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Goup 2, or the lanthanides, and titani um di oxi de functioned as catal ysts
in the hydroom dation of propyl ene to propyl ene oxi de. Wien Exanple 9 is
conpared with Exanples 1 and 2, it is seen that the addition of the
pronoter |ncreased conversion and selectivity and i nproved the hydrogen
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| ower anount [about 1 weight percent] of silver provided an active
catalyst, as in 9f. Catalysts 9f-9] were regenerated by heating to 400C in
a m xture of oxygen (10 percent) and water (1.5 percent) in helium Under
simlar process conditions, the regenerated catal ysts showed an activity
and sel ect|V|ty V\/mch were corrparable to or better than that of the fresh
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hydr o- oxi dati on of propylene to propyl ene oxi de. When Exanples 11 a - 11 a
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results show in Table XVI1 (Conparative Experinent 13-CE1l ). Wen Exanple
13a was 20 conpared with Conparative Experinent 13-CEl, it was found that
t he catal yst cal ci ned under oxygen prior to use achieved a higher propyl ene
conversion, a higher propylene oxide selectivity, and a | ower
wat er / propyl ene oxide nolar ratio, as conpared with the catal yst which was
reduced prior to use. The conparative catalyst 13-CE1 was then regenerated
at 500C in the oxygen 25 water helium m xture, and the oxidized catal yst
(13b) was retested in the propyl ene oxidation process, as shown in Table
XVI | (Exanpl e 13b). Then, the catal yst of Exanple 13b was regenerated using
t he conparative reduction procedure of 13-CEl. The reduced catal yst
(13 CE—2) was tested |n the OX|dat|on process mnth the results shown in
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allyl acetate benzene, |yl phenyl ether, allyl propyl ether, and
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and optional diluent. 7. The process of Claim1 wherein the hydrogen is
used in a quantity greater than 0.01 and | ess than 50 nol e percent, based
on the total noles of olefin, oxygen, hydrogen, and optional diluent. 8.
The process of Caim1l1l wherein a diluent is enployed. 9. The process of
Claim 8 wherein when the process is conducted in a vapor phase, the diluent
is selected fromhelium nitrogen, argon) nethane, carbon dioxide, steam
and m xtures thereof; and wherein when the process is conducted in a liquid
phase, the diluent is selected fromaromatics, aliphatic al cohols,
chlorinated aliphatic alkanols, and liquid polyethers, polyalcohols, and
pol yesters. 10. The process of Claim1l wherein the diluent is used in a
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about 50,000 h", preferably, less than about 35,000 h*, and more preferably, less than
about 20,000 h”. Likewise, for a liquid phase process the weight hourly space velocity
(WHSV) of the olefin component may vary over a wide range, but typically is greater than

25 about 0.01 g olefin per g catalyst per hour (h), preferably, greater than about 0.05 h”, and
more preferably, greater than about 0.1 h”'. Typically, the WHSV of the olefin is less than
about 100 h™, prefarably, less than about 50 h", and more preferably, less than about 20 h™.
The gas and weight hourly space velocities of the oxygen, hydrogen, and diluent
components can be determined from the space velocity of the olefin taking into account the

30 relative molar ratios desired.

When an olefin having at least three carbon atoms is contacted with oxygen in the
presence of hydrogen and the catalyst described hereinabove, the corresponding olefin
oxide (epoxide) is produced in good productivity. The most preferred olefin oxide produced
is propylene oxide.

35 The conversion of olefin in the process of this invention can vary depending upon the
specific process conditions employed, including the specific olefin, temperature, pressure,
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catalyst can be regenerated. Any catalyst regeneration method known to those skilled in the
art can be applied to the catalyst of this invention, provided that the catalyst is reactivated for
the oxidation process described herein. One regeneration method comprises heating the
25 deactivated catalyst at a temperature between about 150°C and about 500°C in a
regeneration gas containing oxygen and optionally an inert gas. In an alternative
embodiment, water is beneficially added to the regeneration gas in an amount preferably
ranging from about 0.01 to about 100 mole percent.
The invention will be further clarified by a consideration of the following examples,
30  which are intended to be purely exemplary of the use of the invention. Other embodiments
of the invention will be apparent to those skilled in the art from a consideration of this
specification or practice of the invention as disclosed herein. Unless otherwise noted, all

percentages are given on a mole percent basis.
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reactor with flows of helium, oxygen, hydrogen, and propylene Total flow rate was
150 cc/min (or GHSV 1,800 h”). Feedstream compasition was 11 percent hydrogen,
10 percent oxygen, 30 percent propylene, and the balance helium. Propylene, oxygen and
helium were used as pure streams; hydrogen was mixed with helium in a 20 H/80 He (v/v)
mixture. Pressure was atmospheric; reactor temperature was 70°C. Products were

20 analyzed using an on-line gas chromatograph (Chrompack™ Poraplot™ S column, 25 m) with
the results shown in Table I.

Table I. - Direct Oxidation of Propylene (PP) to
Propylene Oxide (PO) Over Ag/TiO, Catalyst®

Ex. Time on Conv PP Sel PO H.O/PO
Stream (mol %) (mol %) 20/
1 0.210 10.1 377
2 0.043 42.9 197
Regenerated at 350°C under oxygen
1 5 min 0.056 46.9 309
) 45 min 0.035 52.2 316
2 5 min 0.037 71.4 158
2 45 min 0.026 70.0 147
(a) Feedstream (mol %): 11 % H,, 10 % O,, 30 %
25 propylene, balance helium; flow 150 cc/min; 70°C;

pressure atmospheric; 5 wt percent Ag on TiO,.

