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CATALYST, PROCESS AND SYSTEM FOR THE SELECTIVE OXIDATION OF CARBON
MONOXIDE

STATEMENT OF FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT
This invention was made with government support under grants CBET- 1160217 and CHE-
1012395 awarded by the National Science Foundation. The government has certain rights in the

invention.
FIELD OF THE INVENTION

The filed of the invention relates to purification of gases by CO oxidation, and catalysts

and systems therefor.
BACKGROUND

The primary production method of hydrogen gas as an industrial feedstock is via steam
reforming, wherein a mixture of methane and other light hydrocarbons is reacted with water at
high temperature in the presence of a metal catalyst to produce H> and CO2 according to reaction

formula 1, shown below.
1) CHs+ 2 HO < CO: + 4H;

Incomplete reaction between the water and methane results in large amounts of CO in the
initial reformate. This CO is further reacted with water by utilizing the water gas-shift (WGS)
reaction shown in reaction formula 2, shown below, where CO and H2O react to form CO2 and H»
in the presence of a catalyst. However, the WGS is an equilibrium reaction, and the best systems
cannot lower the CO below 0.5-1.0% or 5,000-10,000 ppm, which is much higher than the <50

ppm concentration needed to prevent poisoning of the downstream catalysts.
2) CO + H;0 < COz + H>

CO is also a common contaminant in other gas feedstocks, particularly those produced
through partial oxidation chemistries. CO is a well-known poison for many industrial reactions,
and as such must be removed from the gas prior to downstream processing. In particular, many
catalytic processes are highly sensitive to CO. The CO strongly binds to the catalyst in place of
the desired substrate resulting in partial or total deactivation of the reaction. Some processes that

require CO-purified gaseous feedstocks include:
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H2/N> streams used in ammonia synthesis (Haber-Bosch Process)- 140 million

tones NH3 produced/year
Ethylene streams used in reactors containing Pt/Pd based catalysts (<2.5 ppm)
Hydrogen streams used in alkane reforming, hydrotreating, and hydroprocessing
Methane used in reforming processes
Preparation of UHP gases Oz, He, Ar, N2, CH4, Ha, etc.
Fuel Cells (10-50ppm)

As such, removal of CO from the presence of other gases, especially hydrogen is required

for these processes and many others.

Current methods of CO purification include adsorption on solids, separation by
membranes, liquid-gas scrubbers, and catalytic methods (Figure 1). Removal of CO from gases
via adsorption utilizes the high binding affinity of CO on materials such as powder activated
carbon (PAC) or other adsorbents to purify gas mixtures. Pressure swing adsorption (PSA) is the
most common adsorption technique and is one of the most mature technologies for CO removal

from gas streams.

However, adsorption separations require operating the process at high pressure (typically
between 5 and 10 atm) to achieve high removal efficiencies. High pressure results in the physical
attrition of the sorbent particles, which diminishes their adsorption capacity and necessitates the
inclusion of additional beds in the process. PSA is a capital-intensive process and has low volume
throughput, making it cost effective only in low volume, specialty gas separations. Further, PSA
is a relatively slow process, which reduces hydrogen throughput and requires substantially higher

capital expenditures for multiple large separation units.

Separation membranes have also been adapted to eliminate CO. Currently, the most viable
membranes allow only one small chemical species, such as hydrogen through the membrane while
all the other reformate gases are retained. Membranes are constructed of either inorganic ceramics
or precious metal alloys of Pd. In comparison to PSA, these systems typically operate with 40 —
50 psi differential pressure at temperatures up to about 200 °C making them inefficient and/or

expensive.



WO 2017/019577 PCT/US2016/043783

Scrubbers employ liquid — gas interactions to remove the contaminants. While proper
selection of stripping agent allows these processes to be very selective, they are complicated
systems that use specialty chemicals. Additionally, the units require multiple steps to transfer the
contaminant from gas phase to liquid, then from liquid back to gas phase, which is ultimately

vented. Scaled up processes have found limited applications in the hydrogen purification industry.

For purification after the WGS, the three physical separation methods discussed above can
be used to selectively remove CO without impacting the Hz yield of the reformate and WGS
reactions. However, these methods are expensive and are often replaced by methanation units.
Methanation removes CO by reacting with Hz in the presence of a catalyst to form CH4 and H2O;

this 1s the reverse process of steam reforming, as shown in reaction formula 3, shown below.
3) CO + 3H; & CH4 + H20

Methanation is commonly used to remove CO from the hydrogen feed in ammonia
synthesis (e.g. the Haber-Bosch process). However, methanation requires relatively high
temperatures (300° C) to be efficient and is unselective for CO, resulting in substantial reaction
between hydrogen and the CO: that is also typically present in the feed. Most importantly,
methanation consumes a substantial portion of the hydrogen that has been produced via the steam
reforming and WGS reactions. The combination of all these factors typically results in loss of 3-
10% of the produced hydrogen and requires this secondary methane to either be recycled or used
as fuel for high temperature units. While methanation processes successfully remove CO, they
result in substantial energy losses (nominally 5-15%) for the overall hydrogen production and

purification process.

Another catalytic reaction with the potential for removing low concentrations of CO from
gas streams is the preferential CO oxidation reaction (PROX) shown in reaction formula 4, shown

below.
4) CO+ 02 COz

However, the CO oxidation reaction is in competition with the hydrogen oxidation reaction

shown in reaction formula 5, shown below.

5) Hy+ %207 < H20
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The primary advantage that PROX has over methanation is that the amount of oxygen
introduced to the system can be controlled, thus limiting hydrogen losses. Typically 1% Oz is
added to a gas feed to remove 1% CO. This ratio can be adjusted to balance CO removal and H»
losses (higher Oz pressures result lower end amounts of CO, but greater Hz losses. This results in
areaction that places strict performance demands on the PROX catalyst, which needs to maximize
CO oxidation activity while limiting H> oxidation activity, even when H> concentrations are orders

of magnitude higher than CO concentrations.

The ideal PROX catalyst must have high activity at low temperatures (<150 °C), preferably
below 100 °C, and most preferably below 50 °C. The catalyst must also be highly selective for CO
oxidation over Hz oxidation, with at least 50% of the consumed oxygen used to oxidize CO,
preferably more than 70% of the consumed oxygen used to oxidize CO, and most preferably more
than 85% of the consumed oxygen used to oxidize CO. A reduction of the CO to below 10 ppm or
below 1 ppm with high O2 selectivity (> 50%) will make CO PROX catalysts viable for the
purification of Hz for fuel cells, ammonia synthesis, and other processes where CO presents

problems in downstream feeds.

The ability to operate over a wide temperature range is desirable as well. For fuel cell
applications, having high PROX activity at temperatures near the operating temperature of the fuel
cell (70-90 °C) is highly desirable. In other applications, the PROX catalyst may be required to
operate at approximately 20-30 °C. The ability to operate CO PROX over a wide range of
temperatures, particularly temperatures close to the temperature required for either preceding or
subsequent processing steps, may eliminate the necessity of cooling the gas streams and provide a

substantial economic advantage.

These requirements exclude the use of most metal catalysts for the PROX reaction.
Platinum, for example, requires temperatures greater than 200 °C in order to open surface sites for
O2 binding and activation required for CO oxidation. Another drawback is that most noble metal
PROX catalysts are also excellent hydrogenation catalysts that bind and activate H> at low
temperatures. Particularly in the presence of large amounts of H», the competitive reaction
between Oz and H> results in substantial H> loss and exceedingly poor selectivity at high CO
conversions. Operating at lower temperatures typically requires much larger amounts of metal in

the catalyst, which can further exacerbate these selectivity shortcomings.

4
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As an alternative to noble metals, materials composed of mixed copper and cerium oxides
have been examined as CO PROX catalysts; however, these materials are poisoned by CO2 and
H>0, which are common impurities in the hydrogen and light hydrocarbon feeds. Carbon dioxide
is also the reaction product and is therefore extremely difficult to remove as the reaction proceeds.
In order to avoid catalyst poisoning and deactivation by H2O/CQOa2, the CuOx/Ce203 catalysts must
be operated in a very narrow temperature window. Achieving acceptable activity and selectivity

in this temperature window remains a substantial technical challenge for these catalysts.

In contrast, gold based PROX catalysts have exceptional CO oxidation activity (high
reaction rates) at low temperatures (<100 °C) and have exceedingly poor hydrogenation activity
relative to traditional noble metal catalysts. This makes Au the most promising catalyst for the
CO PROX reaction. Strategies to optimize Au catalysts used in CO PROX have included: adjusting
metal particle size, incorporating heterometals in order to increase Oz activation activity,
modifying the metal oxide identity used as support by the combination of metal oxides with the
primary goal to increase the selectivity towards CO oxidation compared to Hz oxidation (using
mixed/combined oxides), and varying the metal oxide morphology (porous/nanoscale metal
oxides). Unfortunately, state of the art Au catalysts have not been able to consistently achieve the
activity and selectivity necessary to achieve CO PROX performance adequate for industrial

requirements.

In order to solve these problems, a highly active, highly selective PROX catalyst is
desirable. Catalysts should desirably have sufficient activity and selectivity over a wide range of
reaction conditions to compensate for various operating conditions and changes that occur during

the catalyst and process lifetime.

This background information is provided for informational purposes only. No admission
is necessarily intended, nor should it be construed, that any of the preceding information
constitutes prior art against the present invention.

SUMMARY

It is to be understood that both the foregoing general description of the embodiments and
the following detailed description are exemplary, and thus do not restrict the scope of the

embodiments.
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The inventors have carried out a careful study of process variables (experimental apparatus
in Figure 2) and have found why existing PROX catalysts do not achieve the performance goals
necessary for developing PROX as a viable method for CO removal systems. This will allow for
PROX reactors to be used in a wide variety of commercial applications, some examples of which
are shown in Figure 3. In one embodiment, the inventors have found that to best protect the
downstream catalysts, a PROX catalyst should desirably achieve an outgoing CO concentration of
50 ppm or less (preferably 10 ppm or lower); this is a CO conversion of 99.5% or higher.
Furthermore, changes in operating conditions that naturally occur under typical reaction conditions

can be taken into consideration in designing PROX catalysts.

In one embodiment, a preferential CO oxidation reaction (PROX) catalyst is provided,

comprising:

a plurality of Au or Ag particles having a size ranging from about 0.5 to about 20

nm;
a hydrophilic support in contact with the particles; and
about 0.1 to about 10 monolayers of water on a surface of the support.

In another embodiment, a preferential CO oxidation reaction (PROX) catalyst is provided,

which is prepared by process comprising:

removing one or more of an adsorbed carbonate, bicarbonate, carboxylate, organic
carbonate, adsorbed hydrocarbon, or a mixture of two or more thereof from a surface of a supported
catalyst, the supported catalyst comprising a plurality of Au or Ag particles having a size ranging

from about 0.5 to about 20 nm and a hydrophilic support in contact with the particles; and

simultaneously or thereafter adsorbing about 0.1 to about 10 monolayers of water

on a surface of the support.

In one embodiment, a method for preparing or regenerating a preferential CO oxidation

reaction (PROX) catalyst is provided, comprising:

removing one or more of adsorbed carbonate, bicarbonate, carboxylate, organic
carbonate, adsorbed hydrocarbon, or a mixture of two or more thereof from a surface of a supported
catalyst, the supported catalyst comprising a plurality of Au or Ag particles having a size ranging

from about 0.5 to about 20 nm and a hydrophilic support in contact with the particles; and

6
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simultaneously or thereafter adsorbing about 0.1 to about 10 monolayers of water

on a surface of the support.
In one embodiment, a process for oxidizing CO is provided, comprising:

contacting the catalyst and a feed gas comprising CO, Oz and H20 at a temperature

ranging from about 0 to about 300 °C, to thereby oxidize the CO.
In one embodiment, a process for oxidizing CO is provided, comprising:

contacting the catalyst and a feed gas comprising CO, Oz and H20 at a temperature
ranging from about O to about 300 °C, to thereby oxidize the CO and produce a first product gas

comprising 1000 ppm or less of CO;

optionally, adding or removing one or more of Oz, H20, or both to or from the first

product gas, to optionally form a second feed gas;

contacting the first product gas or second feed gas with a second catalyst at a

temperature ranging from about O to about 300 °C, to thereby oxidize said CO.
In one embodiment, a process for oxidizing CO is provided, comprising:

contacting the catalyst and a feed gas comprising CO, Oz and H20 at a temperature
ranging from about 0 to about 300 °C, to thereby oxidize the CO; wherein the catalyst is distributed
along a catalyst bed having an upstream portion and a downstream portion, and wherein the

temperature of the upstream portion is higher than the temperature of the downstream portion.

In one embodiment, a treatment method is provided for producing highly active Gold based
catalysts to be used in the preferential CO oxidation reaction, improving the catalyst resistance to

deactivation, and optimizing the use of catalytic metal by allowing for high gas throughput.

In one embodiment, a technology based on a dual-step process is provided for performing
the CO oxidation reaction with increased activity (elevated throughput), more efficient use of the
metal (high turnover rates), increased stability (resistance to deactivation over time), and increased

selectivity (avoiding undesired side reactions, H> oxidation, methanation, WGS, etc).

In one embodiment, a process is provided for the flexible operation of the preferential CO
oxidation reaction, allowing for high performance under a wide variety of process operating

conditions, including temperature, feed content of water and COx.
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In one embodiment, a process is provided that allows for the purification of a wide variety
of gases including, but not limited to, hydrocarbon streams (C1-C10 alkanes, alkenes, and

functionalized hydrocarbons) and permanent gases (N2, Oz, Hz, Air, He, Ar, etc).

In some embodiments, provided are a composition of Au nanoparticles for CO oxidation,
a process for synthesizing the same catalyst, and processes for using the same catalyst for purifying
gas streams by converting CO to CO2. In some embodiments, catalysts and processes are provided
that are capable of selectively oxidizing CO in the presence of other gases including Ha, Na,

methane, ethane, and others for the purification of said gas streams under a variety of conditions.

In some embodiments, provided is a compositionally controlled catalyst capable of
removing carbon monoxide (CO) from gas mixture via oxidation of CO to carbon dioxide (CO2)
by using supported gold nanoparticle catalysts with specific ratios of water content in the reactive
gas mixture and on the surface of the catalyst. Careful control over the amount of water adsorbed
on the catalysts generates a new composition of matter that allows for high CO oxidation activity
while limiting the oxidation of hydrogen, hydrocarbons, and other molecules. This can be suitably
applied to the purification of non-condensable hydrocarbon streams (C1-C3 alkanes and alkenes)
and permanent gases (N2, Oz, Ha, Air, He, Ar, etc). The resulting purified gases can be used in
applications and processes that are sensitive to the amount of CO in the feed gas, such as fuel cells
and processes employing metal catalysts. This can also be used in the purification of hydrogen
and light hydrocarbons and may be used as a replacement for methanation processes in hydrogen
production and purification, particularly for ammonia synthesis, petroleum refining, and the

production of high purity gases.

In some embodiments, provided is a compositionally controlled catalyst capable of
removing carbon monoxide (CO) and oxygen (O2) from gas mixture via oxidation of CO to carbon
dioxide (CO2) by using supported gold nanoparticle catalysts with specific ratios of water content
in the reactive gas mixture and on the surface of the catalyst, followed by a secondary catalyst bed
containing a hydrogenation or oxidation catalyst for reacting the remaining O2 with the feed gas
(e.g. H2). This can be suitably applied to the purification of non-condensable hydrocarbon streams
(C1-C3 alkanes and alkenes) and reactive permanent gases (O2, Haz, Air, etc). The resulting
purified gases can be used in applications and processes that are sensitive to the amount of CO and

O2 in the feed gas, such as fuel cells and processes employing metal catalysts. This can also be
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used in the purification of hydrogen and light hydrocarbons and may be used as a replacement for
methanation processes in hydrogen production and purification, particularly for ammonia

synthesis, petroleum refining, and the production of high purity gases.

Other objects, features and advantages of the present invention will become apparent from
the following detailed description. It should be understood, however, that the detailed description
and the specific examples, while indicating specific embodiments of the invention, are given by
way of illustration only, since various changes and modifications within the spirit and scope of the
invention will become apparent to those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The skilled artisan will understand that the drawings, described below, are for illustration
purposes only. The drawings are not intended to limit the scope of the present teachings in any
way.

Fig 1. Process options and typical functional limits for reducing the concentration of CO

in gaseous streams.

Fig 2. Experimental apparatus for catalyst testing. Reaction conditions: 5-120 mg of
catalyst diluted in 1200 mg of SiC, total flow 140-180 mL/min, moisture content 0-4000 Pa. Mass
flow controllers (MFC) allow for the mixing the gases (N2, H2, 5% CO/He, O2) in various

proportions.
Fig 3. Some potential applications of CO PROx in gas purification purification processes

Fig 4. Effect of thermal treatments and carbonate deposition during CO oxidation on the
water adsorption capacity of a Au/Ti0O:z catalyst. The H» treatment involved heating under flowing
H> (100mL/min, 250 °C, 16 h) («); regeneration refers to slowly cooling the catalyst immediately
after the Ha treatment under HoO/N2 (4000 Pa H2O, 20 °C, 12 hr, 100 mL/min N2) (&). The
“carbonated” catalyst was operated under CO oxidation conditions (1% CO, 20% O, 20 °C, 1 h,

Dry gas) (m) and was again regenerated (0).
Fig 5. Dual step process for the preferential oxidation of CO in gas mixtures.
Key to Figure 5:
A: Inlet Feed

B, D: Drain
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C: Humidity controlled inlet to upstream reaction bed

D: Effluent from upstream reaction bed (0-1000 ppm CO)
E: Drain

F: Humidity controlled inlet to downstream reaction bed
G: Process effluent (0-100 ppm CO)

32, 38: Heat exchanger

34, 40: Water saturator (humidifier / dryer)

36: Upstream reactor with catalyst bed

42: Downstream reactor with catalyst bed

Fig 6. PROX performance and deactivation of Au/Al>O3 with water in the feed (1% CO,
1.4% O3, 60% Ha, balance He). (A) Performance comparison between Au/Al,O3 operated at 40
°C and 80 °C (various space velocities, 1-20 Torr H20, see Fig. 7) and literature reports (Table 8).
When feed water content and space velocity are properly controlled, this Au/Al>O3 catalyst far
surpasses literature reports for CO PROX performance, easily achieving literature benchmarks.
(B) CO conversion and (C) Oz selectivity during 10 hour experiments with Au/Al20O3 at 80 °C.
When water is removed, selectivity immediately drops; CO oxidation activity also drops, but more
slowly. Thus, maintaining sufficient water on the catalyst prevents deactivation over 10 hours,
and is critical for optimum catalyst performance. CO conversion measurement errors are typically

+ 0.02%; Oz selectivity measurements are typically + 5%.

