., no more than 80 mol% CO2).

Embodiment 276. The process of any of embodiments 210‑273, wherein the first product stream comprises nomore
than 75 mol% CO2 (e.g., no more than 70 mol% CO2).

Embodiment 277. The process of any of embodiments 210‑276, wherein the first product stream comprises in the
rangeof 5‑95mol%CO2, e.g., 5‑90mol%,or 5‑85mol%,or 5‑80mol%,or 5‑75mol%,or 5‑70mol%,or 10‑95mol%,or
10‑90mol%, or 10‑85mol%, or 10‑80mol%, or 10‑75mol%, or 10‑70mol%, or 20‑95mol%, or 20‑90mol%, or 20‑85
mol%, or 20‑80mol%, or 20‑75mol%, or 20‑70mol%, or 30‑95mol%, or 30‑90mol%, or 30‑85mol%, or 30‑80mol%,
or 30‑75 mol%, or 30‑70 mol% CO2.

Embodiment 278. The process of any of embodiments 210‑277, wherein the first product stream comprisesmethane
in an amount in the range of 10‑70 mol% (e.g., in the range of 10‑50 mol%, or 20‑70 mol%, or 20‑50 mol%, or 30‑70
mol%, or 30‑50 mol%).

Embodiment 279. The process of any of embodiments 210‑277, wherein the first product stream comprises nomore
than 20 mol% methane, e.g., no more than 15 mol% methane.

Embodiment 280. The process of any of embodiments 210‑277, wherein the first product stream comprises nomore
than 10 mol% methane, e.g., no more than 5 mol% or 1 mol%, or 0.5 mol%, or 0.1 mol% methane.

Embodiment 281. The process of any of embodiments 210‑280, wherein a ratio of H2:CO in the first product stream is
up to 100:1, e.g., up to 50:1, or up to 25:1, or up to 10:1.

Embodiment 282. The process of any of embodiments 210‑280, wherein a ratio of H2:CO in the first product stream is
in the range of 0.1:1 to 100:1 (e.g., in the rangeof 0.1:1 to 50:1, or 0.1:1 to 25:1, or 0.1:1 to 10:1, or 0.1:1 to 5:1, or 1:1 to
100:1, or 1:1 to 50:1, or 1:1 to 25:1, or 1:1 to 10:1, or 1:1 to 5:1).

Embodiment283.Theprocessofanyof embodiments210‑282,wherein theprocess further comprisesseparating the
first product stream to recycle at least a portion of one or more components of the first product stream to the first feed
stream.

Embodiment284.Theprocessofanyof embodiments210‑283,wherein theprocess further comprisesseparating the
first product stream to recycle at least a portion (e.g., at least 5 mol%, at least 10 mol%, at least 25 mol%, at least 50
mol%, at least 75 mol%, or at least 90 mol%) of CO2 of the first product stream to the first feed stream.

Embodiment285.Theprocessofanyof embodiments210‑284,wherein theprocess further comprisesseparating the
first product stream to recycle at least aportionofH2 (e.g., at least 5mol%,at leat10mol%,at least 25mol%,at least 50
mol%, at least 75 mol%, or at least 90 mol%) to the first feed stream.

Embodiment 286. The process of any of embodiments 210‑285, wherein the process further comprises separating at
least a portion of H2 and/or CO from the first product stream and contacting it with the Fischer-Tropsch catalyst to
activate the Fischer-Tropsch catalyst.

Embodiment 287. The process of any of embodiments 210‑286, wherein the process further comprises removing at
least a portion (e.g., at least 25%, at least 50%, or at least 75%) of water from the first product stream.
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Embodiment 288. The process according to any of embodiments 210‑287, wherein the first product stream further
comprises one or more light hydrocarbons (e.g., methane, ethane, propane).

Embodiment 289. The process according to embodiment 288, further comprising separating at least a portion of the
one or more light hydrocarbons from the first product stream to provide a light hydrocarbon stream.

Embodiment 290.Theprocessaccording toembodiment 288or289,wherein the light hydrocarbonstreamcomprises
methane from biogas.

