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ABSTRACT

Process for the preferential oxidation of carbon monoxide
5 and/or CH30H in a hydrogen containing process stream by

contacting the process stream with a catalyst comprising

cold on a support comprising non-reducible magnesium alu-

rinium oxide in form of MgAl,04 spilnel.
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Process for the Catalytic Oxidation

of Carbonaceous Compounds

BACKGROUND OF THE INVENTION

The present 1nvention 1s directed 1n general to a cata-

_vtic oxidatilon process of a carbonaceous feed stock and

to a catalyst being useful in the process. In particular,

+
e

ne 1nvention relates to preferential oxidation of carbon

monoxlide and other carbonaceous compounds in hydrogen con-
taining feed stocks 1n presence of a catalyst comprising
cold as the active catalytic component supported on a sup-

COXT comprlsling magnesium aluminum oxilde.

Carbon monoxide and lower hydrocarbons, belng present 1in a

_zrxge numoer of 1ndustrial processes, are usually unwanted

.~ the products from those processes. A number of proc-

(D

sses for the removal of these compounds are known in the

(M

rt. Thus, US Patent Nos. 5,062,873 and US 5,693,302 dis-
c_0se a process for the removal of CO mainly from inert
s using a gold/palladium, gold, and gold/silver or

r~
St
-

2S
cold/platinum metal catalyst supported on titanium diox-

—dae. By the above known processes also certain amounts of

~sdrogen are lost by oxilidation.

"nen producing hydrogen, e.g. by steam reforming, it 1is

necessary 1n a number of processes to remove residual

o

amounts of CO from the product gas selectively without

cxidation of hydrogen. One process to selectively remove
2 1s preferential oxidation, whereby CO is oxidized with
cxygen to carbon dioxide. In the preferential oxidation
crocess 1t 1s deslrable that preference for CO oxidation

s substantially higher than hydrogen oxidation to avoid

_oss of valuable hydrogen.
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US Patent No. 5,955,395 discloses use of Pt/zeolite cata-
lysts and US Patent No. 3,216,783 relates to Pt/Al,03 cata-
lysts for use 1n the abatement of CO. Oh and Sinkevick
(S.H. Oh and R.M. Sinkewltch, J. Catal. 142, 254 (1993))
mention use of Ru/Al,03 and Rh/Al,03 catalysts for use in
the selective CO removal, while U.S. Patent No. 5,702,838
uses a catalyst comprising an A-type zeolite and at least
one metal selected from the group consisting of Pt, Pd,
Ru, Au, Rh and Ir, or an alloy of two or more metals. A
limited number of catalyst systems based on gold on re-
ducible metal oxide supports have been investigated for
the oxidation of CO in the presence of H;: Au/MnOx (R.M.
Torres—-Sanchez, A. Ueda, K. Tanaka, M. Haruta, J. Catal.
168, 125-127 (1997)) and Au/Fe,03 (M.J. Kahlich, H.A.
Gasteiger, R.J. Behm, J. Catal. 182, 430-440 (1999)). The
term “reducible” oxilides 1s used 1n literature for those
catalysts contalning a transition metal ion that can occur
1n at least two different oxidation states (cf. M. Haruta,
Gold as low temperature oxidation catalyst: factors con-
trolling activity and selectivity, 3rd World Congress on
Oxidation Catalysilis, R.K. Grassellil, S.T. Ovyama, A.M.
Gaffney, J.E. Lyons, San Diego, Elsevier Science B.V.,
pages 123-134 (1997)) and it is distinguished between non-
reducible and reducilble oxides in the following according

to this definition.