The catalyst was regenerated by heating at 350°C in a flow of oxygen (15 percent) in
helium for 2 hours. The regenerated catalyst was retested in the oxidation of propylene with
30 the results shown in Table |.
19



~ @2V v &S10%& ()-nv &S10%& ()-nv &$L10%& ()-nv &$L10% () - nv 15 APR 2003
EF10%E () o) A @7 V v ES10%& ()-nv ES100& ()-nv &S10UEH(390nmes9

55100& () N 2880 ()-n 27 ~ @2 v v &S10% ()-nv &SLOSE () - nv

-&$10%& () - nv mtﬂ&aﬁvm d¥dsompriging’shver. dnltitariuf Yioxil B SHgaE & () -

| Y1006 + PR e ReEURRE R °féiwd-e§e% EropRATREe %ai%m%%cn@%yz wos

* f &3S#10%&plylend/b¥ide [mprMU afteﬁr#@@%al.&h() f#lO%@)) @ ()- f#10%)7& ()-

* | 3@10% )y < 13@#10%) <& ()- | 3@*10%<& () - 3AK| obUA!
f310% & (F +10+ 710%& ()- ; f#10%& ()- ~f#10%0O+0& () -

#1090V & () - Aratalystwas prepatdditiee npnnkt desedbed in Axample' 1( ThatoRwvag () -

&$10% & !
ALO% & (%)“Rf%%%%% éhAt%oe/éfe% t%fg%m{?e (Rrosss 22)5 2R3 5 Bely 2| - pouat
A10% & ()mtmee%@ﬁ p) A9 yaser(60)cenTimsagtayst wagiestes (“)‘h%VQK?‘DZ‘{J*PttU‘MbMI A10% & (
) - ALO% &'pdpydhEYE Sro Qleréldi%*e&mﬁ)mé ﬂé@ﬁl@%ﬁ@%&'l(abteﬂsa'ﬁéjﬂﬁa §6ufas() - ALO% & () - Al
0% & () - /pKXy’?tAlo%*& A1 O%iﬂ 8%&( ) - | KAt 2A10% &' () -
AL0% & ( Ye9RNeoA R‘O“%&%ﬂ%&i@%'&g(fb"wl YYSRA HoRer¢ ‘)AQL@%“@ f%")2 DO B ) - AlO%‘
& () -10Db bgsharatd dAitaAL A% tesled MRk @alon ApIRDYERS (th AEGSELRS 6howhlin%s & () -
U4A10A10?(9§4|' () - ALO% & () - ALO% & ()-ALO% & () - AL0% & () - ALO% & ()-tT4bU4A10%
*& ()-ALOFPE () - ALO% & () - ALO% & () - ALO% &' () - % KAt 2sS3bUAAL0% & () - ALOYS &
() - A10% &' () - KiDséef tiiat a/ceppsHbOUNRIgINgG $V@ONtitanium dioxide is capable of

bU4A10% |\ <bU4A10%
*& () - Al%‘%ag f‘%%ﬁ&d@%ﬁ?ﬁ ?’)‘(’ ”1‘45%29 @Bm’éﬁwé’agfm?)@‘}%‘gﬁ E%Eﬁééég‘)tﬂ‘ﬂ/lowg & ()-1K
At ?A10% &vdiegen effisignqy) asnmeasured(by_the weiekpropylenensidemgiay Atk Al FMPOYER: () - ALY
& () ﬁlO%r&n(a)D %l&ar(lﬂm%g%% uskd hs 6iBsE kK Alfdhsat @lhBim(dioi0 %8 & () - A10

% & ( ]C?%‘& ALOYE & () - ALOYS & &3 viwxsR1bU4/ ~9T#10% & ()-1 9T#10% & () -
FlO%I'*T& afalyst %%@Pt")’e (RAFREAYAN- kAt 2 2bUA/ ~OTHF #10% & ()-fF
#10% & ()Exampiel0oficy ()-fF #10% & ()-fF #10% & ()-f 110% & ()-zZ: bW/ “F

#10%‘& ()-fF 2tzZ: b4/
U109 & () - PR PSS b farf g Y ipronitel Bidelmodnet 7
& 49z7Z. buw/smuad#nemleo Te quBOtides of ytalﬂlﬂn#m% &Déqussa-P23 titediam (djoxide)
#10% %% ()ushd defs gs%%Z% Hﬂém F(biﬂé)% 9% © 15 bo /glﬁ)ﬁ@* éuaﬁwlxrés or?é*%}é/ﬁnﬁca ) fF
#100/8‘&() TF #1098 & QN é/ & ()-
") y#lo%()tgeg yeere WQW@(@ E )12:p:8 g (b ) 2.2706 g; (c) 3 4053 g. Water'(60 cc was used in
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3(a) was the following: 3.95 weight percent silver; 0.29 weight percent sodium; and
55.4 weight percent titanium. (The titanium dioxide used was found to contain 0.27 percent
25  sodium.) The silver concentration for examples 3(b) and 3(c) were approximately 10 and
15 weight percent. The catalysts were tested in the hydro-oxidation of propylene to

propylene oxide in the manner described in Example 2 with the results shown in Table |l
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5 Example 4

(a) Feedstream (mol %): 11% hydragen, 10% oxygen, 30%
propylene, balance helium; flow 150 cc/min; pressure atmospheric.

Four catalysts (4a-d) were prepared to test the effect of silver loading with the use of

a magnesium-promoted silver on titania catalyst. Degussa P25 titanium dioxide was used to

prepare the catalysts. The amounts of reagents are shown in Table lll. The amount of

magnesium nitrate was kept constant in each sample. Thus, the atomic ratio of magnesium

10

to silver was different for each sample.

