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00I10915 PCT/US99/17560   ' This invention is directed to the production of
nitrous oxide, N20, from ammonia and nitric oxide, NO, over a catalyst
comprising a Group VIB metal oxide. Specifically, the catalyst of this
invention comprises an oxide of a Group VIB metal s such as molybdenum
oxide, that may optionally be supported on a Group IVB metal oxide support
such as zirconia, or on a solid support material such as silica, and that
may optionally comprise a Group VIIIB metal oxide component such as iron
oxide. One commercial process for making nitrous oxide involves the thermal
decomposition of ammonium nitrate when heated from 200 to 260C according to
io the following equation: NH,NO3NZO + 2H0 However, extreme caution must be
used in handling ammonium nitrate, which may be highly explosive under
extreme shock or elevated temperatures. Therefore, improved methods for
controlling the thermal decomposition of ammonium nitrate is have been
disclosed. For example, the thermal decomposition of ammonium nitrate in
the presence of a melt containing ammonium hydrogen sulfate and ammonium
sulfate is described in U.S. Patent No. 4,154,806; the thermal
decomposition of ammonium nitrate into an aqueous, strongly acid reaction
liquor containing chloride ions as a catalyst is described in U.S. Patent
No. 4,102,986; and the thermal 2o decomposition of ammonium nitrate in a
chloride-containing aqueous solution of nitric acid and the presence of
catalytically active ions of manganese, copper, cerium, lead, bismuth,
cobalt or nickel) is described in U.S. Patent No. 3,656,899. Another
commercial process for producing nitrous oxide involves the reaction of
ammonia and air using Mn and Bi oxides as catalysts. For example, Japanese
2s Patent No. 6122507 describes a process for preparing nitrous oxide by
the oxidation of ammonia with oxygen in the presence of steam and a
CuO/Mn02 catalyst. Other methods for producing nitrous oxide include the
reaction of a molten nitrate salt with ammonium chloride and the reaction
of ammonia with at least one molten nitrate salt of an alkaline earth
metal) as described in U.S. Patent No. 4,720,377. 3o The present invention
is directed to the conversion of ammonia with nitric oxide and/or oxygen
into nitrous oxide using a catalyst comprising a Group VIB *166166*   WO
00I10915 2 2 0 F F g Z003 PCTIUS99/17560 metal oxide. Accordingly, the
present invention avoids the dangers associated with the use and handling
of ammonium nitrate and is an alternative and novel nitrous A oxide
synthesis method that is inexpensive and safe. The present invention is
directed to a process for producing nitrous oxide s comprising the step of
reacting ammonia with nitric oxide and/or oxygen in the presence of a
catalyst comprising a Group VIB metal oxide) to produce an effluent mixture
comprising nitrous oxide. The Catalyst One embodiment of the present
invention utilizes the Group VIB metal oxide io alone as the catalyst for
reaction. A second embodiment utilizes a catalyst that comprises the Group
VIB metal oxide in combination with the Group VIIIB metal oxide. A third
embodiment utilizes a catalyst that comprises the Group VIB metal oxide, in
combination with the Group IVB metal oxide as a support. is A fourth
embodiment utilizes a catalyst that comprises the Group VIB and Group VIIIB
metal oxides) in combination with the Group IVB metal oxide as a support. A
fifth embodiment utilizes a catalyst that comprises the Group VIB metal
oxide, in combination with a solid support material. 2o A sixth embodiment
utilizes a catalyst that comprises the Group VIB and Group VIIIB metal
oxides, in combination with the solid support material. The Group VIB metal
oxide of the present invention may be an oxide of chromium, molybdenum or
tungsten. Preferably) the Group VIB metal oxide is molybdenum oxide, Moos.
