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SUMMARY OF THE INVENTION
30 It has now been surprisingly discovered that large sized crystals of
titanium silicalite and crystal intergrowths thereof may be used in alkene
epoxidation at commercially useful epoxidation rates despite the prejudice of the
art against the use of such large sized particles. It has been further surprisingly
discovered that the silica source material can markedly affect catalytic activity.
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Resistance to attrition is a necessary parameter for a commercial titanium

silicalite epoxidation catalyst. Attrition may be measured by periodic sampling of
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P e lativalk i PIeeSE. e e 56 afol YU ES, pRR} 100 to 500 psig,
and most preferably 100 - 200 psig and that substantially pure hydrogen and

30 oxygen feeds be introduced into the reactor. While introduction of nitrogen or
other inert gas is not precluded, obtaining effective concentration of hydrogen
and oxygen at a given reactor pressure is rendered more problematic.

The gas oxygen and hydrogen partial pressures are adjusted to preferably

product a gas composition below the explosion limit. Oxygen partial pressure is
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conti nuously renoved fromthe reactor. Fromthis
product stream |arge size catalyst particles, i.e.

w0 bavgo2d882/i ng a size of > 1 pm preferably greBtBUS1003025559
2 pm may be recycled to the reactor, having been
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e o by BT BB o voussrng

hy domafRg viich 9X0aedq 38t ﬁycﬁb%@rﬂ pERAI0K dlfd%astldftﬁelf@sk over 15
rendered nore problematic

%%gen and hydr o
1Harhinavitthyery yigosaussstisring; 'quf&gsktl%stﬂf fgmagdltlglqudg lnutes at

a g8 COfROSLIbF O tﬁ@'éb%tfohetuﬂ%@yé’lﬁimprﬂlgbh MdditidX¥O&RE hydrogen
partial pressure is

qun@gde,smegw@an%ﬂealur%mge 3T @54@39dry of agyequs amgonia is
kpaadde@%@?@% g éél \ﬁat(eP t(?’%ﬂplsé 95 (V\;It?“’/@ a‘qgeo&”sogmh%?‘ﬂa solution.

and nost pr

whi The fhek hﬁ/d@r@gﬁiy froy theancepwgsaa@ 25451 o1 91 6% aqueous
degl é;rgr()@iﬂ?g (anc%g \&Bﬁ%gnth',: hsﬁgg?fngr grer aglﬁ%ﬁ’ bgcérﬁes e green

( 12@ith sorss White) preslprtgtar odbe mméﬁrtbs(ﬂjerstlrr@ti fpéa1@t mmu%es then
ar e, fieh ¢4 %g* QHrs'ﬂFrgd %% t%%mpér@“ﬁ@ kort D@ ursbefHegh%eit source is

reconpresse IS al SO possI
to repmrete ant extiering oontowedtaverrighinitte nitrogent puiberat 125 cm®/m

SR PR o o

25 S Tlh:enomieuﬂseade stvréchatdyght sppeasifot 80 BGwigs.neans of an

i ce/ wat t.]. i b i
e e Ry Pt A Rl by B ARl F6mide slution
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Str &gpﬁtgr?ts%g) Aeros@%%% 'silita Be 5%05 HRed a'dcriefd 8d mixed well.

The entire contents of the flask are transferred to a clean, Teflon-lined,

a

30 unstirred 1000 ml autoclave which is flushed with nitrogen for 3-5 minutes at
100-150 cm®/min to displace oxygen from the head space. Any positive
pressure is released, and the autoclave sealed. The autoclave is heated to
185°C and stirred at autogenous pressure for approximately 8 days. The

autoclave is slowly cooled to room temperature, and the solid product isolated as
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foll ow ng which 9.102 g 30% hydrogen peroxi de is added
to the flask over 15 15 min with very vigorous
warinpzassz The flask is stirred for an additi opel/Usm®03/025559
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Estimated Ti in TS-
1 framework(wi%)’

1.1

0.478

1.09

0.644

"Infra red spectroscopy yields a peak whose area is a proportional response to the

concentration Ti which is tetravalent and in the titanium silicalite zeolite lattice and another peak

whose area is proportional to the concentration of silicon in the material. The ratio of these two

peak areas is proportional to the concentration in wt% of Ti which is in the TS-1 framework.

These two variables have been correlated using TS-1 samples of known Ti content which have

been shown by diffuse reflectance ultra violet spectroscopy and Xray spectroscopy to contain all

the Ti in a zeolite framework. This method allows the Ti in the TS-1 framework of other samples

to be determined and the proportion of that relative to the total Ti may be computed from the

elemental analysis.
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in a zeolite
in the TS-1
to be determ ned and the
Ti

may be
WO

2004/ 026852 PCT/ US2003/ 025559 Catalyst CL 1 2 3 4
H202 cony (% 43 17.1 38.3 33.7 24.6 PO (rmmole) 18.50
8.647 15.35 14.79 10.45' POE (nmole) 19.43 9.116 18.21
16.78 12.03 PCE selectivity 75.62 85.87 76.78 79.19

79.

54

Large Crystal

Synt heses and Epoxi dation Catal ysis

15

relative to H202 (% 15 WD 2004/ 026852
PCT/ US2003/ 025559 TABLE 2 -

TS-1

o}j

content which have 10 been shown by diffuse




Catalyst C1 56 C 7 Theo. Ti (wt% NA 1.38 1.38 4.04
4.04 Filter None 5 mcron 5 mcron 5 mcron 5 mcron

weEb@m2anz (w % Al <0.01 0.053 0.068 NA NA CPO1/8S2003/025559
<0.01 Cu <0.001 Fe <0.001 0.012 O. 014 0.011 NA H

0.11 ngglﬂlE %KLé% gﬂyff%T%q gﬁgt@e r%%d%o%ataﬁv&s
45 46 <U. 001 NA  Man
Length; 208 g 1108 NA—PMMeamWdtt, pm 072 2.6
1.6 2. SM/Ean Th€tkness,50.2(0.78 0.62 0881 NJA
N2