Table lIl. - Reagents used for Ag and Mg on TiO,

Sample

TiO

2

AgNO,

Mg(NO,) *6H,0

Mg/Ag

4a

15.04 g

0.5719 g

0.500

1g 0

.58

4b

15.03 g

1.1267 g

0.504

1g 0

.30

4c

15.009

2.2617 g

0.5052 g

0

15

4d

14.99 g

3.4043 g

0.498

740 0

10

The silver nitrate and magnesium nitrate were dissolved in water (60 cc). The titanium

15

dioxide was added to the silver and magnesium solution, and the solution was stirred for

1 hour at room temperature. The flask containing the mixture was placed in a drying oven at

110°C ovemight. The resulting dried material was crushed and then calcined from room

temperature to 500°C in 8 hours and held at 500°C for 5§ hours in a mixture of oxygen

(20 percent) in helium. The calcined material was cooled to room temperature, then heated

20

and held at 300°C for 4 hours.

21

in a mixture of hydrogen (5 percent) in helium from room temperature to 300°C in 4 hours
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4b 5 0.3 0.091 72.3 31

4c 10 0.5 0.056 66.7 67

4d 15 0.7 0.045 65.9 87

60°C

4a 25 0.9 0.025 75.0 106

4b 5 1.1 0.080 73.0 74

4c 10 1.3 0.047 54.5 171

4d 15 1.5 0.037 44.1 265

70°C

4a 2.5 1.7 0.043 73.2 100

4b 5 1.9 0.057 50.9 234

4c 10 2.1 0.041 38.5 370

4d 15 2.3 0.042 30.8 464

10

15

20

a. Feedstream (mol %): 11% hydrogen, 10% oxygen, 30% propylene,
balance helium; flow 150 cc/min; pressure atmospheric

When the data in Example 4 is compared with the data in Experiments 1-3, it is seen
that the magnesium promoter improved catalyst performance in terms of conversion of
propylene and selectivity to propylene oxide. In addition, the water/propylene oxide molar
ratio was reduced when the promoter element was used.
Example 5

Eight catalysts were prepared to test the effect of different promoters (P) with a
catalyst comprising silver on titania (Degussa P25). The reagents and the quantities of each
used in the preparation are shown in Table V. The silver was kept constant at about
5 weight percent on titania. The amount of promoter nitrate was kept constant in each
sample. This changed the atomic ratio of promoter to silver (P/Ag) in each sample, as
shown in Table V. The preparation method was similar to Example 4 with the exception that
the calcination profile was as follows: Calcined from room temperature to 500°C in 4 hours
and held at 500°C for 5 hours in 20 percent oxygen in helium. Then, the materials were
cooled to 80°C, heated in 5 percent hydrogen in helium from 80° to 300°C in 4 hours and
held at 300°C for 4 hours. Elemental analysis, as analyzed by NAA for 5(a) was the

following: 4.17 percent silver; 1.03 percent sodium, and 54.4 percent titanium, as weight

22
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flow 150 cc/min; atmospheric pressure.
5

It is seen that compositions comprising silver, a promoter element selected from

Group 1, Group 2, or the lanthanides, and titanium dioxide functioned as catalysts in the

hydro-oxidation of propylene to propylene oxide. When Example 5 is compared with

Examples 1 and 2, it is seen that the addition of the promoter increased conversion and

10

selectlvity and improved the hydrogen efficiency of the process.

Catalysts 5a-5d and 5g-h were regenerated by heating to 350°C in a mixture of

oxygen (10 percent) in helium. After regeneration, the catalysts were tested in the hydro-

oxidation of propylene with the results shown in Table VI. Under similar process conditions,

the regenerated catalysts showed an activity and selectivity which were comparable to or

15

better than that of the fresh catalysts.
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109%&&' () - { &B9X&EAL ' 1 0OUKES: { -\J L KGKIK & 109X&
109&& ()-{ &| 10W&&]( ;np" &| 1698 HOZEP & 188k gyﬂ HQFREs: () - {
109%&&' () - kI qw%’}sj‘%a?‘%bw)\( e : adeg ().
1096&&' () -{ 0.1 0 232 37.6 92.3 0.026 8

0.32 100.00 | 0.187 24.7 92.3 0.067 318

0.53 100.00 | 0.200 22.1 94.3 0.090 147

0.75 99.47 0.207 20.9 94.7 0.059 153

0.97 99.00 0.218 19.8 93.4 0.063 151

1.18 100.00 | 0.213 18.9

1.40 100.00 | 0.219 19.1

1.62 99.49 0.214 18.8 86.4 0.071 158

1.82 100.00 0.219 18.0

2.03 98.97 0.212 18.3

2.25 98.95 0.208 18.4 83.8 0.081 145

2.47 98.48 0.216 16.9

2.68 99.49 0.214 17.8

2.90 98.98 0.215 16.9

3.12 99.00 0.218 16.7

3.33 98.97 0.212 17.1 81.8 0.069 155

18.38 93.10 0.095 25.0

18.60 94.57 0.100 23.9

(a) Feedstream (mol %): 11% hydrogen, 10% oxygen, 30% propylene, balance
5 helium; 80°C; flow 150 cc/min; atmospheric pressure.

it is seen in Table VII that regenerated catalysts 5(a) and 5(b) maintained a high

selectivity to propylene oxide and a good conversion of propylene over a run time of
18 hours.
10

Catalyst 5(a) comprising sodium-promoted silver on titania was regenerated a

second time by heating at 350°C in a mixture of oxygen (10 percent) in helium. The catalyst

was tested after this regeneration in the hydro-oxidation process at various temperatures

with the results shown in Table VIII.
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& 109%X&& ()-{ & 109%&R (6h- & |& CIOBARE (00.§ & 1000« & 109&& () -
& 278] J.){ & 10964 TT 781 [TO/Ree Hdmﬁ OTRGE {riFst fure TOYX&& () - {
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& 10988 () -{ & 109&&—gr 1838 e gh = T*PY = o regen
100 0.270 88.6 27 |* afterregen
110 0.312 82.1 38 |* after regen
a. Feedstream (mol %): 11% hydrogen, 10% oxygen, 30%
propylene, balance helium; Catalyst 5a: 5% Ag(Na)/TiO,;
flow 150 cc/min; atmospheric pressure.
5