Sources of the Group VIB metal oxide may include pure 2s molybdenum oxide
Mo03, ammonium heptamolybdate tetrahydrate (NH4)BMo,O24 4H20, and
molybdenum halides and oxyhalides. The Group IVB metal oxide of the present
invention may be an oxide of titanium, zirconium or hafnium. Preferably,
the Group IVB metal oxide is zirconia. Sources of the Group IVB metal oxide
may include zirconyl chloride and zirconyl 3o nitrate. When the Group IVB
metal oxide is used in combination with the Group VIB metal oxide, the
weight ratio of the Group VlB metal oxide to Group IVB metal oxide   2 o F
~s 2003 ___ ~ ~ _ ___ __ _ WO 001l0915 PCT/US99/17560 is from 0.001:1 to
0.5:1, and preferably from 0.1:1 to 0.3:1. Examples of the solid support
materials include silica and the material designated M41S, which is
described in U.S. Patent No. 5,102,643. A particular example of such an M41
S material is a material designated MCM-41, which is described in U.S.
Patent No. 5,098,684. When the Group VIB metal oxide is used in combination
with the solid support material, the weight ratio of the Group VIB metal
oxide to the solid support material is from 0.05:1 to 0.8:1, and preferably
from 0.15:1 to 0.6:1. The Group VIIIB metal oxide may be an oxide of iron.
Preferably, the Group to VIIIB metal oxide is iron oxide. Sources of the
Group VIIIB metal oxide may include iron (II) sulfate heptahydrate FeSO~
7H20) iron halides and iron nitrate. When the Group VIIIB metal oxide is
used in combination with the Group VIB metal oxide alone) the Group VIB and
Group IVB metal oxides, or the Group VIB metal oxide and the solid support
material) the molar ratio of the Group VIIIB metal oxide to the is Group
VIB metal oxide is from 0.001:1 to 0.1:1, and preferably from 0.005:1 to
0.05:1. Preparation of the Catalyst The catalyst of the present invention
may be prepared, for example, by combining a first liquid solution
comprising a source of the Group VIB metal oxide) and a 2o second liquid
solution comprising a source of the Group IVB metal andlor a third liquid
solution comprising a source of the Group VIIIB metal oxide, under
conditions sufficient to cause precipitation of the catalyst. Examples of
the precipitating reagent include ammonium hydroxide, alkylammonium
hydroxide and alkaline hydroxides such as sodium hydroxide. Water is a
preferred solvent for these solutions. 2s Optionally, the liquid solution
from which the catalyst is precipitated may comprise a solid support
material, in which case the components of the catalyst may be precipitated
directly onto the solid support material. For example, the Group VIIIB
metal oxide may optionally be co-precipitated from the liquid solution,
along with the Group VIB metal oxide, directly onto the solid support
material. 3o The temperature at which the liquid solution is maintained
during precipitation may be less than 200C, e.g., from 0 to 200C. A
particular range of such temperatures   2 p E F g 2D03 WO 00I10915 4
PCT/US99117560 is from 50 to 100C. The pH range of the liquid solution
during precipitation is from 4 to 11. The catalyst may be recovered from
the liquid solution by filtration, followed by drying. The catalyst may be
subjected to a final calcination as described below to dehydrate the
catalyst and to confer the required mechanical strength on the catalyst.