Fig. 7. PROX reactivity over Au/AlxO3 at high conversion. Panel (A) shows CO slip
versus Pmo at several space velocity values; CO slip = concentration of CO in the reactor outlet.
At 40 °C, activity (low CO slip) and selectivity (~ 90%) are maximized at ~ 5 Torr added water;
CO oxidation activity increased at 80°C, but the reaction was less sensitivity added water. Panel
(B) shows CO slip versus SV for the data in panel A; panel (C) shows Oz selectivity versus SV for
the data in panel (A). The data demonstrate controlling space velocity can tune catalyst
performance. When the space velocity is low, very low CO slips (~ 5ppm) are achieved, but at the
expense of Oz selectivity. Similarly, if the space velocity becomes too high, there is insufficient

time for the CO to fully react and CO slip increases. This indicates that the two reactions are

10
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essentially sequential: a majority of the CO reacts first, then the remaining Oz begins to react with
the available H>. There appears to be a maximum Oz selectivity of about 80 % at 80°C, suggesting

there is insufficient added water.

Fig. 8. Effect of SV on CO PROX catalysis over Au/Al2O3. (A) CO conversion as a
function of water content at several different values for the space velocity; (B) Oz selectivity for
COz as a function of CO conversion at 20°C. These data show that CO conversion increases as
the SV decreases while Oz selectivity is essentially the same up to 99% CO conversion. Although
there is a small amount of nascent Hz oxidation at all conversions, the reaction is largely sequential
— CO is oxidized first, then the catalyst begins oxidizing H2. CO conversion measurement errors

are typically + 0.02%; Oz selectivity measurements are typically + 5%.\

Fig. 9. Effect of water and temperature on CO PROX catalysis over Au/AlLOs. (A)
Normalized nominal activity and (B) O2 selectivity for COz as a function of Pu2o and temperature.
As the reaction temperature increases, the water pressure required to reach maximum activity shifts
to higher Pmo and broadens substantially. This suggests that a certain water coverage on the
support yields the highest activity. Additionally, the selectivity for COz decreases somewhat as
the reaction temperature increases. This is consistent with the mechanistic role of water as a co-
catalyst in CO oxidation. Activity measurement errors are typically + 0.02%; Oz selectivity

measurement errors are + 5%.

Fig. 10. Gas adsorption data. (A) Volumetric water adsorption isotherms (20-50 °C) on
the Au/Al>Os catalyst. As the temperature increases, the amount of water adsorbed on the catalyst
at a given pressure decreases substantially. The box indicates the range of Ou20 that corresponds
to the activity maxima in Figure 9A and Table 1. There is a relatively narrow range of water
coverage enabling the highest CO oxidation activity, regardless of the reaction temperature. (B)
CO adsorption isotherms (20°C) determined by infrared spectroscopy in the presence and absence
of water. At pressures as low as 2.3 Torr, where total CO oxidation activity is maximized, roughly
half of the CO adsorption sites are blocked by water. This is presumably due to physical blocking
of the adsorption sites at the metal-support interface by water adsorbed on the support. Adsorption

isotherm measurement errors are typically + 5%.

11
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Fig. 11. CO oxidation activity at 40 °C vs moisture content in the gas for Au/Al2O3 using
two different heating protocols. Each point corresponds to steady state conditions after 30 min [60

mg of untreated Au/Al>O3 catalyst (space velocity= 2.33 L/gca/min, 1% CO, 1.4% Oa, 70% Ha2)].

Fig. 12. Changes in FTIR spectra showing D20 treatment of Au/TiO2 and Au/Al2O3 (30
mg) wafers at 20°C. The top (blue) spectra were collected after H>O saturation; the bottom (red)

spectra were collected after D20 interchange.

Fig. 13. Proposed reaction mechanism for CO oxidation over Au/TiOz in the presence of
water. (A) Potential energy diagram; both pathways are limited by a combination of *COOH
decomposition and the reaction between *CO and *O(H). (B) Schematic representation of the

lower (green) pathway (* indicates an adsorbed species).

Fig. 14. CO oxidation activity at 20 °C vs water adsorbed on the catalysts. Each point

corresponds to steady state conditions after 30 min. (5 mg of catalyst; SV =36 L/ gca/min).

Fig. 15. Kinetic plots for the CO oxidation activity at 20 °C vs water content in the gas
phase (& blue data), and water adsorbed on the catalysts (& red data) on Au/TiO> (A-left) and
Au/Al>O3 (B-right). Each point corresponds to steady-state conditions after 30 min. using 5 mg
of catalyst (SV = 28 L/gca /min.).

Fig. 16. Kinetic Isotope Effect (KIE) for the CO oxidation activity at 20 °C versus time-
on-stream. (blue line—), and water adsorbed on the catalysts (red line-) on Au/TiO2 (A-left) and
Au/Al>O3 (B-right). Each point corresponds to six measurements with 5 mg of catalyst (SV =28
L/gca/min).

Fig. 17. CO oxidation kinetic dependence on CO concentration in the presence of added

water (87, 260, 660, 1760 and 3800 Pa).

Fig. 18. Effects of added water on CO oxidation in the presence (PROX) and absence (CO

Oxidation) of Ha at 20 °C. Rates are normalized to the maximum observed conversion.
Fig. 19. Water adsorption isotherms for Au/Al>Os at 20, 30, 40, and 50 °C.
Fig. 20. XPS data for the Au/Al203 catalyst.

Fig 21. XRD data for the Au/Al>Os3 catalyst.

12
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Fig. 22. Effects feed water content on CO oxidation activity by Au/TiO2 and Au/Al2O3
catalysts shown through plots of (A) Activity vs. Puo (B) reaction order plots, and (C) reaction
order based on the amount of weakly adsorbed water (wH20). Reaction conditions: 1% CO, 20%
02, 22 °C.

Fig. 23. Adsorption isotherms (A) and linear Langmuir plots (B) at 20 °C for weak water
adsorption on Au/Al>O3 and Au/TiOx.

Fig. 24. Effects of added water on CO adsorption. (A) Au-CO peak area, measured via
infrared spectroscopy, as a function of water pressure. (B) Au-CO peak area during drying with

1% CO/N3 after saturating with water at several Pu2o.
Fig. 25. Infrared spectra of H2O and D20 exchanged (A) Au/TiOzand (B) Au/ALOs.

Fig. 26. CO oxidation H(D) kinetic isotope effects experiments for Au/Al203. (A)
average KIE for 7 experiments with H-O and D2O exchanged treated samples. (B) Effects of
adding and removing 700 Pa H20/D20 to co Au/AlxO3 catalytic activity. All testing was
performed at (20 C with a 1% CO and 20 % O: feed.

Fig. 27. Kinetic parameters for Au/TiO2and Au/ALOs3 catalysts.
Fig. 28. CO oxidation in presence of 600 ppm of H20 on Au/ALOs.
Fig. 29. Removal of carbonates from Au/TiOz and Au/Al20O3 catalysts.

Fig. 30. Decrease in CO adsorption capacity on a Au/TiO2 catalyst due to the presence of
H20 in the gas. The CO adsorption changes were monitored using the Au-CO integrated peak
(~2100 cm™ in the IR spectra). All spectra are referenced to the catalyst pellet (at 20°C) after drying
at 120°C (N») for 1 hr.

Fig. 31. Variation in CO adsorption on the Au/TiOz catalyst with water adsorbed on the
surface of the catalyst

Fig. 32. PROX catalysis showing CO slip and COz selectivity as a function of water
pressure for a Au/Al20s catalyst operating at 50 °C.

Fig 33. PROX catalysis showing CO slip and COaz selectivity as a function of water
pressure for a Au/TiOz catalyst operating at 50 °C.

Fig. 34. Effects of heating protocol on Au/Al20s catalyst performance.
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Fig. 35. PROX catalysis showing CO slip and COz selectivity as a function of water
pressure for a Au/ZnO catalyst operating at 80 °C.

Fig. 36. PROX catalysis showing CO slip and COz selectivity as a function of water
pressure for a Au/SiOz catalyst operating at 80 °C.

Fig. 37. PROX results for single-stage, dual-bed catalyst arrangement for removing CO

and Oz from a hydrogen stream.

DETAILED DESCRIPTION

For the purpose of interpreting this specification, the following definitions will apply and
whenever appropriate, terms used in the singular will also include the plural and vice versa. In the
event that any definition set forth below conflicts with the usage of that word in any other
document, including any document incorporated herein by reference, the definition set forth below
shall always control for purposes of interpreting this specification and its associated claims unless
a contrary meaning is clearly intended (for example in the document where the term is originally
used). The use of "or" means "and/or" unless stated otherwise. The use of “a” herein means “one

or more” unless stated otherwise or where the use of “one or more” is clearly inappropriate. The

G G b Y3 b Y3

use of “comprise,” “comprises,” “comprising,” “include,” “includes,” and “including” are
interchangeable and not intended to be limiting. Furthermore, where the description of one or more
embodiments uses the term “comprising,” those skilled in the art would understand that, in some
specific instances, the embodiment or embodiments can be alternatively described using the
language “consisting essentially of”” and/or “consisting of.” As used herein, “about” encompasses

a value that is + 20% of the numerical value recited.

PROX catalysts

In one embodiment, the invention provides a preferential CO oxidation reaction (PROX)
catalyst, comprising: a plurality of Au or Ag particles having a size ranging from about 0.5 to about
20 nm; a hydrophilic support in contact with the particles; and about 0.1 to about 10 monolayers

of water on a surface of the support.
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In one embodiment, the active catalyst is composed of gold nanoparticles interacting with
a hydrophilic support with a thin layer of water adsorbed on the support. This thin layer of water
is critical to the operation of the catalyst, and has not been previously described or employed. The
gold nanoparticles can range in size from 0.5-20 nm, but preferably are smaller than 10 nm and
most preferably smaller than 5 nm. Numerous supports can be used, including metal oxides (such
as alumina, titania, silica, ceria, ZnQO, iron oxides, manganese oxides, etc.), mixed metal oxides,
metal hydroxides, zeolites, clays, etc. with the key feature being that the support adsorbs and
retains water under the reaction conditions. The preferred support will vary based on the desired
reaction conditions, with supports that bind water more strongly being preferred for higher
temperature reactions and / or lower water content gas feeds and supports that bind water less
strongly preferred for lower temperature reactions and / or higher water content gas feeds. The
layer of adsorbed water can range from 0.1 monolayer to multiple monolayers, and can be adjusted
to help control catalytic activity. The practical maximum height of the water layer is
approximately 5 water monolayers higher than the height of the Au nanoparticles. The hydrophilic
nature of the support allows the water layer to be controlled by adjusting the amount of water in
the reactive gas. Additional promoters such as alkaline or alkaline earth metals and metal

hydroxides may also be added to the catalyst.

In some embodiments, the Au or Ag particles have a size ranging from about 0.5 to about
15 nm. In some embodiments, the particles have a size ranging from about 0.5 to about 10 nm. In
some embodiments, the particles have a size ranging from about 0.5 to about 5 nm. In some

embodiments, the particles have a size ranging from about 0.5 nm to less than 5 nm.

In some embodiments, the hydrophilic support is metal oxide, mixed metal oxide, metal
hydroxide, zeolite, vermiculite, clay, silica-alumina, mixed manganese oxide, MnOz, Al2Os3,
Ce10AlOx, CerAlOy, Ce-Al-Oy, Ce-Co-0, Ce-Cu-0Ox, CeFeOx, Ce-Fe-Ox, Ce-Mn-0Ox, Ce0a, CeOn
nanocrystal, CeO2 nanocube, CeO> nanorod, CeO: polyhedra, CeO2/TiO2, CeO2-C0203, CeO:-
Fex03, CeZnOy, CeZrOx, FexO3, Fe-Ce-Ox, Mn-Ce-Ox, MnO2-CeO2, MnOx-CeO2, TiO2, Zn-CeO2,
Zn-Ce-Oy, Zn0O, ZnO-Fe203, or a mixture of two or more thereof. In some embodiments, the

hydrophilic support is Al203.
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In some embodiments, the support further comprises a promoter. In some embodiments,
the promoter is selected from the group consisting of alkaline metal, alkaline earth metal, alkaline

metal hydroxide, alkaline earth metal hydroxide, and a mixture of two or more thereof.

In some embodiments, the surface comprises an intersection of the support and one or more

of the particles.

In some embodiments, the layer of adsorbed water comprises about 0.1 to about 5
monolayers of water on the surface of the support. In some embodiments, the layer of adsorbed
water comprises about 0.1 to about 2.5 monolayers of water on the surface of the support. In some
embodiments, the layer of adsorbed water comprises about 0.5 to about 2.5 monolayers of water
on the surface of the support. In some embodiments, the layer of adsorbed water comprises about

1 to about 2 monolayers of water on the surface of the support.

In some embodiments, less than about 50% of the surface comprises a surface bound
carbonate, bicarbonate, carboxylate, or organic carbonate. In some embodiments, less than about
25% of the surface comprises a surface bound carbonate, bicarbonate, carboxylate, or organic
carbonate. In some embodiments, less than about 10% of the surface comprises a surface bound
carbonate, bicarbonate, carboxylate, or organic carbonate. In some embodiments, less than about
5% of the surface comprises a surface bound carbonate, bicarbonate, carboxylate, or organic
carbonate. In some embodiments, less than about 1% of the surface comprises a surface bound
carbonate, bicarbonate, carboxylate, or organic carbonate. In some embodiments, the surface does

not comprise a surface bound carbonate, bicarbonate, carboxylate, or organic carbonate.

In some embodiments, the particles are present in an amount ranging from about 0.1 to
about 60% by weight of the catalyst. In some embodiments, the particles are present in an amount
ranging from about 0.1 to about 30% by weight of the catalyst. In some embodiments, the particles
are present in an amount ranging from about 0.1 to about 10% by weight of the catalyst. In some
embodiments, the particles are present in an amount ranging from about 0.5 to about 10% by

weight of the catalyst.

Method for preparing PROX catalysts
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In some embodiments, the preferential CO oxidation reaction (PROX) catalyst is prepared

by process comprising:

removing one or more of an adsorbed carbonate, bicarbonate, carboxylate, organic
carbonate, or a mixture of two or more thereof from a surface of a supported catalyst, the supported
catalyst comprising a plurality of Au or Ag particles having a size ranging from about 0.5 to about
20 nm and a hydrophilic support in contact with the particles; and simultaneously or thereafter

adsorbing about 0.1 to about 10 monolayers of water on a surface of the support.

In some embodiments, the invention provides a method for preparing or regenerating a
preferential CO oxidation reaction (PROX) catalyst, comprising: removing one or more of
adsorbed carbonate, bicarbonate, carboxylate, organic carbonate, or a mixture of two or more
thereof from a surface of a supported catalyst, the supported catalyst comprising a plurality of Au
or Ag particles having a size ranging from about 0.5 to about 20 nm and a hydrophilic support in
contact with the particles; and simultaneously or thereafter adsorbing about 0.1 to about 10

monolayers of water on a surface of the support.

In some embodiments, the removing comprises heating the supported catalyst to a

temperature greater than about 150 °C for a time ranging from about 0 to about 16 hours.

In some embodiments, the adsorbing is carried out thereafter and comprises contacting the
supported catalyst with liquid H2O or an H2O-containing inert gas or an H>O-containing reactive

gas.

In some embodiments, the removing comprises heating the supported catalyst to a
temperature greater than about 150 °C, and wherein the adsorbing is carried out thereafter and
comprises cooling the supported catalyst to a temperature of about 25 °C over a period of about 1

to about 24 hours while contacting the supported catalyst with an H>O-containing inert gas.

In some embodiments, the removing comprises contacting the supported catalyst with a

diluted mixture of H2 and Oz gases at a temperature ranging from about 20 to about 400 °C.

In some embodiments, the removing and simultaneous adsorbing comprise contacting the
supported catalyst with a gaseous mixture of O2/N2/He/H.O/CO at a temperature ranging from
about 20 to about 250 °C for a time ranging from about 0 to 5 hours.
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In some embodiments, the removing and simultaneous adsorbing comprise contacting the
supported catalyst with a gaseous mixture of O2/N2/He/H.O/CO at a temperature ranging from
about 20 to about 100 °C for a time ranging from about 0 to 5 hours.

The active catalyst can be prepared in many ways and is not limiting. First, supported gold
or silver nanoparticles must be prepared on a hydrophilic support. Numerous preparation methods
are available in the literature; these methods include, but are not limited to, deposition-precipitation
techniques (including urea deposition-precipitation), wetness impregnation techniques, strong
electrostatic adsorption techniques, and colloid or nanoparticle deposition. We have used several
methods to prepare the supported gold nanoparticles, but have primarily relied on deposition-
precipitation and colloid deposition techniques. Commercially available catalysts can also be
suitable precursors. We have used catalysts purchased from Strem Chemicals (Au/alumina,
product number 79-0160; Au/titania, product number 79-0165; Au/zinc oxide, product number 79-
0170) as well as catalysts provided by MinTek.