SU._area_NA | 305 n2lg), ESti d i
100 g‘rzi‘eﬁ-a‘%?“ﬁm Té\]}’l\IAfranli%rk rel 3B vl 1 o (0/! 434
Estijmgteed Ti in 1. {ofk 72 herod- 638 e S‘Slmf:r'bﬁm-V\Q\H&ron

(Wto ' LIOOYD e, (0A A0 21 24 la) no = 29 N
4 rizoZCUTt 7Y O L L. O 1L J. [ J O4. U0

( il @3m 18, 5@%$. 00 7. 91] 10. 66 14. 20 PCH (mol €) 19. 43
9.76 M. 38 11.85 16<691 POR.GS6| e¢ti w88 7|5. 6MA74. 66 NA
76.6 NA 85.10 rel &dve| to H202|(%

Ci <0.01

Cu <0.001

Fe <0.001 0.012 0.014 0.011 NA
H 0.11

N <0.1

K <0.001

Na <0.01 0.054 0.065 NA NA
Si 45 46 45 44 NA
Ti 1.1 1.14 1.25 <0.001 NA
Mean Length, 0.2 8.5 8.1 10.8 NA
pm

Mean Width, um 0.2 2.6 1.6 2.5 NA
Mean Thickness, 0.2 0.72 0.62 0.81 NA
pHm

N, sur. area NA 351 NA 305 NA
(m?*g)

Estimated Ti in 100 64 46 21 NA

TS-1 framework
relative to Ti(%)’

Estimated Ti in 1.1 0.729 NA 0.639 NA
TS-1 framework

(Wt%)'

H.0, conv (%) 43 21.34 19.98 7.09 32.08
PO (mmole) 18.50 8.00 7.91 10.66 14.20
POE (mmole) 19.43 9.76 9.38 11.85 16.69
POE selectivity 75.62 74.66 76.6 NA 85.10
relative to H,O,

(%)

Tables 1 and 2 indicate that the large size titanium silicalite catalysts have
5 slightly lower activity than the very small prior art catalysts. However, the

decrease in activity is nowhere near that expected in view of the much larger
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Tables 1 and 2 indicate that the large size titanium
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WD 2004/ 026852 PCT/ US2003/ 025559 TABLE 3 - Large

Crystal TS-1 Synthesis and Epoxi dation Catal ysts
w@2m0aloyss2 CL 4 5 7 8 9 10 Si Q2 source Low Low R@mUSINA3/025559

Na Na Theo. Ti (W% NA 1.38 1.38 4.04 4.04 3.03 2.02
Filter None5pm5pm5pm5 pm5 pm5 pm El .
(wt 99 ATABHED - barga SrystalsiS-{5vpthessang o n
0.39 d_<0.01 <0.001 Fe <0.001 <0.001 0.012 NA
0.0035 £,8034 0.00%1 HO0.11 N <®.1 Kk <0.0@1 Na <€0.01 1
O. C52 AT R v Ew by I\IA < A wS /ODOS 0—00 Si ‘15 “2:6 6 NIII'\\ 3 _—
44 |450, daurck. 1 1.24 1.14 NA 3,89 2.|165 1. 95 LoWkan Low Low
Length, pmO0.2 5 8 8.5/ NA 9.13 8.06 8.32 MNean Wdth, Na
pm{0- 2 1.7 2.6 NA 5. 27[3.93 2. 65 [VMEan [hi CKNngss, 0.2
0. 5075 (wit) 1. 53 HAg11 H3894 TH%n NG Yurl . N33 711 2:02
351 NA 305 305 NA n2/ g St i gd-TL. ijn 0|5 4
34 57272 TS-1 f aNr%(;\?\n'kg PE at1 ke f?um“. 0/5’1’%“; %é‘?“p N m
Ti |iferk: ah. t% 4 D.729 NA 1.32 1.514 1.396 TS-|1
f r dngwor k HA@ canvax 990.063 248 210.3%1320.087 | <0.002
32.152 39.60 34 1D o8B (Mol e) 18.50 10.45 8.00 14. 20
14.169 21.21 16. 9b <0.01
Cu <0.001
Fe <0.001 | <0.001 | 0.012 NA 0.0035 | 0.0034 | 0.005
H 0.11
N <0.1
K <0.001
Na <0.01 0.052 | 0.054 NA <0.005 | <0.005 0.005
Si 45 46 46 NA 43 44 45
Ti 1.1 1.24 1.14 NA 3.89 2.65 1.95
Mean Length, ym 0.2 5.8 8.5 NA 9.13 8.06 8.32
Mean Width, pm 0.2 1.7 2.6 NA 5.27 3.93 2.65
Mean Thickness, 0.2 0.52 0.72 NA 1.53 0.811 0.794
um
N, sur. area NA 371 351 NA 305 305 NA
(m?/g)
Estimated Ti in 100 52 64 NA 34 57 72
TS-1 framework
relative to Ti(%)
Estimated Ti in 1.1 0.644 | 0.729 NA 1.32 1.514 1.396
TS-1 framework
(wit%)
H,0, conv (%) 43 24.6 21.34 | 32.08 32.52 39.60 34.10
PO (mmole) 18.50 10.45 8.00 14.20 14.69 21.21 16.95
POE (mmole) 19.43 12.03 9.76 16.69 16.56 23.72 18.75
POE selectivity 75.62 79.54 | 74.66 | 85.10 77.44 97.95 38.88
relative to HyO,
(%)
The results in Table 3 indicate that by selecting a low sodium silica source,
5 both H.O, conversion efficiency and selectivity are high as compared to
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POE (mmol e) 19.43 12.03 9.76 16.69 16.56 23.72 18.75

POE selectivity 75.62 79.54 74.66 85.10 77.44 97.95
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Silica and titani um sources he sane as
si rresveliansfaliyltiansie RoPoIgErsys oo S Gl p§ITI-019,

2 & Bickidxg¥imng/ dnd éﬂ@ﬁlﬁmﬁ&p@bb’ §r §<bltﬁ7chlnﬁﬁg 19.4 wt % silicon and
al koxysi | ane/ al kyl ti tanate copol yners. One such