Calcination of the catalyst may be carried out, preferably in an oxidizing
atmosphere, at atmospheric pressure to 6890 kPa (1000 psi); and at
temperatures from 500 to 850C. The calcination time may be up to 48 hours,
e.g.) for 0.5 to 24 hours, e.g., for 1.0 to 10 hours. to The Process Nitric
oxide and ammonia are converted to nitrous oxide in the present invention
by a reaction which may be described by the following equation: 



4NH3 + 4N0 + 302 4Nz0 + 6Hz0, although other reactions may also occur. is
An additional reaction that occurs when oxygen is present is the oxidation
of ammonia with oxygen to form nitrous oxide which may be described by the
following equation: 2NH3 + 20z N20 + 3H20 The molar feed ratio of nitric
oxide to ammonia ranges from 0.01:1 to 10:1; 2o the amount of oxygen fed to
the reaction unit ranges from 0.01 to 35 molar %. The method according to
the present invention is carried out at a temperature ranging from 200 to
600C) and preferably from 300 to 500C; a pressure ranging from 0.1 to 100
atmospheres) and preferably from 0.5 to 5 atmospheres. The gas hourly space
velocity for the reaction ranges from 1,000 to 10,000,000 hr', and 2s
preferably from 20,000 to 1,000,000 hr'. The effluent mixture comprises
nitrogen, oxygen, nitric oxide, ammonia and the desired product, nitrous
oxide. The nitrous oxide may be separated and recovered from the effluent
mixture by conventional means known to skilled artisans or the entire
effluent may be used as a feed to a separate reactor. Alternatively, the
nitrous oxide so can be utilized in situ as a selective oxidant for various
substrates. For example) benzene could be co-fed with the reactants and
phenol product recovered.   _ 2 0 F F B 2003 _ _ __ __-__-_  WO 00I10915
PCT/US99/17560 5 The invention will now be more particularly described with
reference to the Examples, each of which discloses the conversion of a
gaseous mixture containing ammonia together with nitric oxide andlor
oxygen, with the balance in each case being helium. s Example I Five
hundred grams of ZrOC12~8H20 were dissolved with stirring in 6.0 liters of
distilled water. To this, a solution containing 33 grams of
(NH4)sMo~024~4Hz0 in 500 ml of H20 was added. Finally, a solution
containing 263 ml of conc. NH40H and 500 ml of distilled H20 was added
dropwise over a 30-45 minute period. The pH of to the solution was
approximately 9. This slung was then placed in a steambox for 72 hours. The
product formed was recovered by filtration, washed with excess water, and
dried overnight at 85C. The material was then calcined in air at 700C for 3
hours. Chemical analysis of the dried materials showed a MoIZr ratio of
0.11 (weight basis); this corresponds to a water free sample composition of
is approximately 7.3% Mo. Table 1 shows the activity and selectivity of
this sample for the conversion of 500 ppm each of ammonia and nitric oxide
into Nz0 at a space velocity of approximately 600,000 h~'. At 500C, 60% of
the inlet ammonia and nitric oxide is converted. The selectivity to N20 is
approximately 61 %; the remaining 39% of the 2o material is converted to
N2. inlet concentrationsoutlet concentrationsselectivity
toT(C)OZ(%)NH3(ppm)NO(ppm)NH3(ppm)NO(ppm)NZ(ppm)N20(ppm)NZO3001500500448447
4559.9%3501500500399397841414.4~40015005003453451054429.8%45015005002732881
0910749.?%500150050017323011518081.1 Table 1. Conversloa of NO and NHs to
Ns0 over catalyst described in E:ample 1. 0.050 g catalyst used. Space
velocity ~ 600,000 hr 1.   - - - 2 0 F F H 2003 ` WO 00/l0915 6 Example II
PCT/US99/17560 This catalyst was prepared in a manner identical to Example
I except that it was calcined in air at 830C for 3 hours. Table 2 shows
that calcination of this material at a higher temperature gives higher
selectivity to Nz0 at temperatures of 400C and below than the catalyst of
Example (, but a lower selectivity at 500C. The selectivity of this sample
is much less affected by temperature than that of the catalyst used in
Example I. inlet concentrationsoutlet concentrationsselectivity
toT(C)Oz(~6)NH3(ppm)NO(ppm)NH3(ppm)NO(ppm)Nz(ppm)NZO(ppm)N20300150050048547
3141852.7%3501500500397432374755.7~64001,500500291397708554.8~6450150050019
337810111052.2~6500150D50013237812411748.5% Table Z. Conversion of NO and
NHs to N=O over catalyst described in Ezample IL, 10 0.050 g catalyst used.
Space velocity ~ 600,000 6r ~. Example III Five hundred grams of
ZrOCIZ~8H20 were dissolved with stirring in 6.0 liters of distilled water.