ItIs seen in Table Vil that the sodium-promoted silver catalyst, which was regenerated two
times, maintained a good conversion and high selectivity after each regeneration. The
catalyst was active and selective at 110°C. Elemental analysis, as analyzed by NAA for 5(a)
after use was the following: 4.10 percent silver; 1.07 percent sodium; and 55.0 percent
10  titanium, as weight percentages.
Preparation of Ti ilicalite TS- ing SKTi =100
Tetrasthylorthosilicate (Fisher TEOS, 832.5 g) was weighed into a 4 liter stainless
steel beaker and sparged with nitrogen gas for 30 minutes. Titanium n-butoxide (DuPont,
Ti(O-n-Bu),) was injected from a syringe into the silicate. The weight of the titanium n-
15 butoxide which was added to the TEOS was 14.07¢g, taken by difference. A clear yellow
solution was formed. The solution was heated and stirred under nitrogen for about 3 hours.
The temperature varied from 50°C to 130°C. The solution was then chilled in an ice bath.
A 40 weight percent solution of tetrapropylammonium hydroxide (TPAOH, 710.75 g)
was weighed into a polyethylene bottle, which was capped and placed in an ice bath. The
20 TPAOH was added dropwise to the chilled TEOS solution with vigorous stirring by an
overhead stirrer. After one-half of the TPAOH had been added, the TEOS solution was
cloudy and began to thicken. Within five minutes the solution froze completely. At this point
the remainder of the TPAOH was added, the gel was broken up with a spatula, and stirring
was resumed. Deionized water (354 g) was added, and the solution was warmed to room
25 temperature. After 5 hours the solids had largely dissolved, and an additional quantity of
deionized water (708 g) was added. Stirring was continued overnight ylelding a clear yellow
synthesis gel containing no solids.
The synthesis gel was poured into a 1 gallon (3.785 liters) stainless steel autoclave

and sealed. The autoclave was heated to 120°C and then gradually to 160°C where it was
26
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The sodium/silver atomic ratio was 0.83. The catalyst prepared was tested in the hydro-
oxidation of propylene to propylene oxide with the results shown in Table [X.

Table IX. - Activity of Silver (Sodium Promoted) on Ti-Containing Supports ®

Example | Support | Promoter | Hours on| Sel Conv | H,0/PO
Stream | (mol%) | (Mol%)
80°C
6 TS Na 0.30 81.8 | 0.024 | 252.5
7 T/SiO, Na 0.88 58.1 | 0.034 | 157.5
90°C
6 TS1 Na 1.28 70.2 | 0.135 | 67.2
7 Ti/SiO, Na 1.88 69.8 | 0.047 | 108.7
Stay at 90°C
6 TS1 Na 2.28 88.2 | 0.304 | 18.0
7 TVSIO, Na 2.88 80.0 | 0.049 | 75.9
Stay at 90°C
6 TS1 Na 3.28 92,5 | 0318 | 13.0
7 TVSiO, Na 3.88 82.5 | 0.044 | 70.8
Stay at 90°C
6 TS1 Na 4.28 94.1 | 0.295 12.5
7 T/SiO, Na 4.87 85.7 | 0.038 74.0
Stay at 90°C
6 TS1 Na 5.27 92.5 | 0.332 15.1
15
(a) Feedstream (mol %): 11% hydrogen, 10% oxygen, 30% propylene, balance
helium; Catalyst 6: 5% Ag(Na)/TS-1; Catalyst 7: 5% Ag (Na)/Ti/SiO,; flow
150 ce/min; atmospheric prassure.
20 It is seen that a catalyst comprising silver and sodium on titanosilicate TS-1 is active

and selective in the hydro-oxidation of propylene to propylene oxide over the run time of

more than 5 hours. The catalyst of Example 6 was regenerated by heating to 350°C in a
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pretreated to 600°C in nitrogen and held for 1 hour and then calcined at 600°C in an oxygen

(10%) mixture in helium for four hours. The support was then coaled, crushed, and loaded

with sliver and sodium, as described in Example 5(a). The amounts of reagents were as

follows: Ti/silica support, 5.26 g; silver nitrate, 0.3877 g; sodium nitrate, 0.1604 g. The

15  sodium/silver atomic ratio was 0.83.

The catalyst was tested in the hydro-oxidation of propylene to propylene oxide, as
described in Example 1, with the results shown in Table IX. It is seen that a catalyst
comprising silver and sodium on a support of titanium dispersed on silica was active and
selective in the hydro-oxidation of propylene to propylene oxide. At 90°C, conversion of

20 propylene was 0.038 percent at a selectivity to propylene oxide of 85.7 percent.
Example 8

A catalyst was prepared to test the effect of gold with silver and sodium on titania.
Chloroauric acid [0.3767 g of HAuCl,exH,0 (49.28% Au)] was dissolved in water (800 ml)
and heated to 70°C. The pH of the solution was adjusted to 7.5 sodium carbonate. Next

25 titanium dioxide (15.04 g of Degussa P25 TiO,) was added to the solution and the pH
adjusted to 7.5 with sodium carbonate. The mixture was stirred for 1 hour at 70°C then
cooled to room temperature. The solids wers filtered. The solids were resuspended in
water (500 cc) and stirred for § minutes, then filtered. The solids were dried at 110°C for
4 hours, then crushed to a powder. This gold on titania material was added to a water