The preferred structural properties of the material are as described above: the gold
nanoparticles can range in size from 0.5-20 nm, but preferably are smaller than 10 nm and most
preferably smaller than 5 nm. Numerous supports can be used, including metal oxides (such as
alumina, titania, silica, ceria, ZnO, iron oxides, manganese oxides etc.), mixed metal oxides, metal
hydroxides, zeolites, clays, etc. with the key feature being that the support adsorbs and retains

water under the reaction conditions.

Once the gold nanoparticles are prepared on the hydrophilic support, any adsorbed
carbonates must be removed and the water layer must be added. Several methods can be used to
prepare the active catalyst from the catalyst precursor, with the carbonate removal being the first
critical step. This can be accomplished by heating to high temperatures under a flowing reactive
or inert gas. A reactive mixture of H2 and O2 diluted in an inert carrier gas can also be passed
over the catalyst at low to moderate temperatures to decompose the carbonates. After this
treatment, the water layer can be added by passing liquid water over the catalyst and drying in an
inert gas or by equilibrating the catalyst surface with a gas containing water in an inert carrier gas.
Alternatively, water in an inert gas feed can be flowed over the catalyst at a low to moderate
temperatures to decompose carbonates, hydroxylate the support surface, and deposit the water

layer.
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Below is one example of how the catalyst can be prepared from a suitable supported gold
nanoparticle precursor. The thermal treatments used in catalyst preparation or regeneration often
result in dehydroxylation of the catalyst surface and loss of adsorbed water. Therefore, the
activation and pre-treatment typically performed immediately prior to contact with the reactive gas
is particularly preferred in preparing the active composition of matter. This class of pretreatments,
which generate the active composition of matter, enable the catalysts to generate high initial
activity and can be used to regenerate a deactivated catalyst. This general activation method can

be summarized by the following elements:

1- Immediately after high temperature thermal treatment (T > 150 °C) contacting the
catalyst with moisture containing inert gas hydroxylates the surface of the support, preserving the
water adsorption capacity of the catalyst. Figure 4 shows how regeneration under H>O containing
N2 flow (4000 Pa of H20, 100 mL/min N2, 20°C, 12hr,) restores the water adsorption capacity that

is lost due to the CO oxidation reaction ().

2- A slow cooling of the catalyst for 1-24 hrs in presence of elevated amounts of

moisture allows for re-hydroxylation of the catalyst surface.

3- When the catalyst has been stored for prolonged times, and prior to PROX catalysis,
the catalyst should be contacted with a moisture containing gas (no CO) to prepare the active

composition of matter.

4- Alternately, the catalyst may be contacted with a diluted mixture of H2 and Oz

gases, at temperatures ranging from 20 — 400 °C.

5- Alternatively, the catalyst may be contacted with a diluted mixture of Ha, Oz, and
H>0 gases, at temperatures ranging from 20 — 400 °C and cooled to the reaction temperature under

a gas comprised of H20 and an diluent gas (e.g. N2, air, etc.)

6- In order to avoid carbonates build-up on the catalyst surface during initial CO
PROX reaction, the pretreatment performed in points 1,2, 3, 4 and/or 5 should ensure that the water
coverage is in the range to reach optimal catalytic activity before contacting the gas with CO

containing gases (nominally 0.1-5 monolayers of water on the support).
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7- The lack of water adsorbed on the catalyst or moisture in the gas, or when it is
stored under dry atmospheres or containing CO/CO2 will promote the formation carbonate-like

species on the catalyst surface.

8- Carbonates formed on catalysts surfaces can be removed using mild treatments (at
temperatures 20-100°C) for short times (0-5 hr) using mixtures of O2/N2/He/H2O/CO provided that

enough water is preserved on catalyst surface (1-5 monolayers, Figure 4 line o).

Depending on the relative strength of adsorption of the carbonates formed on a specific support,
the temperature used in the treatment described in the point 1 should be changed accordingly.
Supports that bind carbonates more strongly require the use of higher temperatures during catalyst

pretreatment or regeneration.
Processes for carbon monoxide oxidation using PROX catalyst

In some embodiments, the invention provides a process for CO oxidation in the presence
of other gases using a PROX catalyst as described herein. In some embodiments, the CO oxidation

process is carried out during the production of hydrogen gas via steam reforming.

In some embodiments, the invention provides a process for oxidizing CO, comprising:
contacting the PROX catalyst of the invention and a feed gas comprising CO, Oz and H20 at a

temperature ranging from about O to about 300 °C, to thereby oxidize the CO.

In some embodiments, the process further comprises removing Oz by contacting the gas
with another catalyst. In some embodiments the Oz removing catalyst is a hydrogenation catalyst.
In some embodiments, the hydrogenation catalyst comprises a metal on an oxide support. In some
embodiments, the metal comprises nickel, platinum, manganese, copper, iron, palladium or
combinations thereof. In some embodiments, the oxide support comprises MnOa, Al20s,
Ce10AlOx, CerAlOy, Ce-Al-Oy, Ce-Co-0, Ce-Cu-0Ox, CeFeOx, Ce-Fe-Ox, Ce-Mn-0Ox, Ce0a, CeOn
nanocrystal, CeO2 nanocube, CeO> nanorod, CeO: polyhedra, CeO2/TiO2, CeO2-C0203, CeO:-
Fex03, CeZnOy, CeZrOx, FexO3, Fe-Ce-Ox, Mn-Ce-Ox, MnO2-CeO2, MnOx-CeO2, TiO2, Zn-CeO2,
Zn-Ce-Oy, ZnO, ZnO-Feo203, or a mixture of two or more thereof. In some embodiments, the oxide
support is Al20s. In some embodiments, the oxide support comprises SiOz. In some embodiments,
the hydrogenation catalyst is Ni/Al2O3. In some embodiments, the hydrogenation catalyst is

Pt/Si02. In some embodiments, the process can utilize a single stage, dual-bed reactor system
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comprising the PROX catalyst and the second catalyst. In some embodiments, the process
functions by having sufficiently high oxygen pressure to drive the CO oxidation reaction over the
PROX catalyst to completion. The excess Oz needed to drive the CO oxidation reaction can then
be removed using the Oz removing catalyst. In some embodiments, the second catalyst can be
present at the bottom or the end of the reactor bed. In some embodiments, the O>removing catalyst
removes 50%, 60%, 70%, 80%, 90%. 91%, 92%, 93%, 94%, 95%., 96%., 7%, 98%, 99%, or
substantially 100% of the remaining oxygen. In some embodiments, the process results in a
substantially pure hydrogen effluent. In some embodiments, only about 2% of the hydrogen is
sacrificed.

In some embodiments, the feed gas comprises O2 and CO in an O2/CO molar ratio of about
1,000,000:1. In some embodiments, the feed gas comprises O2 and CO in an O2/CO molar ratio
of about 100,000:1. In some embodiments, the feed gas comprises Oz and CO in an O2/CO molar
ratio of about 10,000:1. In some embodiments, the feed gas comprises Oz and CO in an O2/CO
molar ratio of about 1,000:1. In some embodiments, the feed gas comprises Oz and CO in an
02/CO molar ratio of about 100:1. In some embodiments, the feed gas comprises Oz and CO in
an O2/CO molar ratio of about 75:1. In some embodiments, the feed gas comprises Oz and CO in

an O2/CO molar ratio of about 50:1.

In some embodiments, the feed gas comprises O2 and CO in an O2/CO molar ratio of about
20:1. In some embodiments, the feed gas comprises O2 and CO in an O2/CO molar ratio of about
10:1. In some embodiments, the feed gas comprises Oz and CO in an O2/CO molar ratio of about
5:1. In some embodiments, the feed gas comprises O2 and CO in an O2/CO molar ratio of about
1:1. In some embodiments, the feed gas comprises Oz and CO in an O2/CO molar ratio ranging

from about 0.2 to about 5.

In some embodiments, the feed gas comprises H20 in an amount sufficient to maintain

about 0.1 to about 10 monolayers of water on the surface of the support during said contacting.

In some embodiments, the process produces a product gas comprising 1000 ppm or less of
CO. In some embodiments, the process produces a product gas comprising 100 ppm or less of
CO. In some embodiments, the process produces a product gas comprising 10 ppm or less of CO.
In some embodiments, the process produces a product gas comprising 1 ppm or less of CO. In

some embodiments, the process produces a product gas comprising 0.1 ppm or less of CO.
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In some embodiments, the process comprises an Oz selectivity for CO2 of 30% or greater.
In some embodiments, the process comprises an Oz selectivity for CO2 of 40% or greater. In some
embodiments, the process comprises an Oz selectivity for CO2 of 50% or greater. In some
embodiments, the process comprises an Oz selectivity for CO2 of 60% or greater. In some
embodiments, the process comprises an Oz selectivity for CO2 of 70% or greater. In some
embodiments, the process comprises an Oz selectivity for CO2 of 80% or greater. In some

embodiments, the process comprises an Oz selectivity for CO2 of 90% or greater.

In some embodiments, the temperature ranges from about 0 to about 200 °C. In some
embodiments, the temperature ranges from about O to about 175 °C. In some embodiments, the
temperature ranges from about O to about 150 °C. In some embodiments, the temperature ranges
from about 10 to about 150 °C. In some embodiments, the temperature ranges from about 20 to
about 150 °C. In some embodiments, the temperature ranges from about 20 to about 100 °C. In

some embodiments, the temperature ranges from about 20 to about 50 °C.

In some embodiments, the feed gas further comprises one or more of non-condensable
hydrocarbon, high dewpoint hydrocarbon, hydrocarbon, alkane, alkene, functionalized
hydrocarbon, permanent gas, hydrogen, ammonia, N2, Ha, air, He, Ar, C1-Cio hydrocarbon, or a

mixture of two or more thereof.

In some embodiments, the process produces a first product gas comprising 1000 ppm or
less of CO; and which further comprises a second process for oxidizing said CO, the second

process comprising:

optionally, adding or removing one or more of Oz, H20, or both to or from the first

product gas, to optionally form a second feed gas;

contacting the first product gas or second feed gas with a second catalyst at a
temperature ranging from about 0 to about 300 °C, to thereby oxidize said CO. In some

embodiments, the second catalyst comprises the PROX catalyst as described herein.

In some embodiments, the catalyst is distributed along a catalyst bed having an upstream
portion and a downstream portion, and wherein the temperature of the upstream portion is higher
than the temperature of the downstream portion. In some embodiments, the temperature gradually

decreases between the upstream portion and the downstream portion.
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In another embodiment, the invention provides a dual stage process for using Au based
catalysts to oxidize CO in non-condensable gas streams shown in Figure 5 (dew point > T36)
comprising the steps of: decreasing initial CO concentration to 100 ppm, and finishing in a second
stage until CO content is reduced to <10 ppm. In some embodiments, the catalytic activity and
selectivity is tuned by the control of adsorbed water on the catalysts. In some embodiments, the
temperature is gradually decreased between sequential operating units. In some embodiments,
activity and selectivity is preserved in the range of 0-150 °C, and wherein water is adsorbed on the
catalyst. In some embodiments, gas mixture is comprised by high dew point hydrocarbons. In
some embodiments, gas mixture is comprised by permanent gases Oz, N2, He, Ar, and their
mixtures. In some embodiments, gas mixture is comprised of permanent gases and hydrocarbon
mixtures. In some embodiments, gas mixture is comprised of high H> concentrations mixtures. In
some embodiments, where the catalyst is pretreated with water vapor/O2 mixtures to achieve high

catalytic activity.

In another embodiment, the invention provides a single stage process for the preferential
CO oxidation in gas streams using Au based catalysts exhibiting a gradual temperature decrease

along the length of the bed.

In some embodiments, high selectivity is afforded by performing the reaction in two serial

steps, in which the main components are:

1- An initial CO oxidation reactor (stage 1, unit 36 in Figure 5) using a near
stoichiometric amount of O2 (O2/CO 0.2 - 5) from air in which the resulting CO concentration is
reduced to a range of 1000- 1 ppm. The operating conditions for this reactor can be varied based
on the specifics of the inlet feed and the requirements of the downstream process. Broad guidelines

for this unit are as follows:

a. The unit (unit 36) is operated at a higher temperature, which can be close to the
outlet temperature of the preceding unit (typically, but not exclusively, a water-gas shift reactor).

These temperatures are typically in the range of (50-200 °C).

b. The moisture content of the feed stream is equilibrated at the temperature of
saturator 34, where T34 corresponds to the temperature necessary to obtain the desired water
pressure (and therefore water coverage - typically 0.5-2 monolayer equivalents of water on the

support) on the catalyst in Stage 1 (36), operated at T36.
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c. The amount of added Oz can be varied based on the specifics of the feed and the

operational requirements of the unit, but will typically have an O2/CO ratio in the range of 0.2-5.

2- A second auxiliary stage (stage 2) in which CO content is lowered to <1000 ppm.

The operation conditions in this stage are:

a. Operating temperature (in unit 42) either (a) a low temperature, particularly when
high selectivity is desired or (b) close to the delivery temperature necessary for the next
downstream unit in the processing This temperature (T42) can be varied according to the process

requirements, but will typically range from 0 to 100 °C (Figure 5).

b. The moisture content necessary for stream F may differ from the moisture content
of stream C based on differences in the operating temperatures and the properties of the catalysts
employed. Consequently, the primary function of saturator 2 (40) is to adjust the water content to
the value necessary to obtain the desired water coverage on the catalyst in Stage 2 (42), typically

0.5-2 monolayer equivalents of water on the support.

c. The amount of added Oz can be varied based on the specifics of the feed and the

operational requirements of the unit, but will typically have an O2/CO ratio in the range of 0.2-5.

Two heat exchangers (32 and 38) are necessary to ensure that temperature values (TC, TF)
and moisture contents (RHC and RHF) are adequate for stages 1(36) and 2 (42), respectively.
Streams B and D can be used either to add water to the system or remove excess water, depending

on the specifics of the inlet feed and the operating conditions.

By limiting CO slip after stage 1 to 1000 - 1 ppm, H2 oxidation can be largely prevented,
which improves the selectivity to values > 90%. High selectivity in stage 2 is attained due to two
factors: (i) water adsorbed on the support physically blocks the H> binding sites at the metal-
support interface, and (ii) H2 binding is an activated process, so employing lower temperatures
prevents Ha adsorption / dissociation. Thus, the dual stage system takes advantage of the higher
activity at higher temperatures, using a small amount of residual CO and water to prevent Ha
oxidation, and the higher intrinsic selectivity available at lower temperatures in stage 2. Using this
system, CO conversions as high as 99.98% (CO slip < 2 ppm) can be achieved with overall process

selectivity of 80% or higher.
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Reducing the gas temperature stepwise through stages 1 and 2 (T36>T42) also allows for
efficient heat management and assures that the polished gas can be delivered to downstream units

at an appropriately low temperature, when required.
TA (~300 °C) > TC > T36> TF > T42> TG (0-100 °C)
The system can be operated under a variety of conditions and with a variety of catalysts.

The catalysts in stage 1 and stage 2 need not be identical, but certain qualities are required

for high activity and selectivity:

1- The catalyst should consist of Au nanoparticles supported on a metal oxide or other

material that can adsorb water.

2- The gold nanoparticles should be smaller than 10 nm in diameter, and preferably
smaller than 5 nm in diameter. There should be sufficient remaining surface area on the support

to adsorb water.

3- Supports may be either traditional amorphous supports or may consist of nanoscale

support particles.

4- Micropore structures (<5 nm pore size) will favor capillary condensation, which

may increase the amount of water adsorbed at a given humidity level.

5- Promotors, while not required, may be added (either to the support or to the Au) to

improve catalyst performance. Bi-metallic and mixed (combined) oxides may also be used.

6- Many catalyst preparation methods are available, including those based on the

deposition-precipitation of HAuCla.

7- A variety of catalyst pretreatments are available, although lower temperature
oxidation and/or reduction steps are preferred. Au reduction can be performed at T<200 °C, where

little or no sintering or support dehydroxylation is observed.

8- The catalyst used in stage 1 does not necessarily need to be the same as the catalyst
used in stage 2. The catalyst and operating conditions used in Stage 1, particularly the water
adsorption qualities, can be chosen based on the outlet conditions from the upstream unit. For
relatively dry feeds and/or higher operating temperatures, the preferred catalyst will bind water

strongly (or have a higher water adsorption capacity). For relatively wet feeds and/or lower
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operating temperatures, the preferred catalyst will bind water less strongly (or have a lower water

adsorption capacity).

9- The catalyst and operating conditions used in stage 2, particularly the water
adsorption qualities of the catalyst, can be chosen based on the outlet conditions from Stage 1, the
overall process requirements (CO tolerance, selectivity), and downstream requirements
(temperature, CO content, and humidity). Catalysts with higher intrinsic selectivity for CO
oxidation (over H» oxidation) will generally be preferred and operated at temperatures that
maximize selectivity and Ho throughput. For lower operating temperatures, catalysts with lower
water adsorption strength (or lower adsorption capacity) relative to stage 1 will generally be

preferred.

10-  Relatively hydrophilic catalysts are preferred for stage 1 (for example, alumina,
silica-alumina, vermiculite, etc.), since higher operating temperatures of stage 1 will require

greater adsorption strength by the support t maintain the optimum water coverage.

EMBODIMENT 1 - Two stages operated in such way that the CO slip in stream D (after
stage 1) ranges from 1000-1 ppm. The specifics of the catalyst can be varied based on the humidity
of the inlet feed. Alumina (better water sorbent) is preferred in the first stage and Titania is

preferred in the second stage.