To this, a solution containing 66 grams of (NH4)gMo,024~4H20 in is 500 ml
of H20 was added. Finally) a solution containing 263 ml of conc. NH40H and
500 ml of distilled H20 was added dropwise over a 30-45 minute period. The
pH of the solution was adjusted to approximately 9 by the addition of 146
grams of concentrated NH40H. This slurry was then placed in a steambox for
72 hours. The product formed was recovered by filtration) washed with
excess water, and dried 20 overnight at 85C. The material was then calcined
in air at 600C for 3 hours. Chemical analysis of the dried materials showed
an Mo2r ratio of 0.19 (weight basis); this corresponds to a water-free
sample composition of approximately 11.4% Mo. Table 3 shows the activity
and selectivity of this sample for N20 formation. The higher concentrations
of molybdenum gives both higher activities and selectivities 2s than
observed in Example I.   2 0 F F B 2003 WO 00I10915 PCT/US99/17560 7 inlet
concentrationsoutlet concentrationsselectivity
toT(C)OZ(.6)NH3(ppm)NO(ppm)NH3(ppm)NO(ppm)Nz(ppm)N20(ppm)N20300150050038538
5911514.5.635015005003223211215029.0%400150050025228910912553.5~45015005001
872289520588.4%5001500500922119925071.7~6 Table 3. Conversion of NO and NHS
to N=O over catalyst described iv E:ample II1. 0.050 g catalyst used. Space
velocity ~ 600,000 hr 1. s io Example IV Five hundred grams of ZrOCIz~8H20
were dissolved with stirring in 6.0 liters of distilled water. To this, a
solution containing 66 grams of (NH,,)sMo,0244H20 in 500 ml of H20 was
added. Another solution containing 7.5 grams of FeS0,,~7Hz0 in 500 ml of
Hz0 was added. Finally, a solution containing 263 ml of conc. NH40H and 500
ml of distilled H20 was added dropwise over a 30-45 minute period. The pH
of the solution was adjusted to approximately 9. This slurry was then
placed in a steambox for 72 hours. The product formed was recovered by
~Itration, washed with excess water, and dried overnight at 85C. The
material was then calcined in air at 600C for 3 hours. Chemical analysis of
the dried materials showed an Mo2r ratio is of 0.20 (weight basis) and an
Fe2r ratio of 0.012; this corresponds to a water free sample composition of
approximately 12.1 % Mo and 0.72% Fe. Table 4 shows the activity and
selectivity of this iron-containing sample. inlet concentrationsoutlet
concentrationsselectivity
toT(C)Ox(%)NHa(ppm)NO(ppm)NH9(ppm)NO(ppm)N~(ppm)N20(ppm)Ns03001500500387382
901917.2%35015005003103141178234.4%400150050022025911014558.9%4501500500132
22810121868.1 %50015005007022210624669.8% Table 4. Conversion of NO and NHS
to N=O over catalyst described in Euample IV. 20 0.052 g catalyst used.
Space velocity ~ 600,000 br 1.   2 0'~~~.?003 __ ~ _ ____ _ WO 00I10915 8
Example V PCTIUS99/17560 250 grams of ZrOC12~8H20 were dissolved with
stirring in 1.5 liters of distilled water. This solution was heated to
approximately 60C. To this, a solution containing 33 grams of
(NH4)sMo~02a~4H20 and 130 grams of conc. NHdOH in 1250 s ml of H20 was
added. This solution was also heated to approximately 60C. The solution
containing the zirconyl chloride was slowly added to the second solution
with mixing. The pH of the solution was approximately 7. This slurry was
then placed in a steambox for 72 hours. The product formed was recovered by
filtration) washed with excess water) and dried overnight at 85C. The
material was then to calcined in air at 600C for 3 hours. Chemical analysis
of the dried materials 



showed a MoIZr ratio of 0.24 (weight basis); this corresponds to a water
free sample composition of approximately 14.1 % Mo. Table 5 shows that
catalyst synthesis at a higher temperature results in a sample with
slightly higher selectivity to N20, especially at temperatures of 400C and
below, as compared to Example III. is inlet concentrationsoutlet
concentrationsselectivity toT