Embodiment 291. The process according to embodiment 290, further comprising burning at least a portion of the light
hydrocarbon stream to provide energy, e.g., heat energy or electrical energy.

Embodiment 292. The process according to embodiment 291, wherein the heat energy is used to heat the first feed
stream.

Embodiment 293. The process of any of embodiments 210‑292, wherein the process further comprises exchanging
heat between at least a portion of the first product streamand at least a portion of the first feed stream, thereby cooling
at least a portion of the first product stream and heating at least a portion of the first feed stream.

Embodiment 294. The process of any of embodiments 210‑293, wherein the process further comprises exchanging
heat between at least a portion of the first product stream and a steam generation zone, thereby cooling at least a
portion of the first product stream and providing heat to the steam generation zone.

Embodiment 295. Theprocessof embodiment 294, further comprisinggenerating steam from theheat provided to the
steam generation zone, and generating electricity from the steam.

Embodiment 296. The process of embodiment 294 or 295, wherein steam is used to heat the first feed stream and/or
the second feed stream.

Embodiment 297. The process of any of embodiments 210‑296, wherein at least 25% of the CO of the first product
stream, e.g., at least 50% of the CO, at least 75% of the CO, or at least 90% of the CO of the first product stream is
included in the second feed stream.

Embodiment 298. The process of any of embodiments 210‑297, wherein CO is provided to the second feed stream
from a CO source other than the first product stream.

Embodiment 299. The process of any of embodiments 210‑298, wherein the first product stream includes H2, and
wherein the second feed stream includes at least a portion of the H2 of the first product stream.

Embodiment 300. The process of any of embodiments 210‑299, wherein at least 25% of the H2 of the first product
stream, e.g., at least 50% of the H2, at least 75% of the H2, or at least 90% of the H2 of the first product stream is
included in the second feed stream.

Embodiment 301. The process of any of embodiments 210‑300, wherein H2 is provided to the second feed stream
from a hydrogen source other than the first product stream.

Embodiment 302. The process of any of embodiments 210‑301, wherein the second feed stream includes at least a
portion of CO2 of the first product stream.

Embodiment 303. The process of any of embodiments 210‑302, wherein at least 10% of the CO2 of the first product
stream, e.g., at least 25%of theCO2, at least 50%of theCO2, at least 75%of theCO2, or at least 90%of theCO2of the
first product stream is included in the second feed stream.

Embodiment 304. The process of any of embodiments 210‑302, wherein the second feed stream does not include a
substantial amount of CO2 of the first product stream.

Embodiment 305. The process of any of embodiments 210‑304, wherein the portion of the first product stream that is
included in the second feed stream has a H2:CO ratio in the range of 0.5:1 to 10:1, e.g., in the range of 1:1 to 3:1.
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Embodiment 306. The process of any of embodiments 210‑305, wherein the portion of the first product stream that is
included in the second feed stream has awater content of nomore than 10mol%, e.g., or nomore than 2mol%, or no
more than 0.5 mol%.

Embodiment 307. The process of any of embodiments 210‑306, wherein the portion of the first product stream that is
included in the second feed stream has a CO2 content in the range of 10‑95 mol% CO2, e.g., 10‑90 mol%, or 10‑85
mol%, or 10‑80mol%, or 10‑75mol%, or 10‑70mol%, or 20‑95mol%, or 20‑90mol%, or 20‑85mol%, or 20‑80mol%,
or 20‑75 mol%, or 20‑70 mol%, or 30‑95 mol%, or 30‑90 mol%, or 30‑85 mol%, or 30‑80 mol%, or 30‑75 mol%, or
30‑70 mol% CO2.

Embodiment 308. The process of any of embodiments 210‑307, wherein the second feed streamhas aH2:CO ratio in
the range of 0.5:1 to 6:1.

Embodiment 309. The process of any of embodiments 210‑307, wherein the second feed streamhas aH2:CO ratio in
the range of 1:1 to 3:1, e.g., 1:1 to 2.5:1.

Embodiment 310. The process of any of embodiments 210‑307, wherein the second feed streamhas aH2:CO ratio of
at least 1.4:1, e.g., in the range of 1.4:1 to 3:1, or 1.4:1 to 2.5:1.