EMBODIMENT 2 — Two stages operated in such way that the CO slip in stream D (after
stage 1) ranges from 1000-1 ppm. The specifics of the catalyst can be varied based on the humidity
of the inlet feed. Alumina (better water sorbent) is preferred in the first stage and Titania is
preferred in the second stage. At the end of the second stage, an additional H> or hydrocarbon
oxidation catalyst can be placed to remove any remaining O2 from the process. The specifics of
this secondary catalyst can be varied based on the humidity of the inlet feed and the oxygen
tolerance of the downstream process. Typical oxidation catalysts are comprised of an active metal
(e.g. M, Fe, Co, Ni, Cu, Zn, Ru, Rh, Pd, Ag, Cd, W, Re, Os, Ir, Pt, Au, Hg, etc.) supported on an

oxide support (alumina, titania, silica, phosphate, etc.) or active carbon.

EMBODIMENT 3 — One stage process with a single catalyst where temperature gradually
decreases along the catalytic bed. Temperature and moisture in the top of the bed can be chosen to

reach high CO conversion while temperature in the bottom is chosen in order to reach the desired
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CO slip. Excess of water in the bottom of the bed causes a under-optimal activity, but also limits

H:> oxidation. Weaker water sorbent support is preferred in this type of embodiment (e.g. TiO2).

EMBODIMENT 4 — One stage process with a single catalyst where temperature gradually
decreases along the catalytic bed. Temperature and moisture in the top of the bed can be chosen to
reach high CO conversion while temperature in the bottom is chosen in order to reach the desired
CO slip. Excess of water in the bottom of the bed causes a under-optimal activity, but also limits
H:> oxidation. Weaker water sorbent support is preferred in this type of embodiment (e.g. Al2O3 or
TiO2). At the end of the second stage, an additional Hz or hydrocarbon oxidation catalyst can be
placed to remove any remaining O2 from the process. The specifics of this secondary catalyst can
be varied based on the humidity of the inlet feed and the oxygen tolerance of the downstream
process. Typical oxidation catalysts are comprised of an active metal (e.g. Mn, Fe, Co, Ni, Cu,
Zn, Ru, Rh, Pd, Ag, Cd, W, Re, Os, Ir, Pt, Au, Hg, etc.) supported on an oxide support (alumina,

titania, silica, phosphate, etc.) or active carbon.
EXAMPLES

EXAMPLE 1: “Controlling Activity and Selectivity using Water in the Au-catalyzed
Preferential Oxidation of CO in H2”

A typical benchmark goal for the PROX reaction, arising primarily from PEM fuel cell
requirements, is to reduce the CO concentration at the reactor outlet (hereafter referred to as the
“CO slip”) to 50 ppm with Oa selectivity to CO2 = 50%.' We refer to this as the 50/50 goal.
Supported Au nanoparticles are well-known to be highly active CO oxidation catalysts*® and
notoriously poor hydrogenation catalysts.” They should be excellent PROX catalysts, but 20 years
of research has produced very few catalysts capable of achieving the 50/50 goal (Fig. 6A).'%

Numerous studies have searched for better catalysts, examining particle size effects,%’ metal oxide

10,11 9,12

support effects, mixed metal oxides,”!? and ordered mesoporous materials.!> Bimetallic
catalysts,'* the inclusion of polyoxometallates in liquid phase media,'> Au-ceria nanocomposites, '®
and embedded Au@CeO; catalysts!” have also been examined with limited success.

A general lack of consensus on the CO oxidation mechanism has hampered catalyst
development. Surface hydroxyl groups on the support are clearly necessary for the most active

18-20

catalysts, and we,’ following work by the Haruta,?!** Davis,?** Fujitani** and Iglesia® groups,
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have shown water greatly enhance reaction rates. Several groups have also suggested that oxygen
vacancies on the support play in important mechanistic role.?**® More specific mechanistic PROX
investigations by Widmann and Behm have shown Hz promotes CO oxidation over Au and the
same activated oxygen species is involved in both H» and CO oxidation.”® There is fairly clear
consensus that, for low temperature CO oxidation, the metal-support interface plays a critical role
in the catalysis.>?*2°-32

We recently proposed a new mechanism for CO oxidation over Au/TiOz catalysts, in which
water functions as a co-catalyst;’ the study reported herein applies our newfound mechanistic
understanding to CO PROX. Preliminary tests showed Au/Al»O3 catalysts have the same basic
CO oxidation reaction kinetics, and therefore likely operate via the same mechanism as Au/TiOx.
The Au/Al;0s3 catalysts were more selective for PROX in our initial testing, so we focused
additional studies on this system. Although the promotional effects of water in PROX have been
reported,'? there is no systematic study seeking to control activity and selectivity by adjusting the
feed water content. Herein, we show that carefully controlling the feed water content and space
velocity leads to significant improvements in catalyst performance — far surpassing the 50/50 goal.
We also show the catalyst functions best when the surface coverage of water on the support is ~ 1
monolayer (ML), and interpret the activity and selectivity gains in terms of our most recent

mechanistic proposal.

Results and Discussion.

Influence of Water on Catalyst Performance. We studied a commercial Au/Al;Os catalyst,
controlling the water content in a model reformate gas stream (SI 2.1-3). Since catalysts are tested
under a wide variety of conditions in various labs, we defined a figure of merit (FOM, SI 3.2) to
efficiently compare key aspects of catalyst performance:

O, selectivity (%)

FOM = -
CO sijp (ppm)

ey

For reference, a FOM value of 1 describes a catalyst and reaction conditions that meet the 50/50
goal.

Figure 6A plots several FOM values against the nominal activity for some of our experimental
conditions. Approximately 60 literature reports are included (details in SI 3.3), most of which

were collected at 80°C, the operating temperature of many fuel cell systems.>* The literature
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results vary greatly, so nominal activities are normalized to the total amount of Au, making no
adjustments for Au particle size. We are aware of only two reports that achieve the 50/50 goal,
both using low space velocities and nominally dry feeds.!® By controlling the amount of water
added to the reaction (vide infra) and using higher space velocities, we far surpass the 50/50 goal,
and do so at space velocities 1-2 orders of magnitude larger than literature reports (Fig. 6A, Table
8).

Catalyst deactivation is similarly important in PROX, and water may prevent the deposition of
carbonates, which poison CO oxidation.>*=¢ Long term activity and selectivity plots are shown
in Figs. 6B and 6C, respectively. When water is added to the feed, there is no deactivation over
the course of 10 hours, and O: selectivity remains both constant and high (~80%). When water is
removed, Oz selectivity immediately drops and the CO oxidation activity begins to degrade over
time. These experiments, which employ an unoptimized catalyst, show that huge improvements
in PROX performance are possible when the feed water content is carefully controlled. Further,
the potential hydrogen production per unit time is increased 1-2 orders of magnitude over previous
reports, with negligible catalyst deactivation over 10 hours.

Space Velocity Effect. Figure 7 shows CO slip and Oz selectivity data for the experiments in
Fig. 6A. The experimental protocol (SI2.2-3) was critical to achieve high activity and selectivity,
so catalysts were always equilibrated with 30 Torr water before initiating the reaction. The water
pressure (Pu2o) was then systematically lowered, allowing the CO conversion to stabilize at each
Puoo (generally 30 min). Controlling the space velocity (SV), which is simply the flow rate
normalized to the amount of catalyst, is critical to achieving high activity and selectivity. When
both Pu2o and SV are properly controlled (Figs. 7B and 7C), the reaction can operate at very high
conversions (99.9%, < 10 ppm CO slip) while maintaining high Oz selectivity (> 80%); if the SV
drops too low, Oz selectivity suffers (Fig. 7C).

A space velocity study at 20°C (Fig. 8) demonstrated CO conversion increases as the SV
decreases while O selectivity is essentially the same up to 99% CO conversion. Similarly, when
CO conversions are high (CO slip ~ 10 ppm), decreasing the SV only serves to decrease the Oz
selectivity (Figs. 7B and 2C; 80°C). These data indicate the PROX reaction is largely sequential,
with CO reacting before H>. This conclusion differs somewhat from the most popular literature
mechanisms, which either require H» activation to generate the active oxidant®” or utilize support

O atoms.”
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The trends in PROX activity and selectivity, both for our data and much of the PROX literature,
can be readily understood in the context of our recently proposed CO oxidation mechanism for
Au/TiO,. The key elements of this mechanism are (i) the facile generation of reactive Au-OOH
from O2 and a proton from water adsorbed at the metal-support interface, (i) a very low reaction
barrier between Au-OOH and Au-CO, and (iii) the rate limiting decomposition of Au-COOH.’
The CO oxidation kinetics and H/D kinetic isotope effect for Au/Al2O3 are essentially identical to
Au/TiO2, indicating the same mechanism 1is likely at work (SI 3.1). Our results are largely

229 and Piccolo’; however,

consistent with the extensive PROX mechanistic work from the Behm
there are two important distinctions from their previous interpretations. First, Hz activation is not
required for CO oxidation activity since the active Au-OOH species is derived from Oz and water.
Second, our mechanism does not require the participation of support O, making it consistent with

isotope labeling studies in the absence of H,.232°

Table 1. Estimated water content and coverage at maximum PROX activity.

Temperature 20 °C 30 °C 40 °C 50°C
SV (L/gca/min) 2.3 35 4.7 9.3
P20 at max activity * 1.5 Torr 6.1 Torr 17.8 Torr 22.3 Torr
CO conversion 68% 70% 82% 68%
O conversion 28% 30% 35% 30%
02 selectivity for CO2 87% 84% 84% 83%
Total Oz converted 3910 ppm 4170 ppm 4940 ppm 4100 ppm
O3 lost to Hz oxidation 508 ppm 667 ppm 840 ppm 696 ppm
H>0 produced in-situ 0.8 Torr 1.0 Torr 1.3 Torr 1.0 Torr
Estimated total Pm2o 2.3 Torr 7.1 Torr 19 Torr 23 Torr
Adsorbed H,OP 2.4mmol/g 3.1 mmol/g 3.5mmol/g 2.7 mmol/g
0o (molecules/nm?)* 6.1 7.6 8.9 7.1

aFrom Fig. 4A; Feed: 10,000 ppm (1%) CO, 14,000 ppm (1.4%) O», variable water, 60% Ha,
balance He.

®Estimated from the total Pu2o and water adsorption isotherms (Fig. 5A).

“Based on the N> BET surface area.

Influence of Temperature and Water Coverage. To further explore the roles of water and
temperature in PROX, we operated the catalyst under similar conversion at several temperatures.
For each temperature, this necessitated adjusting the SV to achieve roughly 75% CO conversion
at 30 Torr added water. The feed water content was then systematically decreased. To visualize

the trends (Fig 9A), the nominal activity was normalized to the maximum CO conversion at that
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temperature; associated Oz selectivity plots are in Fig. 9B. At 20°C, Fig. 9A shows a maximum
activity at ~2 Torr of added water; this value is somewhat lower than the maximum found for CO
oxidation in the absence of Ha (~ 4-5 Torr, SI 3.4). This is readily explained by the Oz selectivity
data, which show that Oz selectivity drops at low Pmo. There are two sources of water in the
system: water intentionally added to the inlet feed stream, and water produced in-situ from H»
oxidation. As Table 1 shows, under the conditions yielding the maximum activity at 20°C, the
water produced in-situ is important, accounting for about half of the total water in the system. This
explains why so many literature catalysts have reported relatively low activity and Oz selectivity
using dry feeds — in the absence of sufficient surface water, the system oxidizes Hz to generate the
water co-catalyst necessary to oxidize CO. Since the amount of water on the support is governed
by adsorption-desorption equilibrium, and the gas flow constantly removes water from the catalyst
surface, the catalyst must constantly oxidize H> to maintain somewhat consistent water coverage
on the support. Thus, with insufficient water in the feed, neither high activity nor selectivity is
attainable.

The Pmo range yielding the highest activity increases dramatically as the temperature
increases, i.e. the peak in Fig 9A broadens with temperature. This is entirely consistent with the
important mechanistic role of water adsorbed on the support since, as the water adsorption
isotherms in Fig. 10A show, as the temperature increases, increasing Pu>o causes a small change
in the amount of adsorbed water. To illustrate this, we used the activity and selectivity data from
Fig. 9 to estimate the total amount of water in the system (cf. water intentionally added plus water
formed by H> oxidation) at the activity maximum. This estimate was used along with the
adsorption isotherms to estimate the water coverage (8u20) at the activity maximum (Table 1). At
each temperature, the maximum activity occurs at about the same 6o (6-9 molecules/nm?), which
corresponds to roughly 1 ML of water on the support.® This range is illustrated by the box in Fig.
10A. This optimum water coverage is compellingly consistent, and is similar to the maximum
value found for CO oxidation over Au/TiOz (~13 molecules/nm?).

As Figs. 8A and 9A show, if Omo increases above the apparent maximum of approximately 1
ML, then catalytic activity drops. Water binds more strongly to itself than it does to Au;* indeed
Au surfaces are considered hydrophobic, requiring cryogenic experiments to observe water
adsorption.® This suggests the drop in activity is due water, which is adsorbed on the support at

the metal-support interface, physically blocking CO from adsorbing on the Au particles. To test
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this, we measured CO adsorption isotherms in the presence of water (Fig. 10B) using infrared

spectroscopy.41

Even in the Pmo regime where activity increases to the maximum value, CO
adsorption decreases by 50% relative to the amount adsorbed in the absence of water. Nominal
activities for CO oxidation are largely insensitive to CO pressure in this kinetic regime (SI13.1), so
physical blocking has little impact on CO oxidation activity until a very large fraction of the Au
sites are blocked.

Beyond the influence on catalytic activity, Figs. 6C and 6B clearly show the addition of water
also improves Oz selectivity. This, too, can be understood in the context of our recently proposed

CO oxidation reaction mechanism.’

The Puxo and SV studies indicate the reaction is largely
sequential, such that most of the CO is consumed before H» is oxidized. This suggests catalyst
selectivity is largely determined by the competition between adsorbed CO and Hz for the Au-OOH
intermediate. Spectroscopic evidence for peroxo- and superoxo- species stabilized on the support
have been reported for Au/CeQ: catalysts.*> CO binds to Au much more strongly than does Ha,
so the CO coverage is expected to be high relative to H2 coverage, even under excess H.. When
the reaction is pushed to very high CO conversion (Fig. 7), there are sufficient Au sites available
for H> to react towards the bottom of the catalyst bed. Thus, the SV, conversion, and water
coverage control the fraction of Au sites available to catalyze H> oxidation.

There may also be kinetic influences on the high selectivity. Our previous DFT study found a
very low reaction barrier (0.1 eV) for Au-CO reacting with Au-OOH.> Hydrogen chemisorption
on Au is an activated process,” suggesting this may be slow relative to CO activation at low
temperature. The general trend of decreasing Oz selectivity as temperature increases (Fig. 9B) is
also consistent with Hz adsorption/reaction with Au-OOH having a larger activation barrier.

At all temperatures studied, PROX selectivity generally increased with Pmo (Fig. 9B). Behm’s
group has shown CO and H> compete for a common reactive oxygen intermediate;* this indicates
that water has a larger effect in blocking H» adsorption sites than it does in blocking CO sites (Fig
9B). Since water is adsorbed on the support, this is consistent with the conclusion that Ha

adsorption/activation sites are located at the metal-support interface.?*%37

This provides an
interesting positive feedback loop — when water coverage is low, Hz oxidation begins to produce
water, which accelerates CO oxidation. This interpretation is largely consistent with the bulk of
the PROX mechanistic literature, and explains why previous studies have not successfully

achieved the 50/50 goal.
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Our results show that an un-optimized catalyst can be a commercially viable H» purification
catalyst provided the SV, Omo, and reaction temperature are carefully controlled. Understanding
the fundamental steps in the reaction mechanism essentially turns this from a catalyst optimization
problem to one of reaction engineering. Controlling SV and Ou20 essentially allows one to tune
the number of available active sites, allowing adjustments for differing feeds. This is a substantial
advantage, potentially allowing one to uncover additional active sites as a catalyst begins to
deactivate over time (for example, due to sulfur poisoning). For wet feeds, this may be
accomplished simply by cooling to a temperature where the water vapor pressure is close to the
Puoo required for maximum catalytic activity.

This is not to say that the catalyst cannot or should not be optimized; rather, the mechanistic
understanding provides similarly clear directions to how the catalyst can be improved or tuned for
specific conditions. Indeed, the basic needs of this process have been known: good catalysts must
bind and activate CO far faster than they bind and activate H».” As we have now shown for the
first time, balancing the water binding properties of the support with the feed water content is
likely to be important in controlling both the CO and Hz oxidation activity, as well as the water
requirements in the process. Supports that bind water more tightly will be desirable for relatively
dry feeds — this should reduce the need for adding water to the system; conversely, supports that
bind water weakly will likely be better for wet feeds. Any electronic effects (e.g. support effects,
particle size effects, or promoters) that increase the CO adsorption energy relative to the Hz
adsorption energy should provide for greater differentiation between the two reactants and higher

selectivity.

EXAMPLE 2: Supporting Information for “Controlling Activity and Selectivity using
Water in the Au-catalyzed Preferential Oxidation of CO in H>”

2. Materials and Methods
2.1. Materials

The catalysts used in this study were commercial AUROIlite™ samples (Au/Al2O3 and
Au/TiO2) purchased from AuTEK. These catalysts were pretreated by the manufacturer to ensure
the particles were of appropriate size to be active for CO oxidation. The catalysts were crushed

and stored in a dark refrigerator. Powdered silicon carbide (400 mesh) was purchased from
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Aldrich. The Au particles on the Au/Al2O3 catalyst were too small to be imaged by TEM. A
sintered catalyst (500 C under Hz for 4 hours) showed an average particle size of 2.2 nm. Gases
(N2, He Ha, Oz, and 5% CO/He) were 5.0 grade supplied by Praxair and used with no additional

purification. Water was purified to a resistivity of 18.6 Q with a Barnstead Nanopure system.