(eC)O~(~6)NH3(ppm)NO(ppm)NH3(ppm)NO(ppm)Nz(ppm)N20(ppm)N2030015005003713829
03025.3~35015005002722791179344.2%4001S0050018222311218562.2%45015005007820
210824869.9%5001500S003220810828571.1 Table 5. Conversion of NO and NHs to
Ns0 over catalyst described in Eiample V. 0.064 g catalyst used. Space
velocity ~ 450,000 hr 1. Example VI ao This catalyst was prepared in a
manner identical to Example V except that it was calcined in air at 700C
for 3 hours. Table 6 shows that calcining at 700C lowers overall activity
somewhat compared to Example V; selectivities to N20 are higher at 400C and
below but are lower at 450 and 500C.   _______ ___ ___ ___ _______ ~-_ WO
00/t0915 2 Q F ~'? 7~~3 - . _____ PCTIUS99/17560 9 inlet
concentrationsoutlet concentrationsselectivity toT
(eG.)OZ(~)NH3(ppm)NO(ppm)NH3(ppm)NO(ppm)Nz(ppm)N20(ppm)Nz030015005004024038
23032.8%3501500500306330898549.0~40015005001972809815781.?%4501500500111280
10820485.9/O50015005005728111522085.8% Table 6. Conversion of NO and NHs to
N=O over catalyst described In Eiample VI. 0.054 g catalyst used. Space
velocity ~ 600,000 hr'. s Example VII , This catalyst was prepared in a
manner identical~to Example V except that it was calcined in air at 830C
for 3 hours. Table 7 shows that calcining at 830C lowers both activity and
selectivity to NzO. Inlet concentrationsoutlet concentrationsselectivity
toT(C)O~(%)NH3(ppm)NO(ppm)NH3(ppm)NO(ppm)NZ(ppm)N20(ppm)N203001500500449453
292141.7%3501500500378401545751.1
%40015005002783817710257.0%45015005001833389714059.2~6500150050011532711218
159.0% 10 Table 7. Conversion of NO and NH3 to N10 over catalyst described
in E=ample VB. 0.052 g catalyst used. Space velocity ~ 600,000 hr 1.
Example VIII A solution containing 41.4 grams of (NH4)sMo,02,,~4Hz0 and 200
grams of is HZO was prepared. The solution was slowly added to 150 grams of
silica (HiSil 233) and placed in a polypropylene bottle. This mixture was
mixed using a roller overnight. The product formed was recovered by
filtration, washed with minimum water, and dried overnight at 85C. The
material was then calcined in air at 540C   2 0 F E 9 2003 ___~ '_ _ WO
00/109l5 PCT/US99/17560 10 for 3 hours. From the preparation we expect this
sample to contain approximately 15% Mo by weight. Table 8 shows that this
MoISi02 catalyst can also convert nitric oxide and ammonia into NZO,
although in this case with a lower selectivity than most of the examples
described above. s inlet concentrationsoutlet concentrationsselectivity
toT(C)02(~6)NH3(ppm)NO(ppm)NH3(ppm)NO(ppm)NZ(ppm)N20(ppm)N20300150050047147
2211031.1
%3501500500442442401831.3~64001500500392401883232.8%45015005003233511005435
.2%50015005002052801509238.1 ~b Table 8. Conversion ~uf NO and NH3 to N=O
over catalyst described in Ezample V>I1. 0.Z47 g catalyrt used. Space
velocity ~ 200,000 hr 1. Example IX to Table 9 shows that bulk Mo~3,
obtained from the Aldrich Chemical Company, is also an effective catalyst
for converting nitric oxide and ammonia into N20. Compared to the supported
catalysts, selectivities at 350C and below are higher, but fall steadily as
temperature increases. inlet concentrationsoutlet concentrationsselectivity
toT(C)Oz(~6)NH3(ppm)NO(ppm)NH3(ppm)NO(ppm)Nz(ppm)N20(ppm)N20300150050048246
6103376.0%3501500500388415297371.4%40015005002433537212863.9%45015005003234
015114849.5%500150050004491946123.8% 15 Table 9. Conversion of NO and NHS
to N=O over catalyst described in E=ample IX. 0.266 g catalyst used. Space
velocity ~ 120,000 hr 1. Example X The data shown in Tabie 10 were
collected using the catalyst described in 2o Example III. They show that
selectivity to Nz0 is not a strong function of inlet nitric   _ _ ~___ __
~- 2 0 F F 9 2003__ WO 00/10915 11 PCT/US99/17560 oxide and ammonia
concentration when nitric oxide and ammonia are fed in equimolar amounts.