Embodiment311.Theprocessofanyofembodiments210‑310,wherein thesecond feedstream includesup to80%of
one or more inerts, e.g., up to 70 mol%, up to 60 mol%, or up to 50 mol%, or 15‑70 mol%, or 30‑70 mol%, or 15‑60
mol%, or 30‑60 mol%, or 15‑50 mol%, or 30‑50 mol%.

Embodiment 312. The process of any of embodiments 210‑310, wherein the second feed stream includes up to 80%
of one ormore inerts selected fromCO2,methane and nitrogen, e.g., up to 70mol%, up to 60mol%, or up to 50mol%,
or 15‑70 mol%, or 30‑70 mol%, or 15‑60 mol%, or 30‑60 mol%, or 15‑50 mol%, or 30‑50 mol%.

Embodiment 313. The process of any of embodiments 210‑312, wherein the second feed stream includes up to 80%
ofCO2, e.g., up to 70mol%, up to 60mol%, or up to 50mol%, or 15‑70mol%, or 30‑70mol%, or 15‑60mol%, or 30‑60
mol%, or 15‑50 mol%, or 30‑50 mol%.

Embodiment 314. The process of any of embodiments 210‑313, wherein the second feed streamhas awater content
of no more than 10 mol%, e.g., or no more than 2 mol%, or no more than 0.5 mol%.

Embodiment 315. The process of any of embodiments 210‑314, wherein the Fischer-Tropsch catalyst comprises
cobalt, iron, rhodium, ruthenium, or a combination thereof.

Embodiment 316. The process of any of embodiments 210‑314, wherein the Fischer-Tropsch catalyst comprises
cobalt, for example, in an amount in the range of 5‑25wt%, e.g., 7‑25wt%, or 10‑25wt%, or 5‑20wt%, or 7‑20wt%, or
10‑20 wt%, calculated as Co(0).

Embodiment 317.Theprocessof anyof embodiments210‑314,wherein theFischer-Tropschcatalyst comprises iron,
for example, inanamount in the rangeof 5‑95wt%,e.g., 10‑95wt%,or 25‑95wt%,or50‑95wt%,or 5‑85wt%,or10‑85
wt%, or 25‑85 wt%, or 50‑85 wt%, or 5‑75 wt%, or 10‑75 wt%, or 25‑75 wt%, calculated as Fe(0).

Embodiment 318. The process of any of embodiments 313‑317, wherein the Fischer-Tropsch catalyst further
comprises manganese.

Embodiment 319. The process of embodiment 318, wherein the manganese is present in an amount up to 15 wt%,
e.g., up to 12wt%, or up to 10wt%, or up to 7wt%, or in the rangeof 0.1‑15wt%, e.g., 0.1‑10wt%, or 0.1‑5wt%, 0.5‑15
wt%, or 0.5‑10 wt%, or 0.5‑5 wt%, calculated as Mn(0).

Embodiment 320. The process of any of embodiments 210‑319, wherein the Fischer-Tropsch catalyst is a supported
catalyst,wherein thesupport comprisesat least oneof titaniumoxide, zirconiumoxide, ceriumoxide, aluminumoxide,
silicon oxide and zinc oxide.

Embodiment 321. The process of any of embodiments 210‑319, wherein the Fischer-Tropsch catalyst is a supported
catalyst, wherein the support comprises at least one of titanium oxide, aluminum oxide, and silicon oxide.
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Embodiment 322. The process of any of embodiments 210‑319, wherein the Fischer-Tropsch catalyst is a supported
catalyst, wherein the support is a titanium dioxide support.

Embodiment 323. Theprocessof anyof embodiments185210‑322,wherein theFischer-Tropsch catalyst is activated
by contact with a reducing gas, e.g., hydrogen.

Embodiment 324.Theprocessof embodiment 323,wherein the reducinggascomprisesat least aportionof hydrogen
from the first product stream.

Embodiment 325. The process of any of embodiments 210‑324, wherein the Fischer-Tropsch catalyst is activated by
contact with H2 and CO.

Embodiment 326. The process of embodiment 325, wherein the reducing gas comprises at least a portion of H2 and
CO from the first product stream.