2.2.  Catalyst pretreatments
The catalysts are active with no further treatment; however, careful control of the reaction
conditions is critical to maximize the resulting catalytic activity. This is due to the importance of

surface water and carbonates:

® Au based catalysts are prone to deactivation by formation of carbonates on the surface
23544-51

e (Carbonates formation is closely related to the lack of water adsorbed on the catalyst and/or
in the gas mixture. In both cases, decomposition of -COOH intermediates (on Au or on
the support) seems to be intimately related to the presence of water >*>%°, Additionally,
higher temperature pretreatments result in catalysts that form greater amounts of surface
carbonates under reaction conditions * resulting in lower catalytic activity 3.

* (O oxidation activity on Au based catalysts is greatly enhanced by the presence of H.O
and Hz in the gas feed. The literature clearly shows that the addition of H2O to the feed
enhances CO oxidation activity on Au-based catalysts ¥*>%5, On the other hand, H»

244,53

modifies the reaction pathway with the resulting effect of an enhanced CO oxidation

rate.

In typical literature reports, catalysts (20-200 mg) are diluted in an inert material (SiO2, SiC,
8-Al203) and tested in a continuous bed reactor apparatus. A model gas reformate mixture (1-2%
CO, 1-2% 02, 50-60% Ha, and 0-5% CO2, 20-200 mL/min) is passed through the catalyst bed. CO
PROX experiments are typically performed in the 20-100°C temperature range. The heating rate
is not always reported, but is normally low, and varies in the range 0.2-1°C/min 3”3,

Our preliminary experiments showed that slow heating of the catalyst has a negative effect on

the resulting catalytic activity. Figure 11 plots the CO conversion for a Au/Al20s catalyst (60 mg)

at 40°C when a slow heating ramp (2 °C/min (v)) is used compared to the conversion when the
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reacting mixture is contacted with the catalyst at 40 °C with no ramping (& ). All other conditions
were the same. This difference in activity for the same catalyst is attributable to two main causes:
(1) carbonates deposited on the catalyst surface affect water binding properties of the support, and
(i1) a fast formation of oxidation intermediates (-COQOH, -OH, -OOH, -O) that occurs when no
ramp is used accelerates the carbonates decomposition and/or avoids carbonates buildup on the
catalyst surface.

We therefore developed an experimental protocol for the catalytic testing based on four main
points:

1. The catalyst surface must have a high water coverage before and during the reaction.

2. Thermal pretreatments should be carried out at temperatures as low as possible.

3. Water must be co-fed at all times to avoid/inhibit the formation and buildup of carbonates.

4. Reaction temperature must be reached quickly by accelerating the heating ramp of the

catalytic bed. This can be achieved by preheating the furnace before bringing the reactor

on-line.

2.3. Catalysis experiments

CO oxidation catalysis. The CO oxidation reactor consisted of a home-built laboratory
scale single pass plug-flow micro-reactor. The reaction zone consisted of finely ground fresh
catalyst (5-100 mg) diluted in 1200 mg of silicon carbide. Gas flows were controlled with four
electronic low-pressure mass flow controllers (Porter Instruments). The composition of the feed
and reactor effluent (CO and CO2) were determined using a Siemens Ultramat 23 IR gas analyzer,
which included an electrochemical Oz analyzer.

The reacting gas mixture (1% CO, 1.4% Oz, 60% H>, balance He, 140 mL/min; SV = 1.4-
28 L/gca/min) was saturated with a fixed moisture content (~30 Torr) using a water saturator that
can be cooled with dry ice. No thermal pre-treatment was performed to the Au/Al>Os3 catalyst.
The reaction temperature (20-80 °C) was maintained with a water bath pumped through a dewar.
The water bath was always heated to the reaction temperature before immersing the U-tube reactor
in the dewar. The catalyst was then stabilized in the reactive atmosphere until steady-state
conditions were reached (with no change in CO oxidation rate, ~ 30 min). The water pressure in

the feed gas was changed by decreasing the temperature of the saturator; the lowest attainable
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value was approximately 1 mTorr (the equilibrium vapor pressure at the temperature of dry ice, -
78.5 °C).

CO reaction order. CO kinetic dependence was performed using five CO concentrations
(0.45,0.73, 1.0, 1.24, and 1.46%~01) with variable concentration of water in the feed. Oz content

was held constant at 1.35%.

2.4. Isotope exchange on Au/Al2O3

OH and adsorbed H20 on TiO2 and Al20s can be interchanged in-sifu under carefully
controlled conditions. TiO: isotope exchange has been described in Ref 5. Briefly, at 20°C, D,O
containing N> flow (100 mL/min) interchanges OH (to OD) and H>O (to D20O) from TiO2 in a 30
min treatment. Additional treatment for 30 minutes under flowing N> eliminates excess D2O. For
Al203, the interchange process is slower compared to TiO2 and requires either longer treatment
times when interchange occurs at 20°C, or higher temperatures maintaining the same interchange
time (30 min). In our case, we performed the interchange on Au/Al>O3 at 120°C for 30 min with
saturated N2 (700 Pa D20), followed by additional 30 min under N2 at 20°C to eliminate the excess
of D20.

FTIR evidence of the interchange process is summarized in Figure 12. Fresh catalysts (H-
blue spectra in Fig 12) show the spectral features of OH stretching bands (2200-3800 cm™),
including ‘dangling’ OH vibrations (3600-3800 cm™), and SHOH bending frequency at 1623 cm™
L. After the interchange process (red spectra), all the spectral features are red shifted to lower
wavenumbers: OD stretching (1700-2800 cm™), ‘dangling’ OD (2600-2800 cm™), and §DOD
(1212 cm™). Only a small residual amount of H remains on the surface, likely in the form of SHOD

(symmetrical band centered at 3400 cm™), also evident by the bending vibration at ~1411 cm™ %,

2.5. CO adsorption on Au catalysts in presence of water

CO adsorption experiments on untreated catalysts were performed as described previously
+1.36 " Briefly, approximately 25 mg of sample were pressed into a 30 x 30 Ti mesh (Unique Wire
Weaving Co.). The mesh-supported pellet was mounted into a custom-built copper cell and
vacuum chamber (International Cryogenics) with a gas-phase optical path length of 1.2 cm. The
vacuum chamber was placed in the sample compartment of a Nicolet Magna 550 FTIR

spectrometer and evacuated to a pressure of < 1 mTorr for 30-60 minutes. All measurements were
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made at ambient temperature and all spectra were referenced to a background spectrum of the
catalyst pellet under vacuum prior to the addition of CO. Transmission spectra consisted of 100
scans collected with 8 cm™! resolution (spectral data spacing = 4 cm’') and were reported in
absorbance units.

The gas handling system consisted of a mechanical pump and liquid nitrogen trap, a glass
line with stainless steel transfer lines to the sample apparatus, and a Baratron pressure gauge (P =
0 to 20 Torr). A liquid nitrogen trap was used to remove impurities from the CO tank (UHP Grade,
from Air Products). The entire gas handling system was purged with CO three times before
exposing the sample. After collecting a background spectrum, the sample was exposed to 20 Torr
CO, and the surface was allowed to equilibrate for 5-10 minutes; previous work has shown this is

ample time for CO equilibration on Au catalysts -3

. An infrared spectrum was recorded and
the pressure in the cell was slowly decreased to the next pressure.

For the adsorption of CO in the presence of water, the sample was first dried under vacuum
at room temperature. CO (20 Torr) was added to the cell and allowed to equilibrate for 5-10
minutes. Once at equilibrium, an IR spectrum was collected. The CO pressure was then
incrementally decreased with IR spectra being collected at each equilibrated pressure of CO. Next,
the cell was evacuated, 0.1 Torr of water was added to the chamber, and allowed to equilibrate.

CO was then incrementally added to the chamber and IR spectra collected at each pressure of CO.

This general procedure was repeated for higher pressures of added water.

2.6. Surface area measurements by volumetric adsorption

The total surface area of the Au/Al2O3; and Au/TiO: catalysts were measured by N»
physisorption at 77 K using a Micromeritics ASAP 2020. Prior to the adsorption measurement,
the catalysts were heated under vacuum at a ramp rate of 10°C/min to 120°C and held at this
temperature under vacuum. After 3 h, the catalysts were cooled down to room temperature under
vacuum. The complete adsorption and desorption isotherms were collected for both catalysts. The
BET surface area was determined from adsorption data over the relative pressure range (P/Po =
0.05 — 0.3). The surface area determined for Au/Al,03 and Au/TiO2 was 238 m*/g and 48 m?*/g,

respectively.

2.7. Water adsorption isotherm measurements
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Water adsorption isotherms were measured at four different temperatures (20, 30, 40 and 50
°C) using a Micromeritics 3Flex volumetric adsorption apparatus. Prior to measuring the
isotherms, the catalyst (100 mg) was evacuated at a rate of 10 mm Hg/s to less than 0.01 pm Hg.
The catalyst was first heated to 90°C at 5°C/min and held at that temperature for 30 minutes. A
second temperature ramp was used to heat the samples (in vacuo) from 90 to 120°C using a rate
of 5 °C/min. The catalyst was then held at 120°C for a minimum of eight hours; the pressure did
not exceed 0.01 pm Hg during the second stage of the pretreatment. After 1 h, the catalyst was
cooled to the adsorption experiment temperature under vacuum. The sample temperature was
maintained using a Neslab recirculating bath coupled to a Cryofab dewar. The water source
temperature was maintained at 43 £ 0.1°C and the instrument manifold was maintained at 45 *
0.02 °C. During the measurements small doses of water (0.05 mmol/g) were equilibrated with the
sample to develop the high resolution adsorption and desorption isotherms. Free-space was
measured after the analysis to avoid any stray gas interference or exposure prior to the water

adsorption.

3. Results
3.1  CO oxidation Kkinetics and reaction mechanism
Based on a kinetics and density functional theory (DFT) study, we recently proposed a new

reaction mechanism for CO oxidation over Au/TiO> catalysts °. We include this material for two
purposes: (1) to provide appropriate background on the CO oxidation reaction mechanism and (i1)
to show that, since the reaction kinetics are essentially the same over Au/Al,Os, the reaction
mechanisms are likely the same. We considered and investigated the PROX reaction in the context
of this mechanism.

Our newly proposed reaction mechanism is shown schematically in Figure 13. The key steps

in the mechanism (displayed in Fig. 13) are:

1. Fast Oz binding to Au, accompanied by a barrierless proton transfer from water adsorbed
on the support, generating Au-OOH at the interface.

2. Fast reaction between Au-OOH and Au-CO, generating Au-COOH and Au-O.

3. Fast proton transfer between Au-COOH and Au-O, yielding Au-OH and accompanied by
liberation of CO».
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4. Reaction between Au-OH and Au-CO, yielding Au-COOH
5. Rate-determining decomposition of Au-COOH, accompanied by a proton transfer from

Au-COOH to water adsorbed on the support.

Table 2. CO oxidation parameters for over Au/Al203 and Au/TiOx.

Reaction Order

Paramater AWTIO, AWALO,
| CO rxn order! ~0 | ~0 I
Oz rxn order? 0.1-0.3 0.3-04
H>O (gas) rxn order? 0.30 0.28
ML wH>O at activity maximum? 1.3 1.8
KIE (kn/kp) 1.84 1.81
Kuwi20 0.036* 0.029*

IReaction conditions: 20 °C, 20% O, no added H-O

ZReaction conditions: 20 °C, 1% CO, 50-300 Pa H.O

Reaction conditions: 20 °C, 1% CO, 20% Oa

*Equilibrium constant value determined from water adsorption data

A more detailed comparison of the reaction kinetics data is found below; for convenience, we
have compiled the key kinetic parameters in Table 2. The overall reaction kinetics are essentially
the same for both catalysts, indicating that both materials catalyze CO oxidation via the same, or
very similar, reaction mechanisms.

A. Reaction orders. In order to determine the effect of adsorbed water on catalytic
activity, a series of samples (5 mg) of each catalyst (Au/TiO2 and Au/Al>O3) was equilibrated with
a N2 flow saturated with different amounts of moisture. Prior to catalysis experiments, weakly
bound water was removed from the catalysts with flowing N2 (100 mL/min) for 1 h at 120 °C.
After drying, the catalysts were equilibrated with water saturated N> for 4 h.

This experimental procedure yields catalysts with controlled amounts of adsorbed water.
The effect of adsorbed water on the resulting catalytic activity is shown in Fig. 14. Each point in
Figure 14 was collected from a separate fresh catalyst sample and measured after the CO oxidation

reached steady state (30 minutes).
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The water reaction order was studied in a separate set of experiments. Maintaining constant
07 and CO concentrations, as well as total flow (140 mL/min), the water content in the system was
adjusted by changing the moisture content of the feed gas.

Figure 15 shows that reaction rate correlates extremely well with the amount of water
adsorbed on the catalysts; additionally, the reaction orders for adsorbed water are substantially
larger than the reaction orders for the water in the gas phase.

B. Kinetic isotope effect. As we have described previously, surface hydroxyls and
adsorbed water on the catalysts can be deuterated in-situ with flowing D2O/N2 prior to a catalysis
experiment (details in Section 2.4) 3. The isotope exchange allows comparison of the catalytic
activity of interchanged samples (D) with the fresh samples (H). The resulting ratio of the catalytic
rates (kn/kp) 1s interpreted as the kinetic isotope effect (KIE).

Figure 16 shows the results for the KIE experiment for CO oxidation on Au/TiO2 (A-left)
and Au/Al,O3; (B-right). Six separate experiments were performed and averaged with H>O
saturated (& blue data, H) and D»O saturated (s red data, ¥¥) samples. The measured KIE values
(1.84 and 1.81 for TiO2 and Al20s, respectively) are essentially the same for the two catalysts. The
magnitude is consistent with a primary KIE, indicating that O-H(D) bond cleavage is involved in
akinetically important step. Although KIE values are the same for both catalysts, some differences
are apparent. First, the catalytic rate for Au/TiOz is roughly three times faster than for Au/Al2O3
after 60 min time-on-stream (TOS). This difference is also apparent in the different scales in the
y-axes of Fig. 16. Second, the deactivation rate is more pronounced for Al2O3; these two elements
could be related and are likely attributable to greater carbonates formation on Al20s at the very
first moments of catalysis.

C. CO reaction order in the presence of water. Table 2 shows that under low CO
conversion conditions (20 °C, 20% Oz, no H3z) the reaction is largely independent of the CO
concentration. Under CO PROX conditions, Behm and co-workers showed the presence of Ha
increases the CO reaction order from 0.24 to 0.82 2. They further showed that the reaction order
for Oz remains unchanged under CO PROX conditions (0.32 and 0.36 under CO oxidation and CO
PROX conditions, respectively).

In order to maintain low conversion (< 15%), 5 mg of Au/AlO3 were used in CO PROX
at 40 °C with a total gas flow of 140 mL/min. The CO reaction order was studied using five CO
concentrations (0.45, 0.73, 1.0, 1.24, and 1.46%; Section 2.3), at five different feed moisture
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contents (87, 260, 660, 1760 and 3800 Pa). The Oz concentration was held constant at 1.35%.
Results are shown in Fig. 17. The reaction has a relatively small but complicated dependence on
CO. The rate reaches a maximum value at about 1.1 % CO; for higher CO contents the catalytic
rates decrease (Fig. S7A). Although the reaction rate increased with added moisture, the overall
CO dependence was essentially similar at all the moisture contents (between 87 and 3800 Pa).
Figure 17 shows that higher CO concentrations (> 1%) decrease the overall reaction rate;
consequently, the apparent reaction orders are negative. On CO oxidation over Pt, there is an
inverse relationship between the reaction rate and CO partial pressure resulting also in negative
reaction orders %%, In the context of CO PROX reaction, slightly negative reaction orders can be
interpreted as the saturation of the metal surface by adsorbed CO causing a ‘poisoning’ of the
oxygen activation sites. Surprisingly, while the water pressure increases the overall reaction rate

substantially, it has a minimal effect on the CO reaction order.

3.2. Water coverage during catalysis

Water is a co-catalyst for oxygen activation, so understanding the factors that affect the
amount of water on the catalyst is necessary. For CO oxidation in the absence of Ha, this is
relatively straightforward in that we can assume that the water coverage on the support is
equilibrated with the water in the feed. We note that the surface water coverage in flow catalysis
experiments is likely to be somewhat lower than in equilibrium adsorption experiments, due to
local changes in temperature and to the more complicated dynamics of the flowing system. CO
oxidation during PROX is further complicated by the unselective oxidation of Hz, which also
produces water.

Figure 18 illustrates the effect of water produced from Hz oxidation on the CO oxidation
reaction during PROX. In the absence of Hz (blue data), CO oxidation activity drops precipitously
when water is removed {rom the system and reaches a maximum at about 4 Torr. In PROX (with
Ha, red data), the maximum CO oxidation activity occurs at much lower added Pu2o (ca. 1.5 Torr)
and does not decrease substantially when water is removed. These differences are readily
attributed to the unselective oxidation of Hz, which produces water.

Table 1 estimates the actual support water coverage (Omo) by accounting for the water
produced by the unselective oxidation of H». For simplicity and clarity, we evaluated the total

water on the surface at the CO oxidation activity maximum. This value was estimated as follows:
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® The Oz conversion and selectivity data were used to calculate the total Oz converted.

® The Oz converted to CO2 was subtracted from the total Oz conversion to determine the O2
lost to H2 oxidation, and thus the amount of H20 produced by this reaction.

¢ Using the adsorption isotherm data (Fig. 9A; full isotherms in Fig. 19), the total Pmo was

used to estimate the amount of H>O adsorbed on the catalyst.