30 solution (60 cc) containing silver nitrate (1.1230 g) and sodium nitrate (0.4856 g). The
mixture was stirred for 1 hour at room temperature. The flask containing the gold on titania
and the silver and sodium solution was put into an oven at 110°C overnight to dry the
material. The dried material was crushed and then calcined from room temperature to
500°C in 4 hours and heid at 500°C for 5§ hours in oxygen (20 percent) in helium. The

35  materials were cooled to 80°C then heated in hydrogen (5 percent) in helium from 80° to

28



Sz10%+& () -i 89>?@BvVZ>NA4 s210% + 21098 +& ()-i

sz109% +&'
sz10% +&

sz10% +& (
sz109% +&'

sz10% +&
sz10% +&'
$210% +&'
sz10% +&

sz109%+& ()-i 5\WDvr RRNA4 sz10%+&' () -i

10

15

() wo A349y8 +& () -1
()-1 sz109%+& ()-i

(§9'P“t$%i°%‘ﬁ‘§§%%lé- ()-i 5\MDvz 5Z10%+& () - i

SZ1090+& () - i 13 APR 2003

sz109%+&' () - i 5\WDv BCDEGKNr R2NAETairshf)9sgo’. () - i
sz109%+& () -i NSX~cdf | - NA4
-5210%'+&' (360°6WDV Rowg aNdhetdal JooPC oF d BYBrs & (idid ia cStéi&@%‘fﬂ@e ioventtion. Elemental

INSEIEOL T S WG I RO

$z109% +& (3.04 pezdsiives; 095 pereanl §ord; 181 O perdentsiRfi, 484 64.8ips BNt tRNAY, as
sz109% +& () -i 5\WDv-

SWDv -

$z10%+& () - i

Sz109%8+& () -i

Sz10%+& () -i

()-i Shecues! ¢is estemindhe kytoooxdation Obgroyiqre-to popRiend e:fde ih the

ItsIsh&in- A fab )-| vZ>NA4 sz10% +
-i sz109%+&

sz109% +&' -1

S L0t E %wahne? aé&fﬁ;éﬂgin(%xaﬂnplﬁa ]\ﬂﬂ'{é\tﬁ'é?ﬁ'e%%

sz109% +&

Sz1098+& () -i

Table X. - 4% Ag and 0.8% Au and Na on TiO,

)-

T (°C) Hourson| Sel Conv |H,0/PO
Stream | (mol %) { (mol %)
50 0.70 100.0 | 0.069 12
60 1.70 100.0 | 0.114 17
70 2.68 100.0 0.244 12
80 3.88 89.7 0.348 12
80 4.88 87.5 0.287 15
20 5.87 80.3 0.322 18
90 6.87 80.4 0.266 22
Regenerate @ 350°C:
80 0.10 100.0 0.945 2.1
80 0.32 100.0 | 0.410 11
80 0.53 100.0 | 0.367 8.3
80 0.75 99.5 0.434 7.7
80 1.17 99.2 0.469 6.3
80 1.60 98.9 0.465 6.3
80 1.82 98.0 0.424 6.5
80 2.25 94.5 0.395 6.7
80 2.68 92.9 0.357 7.7
80 3.10 91.8 0.335 8.3
80 3.53 90.7 | 0.319 8.8
80 4.18 91.8 0.271 8.9

(a) Feedstream (mol %): 11% hydrogen, 10% oxygen, 30%
propylene, balance helium; flow 150 cc/min; atmospheric
pressure.

From Table X it is seen that a catalyst comprising silver, gold, and sodium on titania

is active and selective in the hydro-oxidation of propylene to propylene oxide. Hydrogen

efficiency is aiso good.
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f2" 10%1+&’ fampbrature to 500°C in 4 hours and held at 500°C for 4 hours in 20 percent oxygen in

helium. Then, the materials were cooled to room temperature, heated in 5 percent hydrogen

10 in helium from room temperature to 300°C in 4 hours and held at 300°C for 4 hours.

Table XI. - Reagents used for Ag and Na on P25 TiO,

Example TiO, AgNO, NaNO, Na/Ag
9a 15.02 g 1.1293 g 0.1216 g 0.22
9b 15.01g 1.1262 g 0.2442 g 0.43
9c 15.00 g 1.1275 g 0.4851 g 0.86
9d 15.01¢ 1.1289 ¢ 0.9749 g 1.7
%e 15.00 g 1.1262g 2.0620 g 3.7
of 15.00g 0.2553 g 1.0044 g 7.9
9g 15.01 g 0.5020 g 1.0046 g 4.0
9h 15.00 g 1.0005 g 1.0034 g 2.0
oi 15.01 g 2.1082 g 1.0025 g 0.95
9 15.00 g 4.6230 ¢ 1.0045 g 0.43

Catalyst samples 9a - 9j were tested in the hydro-oxidation of propylene to propylene
15  oxide in the manner described in Example 1, with the results shown in Table XII.
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Regenerate @ 350°C:
100 0.5 100.0 0.407
100 3.0 100.0 0.487
100 4.0 100.0 0.510
100 5.0 100.0 0.503
140 5.9 96.7 1.224
160 6.8 85.2 0.943
(a) Feedstream (mol %): 6.4% hydrogen, 7.6% oxygen, 30%
5 trans-2-butene, balance helium; flow 100 cc/min; atmospheric
pressure.