Embodiment 327. The process of any of embodiments 210‑326, wherein the activation is performed at a temperature
in the range of 200‑400 °C

Embodiment 328. The process of any of embodiments 210‑327, wherein the second temperature is in the range of
150‑400 °C (e.g., in the range of 150‑350 °C, or 150‑300 °C, or 150‑250°C, or 150‑200°C, or 200‑400 °C, or 200‑350
°C, or 200‑300°C, or 200‑250 °C, or 250‑400 °C, or 250‑350 °C, or 250‑300 °C, or 300‑400 °C).

Embodiment 329. The process of any of embodiments 210‑328, wherein the second temperature is in the range of
200‑350 °C.

Embodiment 330. The process of any of embodiments 210‑329, wherein the first temperature is within 100 °C of the
second temperature, e.g., within 50 °C of the second temperature, or within 25 °C of the second temperature.

Embodiment331.Theprocessofanyofembodiments210‑330,wherein thefirst temperature isat least 100°Cgreater
than the second temperature, e.g., at least 150 °Cgreater than the second temperature, or at least 200 °Cgreater than
the second temperature.

Embodiment 332. The process of any of embodiments 210‑331, wherein the second pressure is in the range of 10‑50
barg (e.g., 20‑50barg, or 25‑50barg, or 10‑40barg, or 20‑40barg, or 25‑40bargor 10‑35barg, or 20‑35barg, or 25‑35
barg).

Embodiment 333. The process of any of embodiments 210‑332, wherein the second pressure is in the range of 20‑50
barg.

Embodiment 334.Theprocessof anyof embodiments210‑333,wherein theFischer-Tropsch reaction is conductedat
a GHSV in the range of 1,000 to 2,000,000 h‑1 (e.g., in the range of 1,000 to 1,200,000 h‑1, or 1,000 to 500,000 h‑1, or
1,000 to100,000h‑1, or 5,000 to1,200,000h‑1, or 5,000 to500,000h‑1, or 5,000 to100,000h‑1, or 10,000 to1,200,000
h‑1, or 10,000 to 500,000 h‑1, or 10,000 to 100,000 h‑1).

Embodiment 335. The process of any of embodiments 210‑334, wherein the contacting of the Fischer-Tropsch
catalystwith thesecond feedstream toprovide thesecondproduct stream isperformedwithaC5+selectivityof at least
30%, e.g., at least 50%, or at least 70%.

Embodiment 336. The process of any of embodiments 210‑335, wherein the contacting of the Fischer-Tropsch
catalyst with the second feed stream to provide the second product stream is performed with a selectivity for C5+
alkanes of at least 30%, e.g., at least 50%, or at least 70%.

Embodiment 337. The process of any of embodiments 210‑336, wherein the contacting of the Fischer-Tropsch
catalyst with the second feed stream to provide the second product stream is performed with a selectivity for C5+
alkanes and C5+ alcohols of at least 30%, e.g., at least 50%, or at least 70%.

Embodiment 338. The process of any of embodiments 210‑337, further comprising separating at least a portion of
water from the second product stream.
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Embodiment 339. The process of any of embodiments 210‑338, further comprising separating at least a portion of
C1‑C4 hydrocarbons from the second product stream to provide a light hydrocarbon stream.

Embodiment 340. The process of embodiment 339, further comprising including at least a portion of the light
hydrocarbon stream in the first feed stream and/or the second feed stream.

Embodiment 341. The process of embodiment 339 or embodiment 340, further comprising oxidizing at least a portion
of the light hydrocarbonstream toprovideaCO‑and/orCO2-containingpOXstream, and includingat least aportionof
the pOX stream in the first feed stream and/or the second stream.

Embodiment 342. The process of any of embodiments 339‑341, wherein the light hydrocarbon stream comprises
methane from biogas.

Embodiment 343. Theprocessof embodiment 342, comprising providingabiogas comprisingCO2andmethane, and
providingat least a portion of theCO2 to the first feed stream, andat least a portion of themethane to theoxidationof at
least a portion of the light hydrocarbon stream.