15cope? Yep Tis Bepoigrapg tﬁtwb(y@mmgnlameﬁ{bgpg,q 8RR ARy required.
et @dlttabfearb%%@s QHBQJJIé/”@r@aﬁ@nbﬁid@sn%rﬂrﬂoﬂlaﬂan@ $étrdIR@Emmonium
and 15 Ti. In-general, a tetral kyl anmoni um
saIWdeﬂ% base are required. Suitable bases include
org%l @fynes, amoni a, and tetral kyl anmoni um

hya Exanple 11 An intergrown crystalline

t . t anl umnsnntargr@wnt erystaking ytitanieral Sy@ﬁm\%aé Stepripiyet wag prepared

f
xﬂ@ ﬁfoggﬂepg 8 $0§agjlé¥ﬁo>@snancﬁ etnéltltapate copolly(%er (PSITI-109,

det ne-ethyftitanate
G_el('é@5$t I )contamnzeg APgwi%h. 3i wn%é? wifel T2, withe B3 i of 40 wt%

t 0]
PiBy2 SlartSp o BHE RS LEL AREPEN BETRUAR, T o
st i wasestireart ahe diestbdt io HUC tooremavevahandhdyddistiiption.  The volume

d d I%\é lreactobwgﬂu Eh\ﬁltﬁghylﬁgnalvﬁerr GhEMRd 'rrli %F‘edv&% dﬂtroduced into a

| ona re was i nt roduce
2525 shakeborblo idutocate) deates)) atlHéat @ forat days0 J Heogolidt paedust, 2.2 g of

The, SR LRRENGL 21728 8l Aol LS BRI ASS, 1 i T, 02

9. 2wt% C and 0.99 wi% N. The x-ray diffraction pattern was consustent with pure

titanium silicalite (TS-1). Scanning electron microscopy of the product indicated
that relatively large (ca. 6-7 micron) crystalline agglomerates were produced,
30 consisting of highly intergrown crystals.
Example 12
A crystalline titanium silicate ETS-10 (Englehard) containing 66.1 wt%
SiO,, 10.0 wt% Na,0, and 4.8 wt% K,O was ion-exchanged three times with 1M
NH4NO3 at 80°C. To 10 g 40% tetrapropylammonium hydroxide (Alfa) in 25 g
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W% C and 0.99 wt% N. The x-ray diffraction pattern

was consistent with pure titaniumsilicalite (TS-1).
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foeryéta;lllﬁiﬁés%te?gra&tre @ﬁoanmntseT sigki d was recovered, and
shown to e pure titaniumsilicalite (TS-1) by XRD
Af Exampl@ M nation in air at 550C, the solid analyzed

for 41 wtpf@ire and.oF. off\ér‘?/(aFﬁorprﬁEMtrltmdismaétedcbﬂTtErnrng 7.0 wt% Ti
presence of _crystalline intergrow hs,
Ig 558 g Waper and
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38 Wt % Si . 40% t et r apr opyl anmoni um h dro cF
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te solid was recovered

shdv61 wiél 70 Bed p‘m ewtre-al bySSMDmdmﬁfeéir toh  RPYRICRO AT .qaysta"me
ai rwg{% @E&QS%II\E/P rodictoranalyged for 1.6 w% Ti and

cat ed the presence of crystalline
|nt_g:rmyﬂ_@s greater than 5 microns in size. Exanple

(1'?'3.Ar11) ' g“gt a%r@i%v\tf/\hra gfy¥§aqlﬁ‘||el ﬂt%ﬁiuﬁwi diiemTs-hy eabiys€was prepared
by mixing together 6.99 g of a dlethoxysrlane ethyltitanate copolymer (PSITI-019,
Gelest, Inc.) containing 19.4 wt% Si and 2.2 wi% Ti, with 1.97 g
tetrapropylammonium bromide, 0.31 g calcined TS-1 (1.45 wt% Ti), 1.02 g 40
wt% aqueous tetrapropylammonium hydroxide (from Alfa), and 28 g water. The

mixture was heated in a shaker bomb at 150°C for 7 days, and a solid product,

30 3.56 g, was recovered. The x-ray diffraction pattern was consistent with pure

titanium silicalite. Scanning electron microscopy of the product indicated that
relatively large (ca. 6-8 micron) crystalline agglomerates were produced,

consisting of highly intergrown crystals.
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w@200e826853 nc.) containing 19.4 wt% Si and 2. 2 RMBWI1003/025559
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was r ecﬁﬁah%‘ﬂgromecrystémue ditfrfiuracdilicalite (@BL Br cats¥gst was prepared
consi stent. W um Si

1557 P AR P08 R GCE e PBRE LY s SEEDIYmeF (59150,

4. QJrWe%(o Gherdiedl $8cidlodyi lncscamammgehmvrwm rgion GRROPID, with
product indicated t chP tive

e o) it i e i Sirdgeie pES0se, for ge hour

hi githyo. BBIEHTH BMBined yrStﬁlc§ntaﬁxr@mah§ wt% AN10.04€f 4T QNF aqueous
crystalline titaniumsilicalite (TS-1 cat al

t
pr éﬁféﬁ‘lféépy'i@wl%‘ %Nﬁ@xtd@g@f)ﬂbé\lfq)@ apa 2@ G The Mmixture was
200II HRAQY S 450°€: Mb&uét%@ty@e@ﬂﬂ@ 5 B i %ﬁﬁh@owt% Si. Scanning

Uni ted Chem cal Technol og Inc., containing 44-47 W %
s. Gdeciion Migeseipyhof &9 ﬂroduclzndmted vhelc Felgiiely large “Grystaline

gin?éjraf@%qﬁérefﬂréﬁ’ﬂcﬁg Eirsls066§ Br ﬁ?hl?%ifg%w@ BE/shpr
a'cal cined TS-1 contai ni ng 1.45w%Ti,