From Table Xl it is seen that a catalyst comprising silver and sodium on titania is
active and selective in the hydro-oxidation of trans-2-butene to 2,3-butene oxide.
10 Example 11
Five catalysts were prepared to test the effect of mixed promoters (P) with a catalyst
comprising silver an titania (Degussa P25). The reagents and the quantities of each used in
the preparation are shown in Table XIV. The silver and the sodium were kept constant on
the titania. The amount of the second promoter nitrate was kept constant in each sample.
15 The preparation method was similar to Example 4 with the exception that the calcination
profile was as follows: Calcined from room temperature to 500°C in 4 hours and held at
500°C for 4 hours in 20 percent oxygen in helium. Then, the materials were cooled to 75°C,
heated in 5 percent hydrogen in helium from 75° to 300°C in 4 hours and held at 300°C for
4 hours.
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< 10PExatndle | <TiO, | AgNO, | NaNO, 2" Promoter
Nitrate
11a 16.02g | 1.1199g | 0.4822¢g Ca(NO,),*4H.0
0.4937¢g
11b | 15.02g | 1.1200g | 0.4803 ¢ Ba(NO,),
0.5003g
11c 15.01 g | 1.1240g | 0.4820g La(NO,),*6H,0
0.4927 g
11d 15.01 g | 1.1211g | 0.4804 g Er(NO,),*5H,0
0.4987 g
11e 15.02g | 1.1276 g | 0.4805¢g Lu(NO,),*xH,0
0.5040g

Catalyst samples 11a - 11e were tested in the hydro-oxidation of propylene to

propylene oxide, in the manner described in Example 1, with the results shown in Table XV.

Table XV. - Ag(Mixed Promoter)/TiO, Reactivity at Various Temperatures®

Example |Promoter| Hours Sel Conv
i (mol %) | (mol %) H,0/PO

50°C

11b Na + Ba 0.30 100.0 0.013 47.5
i1c Na + La 0.50 96.0 0.074 13.9
i1d Na + Er 0.68 100.0 0.092 121
11e Na + Lu 0.88 100.0 0.097 12.5
60°C

11a Na + Ca 1.28 100.0 0.094 19.2
11b Na + Ba 1.48 100.0 0.114 18.7
i1c Na + La 1.68 98.7 0.158 19.3
11d Na + Er 1.88 100.0 0.131 20.5
11e Na + Lu 2.08 100.0 0.124 21.6
70°C

11a Na + Ca 2.28 100.0 0.147 21.0
11b Na + Ba 2.48 98.3 0.185 19.8
11c Na + La 2.68 98.9 0.179 25.4
11d Na + Er 2.88 100.0 0.204 194
fie Na+ Lu 3.07 100.0 0.186 22.3
80°C

11a Na + Ca 3.28 98.9 0.184 23.1
11b Na + Ba 3.47 98.4 0.264 18.8
11c Na + La 3.67 98.7 0.246 25.5
11d Na + Er 3.87 98.7 0.244 23.5
11e Na + Lu 4.07 96.4 0.233 245
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90°C

11a Na + Ca 4.27 94.0 0.253 27.4
11b Na + Ba 4.47 90.9 0.320 23.5
11c Na+ La 4.67 82.3 0.221 43.3
11d Na + Er 4.87 88.2 0.236 31.7
11e Na + Lu 5.07 85.1 0.215 36.2

100°C
11a Na + Ca 5.27 76.1 0.212 45.8
11b Na + Ba 5.47 B4.4 0.299 29.3
11¢c Na + La 5.67 75.4 0.196
11d Na + Er 5.87 77.8 0.222 46.5
11e Na + Lu 6.07 77.9 0.158 51.9

Regenerate at 350°C

90°C
11b Na + Ba 0.10 99.3 0.547 8.1
11b Na + Ba 0.32 99.4 0.328 17.1
11b Na + Ba 0.52 99.1 0.347 16.4
11b Na + Ba 0.73 98.9 0.361 15.3
11b Na + Ba 0.95 98.9 0.362 15.4
11b Na + Ba 1.17 98.6 0.358 15.1
11b Na + Ba 1.38 97.9 0.351 15.3
11b Na + Ba 1.60 97.3 0.341 14.6
11b Na + Ba 1.82 96.2 0.320 16.1

(a) Feedstream (mol %): 11% hydrogen, 10% oxygen, 30% propylene, balance
helium; flow 150 cc/min; atmospheric pressure.
it is seen that compositions comprising silver, a mixture of pro'moters selected from
5 Group 1, Group 2, or the lanthanides, and titanium dioxide functioned as catalysts in the
hydro-oxidation of propylene to propylene oxide. When Examples 11a - 11e are compared
with Examples 1 and 2 and Examples 5c, d, e, g, h, it is seen that the addition of a second
promoter increased conversion and/or selectivity and/or improved the hydrogen efficiency of
the process.
10 Catalysts 11a -11e were regenerated by heating to 350°C in a mixture of oxygen
(10 percent) in helium. Under similar process conditions, the regenerated catalysts showed
an activity and selectivity which were comparable to or better than that of the fresh catalysts.
The activity of the catalyst 11b after regeneration was monitored as a function of time
with the results shown in Table XV.
15 Example 12
The following amounts of reagents were used: titanium dioxide (Degussa Formed

P25 anatase, Support 7701 4.5 X 4.5mm tablets 92.5 g), sllver nitrate (7.0800 g), sodium
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4 hours and held at 300°C for 4 hours. The catalyst was crushed and the 20-40 mesh

portion was tested in the hydro-oxidation of propylene to propylene oxide with the results

shown in Table XV,

10 Table XVI. Direct Oxidation of-Propylene (PP)

to Propylene Oxide (PO) Over Ag (Na) /TiO, Catalyst®™

Ex. Time on Conv PP Sel PO H,0/PO
Stream (mol %) (mol %)

12 30 min 0.246 90.8 29
12 40 min 0.233 71.6 43
12 50 min 0.225 70.1 43
12 60 min 0.232 68.7 45
12 70 min 0.230 68.8 47
12 80 min 0.229 69.8 45
12 90 min 0.216 70.1 44

(a) Feedstream (mol %). 7 % H,, 7 % O,, 30 %
propylene, balance helium; flow 2000 cc/min; 125°C;
pressure: 250 psia; 5 wt percent Ag (Na) on TiO, 20-40 mesh.
15

It is seen that a composition comprising silver and sodium on titanium dioxide is
capable of catalyzing the hydro-oxidation of propylene to propylene oxide at 250 psia.
Example 13

A catalyst was prepared comprising silver deposited on titania-silica support.