3.3.  PROX Data Tables (data from this work)

Since the PROX literature has largely focused on catalyst screening, particularly the search
for better catalyst supports, it is extremely varied in terms of the catalysts and operating conditions
employed. This makes comparing catalysts difficult; however, the goals of < 50 ppm CO slip with
high (> 50%) O selectivity are widely recognized as the desired performance goals 1. To assist
in comparing catalysts and conditions, we developed a simple figure of merit (FOM) defined by

these goals:

0, selectivity (%)

FOM = CO slip (ppm)

ey

The FOM is a nominal measure of both activity and selectivity; high selectivity and high
CO oxidation activity (represented by a low CO slip) result in larger values for the FOM. Since
the FOM describes performance under a given set of conditions (space velocity, temperature, feed
composition, etc.) a single catalyst will have a FOM value for every set of conditions tested.

The FOM formally has units of %/ppm due to the activity definition in terms of CO slip
which, in this case, is more useful than a unitless measure, such as CO conversion. Although the
FOM is formally boundless, in practice it is limited by the precision in the CO slip measurement,
which is about 1 ppm CO for our experiments. The lower limit approaches 0; thus the practical
range of the FOM, at least for our experiments and those we have found in the literature, is 0-100
%/ppm.

The data in Tables 3-7 were collected using our system and the Au/Al>O3 catalyst described

above. Table 8 compiles numerous reports from the literature.

Table 3. PROX data for Au/ALxOs at 40 °C with SV = 140,000 mL/g/hr (2.3 L/gca/min)*

Pm2o COsslip CO O: slip o)} Nominal Activity FOM
(Torr) (ppm) conversion (ppm) selectivity  (molco/molav/min  (%/ppm)
)
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30 29 99.71% 9302 100% 15.8 3.7
19 24 99.76% 9230 100% 15.8 4.4
15 20 99.80% 9157 100% 15.8 5.2
12 15 99.85% 9157 100% 15.8 6.9
7.8 12 99.88% 9157 100% 15.8 8.6
5.0 7 99.93% 8721 95% 15.9 14
29 14 99.86% 8576 92% 15.8 6.6
1.8 16 99.84% 8503 91% 15.8 5.7
1.3 26 99.74% 8430 90% 15.8 34
0.72 39 99.61% 8358 &8% 15.8 23
0.35 49 99.51% 8358 &8% 15.8 1.8
0.19 62 99.38% 8285 &7% 15.8 1.4
0.07 &0 99.20% 8285 &7% 15.7 1.1
0.02 96 99.04% 8285 &7% 15.7 0.9
0.00 134 98.66% 8358 &7% 15.6 0.7

aFeed: 10,000 ppm (1%) CO, 14,000 ppm (1.4%) Oa, water, 60% H», balance He

Table 4. PROX data for Au/AlxOs at 80 °C with SV = 210,000 mL/g/hr (3.5 L/gca/min)*

Pm2o COsslip CO O: slip o)} Nominal Activity FOM

(Torr) (ppm) conversion (ppm) selectivity  (molco/ 11)101Au/ min  (%/ppm)
30 5 99.95% 4797 54% 23.8 109
21 3 99.97% 3634 48% 23.8 16.1
13 3 99.97% 3343 47% 23.8 15.6
8.7 2 99.98% 3198 46% 23.8 23.1
4.9 2 99.98% 2980 45% 23.8 22.7
3.2 1 99.99% 2907 45% 23.8 45.1
1.4 1 99.99% 2834 45% 23.8 44.8
0.62 1 99.99% 2834 45% 23.8 44.8
0.20 1 99.99% 2907 45% 23.8 45.1

aFeed: 10,000 ppm (1%) CO, 14,000 ppm (1.4%) Oa, water, 60% H», balance He

Table 5. PROX data for Au/AlxOs at 80 °C with SV = 280,000 mL/g/hr (4.7 L/gc./min)*

Pm2o COsslip CO O: slip o)} Nominal Activity FOM
(Torr) (ppm) conversion (ppm) selectivity  (molco/ 11)101Au/ min  (%/ppm)
30 6 99.94% 6686 68% 31.7 11
20 2 99.98% 6395 66% 31.7 33
13 3 99.97% 5669 60% 31.7 20
8.2 2 99.98% 5378 58% 31.7 29
5.0 3 99.97% 5087 56% 31.7 19
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25 1 99.99% 4942 55% 31.7 55
1.2 1 99.99% 4724 54% 31.7 54
0.53 1 99.99% 4651 53% 31.7 53
0.14 1 99.99% 4578 53% 31.7 53
0.00 3 99.97% 4506 53% 31.7 18

aFeed: 10,000 ppm (1%) CO, 14,000 ppm (1.4%) Oa, water, 60% H», balance He
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Table 6. PROX data for Au/AlxO3 at 80 °C with SV = 420,000 mL/g/hr (7.0 L/gca/min)?

Pm2o COsslip CO O: slip o)} Nominal Activity FOM
(Torr) (ppm)  conversion (ppm) selectivity  (molco/molav/min  (%/ppm)
30 14 99.86% 7994 83% 47.5 5.9
21 7 99.93% 7994 83% 47.6 12
15 6 99.94% 7849 81% 47.6 14
10 8 99.92% 7776 80% 47.5 10
7.0 6 99.94% 7703 79% 47.6 13
5.2 9 99.91% 7631 78% 475 8.7
3.1 4 99.96% 6977 71% 47.6 18
2.3 6 99.94% 6831 70% 47.6 12
1.5 5 99.95% 6686 68% 47.6 14
1.0 5 99.95% 6613 68% 47.6 14
0.68 8 99.92% 6541 67% 47.5 8.4
0.38 9 99.91% 6468 66% 475 74
0.13 10 99.90% 6468 66% 47.5 6.6
0.05 9 99.91% 6468 66% 475 74
0 12 99.88% 6468 66% 47.5 5.5

aFeed: 10,000 ppm (1%) CO, 14,000 ppm (1.4%) Oa, water, 60% H», balance He

Table 7. PROX data for Au/AlxO3 at 80 °C with SV = 560,000 mL/g/hr (9.3 L/gca/min)?

Pm2o COsslip CO O: slip o)} Nominal Activity FOM

(Torr) (ppm) conversion (ppm) selectivity  (molco/molav/min  (%/ppm)
30 108 98.92% 7994 82% 62.8 0.76
21 133 98.67% 7994 82% 62.6 0.62
15 153 98.47% 7849 80% 62.5 0.52
10 173 98.27% 7776 79% 62.3 0.46
7.0 190 98.10% 7703 78% 62.2 041
5.2 205 97.95% 7631 77% 62.1 0.38
3.1 239 97.61% 6977 69% 61.9 0.29
2.3 265 97.35% 6831 68% 61.8 0.26
1.5 291 97.09% 6686 66% 61.6 0.23

aFeed: 10,000 ppm (1%) CO, 14,000 ppm (1.4%) Oa, water, 60% H», balance He
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4. Additional Characterization Data

4.1. XPS Data. XPS spectra were collected on a Kratos Analytical Axis Ultra DLD spectrometer,
equipped with a monochromatic Al-Ka excitation source (hv = 1486.6 eV), a delay-line detector
system, and a hemispherical sector analyzer. The powdered catalysts were finely ground using a mortar
and pestle. Powder mounting substrates were prepared by fastening a Smm x 5Smm square of 3M
double-sided tape to a piece of Si wafer with dimensions of about 1 x 1 cm. The catalyst powder was
pressed into the surface of the 3M tape in a manner that completely covered the adhesive. Each powder
sample was individually mounted. Loose particles were removed from each sample mount by blowing
the surface off with a jet of dry nitrogen. Four or five powder mounts were placed on the sample bar
for analysis. Each mount was secured to the sample bar with a Smm x 5 mm piece of 3M double-sided
tape, so the individual mounts are electrically insulated from the sample bar. All spectra were acquired
with the charge neutralizer on. Analytical chamber pressures were in the mid 10-8 torr range. The x-
ray gun anode voltage and current were 14 keV and 20 mA respectively. Survey scans were acquired
at a pass energy of 80 eV, a step size of 0.5 eV, and dwell time of 150 ms. High-resolution Au 4f
spectra were acquired at a pass energy of 20 eV, a step size of 0.5 eV, and a dwell time of 2500 ms.

Carbon levels on the sample were too low to provide reliable charge referencing, so the binding
energy scale was calibrated by setting the Al2p peak at 74 eV. All spectra were analyzed using
CasaXPS software. The Au peaks in the raw data were difficult to see due to the presence of the Al2p

energy loss feature, so the spectra have been plotted with the (linear) background subtracted.

4.2. X-ray Diffraction (XRD) Data. The X-ray diffraction (XRD) pattern was collected on a
PANalytical Empyrean diffractometer with Cu Kou radiation at 45 kV and 40 mA. Fixed slit para-
focusing geometry was utilized with 0.04 radians soller slits, 10 mm beam mask, a 0.25° divergence
and a 0.5° anti-scatter slit on the incidence side. Divergent optics included a 0.25° anti-scatter slit,
0.04 radians soller slits, and a nickel filter. A PIXcel detector in 1D scanning mode with PSD length
of 3.35° was used.

Based on the background subtracted spectrum, the alumina is most consistent with the y-

phase (cubic), as shown by the fit of red lines above.
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EXAMPLE 3: Evidence for common mechanism on Aw/TiO:2 and Au/ALOs.

To better understand the factors that control CO oxidation catalysis over supported Au
nanoparticles, we performed a detailed comparison between a Au/TiO2 and a Au/AlxOs catalyst.
Support effects have long been reported as being important in this reaction, and our choices here allow
us to compare reducible (TiO2) and non-reducible (Al2O3) supports. This comparison is particularly
important given the lore associated with gold catalysts, and the potential role of reducing the support
during the catalysis. Figure 22 shows the CO oxidation activity at low conversions (< 12%) for both
catalysts plotted against the feed water content. Both catalysts show similar trends in activity, reaching
a maximum around 300-600 Pa water. The Au/TiO: catalyst is substantially more active at the lowest
water contents, but is only about 2.5 more active at this maximum.

Water adsorption studies. Figure 22 shows that the catalytic behavior of Au/Al,Os; and
Au/TiOs are generally very similar with respect to water, particularly the reaction orders. Our previous
work, and that of others, has shown that water is a key co-catalyst in CO oxidation over Au.*refs In
particular, our work showed that weakly adsorbed water on the support was the key catalytic species
on Au/TiO:z. This weakly adsorbed water, which we hereafter refer to simply as “wH20”, is somewhat
arbitrarily defined as water that can be removed with flowing N> at 120 °C. To better characterize this
water, we followed the adsorption of this water onto the dried catalysts using infrared spectroscopy.
Following the 3(HOH) bending vibration centered around 1640 cm™! ensured that we only monitored
changes in the amount of surface water, and not any potential changes in the surface hydroxyl groups.

Figure 23A shows the adsorption isotherms for wH20 on the two catalysts. The isotherms are
well described by the Langmuir adsorption model; linear Langmuir plots and extracted equilibrium
constants for wH20 binding to the catalysts (Kwmo) are shown in Figure 23B. The equilibrium
constants are essentially the same; the small differences between the two measured values are unlikely
to account for the differences in catalytic activity. Further, Au is widely considered to be hydrophilic
*ref and control experiments indicate that the observed adsorption is consistent with adsorption on the
support and not on Au.

Although water is a key co-catalyst, having too much water in the feed is clearly detrimental
to catalytic activity.” We therefore examined the effect of added water on CO adsorption using infrared
spectroscopy in a transmission flow cell. Figure 24 shows the results of two studies. First, we flowed
a 1% CO/N2 gas feed over a dried Au/TiO2 sample to allow the CO to adsorb onto the catalyst. The
feed was then passed through a water saturator and the saturator temperature was adjusted to yield
several different water pressures. The sample was equilibrated at each water pressure, and an infrared

spectrum was recorded. The plot in figure 24A clearly shows that the Au-CO peak, which was
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normalized to the original Au-CO peak area, significantly drops as water was added to the system. At
720 Pa water, which is where catalytic activity begins to drop, about 35% of the CO adsorption sites
have been lost. We note that the CO reaction order is still close to O at these water pressures.

The second experiment similarly shows the important relationship between the Au-CO binding
and the amount of water on the support. In this set of experiments, the catalyst was first saturated with
a 1% CO + H20/ N2 gas feed. The water was then removed from the feed and the catalyst was dried
in flowing 1% CO/N2. Infrared spectra were collected during drying and both the vCO and SHOH
peaks were monitored over time. As Figure 24B clearly shows, there is an essentially linear
relationship between the amount of water adsorbed on the support and the amount of CO adsorbed on
the gold.

Gold is widely considered to be hydrophilic, and we see no evidence to support the conclusion
that water adsorbs directly onto the Au. Rather, we believe that these results are consistent with a
physical blocking of CO adsorption sites at or near the metal-support interface. As greater amounts of
water are adsorbed onto the support, more of these sites are blocked, and fewer CO adsorption sites
remain. In a sense, this can be thought of as a wetting of the catalyst surface and, at high enough water
pressures, the water layer can become deep enough that the Au nanoparticles are “flooded” with water
and can no longer readily adsorb CO. As we will discuss later, this indicates that two types of
adsorption sites are important for the catalysis: CO adsorption sites on the top of the nanoparticles and
O: adsorption sites that have access to protons from the water adsorbed on the support.
at several Pio.

Reaction kinetics. Table 2 shows the results from a study of the reaction kinetics over both
catalysts. The reaction orders vary within reasonable experimental errors for different amounts of
water in the feed. Both catalysts show small fractional oxygen reaction orders; the Au/Al»O3 oxygen
order is slightly larger, but not markedly so. Similarly, the reaction order based on the amount of
surface water is only slightly larger for Au/Al2O3. Thus, the basic reaction kinetics are essentially the
same for the two catalysts.

We previously showed a substantial O-H(D) kinetic isotope effect in CO oxidation over
Au/TiOs. To measure this, we exchanged the surface water and hydroxyl groups by flowing D20 over
the catalyst at ambient temperature. The reaction occurred quickly on Au/TiO3, and the exchange was
complete in 30 minutes. For Au/Al»Os, however, the exchange was much less facile, requiring higher
temperatures (120 °C) or longer times. This is likely due, at least in part, to the much higher surface

area and therefore total amount of water adsorbed on the Au/Al>O3 catalyst. Infrared spectra of the
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two catalysts after the exchange (Figure 23) showed essentially complete exchange of the OH groups
for OD groups after these treatments.

After completing the H/D exchange, we measured an O-H(D) kinetic isotope effect of 1.8 +
0.3 over the Au/AL>O3 (Figure 26); this is the same value as we previously reported for Au/TiO».>
When 600 Pa H>O/D->0O was added to the feed, the activity increased and the KIE value dropped to 1.4
(Figure 26). When the H>O/D>O was removed, the activity decreased, and the KIE increased,
approaching the original value. This is consistent with the behavior we observed for Au/TiO>’ and
consistent with the small KIE values under similar pressures of water measured by other research
groups.?

Using the Au/TiO: kinetic data coupled with a DFT study, we recently proposed a new
mechanism for the low temperature CO oxidation over Au/TiO» catalysts.” Scheme 1 shows a
simplified schematic of the key mechanistic steps from the DFT calculations. This mechanism is
consistent with the vast majority of the literature studies, especially isotope labeling studies reported
by the Iglesia and Davis groups. Further, this mechanism is readily understandable in terms of simple
electron pushing mechanisms, and is consistent with what one might expect using low temperature

organic chemistry principles.

Scheme 1. Proposed mechanism for CO oxidation over supported gold nanoparticles with the water

cocatalyst adsorbed on the support at the metal-support interface.

Ky
(1) 2(Aw+ €O S 4aw-co)
K
(2) Au + (Hy0)us & II?U*(HZO)MSI
() Au'(H,0)ys; + 0, & Au*—O0O0H + (OH )y
K
(4) Au"—O0O0H + Au' —CO & Au' —COOH + Au*—0

k
(5) Au' —COOH + (H,0)ys —> Au' + CO, + (Hs0%)ysr RDS

k
(6) Au'—0+ Au'—CO S Au + Au' + CO, very fast step

(7) overallreaction: 2C0 + 0, - 2CO0,

Since the reaction kinetics (water, CO, and O> reaction orders; KIE) are essentially the same
for Au/Al>0O3 and Au/TiO», the two catalysts almost certainly operate with essentially the same reaction
mechanism. This has important implications for other mechanisms suggested in the literature,
primarily mechanisms that invoke a reduction of the titania support. In essence, the reaction kinetics
indicate that, while titania is a reducible support, that reducibility (which leads to O vacancies on the

surface) does not appear to play an important role in CO oxidation catalysis under the reaction
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conditions that we have studied. The logic behind this conclusion is as follows: Alumina cannot be
reduced under the reaction conditions we have studied; therefore, oxygen vacancies cannot be invoked
in the reaction mechanism for Au/Al>Os. Since the reaction kinetics are essentially identical for
Au/ALO3 and Au/TiO2, the two catalysts almost certainly operate via the same reaction mechanism.
Therefore, oxygen vacancies and the reducibility of titania should not be invoked to explain the
catalysis on Au/TiO; under these reaction conditions.

The strong positive effect of water on the catalysis is also inconsistent with O vacancies playing
an important role, as water would be expected to rapidly block these sites. Similarly, there is little
evidence for oxygen activation on alumina, which would be necessary for a Mars-Van Krevelen type
mechanism. Therefore, it is unlikely that this is an important pathway for Au/TiO2, at least under our
reaction conditions (near room temperature, in the presence of water), where the catalysis is fastest.
We note that other mechanisms may well be possible under other conditions, particularly low
temperature and high vacuum studies in the absence of water. Indeed, the mechanism recently
proposed by Neurock and Yates, which invokes a Ti-O-O-Au intermediate under low temperature
UHYV conditions, goes through fundamentally very similar O; activation chemistry as the mechanism
that we propose.