There is no reason to believe that feeding much higher concentrations of
nitric oxide and ammonia would not also result in the formation of
correspondingly high concentrations of N20. s inlet concentrationsoutlet
concentrationsselectivity
toT(C)Oi(~6)NH3(ppm)NO(ppm)NH3(ppm)NO(ppm)N~(ppm)Ni0(ppm)N=O500150050024231
18315771,4%500120020084132258873.4~650013503501832204511471.7%5001750750387
4639523070.9%500190790748158011527771.8~6 Table 10. Conversion of NO and
NH3 to N=O over catalyst described in E:ample I11. Effect of variations in
inlet NO and NHs concentrations. 0.050 g catalyst used. Space velocity ~
600,000 hr 1. to Example XI The data shown in Table 11 were collected using
the catalyst described in Example V. They show that significant amounts of
Nz0 are formed even if nitric oxide and ammonia are not fed in equimolar
amounts. inlet concentrationsoutlet concentrationsselectivity
toT(C)02(%)NHs(PPm)NO(PPm)NHs(PPm)NO(PPm)Ns(PPm)Nz0(PPm)Nz05001500500322081
0828571.150018253755410814S28083.7% 15 Table 11 Conversion of NO and NHs to
N=O over catalyst described In Example V. Effect of variations In inlet NO
and NHS concentrations 0.064 catalyst used. Space velocity ~ 450,000 6r ~.
Example XII zo The data shown in Table 12 were collected using the catalyst
described in Example 1V. They show that some Nz0 is formed even when no
nitric oxide is fed, i.e., when only ammonia and oxygen are fed.
Selectivities are lower, however, than when equimolar amounts of nitric
oxide and ammonia are fed.   2 0 F E ~ ~-WO 00/10915 PCT/US99/17560 12
inlet concentrationsoutlet concentrationsselectivity
toT(C)OZ(~6)NH3(ppm)NO(ppm)NH3(ppm)NO(ppm)N2(ppm)Nz0(ppm)NCO445150002110119
1712.5~64452500021201242013.9%4453500021401272214.5%5501500048181498129.0%5
503500051191437835.3~65500.8500054141485828.5%5500.810000145123189022.2%550
0.818400337980812517.1 ~6 Table 12. Conversion of NO and NHS to N=O over
catalyst described in Eiample IV. Effect of feeding only NHS. 0.0S0 g
catalyst need. Space velocity ~ 600,00Q 6r 1. Example XIII The data shown
in Table 13 were collected using the catalyst described in to Example 3
calcined at 600C. They show that the conversion and Nz0 selectivity are
increased as increasing amounts of oxygen in the 1-4.5% range are fed
Outlet concentrations 



percentselectivity toT (C)inlet
Oz(PPm)NH3(ppm)NO(ppm)Ns(ppm)Nz0(ppm)conversion'N=Ot45013193475211132.588.3
4504.53193425311833.888.847512783285813738.970.44754.52783205714540.471.850
012473108215944.272.050022403068118745.873.5 * defined as (N2 + N2 O)(iNet
NH3 + inlet NO) tdefined as (Nz0)(Ni + N20) Table 13. Effect of o:ygen
concentration on conversion of NO and NHy over Mo/Zr0= calcined at 600C. 15
GHSV: 1,375,000 6r' Feed: NH, (500 ppm); NO (500 ppm); O=(1-4.5%)
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