Embodiment 344. The process of any of embodiments 339‑343, further comprising reforming (e.g., steam reforming
and/or autothermal reforming) at least a portion of the light hydrocarbon stream to provide a CO‑ and/or CO2-
containing reformed stream, and including at least a portion of the reformed stream in the first feed stream and/or the
second feed stream.

Embodiment 345. The process of any of embodiments 341‑344, wherein the oxidation or the reforming provides
energy, heat energy or electrical energy.

Embodiment 346. The process of any of embodiments 339‑345, further comprising burning at least a portion of the
light hydrocarbon stream to provide energy, e.g., heat energy or electrical energy.

Embodiment 347. The process of embodiment 346, wherein heat energy is provided, and the heat energy is used to
heat the first feed stream.

Embodiment 348. The process of any of embodiments 210‑347, wherein the process further comprises exchanging
heat between at least a portion of the second product stream and a steam generation zone, thereby cooling at least a
portion of the first feed stream and providing heat to the steam generation zone.

Embodiment 349. Theprocessof embodiment 348, further comprisinggenerating steam from theheat provided to the
steam generation zone, and generating electricity from the steam.

Embodiment 350. The process of embodiment 348 or 349, wherein steam is used to heat the first feed stream and/or
the second feed stream.

Embodiment 351. The process of any of embodiments 210‑350, wherein the process further comprises exchanging
heat between at least a portion of the second product streamand at least a portion of the second feed stream, thereby
cooling at least a portion of the second product stream and heating at least a portion of the second feed stream.

Embodiment 352. The process of any of embodiments 210‑351, further comprising recycling at least a portion ofH2 of
the second product stream to the second feed stream.

Embodiment 353. The process of any of embodiments 210‑352, further comprising recycling at least a portion ofH2 of
the second product stream to the first feed stream.

Embodiment 354. The process of embodiment 353, further comprising providingH2 to the second feed stream froma
H2 source other than the first product stream.

Embodiment 355.Theprocessof embodiment 354,whenH2 from thesecondproduct streammakesupmost of theH2
of the first feed stream, e.g., at least 90%, at least 95%, or at least 98% of the H2 of the first feed stream.

Embodiment 356.Theprocessofanyof embodiments210‑355, further comprising recyclingat least aportionofCOof
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the second product stream to the second feed stream.

Embodiment 357.Theprocessofanyof embodiments210‑356, further comprising recyclingat least aportionofCOof
the second product stream to the first feed stream.

Embodiment 358.Theprocessof anyof embodiments210‑357, further comprising recyclingat least aportionof inerts
of the second product stream to the second feed stream.

Embodiment 359.Theprocessof anyof embodiments210‑358, further comprising recyclingat least aportionof inerts
of the second product stream to the first feed stream.

Embodiment 360. The process of any of embodiments 210‑359, further comprising recycling at least a portion of CO2
of the second product stream to the first feed stream.

Embodiment 361. The process of embodiment 360, further comprising providingCO2 to the second feed stream from
a CO2 source other than the first product stream.

Embodiment 362. The process of embodiment 361, whenCO2 from the second product streammakes upmost of the
CO2 of the first feed stream, e.g., at least 90%, at least 95%, or at least 98% of the CO2 of the first product stream.

Embodiment 363. The process of any of embodiments 210‑362, wherein one or more products are provided from at
least a portion of C5+ hydrocarbons of the second product stream.

Embodiment 364. The process of embodiment 363, wherein the one or more products include fuels (e.g., gasoline,
diesel fuel, aviation fuel), lubricants and waxes.

Embodiment 365. Theprocess of any of embodiments 210‑364, further comprising hydroprocessing at least a portion
of C5+ hydrocarbons of the second product stream. Embodiment 366. The process of any of embodiments 210‑365,
wherein at least part of the CO2 of the second feed stream is from a renewable source.

Embodiment 367. The process of any of embodiments 210‑365, wherein at least part of the CO2 of the second feed
stream is from biogas.

Embodiment 368. The process of any of embodiments 210‑365, wherein at least part of the CO2 of the second feed
stream is from direct air capture.

Embodiment 369. The process of any of embodiments 210‑365, wherein at least part of the CO2 of the second feed
stream is from a CO2 emission source (e.g., from a manufacturing plant, e.g., a bioethanol plant, a steel plant, or a
cement plant).