Generally, the use of gold catalysts for oxidation of CO
by alr or oxygen containing atmosphere is known in the
art. Haruta et al. describe preparation of gold catalysts
in US Patent No. 4,698,324 and the preparation of gold on
reducible metal oxides by co-precipitation. The gold load-

ing was very high (about 10% by weight) in US Patent No.
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4,098,324 and improved methods were reported in e.g. US
Patent No. 5,789,337. US Patent No. 5,550,093 mentions use
of zeolites as hosts for gold, preferentially in combina-
tion with transition metal oxides. Preparation of small
gold particles and deposition of gold colloids have been
described 1n the open literature (J.-D. Grunwaldt, M. Ma-
ciejewski, O0.S. Becker, P. Fabrizioli, A. Baiker, J.
Catal. 186, 458 (1999)). However, strong dependence of the
CO oxidatilion activity on the nature of the support mate-
rial has been found and described in literature (M. Ha-
ruta, Catal. Today 36, 153(1997), J.-D. Grunwaldt, M. Ma-
ciejewski, O.S. Becker, P. Fabrizioli, A. Baiker, J.
Catal. 186, 458 (1999)). Also the poisonous character of
water on some Au/metal oxide catalysts has been mentioned
(M.A. Bollinger, M. A. Vannice, Appl. Catal. B Environm.
8, 417 (1996), J.-D. Grunwaldt, C. Kiener, C. Woegerbauer,
A. Baiker, J. Catal. 181, 223 (1999)). Usually, use of re-
ducible oxides 1s preferred to achieve more active gold
catalysts. Additionally, combinations of gold and Al,O0; and
gold and MgO/Mg(OH), are known in the art. It is further

known that the Au cluster size has to be about 1 nm on

Be (OH), and Mg (OH), (M. Haruta, Gold as low temperature
oxldation catalyst: factors controlling activity and se-
lectivity, 3rd World Congress on Oxidation Catalysis, R.K.
Grasselli, S.T. Oyama, A.M. Gaffney, J.E. Lyons, San Di-
ego, Elsevier Science B.V., pages 123-134 (1997)).

Oxildation of CO and hydrocarbons by gold as noble metal on
cobalt oxide (Co304) or ferric oxide (Fe304) as transition

metal 1s mentioned in US Patent No. 5,895,772.
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Several further oxidation reactions of carbonaceous com-
pounds (1.e. alcohols, alkenes, alkines) as well as hydro-
genation and water gas shift reactions are catalyzed by
gold (M. Haruta Catalysis Today 36, 163 (1997), H. Sa-
kurai, A. Ueda, K. Atsushi, M. Haruta, Chem. Commun., Is-
sue 3, 271 (1997); D. Andreeva, T. Tabakova, V. ldakiev,
P. Christov, R. Giovanoli, Appl. Catal. A: General 169, O
(1998)) .

However, in the above mentioned state of art it is nowhere
disclosed to use gold on a simple non-reducible support of
metal oxides as a catalyst for preferential oxidation of

carbonaceous compounds in the presence of hydrogen.

It has now been found that gold on the non-reducible
MgAl;04 spinel support provides in general an improved
catalyst for the above mentioned gold catalyzed processes,
particulariy in the oxidative removal of carbon monoxide.
The catalyst has high stability in the presence of water
and CO; and shows selectivity towards the oxidation of

carbon monoxide in presence of hydrogen.

Preparation and use of MgAl,04 as support in different pro-
cesses 1s known in the art, cf. J. Am. Cer. Soc., Discus-
sion and Notes, Vol. 53(1), 56 (1970), J. Mater. Sci.

Lett. 19, (2000) 1033; Mater. Lett. 31 (1997) 281, US Pat-
ent No. 5,997,835.

SUMMARY OF THE INVENTION

In accordance with the above findings and observations,

this invention is a process for the oxidation of carbona-
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ceous compounds by contacting the compounds with a catalyst
comprising gold on a non-reducible support of MgAl,0,. MgAl.,OQ,
1s stable in an environment with hydrogen, carbon monoxide,
carbon dioxide, methanol and water. Thus, the invention is
in particular useful in the oxidation of carbon monoxide and
of carbon monoxide in presence of hydrogen, water and carbon
dioxide.

The i1nvention provides process for preferential oxidation of
carbon monoxide or CH;OH in a hydrogen contalning process
stream by contacting the process stream with a catalyst
comprising gold on a support comprising non-reducible

magnesium aluminum oxide in form of an MgAl,0, spinel.