There may be other reaction conditions where the reducibility of titania plays a more important
role in catalytic activity. Since water plays a critical role as a co-catalyst (Scheme 1), studies
performed in the absence of water may provide insight into these processes. Similarly, we cannot
comment directly on mechanisms that might be available on other supports beyond suggesting that it
would be prudent to investigate the possible mechanistic role(s) of water in the catalysis, since water
is extremely difficult to exclude from oxide supports, even when using UHP gasses. Once this
possibility is evaluated, the reducibility of the support may indeed be important for some metal oxide
supports. However, based on the reaction kinetics of Au/Al2O3 and Au/TiO2, and contrary to many
reports in the literature, the reducibility of titania does not appear to play a significant role in the fast
room temperature catalytic activity.

The importance of the metal-support interface is well recognized in the literature, and our
previous work suggested that the number of active sites depended on the amount of water adsorbed on
the support.’ Similarly, this reaction is well recognized to be controlled by O> binding, which DFT
calculations have shown to be a perimeter or near-perimeter Au sites that have access to water adsorbed
on the support.’ Our previous work™>?>78485 hag shown that an “active site” model for the catalysis,
which employs some of the core ideas of Michaelis-Menten kinetics, can be useful in evaluating and

comparing catalysts. These treatments have been particularly useful in identifying changes to catalytic
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activity that result from changes in the number of active sites®>>>7:34

versus to changes to the inherent
reactivity of the active site.®

Our previous kinetic model did not include a role for water in the reaction mechanism; we
therefore developed a new kinetic treatment based on the mechanism proposed in Scheme 1.

We therefore considered the number of active sites to be Au atoms in close proximity to water
molecules adsorbed on the support. (Eq. XX). Using this information, we derived the following rate

expression:

Based on these mechanistic elements, we derived the following rate expression:

!

X) Rate = ks K} [(Hy0)wsrl[Auh] | —20 [aus]
1+ Kj Po,

Inverting this rate expression creates a double-inverse expression,

X) 1 _ K3ks K, [(HZO)MSI][AU’H[AU;"]< 1 ) 1

Rate ks Ky [(H20) ysi][Auz][Auz] P_oz ks Ky [(H20) ysi][Auz][Auz]

This expression can be simplified to

x 1 Kp < 1 ) N 1
Rate Viax Po2 Viax

When defining the v, and K terms as

X)  Vmax = ks K4 [(H20)usi][Aur][Aug]

(X) KR = VmaxK’o(

Which has the corresponding double reciprocal form:
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Double reciprocal plots of Oz dependence data collected at various pressures of added water
(see SI) can then be used to extract Kr and vmax kinetic parameters that describe the catalysts under
those specific conditions. These parameters are plotted as a function of the added water content in
(expressed in terms of the coverage of weakly bound water) in Figure 27, and allow for a number of
conclusions regarding each catalyst. First, the Kr values are relatively constant for each catalyst,
suggesting that added water has little effect on the electronics of the active site. This is consistent with
the proposed mechanism, and indicates water’s primary role as a proton donor and acceptor.

The active site kinetic treatment indicates that the Au/AI203 and Au/TiO2 catalysts have very
similar intrinsic reactivity for CO oxidation. The primary difference between the two catalysts is in
the number of active sites. This difference is clearly tied to the amount of weakly adsorbed water on
the catalyst; however, the strength of adsorption of water on the catalysts is identical (Figure 23). The
only significant difference we have observed between the two catalysts that might be tied to the
difference in activity is the much slower rate of H/D exchange over Au/Al203. This suggests that the
differences in activity might be indirectly tied to the reactivity of either the surface hydroxyl groups,
or some other adsorbed surface species.

We,> and others*>?>#7, have shown that weakly adsorbed water is critical for achieving high
activity, and functions as a co-catalyst during CO oxidation.>® Therefore, differences in catalytic
activity might be attributable to differences in water adsorption. The distinction between the weakly
adsorbed water and all water adsorption is an important one. Our previously reported kinetic
correlations, as well as the correlations reported above, relate catalytic activity to the amount of weakly
adsorbed water. The weakly adsorbed water was defined as water that readsorbs after drying at 120
°C. However, water can adsorb as an in-tact molecular species or at a bridging Ti-O-Ti site, creating
two surface hydroxyls. By monitoring the 3(HOH) bending vibration at ~1640 cm™ as a function of
water pressure, which can only be due to molecular water, the IR spectra allow us to readily distinguish
between these two possible adsorption modes.

Figure 23 shows adsorption isotherms for weakly adsorbed water measured by infrared
spectroscopy. Although there are large differences in the total amount of water adsorbed, these are
largely attributed to the differences in the support surface area. Linear Langmuir plots of the data show
that the adsorption thermodynamics are essentially identical for the two catalysts. This is perhaps not
surprising — the adsorption energy for water adsorbing as a molecular species on surface hydroxyls,
which is dominated by hydrogen bonding interactions, might be expected to be relatively insensitive

to the underlying metal oxide structure.

55



WO 2017/019577 PCT/US2016/043783

We previously investigated pretreatment effects on the catalytic activity of Au/TiO2, and found
that surface carbonates appeared to play an important role in the catalytic activity.*> To briefly recap
this study, we showed that the CO oxidation reaction produces surface carbonates adsorbed on the
support. Although these species do not affect CO adsorption on Au, CO oxidation activity was
inversely proportional to the amount of carbonates generated. The observed carbonates were not
reaction intermediates, and could not be removed at near-ambient temperatures. Based on our current
understanding of the role of water in the reaction mechanism, it now seems likely that the carbonates
likely poison the reaction either by excluding water from the active sites at the metal-support interface
or by physically blocking those interface sites (Figure 28). This suggests an intimate relationship
between surface water, carbonates, and catalytic activity.

We have also found that the surface carbonates bind more strongly to titania than to aluminia.
Figure 29 shows that higher temperatures are required to remove carbonates from alumina. Table 9,
Figure 4, and Figure 30 show that the presence of surface carbonates reduces the water adsorption

capacity of the catalyst. Water also blocks some CO adsorption sites, as shown in Figure 31.

Table 9. Effects of catalyst treatment on water adsorption capacity

Treatment Smax
None 936
H> 250°C 16 hr 715
20C 16hr (reg 1) 887
With carbonates 632

H>&O» 2hr + 20C 16 hr (reg 2) 854

EXAMPLE 4: Oxidation of 1% CO in presence of 60% H: at 50 °C using Au/AL2O3
catalyst.

Using the experimental setup shown in Figure 5, 30 mg of Au/Al>O3 catalyst was diluted in
1200 mg of inert Silicon Carbide and loaded to the plug flow reactor. 140 mL/min of a 1% CO, 1.3%
03, 60% H> and 4000 Pa of water (approx. 4%) was fed to the reactor (SV=3.5L/gc./min). After 30
minutes stabilization at 50 °C, the water content in the gas is reduced by decreasing the temperature
of the saturator (Fig 5). The example (Figure 32) shows that CO slip of about 100 ppm can be reached
with appropriate water coverage on the catalyst, while simultaneously achieving very high O»

selectivity.
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EXAMPLE 5: Oxidation of 1% CO in presence of 60% H: at 80 °C using Au/TiOz
catalyst.

This example shows that the system can be operated as a single stage reactor. Low CO slips
can be achieved; however, O3 selectivity, while good, is not as high as when the system is operated

with a second stage catalyst at lower temperature.

EXAMPLE 6: Oxidation of 1% CO in presence of 60% H: at 40 °C using Au/Al2O3
catalyst. Effect of pretreatment of the catalysts.

The example shows CO oxidation activity at 40 °C vs moisture content in the gas for Au/Al203
using two different heating protocols: fast heating under a flow of water and slow heating under the
reaction mixture. Each point corresponds to steady state conditions after 30 min [60 mg of untreated

Au/AlL>Os3 catalyst (space velocity= 2.33 L/gcar-min, 1% CO, 1.4% Oz, 70% H>)].

EXAMPLE 7: PROx data for several catalysts

Catalyst Preparation Pretreatment (él?pilll)p 02 Si{;}‘;ﬁVity Temp (C) w gSXu/S)
AWAIZ03 WGE L hr 22?2’0 oc 36 56 60 52
awapos  UeaDP Y é’ 18;7“ 082’ 12 65 40 1.9

2% AWTIO2  UreaDP A8 I8 5500 62 40 1.9
awFaos | UraDP gz?z’o oc 6300 65 40 1.9
aomioy  NeonDp BN e 50 58 40 2.0

2hr @ 300 °C +
ARG NeOHDP E(y)o/f horzéoilzogv fg 130 62 40 49
+ H20

** all experiments done with 1.4% 02, 1% CO, 60% H2 and balance N2/He. Water content

was constant at 20 Torr. H20 **
EXAMPLE 8: Oxidation of 1% CO in presence of 60% H: at 50 °C using Au/ZnO catalyst

Using the experimental setup shown in Figure 5, 20 mg of Au/ZnQ catalyst was diluted in 1200
mg of inert Silicon Carbide and loaded to the plug flow reactor. 140 mL/min of a 1% CO, 1.3% O,
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60% H» and 4000 Pa of water (approx. 4%) was fed to the reactor (SV=3.5L/gca/min). After 30 minutes
stabilization at 80 °C, the water content in the gas is reduced by decreasing the temperature of the
saturator (Fig 5). The example (Figure 35) shows that CO slip of about 100 ppm can be reached with

appropriate water coverage on the catalyst, while simultaneously achieving very high Oz selectivity.

EXAMPLE 9: Oxidation of 1% CO in presence of 60% H: at 50 °C using Au/SiO:z catalyst

Using the experimental setup shown in Figure 5, 20 mg of Au/SiO» catalyst was diluted in 1200
mg of inert Silicon Carbide and loaded to the plug flow reactor. 140 mL/min of a 1% CO, 1.3% O,
60% H> and 4000 Pa of water (approx. 4%) was fed to the reactor (SV=3.5L/gc./min). After 30 minutes
stabilization at 80 °C, the water content in the gas is reduced by decreasing the temperature of the
saturator (Fig 5). The example (Figure 36) shows that CO slip of about 100 ppm can be reached with
appropriate water coverage on the catalyst, while simultaneously achieving very high O selectivity.
EXAMPLE 10: PROX catalysis with hydrogen oxidation catalyst at the bottom of the bed.

Using the experimental setup shown in Figure 5, 10 mg of 10% Ni/Al>O3 catalyst was diluted
in 300 mg of inert silicon carbide and loaded to the plug flow reactor. Additionally 70 mg of Au/Al2O3
catalyst was diluted in 1200 mg of inert Silicon Carbide and loaded into the plug flow reactor on top
of the Ni/Al>O; catalyst. A feed of 1% CO,1-1.4% O3, 60% H> and 20 torr of water (approx. 3 %) was
fed to the reactor. After 30 minutes stabilization at 60 °C, the space velocity was varied (SV=1.5-2.6
L/gau/s). Figure 37 shows that under these conditions, both the CO and O3 can be removed to the
detection limit of the experimental apparatus. This single-stage, dual-bed reactor functions by having
sufficiently high oxygen pressure to drive the CO oxidation reaction over the Au and water catalyst to
completion. The Ni catalyst at the bottom of the bed removes the remaining oxygen, leaving a pure

hydrogen effluent while sacrificing only 2% of the hydrogen.
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While there have been shown and described what are presently believed to be the preferred
embodiments of the present invention, those skilled in the art will realize that other and further
embodiments can be made without departing from the spirit and scope of the invention described in

this application, and this application includes all such modifications that are within the intended

scope of the claims set forth herein.
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CLAIMS

What is claimed is:

1. A preferential CO oxidation reaction (PROX) catalyst, comprising:
a plurality of Au or Ag particles having a size ranging from about 0.5 to about 20 nm;
a hydrophilic support in contact with the particles; and

about 0.1 to about 10 monolayers of water on a surface of the support.

2. The catalyst of claim 1, which comprises a plurality of Au particles.
3. The catalyst of claim 1, which comprises a plurality of Ag particles.
4. The catalyst of any of claims 1-3, wherein the particles have a size ranging from about

0.5 to about 15 nm.

5. The catalyst of any of claims 1-4, wherein the particles have a size ranging from about

0.5 to about 10 nm.

6. The catalyst of any of claims 1-5, wherein the particles have a size ranging from about

0.5 to about 5 nm.

7. The catalyst of any of claims 1-6, wherein the particles have a size ranging from about

0.5 nm to less than 5 nm.

8. The catalyst of any of claims 1-7, wherein the hydrophilic support is metal oxide,
mixed metal oxide, metal hydroxide, zeolite, vermiculite, clay, silica-alumina, mixed manganese
oxide, MnO2, Al,03, Ce1pAlOx, CezAlOx, Ce-Al-Ox, Ce-Co-0, Ce-Cu-Ox, CeFeOy, Ce-Fe-Ox, Ce-
Mn-Oy, CeOs, CeO2 nanocrystal, CeO> nanocube, CeO> nanorod, CeO> polyhedra, CeO»/TiO>,
Ce02-C0203, CeO3-Fex03, CeZnOy, CeZrOx, FesOs, Fe-Ce-Oy, Mn-Ce-Ox, MnO2-CeQ2, MnOx-
CeO3, TiOz, Zn-CeO2, Zn-Ce-Ox, ZnO, ZnO-Fe>03, or a mixture of two or more thereof.

9. The catalyst of any of claims 1-8, wherein the hydrophilic support is Al20s.
10. The catalyst of any of claims 1-9, wherein the support further comprises a promoter.

11. The catalyst of any of claims 1-10, wherein the support further comprises a promoter
selected from the group consisting of alkaline metal, alkaline earth metal, alkaline metal hydroxide,

alkaline earth metal hydroxide, and a mixture of two or more thereof.

12. The catalyst of any of claims 1-11, wherein the surface comprises an intersection of

the support and one or more of the particles.
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13. The catalyst of any of claims 1-12, which comprises about 0.1 to about 5 monolayers

of water on the surface of the support.

14. The catalyst of any of claims 1-13, which comprises about 0.1 to about 2.5

monolayers of water on the surface of the support.

15. The catalyst of any of claims 1-14, which comprises about 0.5 to about 2.5

monolayers of water on the surface of the support.

16. The catalyst of any of claims 1-15, which comprises about 1 to about 2 monolayers of

water on the surface of the support.

17. The catalyst of any of claims 1-16, wherein less than about 50% of the surface

comprises a surface bound carbonate, bicarbonate, carboxylate, or organic carbonate.

18. The catalyst of any of claims 1-17, wherein less than about 25% of the surface

comprises a surface bound carbonate, bicarbonate, carboxylate, or organic carbonate.

19. The catalyst of any of claims 1-18, wherein less than about 10% of the surface

comprises a surface bound carbonate, bicarbonate, carboxylate, or organic carbonate.

20. The catalyst of any of claims 1-19, wherein less than about 5% of the surface

comprises a surface bound carbonate, bicarbonate, carboxylate, or organic carbonate.

21. The catalyst of any of claims 1-20, wherein less than about 1% of the surface

comprises a surface bound carbonate, bicarbonate, carboxylate, or organic carbonate.

22. The catalyst of any of claims 1-21, wherein the surface does not comprise a surface

bound carbonate, bicarbonate, carboxylate, or organic carbonate.

23. The catalyst of any of claims 1-22, wherein the particles are present in an amount

ranging from about 0.1 to about 60% by weight of the catalyst.

24, The catalyst of any of claims 1-23, wherein the particles are present in an amount

ranging from about 0.1 to about 30% by weight of the catalyst.

25. The catalyst of any of claims 1-24, wherein the particles are present in an amount

ranging from about 0.1 to about 10% by weight of the catalyst.

26. The catalyst of any of claims 1-25, wherein the particles are present in an amount

ranging from about 0.5 to about 10% by weight of the catalyst.
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27. A preferential CO oxidation reaction (PROX) catalyst, prepared by process

comprising:

removing one or more of an adsorbed carbonate, bicarbonate, carboxylate, organic
carbonate, or a mixture of two or more thereof from a surface of a supported catalyst, the supported
catalyst comprising a plurality of Au or Ag particles having a size ranging from about 0.5 to about 20

nm and a hydrophilic support in contact with the particles; and

simultaneously or thereafter adsorbing about 0.1 to about 10 monolayers of water on a

surface of the support.

28. A method for preparing or regenerating a preferential CO oxidation reaction (PROX)

catalyst, comprising:

removing one or more of adsorbed carbonate, bicarbonate, carboxylate, organic
carbonate, or a mixture of two or more thereof from a surface of a supported catalyst, the supported
catalyst comprising a plurality of Au or Ag particles having a size ranging from about 0.5 to about 20

nm and a hydrophilic support in contact with the particles; and

simultaneously or thereafter adsorbing about 0.1 to about 10 monolayers of water on a

surface of the support.

29. The catalyst or method of claims 27 or 28, wherein the removing comprises heating
the supported catalyst to a temperature greater than about 150 °C for a time ranging from about O to

about 16 hours.

30. The catalyst or method of claims 27 or 28, wherein the adsorbing is carried out
thereafter and comprises contacting the supported catalyst with liquid H»O or an H>O-containing

inert gas.

31. The catalyst or method of claims 27 or 28, wherein the removing comprises heating
the supported catalyst to a temperature greater than about 150 °C, and wherein the adsorbing is
carried out thereafter and comprises cooling the supported catalyst to a temperature of about 25 °C
over a period of about 1 to about 24 hours while contacting the supported catalyst with an H>O-

containing inert gas.

32. The catalyst or method of claims 27 or 28, wherein the removing comprises
contacting the supported catalyst with a diluted mixture of Hz and Oz gases at a temperature ranging

from about 20 to about 400 °C.
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33. The catalyst or method of claims 27 or 28, wherein the removing and simultaneous
adsorbing comprise contacting the supported catalyst with a gaseous mixture of O2/N>/He/H>O/CO at

a temperature ranging from about 20 to about 250 °C for a time ranging from about O to 5 hours.