20  Titanium acetylacetonate (4.3014 g) was dissolved in methanol (500 cm®). Silica gel
(Davison Grace 57 silica gel, 38.10 g) was added to the methanol solution. The suspension
was flushed with dry nitrogen at 65°C until dry. The temperature was raised to 100°C under
flowing nitrogen, and the flask containing the solids was evacuated. The temperature was
raised to 120°C and held for 5 h. The sollds were calcined in air from 120°C to 600°C over

25 5 h, and held at 600°C for 5 h to form a support comprising titania on silica.

Silver nitrate (0.1728 g) and sodium nitrate (0.1693 g) were dissolved in water
(60 cm?). To the solution was added the support comprising titania on silica (4.75 g). The
suspension was swirled for 1 h, then dried at 110°C. The solids were calcined under oxygen
(20 val. percent in helium) from room temperature to 500°C in 4 h, then held at 500°C for

30 4 h, and cooled to 75C. The solids were flushed with nitrogen for 30 min at 75°C, then
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Table XVil. Propylene Hydro-Oxidation with Ag (2 wt.%)/TiO,-SiO, Catalyst®

Expt. Treatment’ Time | % PP % PO H,0/PO
(h) Conversion | Selectivity
13a Oxidized at 400°C | 0.7 0.487 88.7 16
1.8 0.244 88.6 23
13-CE1 Oxidized at 400°C | 0.5 0.084 61.5 134
Reduced at 300°C | 1.5 0.107 80.2 36
13b Oxidized at 500°C | 0.7 0.411 93.9 20
1.5 0.199 94.6 21
13-CE2 Oxidized at 400°C | 0.7 0.060 57.7 127
Reduced at 300°C | 1.7 0.056 64.9 197
13¢c Oxidized at 500°C | 0.7 0.321 91.9 20
a. Feed: 30 percent propylene, 10 percent oxygen, 10 percent hydrogen, balance
10 helium; T, 100°C; Pressure atmospheric; Total gas flow, 150 cm*/min

b. Oxidized at 400°C or 500°C in oxygen (10 vol. percent), water (2 vol. percent),
balance helium; Reduced, where shown, at 300°C in hydrogen (5 vol. percent),
water (2 vol. percent), balance helium.

15 For comparative purposes, atter Run 13a the catalyst was oxidized at 400°C in a flow
of oxygen (10 val. percent) and water (2 vol. percent) in helium and thereafter reduced at
300°C under a flow of hydrogen (5 vol. percent) and water (2 vol. percent) in helium. The
reduced catalyst was tested in the hydro-oxidation of propylene to propylene oxide with the
results show in Table XV!I (Comparative Experiment 13-CE1). When Example 13a was

20 compared with Comparative Experiment 13-CE1, it was found that the catalyst calcined
under oxygen prior to use achieved a higher propylene conversion, a higher propylene oxide
selectivity, and a lower water/propylene oxide molar ratio, as compared with the catalyst
which was reduced prior to use.

The comparative catalyst 13-CE1 was then regenerated at 500°C in the oxygen-

25  water-helium mixture, and the oxidized catalyst (13b) was retested in the propylene
oxidation process, as shown in Table XVII (Example 13b). Then, the catalyst of Example
13b was regenerated using the comparative reduction procedure of 13-CE1. The reduced
catalyst (13-CE-2) was tested in the oxidation process with the results shown in Table XVII
(Comparative Experiment 13-CE2). Finally, the catalyst of 13-CE2 was regenerated in the
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Five catalysts were prepared comprising silver and either one of gold or a platinum

group metal deposited on titania. The general preparation is described hereinafter. The
10 quantities of reagents used in the preparations are set forth in Table XV!il.

A platinum group metal chloride or gold chloride was dissolved in water (100 ml)
containing 20 drops of concentrated nitric acid. Next, titania (Degussa P25, 15.0 g) was
added to the solution. The mixture was stirred for 2 h at room temperature. The mixture
was heated in an oven at 115°C ovemight to dry. The dry material was crushed to a fine

15 powder. Silver nitrate and sodium nitrate were each dissolved in water (50 ml), and the
resulting solutions were impregnated onto the fine powder. The wet material was dried at
115°C in an oven.

Table XVIII. - Quantities of Reagents for Example 14

Exp. Metal Chloride AgNO, NaNO,
(9 (9) (@

14a PtCI_(37.5 %Pt) 1.1255 0.9717
0.0421 g

14b PdCl, (60.0 %Pd) 1.1289 0.9674
0.0285 g

14c AuCl_(50.0 %Au) 1.1282 0.9751
0.0347 g

14d IrCl, (53.5 %Ir) 1.1262 0.9749
0.0241 g

14e RhCI, (39.1 %Rh) 1.1256 0.9707
0.0398 g

20 The dried material was calcined In oxygen (20 vol. percent) in helium from room temperature
to 500°C in 4 h; then held at 500°C for 4 h; then cooled to 75°C. The calcined material was
reduced in hydrogen (5 vol. percent) in nitrogen from 75°C to 300°C over 4 h, and then held
at 300°C for 4 h. The reduced solid was oxidized under a mixture of oxygen (10 vol.
percent) and water (2 vol. percent} in helium as shown in Table XIX (14a). The oxidized

25  catalyst was tested in the hydro-oxidation of propylene to propylene oxide in the manner
described hereinbefore with the results shown in Table XIX (14a).
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(2 vol. percent), balance helium.