Preferably the concentration of gold on the support is in
the range of 0.01 to 10 percent by mass of the catalyst.

The support can be in the form of powder, monolith.
extrudate, rings, pellets, plates or pearls.

The catalyst according to the invention is additionally
useful in selective oxidation of CO for gas purification
purposes, oxildation of other carbonaceous compounds and
water gas shift reaction. .

The catalytic activity during oxidation of CO in case of the
Au-MgAl,0, system is maintained or even improved in the
presence of water and/or CO,, and the catalyst material is
selective towards CO oxidation in the presence of H,. Best
results are obtained on the magnesium aluminum oxide
catalysts, when the gold particles are smaller than 10 nm
and 1n most cases calcinations between 200 and 600°C have
been found to be advantageous. Both powder and preshaped

carriers can be used.
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DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS
Preparation of Gold Catalysts on Magnesium Aluminum Oxide

In the preparation of gold based MgAl,0, catalysts:
(a) porous ceramic carrier material containing MgaAl,0, is
used (in the following only referred to as MgAl,0,); and

’
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(b) a method for applying small gold particles on the ce-

ramlc carriler is employed.

This can be 1.e. achieved by

(a) deposition of gold colloids on the support;
(b) homogeneous deposition precipitation of a Au(III)

precursor, for instance Au(NHs),4(NO3)3; and

(c) chemical vapour deposition of a volatile Au(III) com-

pound, for i1instance (CHjz),Au (CH3COCHCOCH,) .

These and further methods for producing small gold parti-

cles are state of the art and described in the literature.

The carrier material MgAl,0,; is described in literature (J.
Am. Cer. Soc., Discussion and Notes, 53(1), 56 (1970), J.
Mater. Sci. Lett. 19, (2000) 1033; Mater. Lett. 31 (1997)

<81l) and an excess of Al is preferred. The specific sur-

face area 1s preferentially high.

Several examples are given to illustrate the invention in
further detail, but without restricting its preparation by

other techniques aiming at the production of small gold

particles on an MgAl,0, support.

Example 1.1

Preparation of a MgAl,;0, supported Au catalyst using the
colloid method.

First, a solution is prepared of 98 mg HAuCl,.3H,0 in 5.5 mL

water (solution A). Then, a solution is prepared of water
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(210 mL), and 4.55 mL of an agqueous solution contalning
tetrakis (hydroxymethyl) phosphonium chloride (THPC:
(CH,OH) 4PCl), altogether giving solution B. The THPC solu-
tion i1s obtained by diluting 1.2 mL of the commercial 80%
THPC solution to 100 mL. The pH of solution B is adjusted
to 10.0, regulating the addition of a 0.2 M NaOH solution.
Sclution A 1s added dropwise to solution B, while keeping
the pH constant at 10. The solution turns black and is
stirred for 10 min. at room temperature. Then, the pH of

the colloid is adjusted to 2.0 by addition of dilute H,SO,.

Separately, 10 g MgAl;0s4 (crushed to particles < 106 um) is
suspended 1n 200 mL dilute H;SO; with a pH of 2.0. The
latter suspension 1s treated with ultrasonic irradiation
for 15 min. Then, the colloid is added to the MgAl,0,
suspension followed by 10 min. stirring at room temperature.

The final suspension is filtered, washed with water and

dried at 110°C. Transmission electron microscopy and EXAFS

showed that the particle size of gold was mainly around

20-50 A.

Example 1.2
Preparation of a MgAl;0; supported Au catalyst using depo-

sition precipitation.

A solution 1s prepared containing 171.9 mg Au (NHj) 4 (NO3)

30

and 51.7 mg urea in 375 mL water. Then, 10 g MgAl,0, (crushed
to particles < 350 pum) 1s added and the suspension is heated
to 90°C for 20 h. Subsequently, the reaction mixture is fil-
tered, washed with water and dried at 110°C. The product is

calcined for 1 h at 300°C.
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Example 1.3
Preparation of a MgAl,0; supported Au catalyst using

deposltion precipitation and a preshaped carrier.