Embodiment 370. The process of any of embodiments 210‑369, wherein at least part of the H2 of the first feed stream
or the second feed stream is from a renewable source.

Embodiment 371. The process of any of embodiment 210‑370, wherein at least a portion of the hydrogen of the first
feed stream or the second feed stream is green hydrogen.

Embodiment 372. The process of any of embodiment 210‑371, wherein at least a portion of the hydrogen of the first
feed stream or the second feed stream is blue hydrogen.

Embodiment 373. The process of any of embodiment 210‑372, wherein at least a portion of the hydrogen of the first
feed stream or the second feed stream is grey hydrogen, black hydrogen, brown hydrogen, pink hydrogen, turquoise
hydrogen, yellow hydrogen, and/or white hydrogen.

Embodiment 374. Theprocess of any of embodiments 210‑373, further comprising providingat least a portion ofH2 to
the first feed stream and/or the second feed stream by electrolysis of water.

Embodiment 375. The process of embodiment 374, wherein the electrolysis of water is performed using at least
partially electricity from a renewable source.
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Embodiment 376. Theprocessof embodiment 374or embodiment 375,wherein theelectrolysis ofwater is performed
using at least partially electricity generated from steammade by heat exchange from the first product stream and/or
the second product stream, or by burning a light hydrocarbon stream.

Embodiment 377. The process of any of embodiments 372‑376, further comprising providing at least a portion of O2
generated in the electrolysis to a partial oxidation.

Embodiment 378. Theprocess of anyof embodiments 210‑377,wherein the process is performed in a reactor system
comprising a first reactor in which the reverse water-gas shift catalyst is disposed, and a second reactor in which the
Fischer-Tropsch catalyst is disposed.

Embodiment 379. Theprocess of anyof embodiments 210‑377,wherein the process is performed in a reactor system
comprising a first catalyst bed in which the reverse water-gas shift catalyst is disposed and a second catalyst bed in
which the Fischer-Tropsch catalyst is disposed.

Embodiment 380. The process of embodiment 379, wherein the first reactor bed and the second reactor bed are
disposed within the same reactor.

Embodiment 381. Theprocess of anyof embodiments 210‑380,wherein the process is performed in a reactor system
comprising one ormore first catalyst containers inwhich the reversewater-gas shift catalyst is disposed, andwherein
the second reaction zone comprises one ormore second catalyst containers in which the Fischer-Tropsch catalyst is
disposed.

Embodiment 382. The process of embodiment 381, wherein the one or more first catalyst containers and the one or
more second catalyst containers are disposed within the same reactor.

Embodiment 383. Theprocess of anyof embodiments 210‑382,wherein the process is performed in a reactor system
comprising a reactor inwhich the reversewater-gas shift catalyst and theFischer-Tropsch catalyst are disposed, e.g.,
in admixture.