For comparative purposes, each catalyst of 14a was oxidized at 400°C in a flow of

oxygen (10 vol. percent), water (2 vol. percent) in helium and thereafter reduced at 300°C in
10  aflow of hydrogen (5 vol. percent) and water (2 vol. percent) in helium. The comparative

catalyst was tested in the hydro-oxidation of propylene to propylene oxide with the results

show in Table XIX (14-CE1). When Example 14a was compared with Comparative

Experiment (14-CE1), it was found that the catalyst which had been calcined under oxygen

prior to use achieved a higher propylene conversion as compared with the identical catalyst
15  which had been reduced prior to use.

Thereafter, the comparative catalysts of 14-CE1 were reoxidized at 400°C in the
oxygen-water-helium flow and retested in the hydro-oxidation process with the results show
in Table XIX (Example 14b). The oxidized catalysts of Example 14b achieved a higher
propylene conversion, as compared with the reduced catalysts of Comparative Experiment

20 14-CE1.
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4. The process’of Claim 1 wherein the olefin is selected from butadiene,

cyclopentadiene, dicyclopentadiene, styrene, a-methylstyrene, divinylbenzene, allyl
chloride, allyl alcohol, diallyl ether, allyl ethyl ether, allyl butyrate, allyl acetate, allyl
benzene, allyl phenyl ether, allyl propyl ether, and allyl anisole.

5. The process of Claim 1 wherein the olefin is used in a quantity greater
than 1 and less than 99 mole percent, based on the total moles of olefin, oxygen,
hydrogen, and optional diluent.

6. The process of Claim 1 wherein the oxygen is used in a quantity greater
than 0.01 and less than 30 mole percent, based on the total moles of olefin, oxygen,
hydrogen, and optional diluent.

7. The process of Claim 1 wherein the hydrogen is used in a quantity
greater than 0.01 and less than 50 mole percent, based on the total moles of olefin,
oxygen, hydrogen, and optional diluent.

8. The process of Claim 1 wherein a diluent is employed.

9. The process of Claim 8 wherein when the process is conducted in a
vapor phase, the diluent is selected from helium, nitrogen, argon, methane, carbon
dioxide, steam and mixtures thereof; and wherein when the process is conducted in
a liquid phase, the diluent is selected from aromatics, aliphatic alcohals, chlorinated
aliphatic alkanols, and liquid polyethers, polyalcohols, and polyesters.

10. The process of Claim 1 wherein the diluent is used in a quantity greater
than 0 and less than 90 mole percent, based on the total moles of olefin, oxygen,
hydrogen, and optional diluent.

11. The process of Claim 1 wherein the silver is loaded onto the catalyst in
an amount greater than 0.01 and less than 20 weight percent.

12. The process of Claim 1 wherein the platinum group element is selected
from the group consisting of ruthenium, rhodium, palladium, osmium, iridium,
platinum, and combinations thereof.

13. The process of Claim 1 wherein the catalyst further comprises a
promoter element selected from the group consisting of Group 1, Group 2, zinc,
cadmium, the lanthanide rare earths, the actinides, and combinations thereof, with
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is greater than 1 part per million and less than 1 weight percent, based
on the total weight of the catalyst.
17. The process of Claim 1 wherein the catalyst further comprises gold.
18. The process of Claim 17 wherein the gold loading is greater than 0 and
less than 20 weight percent, based on the total weight of the catalyst.
19. The process of Claim 1 wherein the titanium is in the form of titanium
dioxide or titanium dioxide supported on silica or alumina or aluminosilicates.
20. The process of Claim 19 wherein the titanium dioxide is anatase or rutile.
21. The process of Claim 1 wherein the titanium is in the form of a
titanosilicate.
22. The process of Claim 21 wherein the titanosilicate is porous.
23. The process of Claim 22 wherein the porous titanosilicate is a
microporous or mesoporous titanosilicate having pores in the range from 4 A to 500
A.
24. The process of Claim 23 wherein the titanosilicate is TS-1, TS-2, Ti-beta,
Ti-ZSM-12, Ti-ZSM-48, or Ti-MCM-41.
25. The process of Claim 1 wherein the titanium is in the form of a mixture of
titanium dioxide and a porous titanosilicate.
26. The process of Claim 1 wherein the titanium is in the form of a promoter
metal titanate.
27. The process of Claim 26 wherein the promoter metal titanate is
magnesium titanate, calcium titanate, barium titanate, strontium titanate, sodium
titanate, potassium titanate, erbium titanate, lutetium titanate, thorium titanate, or
uranium titanate.
28. The process of Claim 1 wherein the titanium is in the form of titanium
dispersed on a support.
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8 ube, and swing reactors.
37. The process of Claim 1 wherein the olefin conversion is greater than 0.02
mole percent and the selectivity to olefin oxide is greater than 75 mole percent.

38. The process of Claim 1 wherein the olefin is propylene; the olefin oxide is
propylene oxide; the contacting is conducted at a temperature greater than 20°C and
less than 250°C; and optionally, the catalyst further comprises gold or at least one
promoter element selected from the group consisting of Group 1, Group 2, zinc,
cadmium, the lanthanide rare earths, the actinides, and combinations thereof, with
the proviso that when a lanthanide is employed, it is used in combination with a
Group 1 and/or Group 2 element.

39. The process of Claim 38 wherein the quantity of propylene is greater
than 10 and less than 70 mole percent.

40. The process of Claim 38 wherein the quantity of oxygen is greater than
0.01 and less than 20 mole percent, based on the total moles of propylene, oxygen,
hydrogen, and optional diluent.

41. The process of Claim 38 wherein the quantity of hydrogen is greater than
0.01 and less than 50 mole percent, based on the total moles of propylene, oxygen,
hydrogen, and optional diluent.
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titanium dispersed on silica.

54. The composition of Claim 46 wherein the concentration of the promoter
element ranges from 1 part per million to 40 weight percent, based on the total
weight of the catalyst composition.
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