A solution 1s prepared containing 171.9 mg Au (NHsz) 4 (NO3) 3
and >1.7 mg urea in 375 mL water. Then, 10 g MgAl,O, shaped

as cylinders (diameter 4 mm; height 4 mm) is added and the

suspension is heated to 90°C for 20 h. Subsequently, the

reaction mixture is filtered, washed with water and dried

at 110°C. The product is calcined for 1 h at 300°C.

Example 1.4
Preparation of a MgAl;0; supported Au catalyst using the

colloid method and a preshaped carrier.

First, an Au colloid is prepared as described in Example 1.
The adsorption of the colloid was achieved according to
Example 1.1 using 10 g MgAl;0, shaped as cylinders (dia-
meter 4 mm; height 4 mm) at pH 2.0.

Example 1.5

Preparation of a MgAl;04 supported Au catalyst using vola-
tile (CHs)2Au(CH3COCHCOCH3). 0.016 g of the organlc precur-
sor (equivalent to 0.01 g of gold) has been evaporated in
vacuum and adsorbed on the support (1.0 g). The material

was heated to 200°C to decompose the precursor.

Catalytic Activity during CO-Oxidation

The gold catalysts according to the invention have proved
high activity for oxidizing CO at low temperatures, op-
tionally in the presence of water, CO, and H,. The CO may

pe present in the gas mixture in a relatively low concen-
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tration, for instance 10 to 100 ppm or high concentra-
tions, up to 10% by volume or more. The catalyst is there-
fore not only applicable for CO oxidation in inert gases,
but also 1.e. for selective CO removal in reformate gases

or other gases containing CO, hydrogen, CO,, and/or water.

The oxygen content 1is preferentially slightly higher than
the content of CO.

Several examples are given to illustrate the unique cata-
lytic properties, but without restricting its scope. As
examples two different feed gases with

0.5% CO/0.5% 0,/5% H,/balance Ar (gas A), and

1.8% 0,/1.0% CO/21% CO, /balance H; (gas B)

were used and the 1nfluence of water is shown by addition
of 3 vol% water. The comparison to Au/Al,0; catalysts and
Au/Mg (OH), catalysts prepared by methods according to the
state of the art showed that they were less active and

Au/Mg (OH), deactivated in the presence of CO,.

Example 2.1

A catalyst prepared according to Example 1.1 gave cata-
lytic results in an integral plug flow reactor as shown in

the following Table 1.

e o "
. . S U N S S ¢ e R R R I I R T I EI———————_———— I o
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Table 1
Temperature | Feed gas ' | H, conversion | CO conversion | Flow
/°C N in %2 in %3 (1-h™lg... 1)
50 A | 1.8 18 90 |
75 A 2.4 33 I 90
100 A 3.6 49 ] 90
75 A + 3% H,0 2.4 60 90
75 ' B 0.51 19 30
100 B 0.58 42 90
150 [ s | o7 1 55 %

'Gas A: 0.5%C0/0.5%0,/5%H,/Ar, Gas B: 1.8% 0,/1.0%C0/ 21%C0O,/balance H,

5 ‘Conversion is based on total amount of H, in gas A (5 vol%) and gas B
(76.2 vol%).
*Conversion 1s based on total amount of CO in gas A (0.5 vol%) and gas
B (1.0 vol%).

10
The catalyst was used in form of a sieved fraction
(0.3-0.7 mm). The gold content was 0.79 wts, as determined
by chemical analysis. The main particle size was 20-50 A,
as determined by transmission electron micro;copy (TEM)

15 and the determination of the coordination number in ex-

tended X-ray absorption spectroscopy (EXAFS).

Example 2.2
A catalyst prepared according to Example 1.2 and contain-

20 ing 0.42% Au according to chemical analysis gave the fol-

lowing results (Table 2).
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Table 2
Temperature Feed gas H, conversion | CO conversion | Flow
/°C in %2 in §° (1-h™'geae ™)
20 A < 1.0% 36 60
95 A 5.2 89 [ o
100 A 6.0 98 60
l 100 A 4.6 83 90
100 3.0 84 90 |
100 B 3.2 79 90
75 B 0.1 49 90
30 N B <0.1 | 22 90

'Gas A: 0.5%C0/0.5%0,/5%H,/Ar, Gas B: 1.8% 0,/1.0%CO/ 21%CO,/balance Ho
o ‘Conversion is based on total amount of H 1n gas A (5 vol%) and gas B

(76.2 vol%).