10 mflgfﬁm_wt % aqueous tetrapropyl ammoni um hydr oxi de
(from Alga BtalfAk & 5iiBateUf - P Satd 1!"'@/@& d
at 550C, Werg c?z rty éana ygaéo\JrP ! a. ( WP 2 QIS fb@'epare
250 %ysmxnr@ctalﬁhhﬁg7 Oélge@‘tar@ﬁthmyﬁil@@%@wlt@naﬁm@W%@HPSITI -019,
' nd(;;&lggte%é %%td]r%%tmvfb\%/ | & S §r2y\§/{°/3|ﬂrr¥/ﬂ1lcrh was preheated at
oref at és were duce consistin
[ nt‘éﬁ‘”@rfowﬁ houys wih .35 afrplcalcirgd TS-1 contalnlng 1 45 Wt% Ti, 10.52 g
40 wt% aqueous tetrapropylammonium hydroxide (from Alfa), and 20 g water.
The mixture was heated in a shaker bomb at 180°C for 3 days, and a solid
30 product, 3.24 g, was recovered. The x-ray diffraction pattern was consistent with
pure titanium silicalite (TS-1). After calcination at 550°C, the product analyzed
for 1.3 wt% Ti and 41 wt% Si. Scanning electron microscopy of the product
indicated that relatively large crystalline agglomerates were produced, consisting

of highly intergrown crystals.
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An intergrown crystalline titaniumsilicalite (TS 1)
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S S B e T S
watEeampldeé m xture was introduced into a shaker bonb
(autocl %\\ll‘lei%teartgr% negrtys Illﬁé tl}an%;n silicalite (TS-1) catalyst was prepared
by mixing together 6.86 g of a diethoxysilane-ethyltitanate copolymer (PSITI-019,
30 Gelest, Inc.) containing 19.4 wt% Si and 2.2 wt% Ti, with a solution of 2.0 g
tetrapropylammonium bromide and 20 g concentrated ammonium hydroxide in
20 g water. The mixture was introduced into a shaker bomb (autoclave) and
heated at 175°C for 7 days. The solid product, 2.3 g of a white powder,

exhibited the x-ray diffraction pattern of pure titanium silicalite (TS-1). After
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for 5 days. The solid product, 4.14 g of a white
powder, exhibited the x-ray diffraction pattern of

w@eooe/0tdssani um silicalite (TS-1). After cal ci nBCT/082083/025559
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Hydr ogen Peroxide Intergrown titaniumsillicalite
caf 0gsts were eval uated for eppxidation| activity| by
the standard screening test described eanlier|{ The
res Q@ §menod shown 256%2| 887 1@6Cat aP¢sit 3R .| 3BE | BR.3 |BX/.2
Ex|[EX: BEX: BEX. [1I3 1I# 15 16 17718 19 20| H20Z
COTI\FS)DE'mmo‘FBG- 8 Eq.b_.9CBO490.§QE>%39 583.g 6870 |45.0| 28.58| 29.0

[0) ) nraal ) 20 N 2N AN Lo ML ] nQ N7 9
LI Y4 \ LA YA / J. &L LO. T V. 4 IU. = I U 9. 4 LJd. I 1. &

PCE (mml) 29.3 20.3 28.9 33.3 37.7 35.6 26.5 29.0 The
resul t s Thediesatscindicate dephieigharcddtivityt shahithat sfhabtnpD.2 ym single

.2 i ngl yst. f the .prior. art, i ch
e R IS P fitg R Bl sUrREs S i Vgl P Qg surface
ar egre@of tHaeiniergrowg rcoystals by sbimbareasto Oparsithlé oryStals. pm
> ngleﬁerglrl%gt %ld,SContinuous In Situ Epoxidation

For continuous in situ olefin epoxidation, a Pd-treated catalyst is slurried
at 100 g catalyst/liter in 75/25 (w/w) methanol/water. Reactant feeds consist of
liquid propylene and a gas mixture comprising Oz, Nz, and Ha. A cylindrical
stainless steel pressure reactor is used, with a 2 inch diameter Rushton turbine
20 impeller providing agitation. The reactor has an essentially flat bottom surface,
with about 1/4 inch radius concave peripheral chamfers. The impeller is located
above the upper active face of a filter in the form of a ring of sintered 316
stainless steel. The filtered fluid passes into a channel which is machined in the
filter body and which passes around the entire ring.

25 The hydrogen feed is supplied through a port in the base of the vessel.
The liquid propylene feed and previously mixed methanol and water solvent feed
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15 General Method, Continuous In Situ Epoxidation For
continuous in situ olefin epoxidation, a Pd-treated
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The results are presented in Table 5. In Tables 5 and
6, abbreviations such as SPPO, SOPO etc., refer to
selectivity (S) based on propylene feed (P), hydrogen
feed (H) or oxygen feed (0) with respect to the
particul ar product, i.e. propylene oxide (PO,
propyl ene oxi de equivalents (POE), ring opened
products 20 (RO PCE m nus PO), propane, water, or
carbon di oxide. Thus, SPPO is the
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selectivity (nmol/nol) of propylene conversion to

propyl ene oxi de,
w@opgemssnnver si on to propyl ene oxi de.

whi | e SOPO

i s

the selectivity of
24 \WWO PCT/US2003/025559

2004/ 026852 PCT/ US2003/ 025559 TABLE 5 Conti nuous
Reaction Using Pd on Large TRple@ ystals Exanple 22) 1