[0149] The particulars shown herein are by way of example and for purposes of illustrative discussion of the preferred
embodiments of the present invention only and are presented in the cause of providing what is believed to be the most
useful and readily understood description of the principles and conceptual aspects of various embodiments of the
invention. In this regard, no attempt is made to show structural details of the invention in more detail than is necessary for
the fundamental understandingof the invention, thedescription takenwith thedrawingsand/orexamplesmakingapparent
to those skilled in the art how the several forms of the invention may be embodied in practice. Thus, before the disclosed
processes and devices are described, it is to be understood that the aspects described herein are not limited to specific
embodiments, apparatuses, or configurations, and as such can, of course, vary. It is also to be understood that the
terminology used herein is for the purpose of describing particular aspects only and, unless specifically defined herein, is
not intended to be limiting.
[0150] The terms "a," "an," "the" and similar referents used in the context of describing the invention (especially in the
context of the following claims) are to be construed to cover both the singular and the plural, unless otherwise indicated
herein or clearly contradicted by context. Recitation of ranges of values herein is merely intended to serve as a shorthand
process of referring individually to each separate value falling within the range. Unless otherwise indicated herein, each
individual value is incorporated into thespecificationas if itwere individually recitedherein. Itwill be further understood that
the endpoints of each of the ranges are significant both in relation to the other endpoint, and independently of the other
endpoint.
[0151] All processes describedherein canbeperformed in any suitable order of steps unless otherwise indicated herein
or otherwise clearly contradicted by context. The use of any and all examples, or exemplary language (e.g., "such as")
provided herein is intended merely to better illuminate the invention and does not pose a limitation on the scope of the
invention otherwise claimed.No language in the specification should be construed as indicating any non-claimedelement
essential to the practice of the invention.
[0152] Unless the context clearly requires otherwise, throughout the description and the claims, the words ’comprise’,
’comprising’, and the like are to be construed in an inclusive sense as opposed to an exclusive or exhaustive sense; that is
to say, in the sense of "including, but not limited to". Words using the singular or plural number also include the plural and
singular number, respectively. Additionally, the words "herein," "above," and "below" and words of similar import, when
used in this application, shall refer to this application as a whole and not to any particular portions of the application.
[0153] Aswill be understood by one of ordinary skill in the art, each embodiment disclosed herein can comprise, consist
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essentially of or consist of its particular stated element, step, ingredient or component. As used herein, the transition term
"comprise" or "comprises"means includes, but is not limited to, andallows for the inclusion of unspecifiedelements, steps,
ingredients, or components, even in major amounts. The transitional phrase "consisting of" excludes any element, step,
ingredient or component not specified. The transition phrase "consisting essentially of" limits the scopeof the embodiment
to the specified elements, steps, ingredients or components and to those that do not materially affect the embodiment.
[0154] Unless indicated to the contrary, the numerical parameters set forth in the specification and attached claims are
approximations thatmayvarydependingupon thedesiredpropertiessought tobeobtainedby thepresent invention.At the
very least, and not as an attempt to limit the application of the doctrine of equivalents to the scope of the claims, each
numerical parameter should at least be construed in light of the number of reported significant digits and by applying
ordinary rounding techniques.
[0155] Notwithstanding that the numerical ranges and parameters setting forth the broad scope of the invention are
approximations, the numerical values set forth in the specific examples are reported as precisely as possible. Any
numerical value, however, inherently contains certain errors necessarily resulting from the standard deviation found in
their respective testing measurements.
[0156] Groupings of alternative elements or embodiments of the invention disclosed herein are not to be construed as
limitations. Each group member may be referred to and claimed individually or in any combination with other members of
the group or other elements found herein. It is anticipated that one or more members of a group may be included in, or
deleted from, a group for reasons of convenience and/or patentability. When any such inclusion or deletion occurs, the
specification is deemed to contain the group asmodified thus fulfilling thewritten description of allMarkush groups used in
the appended claims.
[0157] Some embodiments of this invention are described herein, including the best mode known to the inventors for
carrying out the invention. Of course, variations on these described embodiments will become apparent to those of
ordinary skill in the art upon reading the foregoing description. The inventor expects skilled artisans to employ such
variations as appropriate, and the inventors intend for the invention to be practiced otherwise than specifically described
herein. Accordingly, this invention includes all modifications and equivalents of the subject matter recited in the claims
appended hereto as permitted by applicable law. Moreover, any combination of the above-described elements in all
possible variations thereof is encompassed by the invention unless otherwise indicated herein or otherwise clearly
contradicted by context.
[0158] Furthermore, it is to be understood that the embodiments of the invention disclosed herein are illustrative of the
principles of the present invention. Other modifications that may be employed are within the scope of the invention. Thus,
by way of example, but not of limitation, alternative configurations of the present invention may be utilized in accordance
with the teachings herein. Accordingly, the present invention is not limited to that precisely as shown and described.