*Conversion is based on total amount of CO in gas A (0.5 vol%) and gas

B (1.0 vol%).

10 The following Table 3 gives an example for a test of the
catalyst at 100°C under the same conditions during a
longer time (time = 0, when started with gas feed 1.7%

02/1.0% C0/20.4% C02/3% HZO/balance Hg) .

15 Table 3
Time/h | Feed gas H, conversion CO conversion Flow
' 0, 2 : o 3 - -
- in % in % (1-h™'geae t)
79 S0

0 B + 3%H,0 3,
3,

1
90 [B +3%H,0[ 3.2 | 81 ] 90

Example 2.3
A catalyst prepared according to Example 1.5 gave the fol-
lowing performance (Table 4). The nominal loading of gold

20 was 0.1 by weilght.
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Table 4
Temperature Feed gasI H, conversion CO conversion | Flow '
/°C in §° in §° (1-h™'geae ™)
—. P ——
75 A < 1% 38 60 |
100 A | 3.0  [TE3 60
150 73 | 60
50 B ] 0.34 14 60
75 B 0.53 39 60
— oY
100 | B | 1.3 69 60
Gas A: 0.5%C0/0.5%0,/5%H,/Ar, Gas B: 1.8% 0,/1.0%C0O/ 21%C0O,/balance H,

‘Conversion is based on total amount of H, in gas A (5 vol%) and gas B
(76.2 vol%).

3Conversion 1s based on total amount of CO in gas A (0.5 vol%) and gas
B (1.0 vol%).

Example 2.4

The performance of a catalyst on a preshaped carrier (Ex-

ample 1.3) 1is shown in the following Table 5. The loading

of the catalyst was 0.10% by weight as determined by

chemical analysis.

15

20

Table 5
Temperature | Feed gas ° | H, conversion | CC conversion | Flow
/°C in %2 in §° (1 h ' gear ™)
ED) A | 1.0 37 18
75 A 1.8 62 18
100 A 4.2 84 18
~ 50 A + 3% H0 0.2 67 18
75 85 18
50 B 0.1 28 18
— 25 t
Gas A: 0.5%C0/0.5%0,/5%H,/Ar, Gas B: 1.8% 0,/1.0%C0O/ 21%3C0O,/balance H,

ConverSLOn 1s based on total amount of H, 1n gas A (5 vol%) and gas B

(76.2 vol%).

‘Conversion is based on total amount of CO in gas A (0.5 vol%) and gas

B (1.0 vol$%).
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CLAIMS:

1. Process for preferential oxidation of carbon monoxide or
CH;OH in a hydrogen containing process stream by contacting
the process stream with a catalyst comprising gold on a
support comprising non-reducible magnesium aluminum oxide in

form of an MgAl,O, spinel.

2. Process according to claim 1, wherein the concentration
of gold on the support is in the range of 0.01 to 10 percent
by mass of the catalyst.

3. Process according to claim 1, wherein the support is in
the form of powder, monolith, extrudate, rings, pellets,
plates or pearls.

4. Process according to claim 1, wherein the process stream
comprises additionally O, or H, or H,0 or CO,.

>. A catalyst for preferential oxidation of carbon monoxide
or CH;OH in a hydrogen containing process stream comprising
gold on a support comprising gold on a support comprising
non-reducible magnesium aluminum oxide in the form of an
MgAl,O, spinel.

6. A catalyst according to claim 5, wherein the
concentration of gold on the support is in the range of 0.01
to 10 percent by mass of the catalyst.

7. A catalyst according to claim 5, wherein the support is
in the form of powder, monolith, extrudate, rings, pellets,
plates or pearls.

bbbl F ol
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