2 3 Adffin eé&m%rﬁgﬁﬁ_ P aFGH Ts-110A8taReExamhple 22)
Des Feed te Rum, Bpst Overal
Reduced After Performance Break-iln Staft tife (ht 3
25| 98 137.97 25.98 End ti me Aoy Bre-ino  L65vdB9epe5| gverall
Dur at i onfi¢iPyriogPegipatep. 98 18 imupESE r at ey Rate Run,
Pr opyl ene/ hydrogen 1.86 2. 14 189?0"?5?<'ﬂ/ge N/ RRdEGgen|  After
2.00°2.30 2.07 Exit partial pP¥SETA" (psi) Propyl enBreakin
7.4 9.59 Oxygen 18.63 19 18. 90 en
2. p5i g@?hrg 06 Conversion (% Pl}gés | ene 201 7d§;og7l 12655'%%
14 en 15. 00 16. [ '
68 I%/a PO pr oducti ?::?’t\]; / EED%QLPQE’] ggeﬁ gz )gé39'97
0. D&&q rifs pr oduct ivity (gnPO’ gcat hr) 0. 081 0.022 0]028
POEPRbAshGldrddehy (gnmPQO/ gcat ir) 0.10867 0. 042 02045 POE1.92
pr o dugbh/Midioged gnPQ liter slurry hrgo 4.7 4.2 436 PQ|POB.07
(9350048024266 Propylene Sefectiyity SPPO (%)
30) 84t @GiaTBes8Be P5) SPRO (% |56. 93 43.10 48. 68
Propylene 7.42 12.00 9.59
Oxygen 18.63 19.45 18.90
Hydrogen 2.25 3.37 3.06
Conversion (%)
Propylene 20.18 9.71 14.40
Oxygen 15.00 16.33 17.06
Hydrogen 76.12 62.81 68.84
Rate
PO productivity (gmPO/gcathr) 0.017 0.020 0.019
RO productivity (gmPO/gcathr) 0.031 0.022 0.028
POE productivity (gmPO/gcathr) 0.047 0.042 0.045
POE productivity (gmPO/liter slurry hr) 47 4.2 4.5
POIPOE (%) 35.00 48.02 42.66
Propylene Selectivity
SPPO (%) 30.34 39.78 35.75
SPRO (%) 56.93 4310 48.68
SPPOE (%) 87.28 82.89 84.43
SPPropane (%) 11.76 16.56 14.83
SPCO; (%) 0.97 0.55 0.73
Oxygen Selectivity
SOPO (%) 14.45 22.69 18.52
SORO (%) 28.99 24.73 25.05
SOPOE (%) 41.45 47.42 43.57
SOH,0 (%) 56.66 51.17 54.84
SOCO, (%) 1.89 1.40 1.59
Hydrogen Selectivity
SHPOE (%) 31.05 25.93 26.69
SHPropane (%) 3.18 6.27 4.91
SHH.0 (%) 65.77 67.80 68.40
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SPPOE (% 87.28 82.89 84.43 SPPropane (% 11.76 16.56

14.83 SPCO2 (% 0.97 0.55 0.73 Oxygen Selectivity
wWEBROLMRF2 14. 45 22.69 18.52 SORO (% 28.99 24p@BUKHNDH®RS559

SOPCE (9% 41.45 47.42 43.57 SOH0 (%9 56.66 51.17

54. 5 %9 1.89 1.40 1.59 Hydrogen Selectivity

SH .05 25.93 26.69 SHPropane (% 3.18 6.27

4,91 SAdRI@Ne) BBiMPUE7 86 68veObegt opodncied/ epeRsmg further

PCT/ US2Q03/025 - i.ti.0n

con‘éa}vﬁﬁ%g's -ﬁﬁen'%é Igsvgr)éﬁg%&g%%ﬁuc é%géyﬁ%q“gy?%agm?lﬁ rztﬁh%rpployed 2

cat tll ysiksire Fhiwordlatius-eatep catabystse whiose Page eatslybisl pupr to Pd-

l.e 26 : ]
S BhPare PR RA P b e BB, e rectats and
pr i reactant Rtios at teabase catalysieoffbepmie 84 ire. th@mpdar® of the subject
manner .and wi

T, M SR LA e §ERCHERR cmensins o
Exa@pbe3.050f 03shpmsat) Gt x266x@695 am, rétyectiedipe Xnalysis revealed

bas at al yst. particles h mean_di mensi o f .
o o898 R LBt Befra dia TRt BERAR o Fo5 weight percent
10° esfpasiuinvel the Hizal otalgsts eV erlired6. 3S68eaing t18stI8suiks giidwed 35.8

percent titaniumas conpared to 2. wei er cent
T LS dmes: P Phicest by an s 1887 e onEERde. Poe
t esgels@FH) thas vawed a38. 80 sanebspBctbRIVH2 0Phep erociedtited catalysts of

conversion, and 19.87 an CE.  POE. :
sel BAMRIPT 38 WieolTealsd it é@(@é@%&ﬁﬂf&&%ﬁm%@s previously
Pd- ficepked. ¢al gkt pefdent MerNpUe 26 were treated with .
Pd(NH3)4 (NOB3) 2 and cal ci ned as previously disclosed.

Pd wei ght percent was 0.49 26 WO 2004/ 026852

PCT/ US2003/ 025559 TABLE 6 Exanple 23 24 25 26 Large

TS-1 Prep Exanple 8 Exanple 9 See text

26



Mass cat (gm) 16.14 15.2 40.07 37.22 Vol

400 400 400 400 Cat conc 4.035 3.8 10.02 9.305
W@ oo a0B85 ) Hours on Stream (hr) 235 91. 23 16BCTV0R2003/025559
Press (psig) 500 500 500 500 Tenp (C) 60 60 60 60

Agit (RPM 750 750 750 750 _Feed 90 net hanol

75

Slurry (m)

met hanol 75 nethanol 75 met Conposition (wt% 10
water 25ppater 25 water 235 wat er o /Anmohi um B car bpnat eg
Zeto—71 T50{0-46-51hr)— 2000 (048 hi)—Feed—(pprin—
l'i quandefreed:)re;QSS (46 Bxdfife $1r|) EkBORe 048- 102 hr) Pedlee text
POE(gmPO gntat hr) (0. 07 0. 15 0. 055 0. 8Z At PCE pgak:
SPPMES%%'E(M 93 88 84 (% 198 58 46 8907 sHPOE 3722
(9 39 8 35 Mean P . . 045
( gty PP hr ) Mead: O%B@ (%]4% g4 NR° sop 400
(99 cat 3c44 NA" SHPQE (£0353 22 273 NA TWe resog ts 9.305
[ ndl(ggn@q@ ,;“Pat Si gnl fli cant in situ epoxidation has
ocC ¢uFred—t+ shoutg—bernotedthat—therresutts—are
baseduson&treah &) velly s@ad$| scal 81.2®actor, 168 usipg 102
comsi derabl e nitroggn in _the pxygen feed. In a
comrEase(R8i9) r eact or, |bot R% he yeactBr presswt®® as pel | %
as rtial pressure oxygeng@re expecgged to| be g
cha mﬁﬂgﬂ_m_gher_ual_ues&fl_e——using—a pure oxygen
feed\g,t@mmjpl e 27: 1n-sitmoPropyl eme Epoxi datsoon W th 750
Hy ¢regen—and—Oxygento—1 of i ntergroywrcatatystyof
Eampleed 11 di sper sed |i 99 8thagoimpihaaibinol 107hwasthaeieq 75 methanol
0. 0 DBinpgsitpal(WEdi um tlet twaeme| d2bwetel de di2Byeleved| i o water
20 [g water. _. 0047026852 PCT/US2003/ 025559 '
m y?*m'%orwﬁkB'sﬁrP?“ggg at F88m t npef At ur ¢ 215558?%'%6 y %HOS(OTS :r)
The FeehipRMAR I (46:5-160 1) | 1400 (48102 )