Claims

1. A process for performing an integrated Fischer-Tropsch process, the process comprising:

providingafirst feedstreamcomprisingH2andCO2,whereinat least part of theCO2of thefirst feedstream is from
biogas, a CO2 emission source, and/or air capture;
contacting at a first temperature in the range of 200‑1100 °C and at a first pressure a reverse water-gas shift
catalyst with the first feed stream to perform a reverse water-gas shift reaction to provide a first product stream
comprisingCOandH2, the first product streamhavinga lower concentration ofCO2andahigher concentration of
CO than the first feed stream;
contacting at a second temperature and at a second pressure a Fischer-Tropsch catalyst with a second feed
stream comprising H2 and at least a portion of CO of the first product stream to provide a second product stream
comprising C5+ hydrocarbons,
wherein the reverse water-gas shift catalyst is a supported reverse water-gas shift catalyst comprising:

a support that is a cerium oxide support, a titanium oxide support, an aluminum oxide support, a zinc oxide
support, a zirconium oxide support, or a mixed oxide support comprising a mixture of two or more of cerium
oxide, titanium oxide, aluminum oxide, zinc oxide, and zirconium oxide;
a metal selected from at least one of manganese, gallium, indium, lanthanum, titanium, niobium, vanadium,
copper and zirconium, present in an amount in the range of 0.5 to 20 wt% of the catalyst, based on the total
weight of the catalyst; and
optionally, at least one of platinum, palladium, gold, and nickel present in an amount in the range of 0.05 to 10
wt% of the catalyst, based on the total weight of the catalyst
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2. The process of claim 1, wherein the CO2 of the first feed stream comprises at least 50 vol% (e.g., at least 75 vol%, at
least 90 vol%, or at least 95 vol%) CO2 from biogas.

3. The process of claim 1, wherein the CO2 of the first feed stream comprises at least 50 vol% (e.g., at least 75 vol%, at
least 90 vol%, or at least 95 vol%) CO2 from direct air capture.

4. The process of claim 1, wherein the CO2 of the first feed stream comprises at least 50 vol% (e.g., at least 75 vol%, at
least 90 vol%, or at least 95 vol%) CO2 from a CO2 emission source.

5. The process of any of claims 1‑4, wherein the reverse water-gas shift reaction has a CO selectivity of at least 95%, a
methane selectivity of no more than 2%, and/oror a CO2 conversion of at least 30%.

6. The process of any of claims 1‑5, wherein the reverse water-gas shift reaction is conducted at a temperature in the
range of 400‑1100 °C, preferably between 500 °C and 1000 °C, most preferably between 500 °C and 900 °C.

7. The process of any of claims 1‑6, wherein the process further comprises separating the first product stream to recycle
at least a portion of CO2 of H2 of the first product stream to the first feed stream.

8. The process of any of claims 1‑7, wherein at least 25% of the CO of the first product stream is included in the second
feedstream,wherein thefirst product stream includesH2, andwhereinat least 25%of theH2of thefirst product stream
is included in the second feed stream.

9. The process of any of claims 1‑8, wherein the second temperature is in the range of 200‑350 °C, and wherein the first
temperature is at least 100 °C greater than the second temperature.

10. The process of any of claims 1‑9, wherein the contacting of the Fischer-Tropsch catalyst with the second feed stream
to provide the second product stream is performed with a selectivity for C5+ alkanes of at least 30%.

11. Theprocessof anyof claims1‑10, further comprising recycling at least a portion ofH2and/or at least a portion ofCOof
the second product stream to the second feed stream or to the first feed stream.

12. The process of any of claims 1‑11, further comprising recycling at least a portion of CO2 of the second product stream
to the first feed stream.

13. The process of any of claims 1‑12, wherein the process is performed in a reactor system comprising a first reactor in
which the reverse water-gas shift catalyst is disposed, and a second reactor in which the Fischer-Tropsch catalyst is
disposed.

14. Theprocessof anyof claims1‑13,wherein theprocess isperformed ina reactor systemcomprisingfirst catalyst bed in
which the reverse water-gas shift catalyst is disposed, and a second catalyst bed in which the Fischer-Tropsch
catalyst is dispose, wherein the first reactor bed and the second reactor bed are disposed within the same reactor.

15. Theprocess of any of claims 1‑13,wherein the process is performed in a reactor systemcomprising a reactor inwhich
the reverse water-gas shift catalyst and the Fischer-Tropsch catalyst are disposed in admixture or wherein the
process is performed in a reactor systemcomprising a reactor inwhich a bifunctional catalyst with both reversewater-
gas shift activity and Fischer-Tropsch activity is disposed.
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