34. The catalyst or method of claims 27 or 28, wherein the removing and simultaneous
adsorbing comprise contacting the supported catalyst with a gaseous mixture of O2/N>/He/H>O/CO at

a temperature ranging from about 20 to about 100 °C for a time ranging from about O to 5 hours.

35. The catalyst or method of claims 27 or 28, wherein the catalyst comprises a plurality

of Au particles.

36. The catalyst or method of claims 27 or 28, wherein the catalyst comprises a plurality
of Ag particles.
37. The catalyst or method of claims 27 or 28, wherein the particles have a size ranging

from about 0.5 to about 15 nm.

38. The catalyst or method of claims 27 or 28, wherein the particles have a size ranging

from about 0.5 to about 10 nm.

39. The catalyst or method of claims 27 or 28, wherein the particles have a size ranging

from about 0.5 to about 5 nm.

40. The catalyst or method of claims 27 or 28, wherein the particles have a size ranging

from about 0.5 nm to less than 5 nm.

41. The catalyst or method of claims 27 or 28, wherein the hydrophilic support is metal
oxide, mixed metal oxide, metal hydroxide, zeolite, vermiculite, clay, silica-alumina, Al>O3,
Ce10AlOx, CexAlOx, Ce-Al-Ox, Ce-Co-0, Ce-Cu-0x, CeFeOx, Ce-Fe-Ox, Ce-Mn-Ox, CeO2, CeO2
nanocrystal, CeO> nanocube, CeO> nanorod, CeO> polyhedra, CeO»/TiO2, CeO>-C0203, CeO;-Fe20s,
CeZnOx, CeZrOx, Fe203, Fe-Ce-Ox, Mn-Ce-Ox MnO2-CeO2, MnOx-CeOs, TiO2, Zn-CeO2, Zn-Ce-

Ox, Zn0, ZnO-Fe>03, or a mixture of two or more thereof.

42. The catalyst or method of claims 27 or 28, wherein the hydrophilic support is Al>Os.

43. The catalyst or method of claims 27 or 28, wherein the support further comprises a
promoter.
44, The catalyst or method of claims 27 or 28, wherein the support further comprises a

promoter selected from the group consisting of alkaline metal, alkaline earth metal, alkaline metal

hydroxide, alkaline earth metal hydroxide, and a mixture of two or more thereof.
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45. The catalyst or method of claims 27 or 28, wherein the surface comprises an

intersection of the support and one or more of the particles.

46. The catalyst or method of claims 27 or 28, wherein said adsorbing comprises

adsorbing about 0.1 to about 5 monolayers of water on the surface of the support.

47. The catalyst or method of claims 27 or 28, wherein said adsorbing comprises

adsorbing about 0.1 to about 2.5 monolayers of water on the surface of the support.

48. The catalyst or method of claims 27 or 28, wherein said adsorbing comprises

adsorbing about 0.5 to about 2.5 monolayers of water on the surface of the support.

49. The catalyst or method of claims 27 or 28, wherein said adsorbing comprises

adsorbing about 1 to about 2 monolayers of water on the surface of the support.

50. The catalyst or method of claims 27 or 28, wherein, after said removing, less than
about 50% of the surface comprises a surface bound carbonate, bicarbonate, carboxylate, or organic

carbonate.

51. The catalyst or method of claims 27 or 28, wherein, after said removing, less than
about 25% of the surface comprises a surface bound carbonate, bicarbonate, carboxylate, or organic

carbonate.

52. The catalyst or method of claims 27 or 28, wherein, after said removing, less than
about 10% of the surface comprises a surface bound carbonate, bicarbonate, carboxylate, or organic

carbonate.

53. The catalyst or method of claims 27 or 28, wherein, after said removing, less than
about 5% of the surface comprises a surface bound carbonate, bicarbonate, carboxylate, or organic

carbonate.

54. The catalyst or method of claims 27 or 28, wherein, after said removing, less than
about 1% of the surface comprises a surface bound carbonate, bicarbonate, carboxylate, or organic

carbonate.

55. The catalyst or method of claims 27 or 28, wherein, after said removing, the surface

does not comprise a surface bound carbonate, bicarbonate, carboxylate, or organic carbonate.

56. The catalyst or method of claims 27 or 28, wherein the particles are present in an

amount ranging from about 0.1 to about 60% by weight of the catalyst.
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57. The catalyst or method of claims 27 or 28, wherein the particles are present in an

amount ranging from about 0.1 to about 30% by weight of the catalyst.

58. The catalyst or method of claims 27 or 28, wherein the particles are present in an

amount ranging from about 0.1 to about 10% by weight of the catalyst.

59. The catalyst or method of claims 27 or 28, wherein the particles are present in an

amount ranging from about 0.5 to about 10% by weight of the catalyst.

60. The method of claim 28, further comprising contacting the catalyst and a feed gas
comprising CO, Oz and H>O at a temperature ranging from about O to about 300 °C, to oxidize the

CO.
61. A process for oxidizing CO, comprising:

contacting the catalyst of claims 1 or 27 and a feed gas comprising CO, Oz and H>O at

a temperature ranging from about O to about 300 °C, to thereby oxidize the CO.

62. The process of claim 61, further comprising contacting the gas with a catalyst that
removes Oo.

63. The process of claim 62, wherein the catalyst that removes Oz is a hydrogenation
catalyst.

64. The process of claim 63, wherein the hydrogenation catalyst comprises a metal on an

oxide support.
65. The process of claim 64, wherein the hydrogenation catalyst comprises Ni/Al2O3,

66. The process of any of claims 62-65, wherein the process is performed in a dual-bed

reactor system.

67. The process of any of claims 61-66, wherein the feed gas comprises Oz and CO in an

0,/CO molar ratio of about 1,000,000:1.

68. The process of any of claims 61-67, wherein the feed gas comprises Oz and CO in an

0,/CO molar ratio of about 100,000:1.

69. The process of any of claims 61-68, wherein the feed gas comprises Oz and CO in an

0,/CO molar ratio of about 10,000:1.

70. The process of any of claims 61-69, wherein the feed gas comprises Oz and CO in an

0,/CO molar ratio of about 1,000:1.

67



WO 2017/019577 PCT/US2016/043783

71. The process of any of claims 61-70, wherein the feed gas comprises Oz and CO in an

0,/CO molar ratio of about 100:1.

72. The process of any of claims 61-71, wherein the feed gas comprises Oz and CO in an

02/CO molar ratio of about 75:1.

73. The process of any of claims 61-72, wherein the feed gas comprises Oz and CO in an

0>/CO molar ratio of about 50:1.

74. The process of any of claims 61-73, wherein the feed gas comprises Oz and CO in an

0>/CO molar ratio of about 20:1.

75. The process of any of claims 61-74, wherein the feed gas comprises Oz and CO in an

0>/CO molar ratio of about 10:1.

76. The process of any of claims 61-75, wherein the feed gas comprises Oz and CO in an

0,/CO molar ratio of about 5:1.

77. The process of any of claims 61-76, wherein the feed gas comprises Oz and CO in an

0,/CO molar ratio of about 1:1.

78. The process of any of claims 61-77, wherein the feed gas comprises Oz and CO in an

0,/CO molar ratio ranging from about 0.2 to about 5.

79. The process of any of claims 61-78, wherein the feed gas comprises H>O in an
amount sufficient to maintain about 0.1 to about 10 monolayers of water on the surface of the

support during said contacting.

80. The process of any of claims 61-79, which produces a product gas comprising 1000
ppm or less of CO.

81. The process of any of claims 61-80, which produces a product gas comprising 100

ppm or less of CO.

82. The process of any of claims 61-81, which produces a product gas comprising 10 ppm

or less of CO.

83. The process of any of claims 61-82, which produces a product gas comprising 1 ppm

or less of CO.

84. The process of any of claims 61-83, which produces a product gas comprising 0.1

ppm or less of CO.
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85. The process of any of claims 61-84, which comprises an O selectivity for COz of

30% or greater.

86. The process of any of claims 61-85, which comprises an Oz selectivity for COz of

40% or greater.

87. The process of any of claims 61-86, which comprises an O selectivity for COz of

50% or greater.

88. The process of any of claims 61-87, which comprises an O selectivity for COz of

60% or greater.

89. The process of any of claims 61-88, which comprises an Oz selectivity for COz of

70% or greater.

90. The process of any of claims 61-89, which comprises an O selectivity for COz of

80% or greater.

91. The process of any of claims 61-90, which comprises an O selectivity for COz of

90% or greater.

92. The process of any of claims 61-91, wherein the temperature ranges from about 0 to

about 200 °C.

93. The process of any of claims 61-92, wherein the temperature ranges from about 0 to

about 175 °C.

94. The process of any of claims 61-93, wherein the temperature ranges from about 0 to

about 150 °C.

95. The process of any of claims 61-94, wherein the temperature ranges from about 10 to

about 150 °C.

96. The process of any of claims 61-95, wherein the temperature ranges from about 20 to

about 150 °C.

97. The process of any of claims 61-96, wherein the temperature ranges from about 20 to

about 100 °C.

98. The process of any of claims 61-97, wherein the temperature ranges from about 20 to

about 50 °C.
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99. The process of any of claims 61-98, wherein the feed gas further comprises one or
more of non-condensable hydrocarbon, high dewpoint hydrocarbon, hydrocarbon, alkane, alkene,
functionalized hydrocarbon, permanent gas, hydrogen, ammonia, N», Ho, air, He, Ar, C1-C1o

hydrocarbon, or a mixture of two or more thereof.

100.  The process of any of claims 61-99, which produces a first product gas comprising
1000 ppm or less of CO; and which further comprises a second process for oxidizing said CO, the

second process comprising:

optionally, adding or removing one or more of O», H>O, or both to or from the first

product gas, to optionally form a second feed gas;

contacting the first product gas or second feed gas with a second catalyst at a

temperature ranging from about 0 to about 300 °C, to thereby oxidize said CO.

101.  The process of claim 100, wherein the second catalyst comprises the catalyst of

claims 1 or 27.

102.  The process of claim 100, wherein the process of any of claims 61-99 and the second

process are carried out in separate catalyst beds.

103.  The process of claim 100, wherein the temperature of the second process is lower than

the temperature in the process of claim 61.

104.  The process of any of claims 61-99, wherein the catalyst is distributed along a catalyst
bed having an upstream portion and a downstream portion, and wherein the temperature of the

upstream portion is higher than the temperature of the downstream portion.

105. The process of claim 104, wherein the temperature gradually decreases between the

upstream portion and the downstream portion.

106. A dual stage process for using Au based catalysts to oxidize CO in non-condensable
gas streams shown in Figure 5 (dew point > T36) comprising the steps of: decreasing initial CO

concentration to 100 ppm, and finishing in a second stage until CO content is reduced to <10 ppm.

107.  The method of claim 106 where the catalytic activity and selectivity is tuned by the

control of adsorbed water on the catalysts.

108. A dual stage method of claim 106 where the temperature is gradually decreased

between sequential operating units.
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109. The method of claim 106 where activity and selectivity is preserved in the range of O-

150 °C, and wherein water is adsorbed on the catalyst.

110.  The method of claim 106 where gas mixture is comprised by high dew point

hydrocarbons.

111.  The method of claim 106 where gas mixture is comprised by permanent gases Oz, Na,

He, Ar, and their mixtures.

112.  The method of claim 106 where gas mixture is comprised of permanent gases and

hydrocarbon mixtures.

113.  The method of claim 106 where gas mixture is comprised of high H> concentrations

mixtures.

114.  The method of claim 106 where the catalyst is pretreated with water vapor/O»

mixtures to achieve high catalytic activity.

115. A single stage process for the preferential CO oxidation in gas streams using Au

based catalysts where the gradual temperature decrease along the length of the bed.
116. A water based pretreatment for the Au catalysts to maximize catalytic activity.

117. A method for catalyst regeneration using a variety of gas mixtures O2/H2O/N>/CO that

allows carbonates decomposition under mild temperatures (0-150 °C).
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Continued from Box No. Ill Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees need to be paid.

Group 1: Claims 1-4 and 27-60 are drawn to a preferential CO oxidation reaction (PROX) catalyst, process of preparing, and a method
thereof. . : .

Group H: Claims 61-65 are arawn to a process for oxidizing CO. )

Group 1lI: Claims 106-115 are drawn to dual- and single-stage processes for using Au based catalysts or CO oxidation.
Group IV: Claim 116 is drawn to a pretreatment of Au based catalysts. '

Group V: Claim 117 is drawn to catalyst regeneration.

The inventions listed in Groups I-V do not relate to a single general inventive concept under PCT Rule 13.1, because under PCT Rule
13.2 they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group |, a preferential CO oxidation reaction (PROX) catalyst, process of preparing, and a method

. thereof, are not present in Groups |I-V; and the special technical features of Group Il, a process for oxidizing CO, are not present in
Groups | and IlI-V; and the special technical features of Group |ll, dual- and single-stage processes for using Au based catalysts or CO
oxidation, are not present in Groups |, I, IV and V; and the special technical features of Group IV, a pretreatment of Au based catalysts,
are not present in Groups I-lll and V; and the special technical features of Group V, catalyst regeneration, are not presentin Groups I-IV.

The Groups |-V share the technical features of a preferential CO oxidation reaction (PROX) catalyst, comprising: a plurality of Au or Ag
particles having a size ranging from about 0.5 to about 20 nm; a hydrophilic support in contact with the particles; and about 0.1 to about
10 monolayers of water on a surface of the support; and a preferential CO oxidation reaction (PROX) catalyst, prepared by process
comprising: removing one or more of an adsorbed carbonate, bicarbonate, carboxylate, organic carbonate, or a mixture of two or more
thereof from a surface of a supported catalyst, the supported catalyst comprising a plurality of Au or Ag particles having a size ranging
from about 0.5 to about 20 nm and a hydrophilic support in contact with the particles; and simultaneously or thereafter adsorbing about
0.1 to about 10 monolayers of water on a surface of the support. However, these shared technical features do not represent a :
contribution over the prior art.

Specifically, “The critical role of water at the gold-titania interface in catalytic CO oxidation” to Saavedra et al. teach of a preferential CO
oxidation reaction (PROX) catalyst (Saavedra Pg. 1599 Col. 1, Para. 3, We performed an experimental and computational study to
better understand how water, surface hydroxyls, and the metal-support interface interact during CO oxidation over Au/TiO2 catalysts),
comprising: a plurality of Au or Ag particles having a size ranging from about 0.5 to about 20 nm (Saavedra Pg. 1599, Col. 3, Para. 2,
This model substantially simplifies the real system, using a small Au cluster and a single water molecule to represent 3-nm particles); a
hydrophilic support in contact with the particles (Saavedra Pg. 1599, Col. 3, Para. 2, We explored potential mechanistic roles of O-H
bonds with density functional theory (DFT) studies using a 10-atom gold nanocluster residing on four layers of TiO2(110) support), and
about 0.1 to about 10 monolayers of water on a surface of the support (Saavedra Pg. 1560, Col. 2, Para. 1, Tile adsorption isotherm
quasi-saturated around 700 Pa (1.7 weight %, 13 molecules/nm2) , corresponding to roughly 1.5 monolayers of water on titania,
suggesting a bilayer adsorption structure typical for water); and a preferential CO oxidation reaction (PROX) catalyst (Saavedra Pg.
1599 Col, 1, Para. 3, We performed an experimental and computational study to better understand how water, surface hydroxyls, and
the metal-support interface interact during CO oxidation over Au/TiO2 catalysts), prepared by process comprising: removing one or more
of an adsorbed carbonate, bicarbonate, carboxylate, organic carbonate, or a mixture of two or more thereof from a surface of a
supported catalyst (Saavedra Pg. 1601, Col. 3, Para. 2, Closing the catalytic cycle requires the direct reaction between *OH and *CO (till
=0.10 eV, Ea = 0.4-0 eV, SM 6.4) to yield *COOH, followed by *COOH decomposition, which returns the proton and restores the active
site. The second pathway is initiated by an endothermic proton transfer from *COOH to an adsorbed water molecule (simultaneously
transferring a proton to the support); Pg. 1601, Col. 3, Para. 3, This step is the likely RDS because it involves a proton transfer (*COOH
to water)), the supported catalyst comprising a plurality of Au or Ag particles having a size ranging from about 0.5 to about 20 nm
(Saavedra Pg. 1599, Col. 3, Para. 2, This model substantially simplifies the real system, using a small Au cluster and a single water
molecule to represent 3-nm particles) and a hydrophilic support in contact with the particles (Saavedra Pg. 1599, Col. 3, Para. 2, We
explored potential mechanistic roles of O-H bonds with density functional theory (DFT) studies using a 10-atom gold nanocluster residing
on four layers of TiO2(110) support); and simultaneously or thereafter adsorbing about 0.1 to about 10 monolayers of water on a surface
of the support (Saavedra Pg. 1560, Col. 2, Para. 1, Tile adsorption isotherm quasi-saturated around 700 Pa (1.7 weight %, 13
molecules/inm2) , corresponding to roughly 1.5 monolayers of water on titania, suggesting a bilayer adsorption structure typical for water,
Pg. 1601, Col. 3, Para. 2, Closing the catalytic cycle requires the direct reaction between *OH and *CO (till = 0.10 eV, Ea = 0.4-0 eV, SM
6.4) to yield *COOH, followed by *COOH decomposition, which returns the proton and restores the active site. The second pathway is
initiated by an endothermic proton transfer from *COOH to an adsorbed water molecule (simultaneously transferring a proton to the
support); Pg. 1601, Col. 3, Para. 3, This step is the likely RDS because it involves a proton transfer (*COOH to water)).

The inventions listed in Groups |-V therefore lack unity under Rule 13 because they do not share a same or corresponding special
technical feature. : '
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