Peak POE {gmPO/gmcat hr) 0.07 0.15 0.055 0.32

At POE peak:

SPPOE (%) 93 93 88 84

‘| SOPOE (%) 10 58 46 60

Mean POE 0.03 0.107 0.045 NA

(gmPO/gmcat hr)

Mean:

SPPOE (%) 10 91 84 NA

SOPOE (%) 5 36 44 NA

SHPOE (%) 3 22 27 NA

10

The results indicate that significant in situ

epoxidation has occurred.

It

should be noted that the results are based on a relatively small scale reactor,

using considerable nitrogen in the oxygen feed.

In a commercial reactor, both

the reactor pressure as well as the partial pressure of oxygen are expected to be

changed to higher values, i.e., using a pure oxygen feed.

Exampie 27:

In-situ Propylene Epoxidation with Hydrogen and Oxygen

To 1 g of intergrown catalyst of Eample 11 dispersed in 87 g methanol

was added 0.0181 g palladium tetraamine dibromide dissolved in 20 g water.
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then raised to 45C and, at atnospheric pressure, flows

of 20% H2/80% propylene at 25 cnB/mn and 5% 02/ 0. 6%
WERHA/098521% N2 at 88 cnB/m n were introduced PEL/US1008025559

stirred slurry. Exit gas flows were anal yzed by on

! 'Xlnflmg FiixtareCHE S TR QL AR teﬁPeﬁﬂu#é%F 5 I”B'ﬂlrs; t Tﬁ@f@mﬁé?@ture was

gas contai ned greater opyl ene
oxutben nafsiede tee A50Q ﬁmht st @tmespherinveiesswa, Hiows pe&@% H2/80%

SIS a9 bl ol B ckeed ek ver
f orln’afodﬁcedhetd thecstiriedrslurRat kit gas lowaowers ansdredrby o line gas
r&lng #%ﬁ{arﬁ ‘é@rr%%rsogn ]sQreggvs?ﬁ% {&f\t/ src,%tnlﬂaqﬁec} g?’eréter than

at IO I'sS understoo i ous chan
rray16C1@epma@a)pMemlamxddedepart| ng fromthe spirit and

09 SN s VIS BB g g oo

fOI'It i@ok praemdkat thab tlnéseobmbbdimen&illdsmntecmsis describe all possible
r|S| r oV ng.a r tor
T BAG Af Bia nfar e RapaR thbARR BerdR s Sdtglon are words of

10 1 t dedcrptian tatiosd thare Inbl&amtg] iand tithie understaafd tba’ysara:ius abenges may
cr ystal |nter stal.s _or crystal
i nt’ 'F‘Baf hg"ﬂﬂ Sp%{ n%aﬁorﬁahelycﬁpér'ts?% ¥4OPCG 8 g, invention.
than 2pn1 b) supplylng olefin to said reactor; c)
supplying at |east one of hydrogen peroxide or both
hydr ogen and oxygen to said reactor, whereby at |east
a portion of said olefinis 10 epoxidized to an
al kyl ene oxide; and d) isolating said ol efin oxide,
wher ei n when hydrogen and oxygen are supplied to the
reactor, the reactor further contains a netal
catalyst. 2. The process of claim1l, wherein said
olefinis an p-olefin. 15 3. The process of claim1,
wherein said olefin is propylene. 4. The process of
claim1, wherein at least a portion of said titanium
silicalite epoxidation catalyst is treated to contain
a noble netal which is effective to catalyze
formati on of hydrogen peroxi de from hydrogen and
oxygen. 5. The process of claim2, wherein said noble
metal is selected from 20 the group consisting of
pal | adium gold, platinum and m xtures thereof. 6.
The process of claim4, wherein a noble netal treated
particulate other than a titaniumsilicalite crysta
or crystal intergromh is further provided to
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said reactor. 7. The process of claim1l, wherein said

titaniumsilicalite catal yst 25 conprises

WO niogogseant hs of titaniumsilicalite crystals. PGI/UTI963/025559

process of cl ai m 1, wherein said titaniumsilicalite
hydr ol yzabl e silica source

con zﬁﬁfﬁge éss h%n 500 ppm al kali netal. 9. A

titani um.si | ifcpriocess fot el eporjsiaiomiat mleﬁmscaardlwectesmcbmprising:

i nproved epqoxidatjon.efficien and hcr e
size greater "t han p4 angsar d rceg%ﬂ %r epaﬁ%‘% silicalite
gr oeod)gda:triohajatalryntssdrd titahiutresilicayist laérsg imtharforat ukaystals or crystal

m cont ai ni zabl e soyrce of titani
SR 2Rl o AR ERe SRl G e e #ite size of
hydgr@byamrhdrezml | ca source cont ains |l ess than 50 ppm
of sodi um ba %DZ V\F g af saltd silica source,
said i npr ove epoﬁ?‘ YINg RIEFF {9 E’r"@ﬁ%@ﬁ? lative to a 29
VO 2004/ 0268%2 PCE&WQ@BétOZﬁsS%néI@ﬁ Ihgﬂro)gepr PP or both
catal yst derived froma siljca soug}ze contain

Py GRETOSET SRBPRIGH BrooEb BN HoEreRha! BaPss PERoG said olefin i

16| aépoidizadey &1 Qlk?l@héioﬁblelaﬁﬂ source conprises silica.
11. Atitaniumsilicalite cataI%(sé%surtabl e for

catal yzi ng ol%f i nisomtigg SRR ai d catal yst

COMphb&iM R hytr8G&H an rbx?%erﬁ igk@riugplicd td @Rl kdRtor, the reactor
crystals having a nmean particle size greater than

pm furer spaing AdPgRo@AYSf cl ai m 11, wherein said

intergromh hag RofRANf cRihli %8re$rh g8d @fefihi®8h 3-d&Ar. 0

about 30 pm 13. A process for the preparation of the
1§ nt er gr ot h ofhecirapepsof claimild wheteinsaje eidind RigRyienAg

reactinga hyﬁ{eoﬂ)%é@&l & dihikani \queréﬁuétQSaﬁrijértron of said titanium
hydrol yzabl e 'silica source in presence of

t et pitiealiks PaeidationraakA) Yt ixireried mcontwe amqmeégetawrmw ifective
13, | [
coniS/ VARG thlalloh i MARASH ATBRSL O MRS & oxygen
for the Prepaiwt pronesst oft diam At wheeiovasid oﬁblelraq‘atﬁi ipIselected from
ali

287, G SRS AT S0 ALl
t he pr es@nce Wfe process afadzlkm énwbarermaswbte enethl dreladeseparticulate
tlg t P’%}E}?&@e{ og‘?gaiu umsgrg t@cﬁgtal\gf% )}rglraep rrrgc%l owth rs further provided to
sal saidX@actdhe pr ocess of claim 15, V\,her ein sal d sal t
ISZI 3 Eglslzedso ﬁ?oce nefggl ﬁ‘re§svrfn Fe% as'a'iH ll?anu.}m ll%apte catalyst

zanrroormarrsenrrnteegnowﬂhekgﬂt%rrmn|stlrrrality«trysialsie

8. The process of claim 1, wherein said titanium silicalite is prepared

from a hydrolyzable silica source containing less than 500 ppm alkali metal.
9. A titanium silicalite olefin epoxidation catalyst with improved
epoxidation efficiency and a mean crystal size greater than 2um, said catalyst
30 prepared by growing titanium silicalite crystals in an aqueous medium containing
a hydrolyzable source of titanium and a hydrolyzable silica source, wherein said
hydrolyzable silica source contains less than 50 ppm of sodium based on the

weight of said silica source, said improved epoxidation efficiency relative to a
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19. A process for the preparation of the intergrowth

of claim1l, said process conprising enploying as at

wo e@g2@sporti on of said hydrol yzabl e titani unPCBHUS008025559
and said hydrol yzable silica source, a preforned

hy ' [ I n I o :

oY U HAAZ PhSpercd CARIRY, ATHBY! HGR e AR FiTEe, @nalrig a higher
ti tprepantipsiof sedium. copol yner conpri ses an al kyl

silicateffit éﬂétcﬁ g%?gjf é’igﬂf 9 vgﬂere@ S(%I ﬁéasscfl.f?ée %&ﬂmses silica.

preparati on I 'cal ef1n epoxi
cat al yst'sl. of A niiteoned eilicaiite/ t catalyst i vuitaple smrd qatalyaing olefin

52 ?;%’édﬁdeﬁ}gy %’Esr?d a t S?Q%Pﬂg?é 'ah %E@\ﬂhl ﬁctﬁ’éﬁdlitxrﬁ ns}ilic;alite crystals
C O Nniparvirgg agﬂanmeuimm ylzalgratsn thacd Bour ce,

nydrolyzgpl e bt 3R 0L aSQHUSRr 1 RWRLEH %WW%@FQ&R'MS a mean

and a base to orm%@vttan um S|I|caF|te pro
conpaticle szenfyohas sinoto dboue8@uowt hs t hereof having a

ticle t t 2 3 004/ 026 .
PeT] Usoaa) o9 366ets foritfe ardharRfin Sy e TnRto U PEgRim 41, said
1r ophmcése\/\bcbthpr&smg rdaztingrachyainoly el n’@nmmwe?mrlcpcalqel astmrolyzable
reater t r rin ilter cake
O S s ler g plerdE b1 S AR BS B m AR S ybehie
t her eof 14l atfiheelpyodsdep! et eslinf ﬂyﬁihaieﬁn Ofaid tetraalkylammonium
| nt er gr owt hs havi n tfg‘jlggartl cle Si zgs | ess than 2 pm

s RUHPEAR GORPHPPES: %WBWﬁE“”B%‘”"BT‘ xGieo

i nt ergrog hs A wdcesmfrtthél p?arat&ﬁw bﬁﬁh@ ihf2agro’tP BT claim 11, said
obtai ned in step

% 9 Qbiess of claim 2]a
1%eP@FﬁS%ﬁ?er%%i§%r 359“891 ao”r‘ plyzaligfiianium saisRiand @ hygrolyzable

t et ifcH oUrédMPmE Pradeves exh @é&raaﬂ@lanﬂi@m@ﬁw%ﬁ%d@c bddeai M
21, wherein said al kylamoniumsalt is a

t et rapr offy| ar:ﬁ*i\?rﬂr%ﬁ%é%f@'a'@45 whereht %@é@re@fkyananwgm saltis a

wheflBrordidhrhbhili@rsafedi um has a mean pore size of
from1l pmto 8 pm 25. The process of claim 21,

wher ei n ‘s?au d Thelrresessediclaim Haswhereissrid pak & shalideof
ofrom2 ppgt OfT%g&mfacegé of Brairf 1B \‘f?/ﬁ@r%?n $06 bégﬁc&ﬁﬁﬁéé%%ésor more

pr oduction o I N OXI aes, Sal process conpri si ng:
a) ptIvPWRAly aNise.LAMYIONGae! f@traelbwﬁ@ﬂmmwﬂ hydramidgm

hin’ o osPOPHELE RV 8 gatlet HARi ot SPLAIY 11, s
phapegcess comprising employing as at least a portion of said hydrolyzable titanium
source and said hydrolyzable silica source, a preformed hydrolyzable

25  titanium/silicon copolymer.

20. The process of claim 19, wherein said hydrolyzable titanium/silicon
copolymer comprises an alkyl silicate/titanate copolymer.

21. A process for the preparation of titanium silicalite olefin epoxidation
catalysts of improved catalytic activity, said process comprising:

30 a) preparing titanium silicalite crystals by crystal growth from a
growth medium comprising a hydrolyzable silica source, a hydrolyzable titanium
source, an alkylammonium salt and a base to form a titanium silicalite product
containing crystals or intergrowths thereof having a particle size greater than 2

um;
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20 b) introducing into said slurry reactor an
epoxi di zi ng oxygen source conprising hydrogen

wp@eroen2as2 or hydrogen and oxygen; c) i ntroducP@muUs2uD®025559
said reactor at |east one olefin; d) withdrawing a

product streap Cormémn?g 3" h’!aﬂlﬂ!nﬁ'j sﬁl‘éﬁﬁté B84t \M'Eh”‘%eﬂlter medium
olegln oxi de, and ol efi n oxi de equival ents;

sepARYRY AgNSHYPYRISIZE Sreates tem Q8 tnpand i cl es fr om sai d
product  stream préQfvefiy éjLI‘ﬂt'eF‘QoaeroIaftﬁa%rurﬁ;eQ%aﬂé Wystals or

of olefin oxide fromsaid product

sepaYRIOraghs feteqf reletiveln Appletedrof prysdale opintergiwtes having particle
50 speovddenan ?Lﬁfég‘c%bgr%g%lﬂg%t §Qntv‘61‘§$ gétglsvm%tergrowths
hydrogen and oxygen are used as sal epoxi

oxyYER PaBiglecEzes lgshBisine wotohtaioed @isfen al.s furt her
present.o27. 'Iﬂ%e rBEQééeéﬁcIQIm 911 abvﬂér%ﬁ} %g%agbqs S %{ganic amine
nobl e net al ri ses one nor e , AU, or . ’
31 W)'TEUM/CIDEGS "Bde[U@B@lDBMIHSIQS@ 28. The process

of cl ai 26, e [,tani I I

parti cl es ‘ar eM% P?ﬁ?ﬁ%@i?'aﬁ@a t\}gﬁ%réftne%g V\I}tﬁammooﬁu% salt is a
1@ niefigppavianonenismzasltof from 3 pmto 30 pm 29. The
process cl h e

conpri se@{ 5 t-ltherBrggess ?faﬁ% Q&X%’ﬂé%%sgad(?ﬂger ”E‘AIa& amean
nobp@rermzeaofﬁ'mdqnmm&em inor on said titanium

silicali c I r of. .c m 2

further %Egnp?llth%l %%E%Sepgﬂ%l ﬁ&qag'%gr@é%tq‘a'g fI”SBITI‘?Q@III“JIaS a mean
sai dorei sige off fomm @i umutus pphase from said product st ream

nd recyglin sai d ast port on, of. sald ui d
%ontl nuoTs p soéo(fe(?sté% tE%a%o(n AS Qrofygtion QJ?)’” Oxides, said

sol pecesstomprsingl. The process of claim 26, wherein

said liquid continuou hase ses wa

net hanol, or 3 ni I?I‘IYIoinifa 'FgY gc%ﬂ:tq{etc%@mmg Janigple silicalite

pr opmslegfhawinglaﬁmfé@n dMiasel gredferathkA 2 praras"®biheMed phase in a
mﬁ)%m car bongt e or bicarbonate are additionally

i nt EUYNURLHPRSSS reactor. 15 33. The process of

2el ai m 26, wheyei nifd@ddciag Gﬁﬂonséi@rﬁﬂmysﬁﬁacﬁfr%'e%ﬁ%dlzmg oxygen
34. The Erocess Bf claim 26, wherein said noble al

conPPY'ER SOMBHFING fy diivper BRigxXidsy %’I‘%’W%ﬁﬁndo‘?xyﬂ?ﬂt ur es

thereof. 35. cJhe pr@agsiAg tto Shiireactér IR bAe Blkfin:
anmoni um phosdphat e or
withdrawing a product stream comprising liquid continuous

phase, olefin oxide, and olefin oxide equivalents:

25 e) separating any entrained catalyst particles from said product
stream prior to, during, or after separation of olefin oxide from said product
stream; ,

f) separating said olefin oxide from said product stream to

provide an olefin oxide product;

30  wherein when hydrogen and oxygen are used as said epoxidizing oxygen source,
a noble metal catalyst is further present.

27.  The process of claim 16, wherein said noble metal comprises one
or more of Pd, Au, or Pt.
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amoni um hydr ogen phosphate or m xture thereof are
i ntroduced into said 20 reactor. 32
WO 2004/026852 PCT/US2003/025559
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15

20

28. The process of claim 26, Wheréin said titanium silicalite particles
are titanium silicalite intergrowths having a mean particle size of from 3 um to 30
um.

29.  The process of claim 26, wherein hydrogen and oxygen comprise
the epoxidizing oxygen source, and said noble metal is contained in or on said
titanium silicalite catalyst. '

30. The process of claim 26,. further comprising separating at least a
portion of said liquid continuous phase from said product stream and recycling
said at least a portion of said liquid continuous phase to the reactor as a make-
up solvent stream. |

31.  The process of claim 26, wherein said liquid continuous phase
comprises water, methanol, or a mixture of water and methanol.

32.  The process of claim 26, wherein an alkali or metal or ammonium
carbonate or bicarbonate are additionally introduced into said reactor.

33.  The process of claim 26, wherein said olefin comprises propylene.

34. The process of claim 26, wherein said noble metal comprises
palladium, gold, or platinum, or mixtures thereof.

35. The process of claim 26 wherein an ammonium phosphate or
ammonium hydrogen phosphate or mixture thereof are introduced into said
reactor.
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