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25 Another commercially practiced technology is the direct epoxidation of
ethylene to ethylene oxide by reaction with oxygen over a silver catalyst.
Unfortunately, the silver catalyst has not proved useful in commercial
epoxidation of higher olefins. Therefore, much current research has focused on
the direct epoxidation of higher olefins with oxygen and hydrogen in the

30 presence of a catalyst. In this process, it is believed that oxygen and hydrogen
react in situ to form an oxidizing agent. Thus, development of an efficient
process (and catalyst) promises less expensive technology compared to the
commercial technologies that employ pre-formed oxidizing agents.

Many different catalysts have been proposed for use in the direct

35 epoxidation of higher olefins. For example, JP 4-352771 and U.S. Pat. Nos.
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improved regeneration methods. We have discovered an effective regeneration

25 method to restore the activity of a used noble metal-containing titanium or
vanadium zeolite catalyst.

SUMMARY OF THE INVENTION

The invention provides a method of regenerating a used noble metal-

containing titanium or vanadium zeolite catalyst that has been employed in the

30 epoxidation of olefins in the presence of hydrogen and oxygen. The

regeneration method comprises contacting the used catalyst with water or a

mixture of alcohol and water at a temperature of 25°C to 200°C.
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25 The typical amount of noble metal present in the noble metal-containing
titanium or vanadium zeolite will be in the range of from about 0.001 to 20
weight percent, preferably 0.005 to 10 weight percent, and particularly 0.01 to 5
weight percent. The manner in which the noble metal is incorporated into the
catalyst is not considered to be particularly critical. For example, the noble

30 metal may be supported on the zeolite by impregnation or the like. Alternatively,
the noble metal can be incorporated into the zeolite by ion-exchange with, for
example, tetraammine palladium dichloride.

There are no particular restrictions regarding the choice of noble metal

compound used as the source of noble metal. For example, suitable
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epoxidation process comprises contacting an olefin, oxygen, and hydrogen in a
liquid medium in the presence of the catalyst. Suitable olefins include any olefin
having at least one carbon-carbon double bond, and generally from 2 to 60
carbon atoms. Preferably the olefin is an acyclic alkene of from 2 to 30 carbon

30 atoms; the process of the invention is particularly suitable for epoxidizing C2-Ce
olefins. More than one double bond may be present, as in a diene or triene for
example. The olefin may be a hydrocarbon (i.e., contain only carbon and

hydrogen atoms) or may contain functional groups such as halide, carboxyl,
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25 explosive limits of mixtures of propylene, propane, hydrogen, and oxygen are
safely avoided and thus no explosive mixture can form in the reactor or in the
feed and discharge lines.

The epoxidation reaction may be carried out in the liquid phase or in the

gas phase. The epoxidation reaction is typically carried out in a liquid medium.

30 It is advantageous to work at a pressure of 1-100 bars and in the presence of
one or more solvents. Suitable reaction solvents include, but are not limited to,
alcohols, water, supercritical CO2, or mixtures thereof. Suitable alcohols include
C+-C4 alcohols such as methanol, ethanol, isopropanol, and tert-butanol, or

mixtures thereof. Fluorinated alcohols can be used. It is preferable to use
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25  invention until the epoxidation activity, or selectivity, of the catalyst has
diminished to an unacceptable level. Typically, however, it will be economically
desirable to reactivate the catalyst when its activity is between 0.1 and 75
percent of its activity when freshly prepared, as measured by the rate at which
epoxide and derivatives (such as glycols and glycol ethers) are formed. The

30 length of time between the start of epoxidation and the point at which catalyst
activity drops to a level where regeneration is to be initiated will be dependent
upon many reaction parameters, including the identities of the olefin, the solvent,
the space velocities of the reactants, the reaction temperature, and the nature
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wonadewdes7eat i ons such as amoni um al kyl anmoni BAE/US2005/012148

(e.g., tetraal kyl ammoni uns, pyridiniuns, and the

like), alkali nmetals, alkaline earth netals, or the

Ilke Cation exanpl es include NH4- NBu4, NMe4, Li, Na,
4;& i nand Ca cations. Mre preferred buffers

i nc e a

kaI metal ph hat d h
U T o1 5. FTiBe pgoneaglions romatIyooaYR AT B CSRBIARH Tofold form
of ﬁ%’rﬁeané(hlﬁﬂj}]oogﬁmgﬂ?%rﬁ?'o? tﬁé"réact@biﬁh&&lréy If b&eparated, it is not

concentrat in the solvent is from about
0. om:esmwdoadmmmet@lymryﬁhef@%r%ﬂ catglyshpaen tooregenergtion since

:n?\ yg‘rg,o n?r gm%nfghﬁf %gé%ﬁ%udgﬁ‘?%#ﬁtlohns&h%rﬁ ‘réh‘ﬁ‘f‘éﬁté oQnd the like

amonl a
r eagddoniveds ys tteenca@iyst wasl g reduily gemoved améecd;lsmczsed of during the

|

oo TG TTBEE B S P R el G0 0o p g

cat mlaylsjle feagilyd coticatethiey filtratiam, mdugaﬂommdecaretamn or other such
| Ca

h | |
PRl S ot bl PSS ST R SR bttt or
??;&é&;ﬁﬁhés?%t tg?ge eRfione r7!1;Itef—r‘(f]|atllvéI§’t tﬁnetdaﬁz‘a\lyy I'Nﬂmmarl]n in the slurry
as neasure at [
e odb s oS ol st BB £ vater ano
et haEéﬁ?I‘?ﬁ&tuFé) éﬁi%gené_@% ﬂh@"&ﬁieﬂyé@f WHETE tiReEaapBt fiddebeen used as

epox! dati on and oint at which cata
act a ke beld dpe ligigd &owaﬁnm@bw styaie Argineshor %Um%ectéway from

b nigla %E&t""béthlg?le gﬂﬁpl%gﬁﬁé}rat SR UHBEEd BafHd @Bme vessel as the

par are entltles of the olefin,
thec&elytaeapoxmat@nwawsvel ocities of the reactants,

the reac.}. e rehgﬂaﬁ . UbRce@ild lReqaal; We?'ﬁ'i@ﬁcﬁé ViticbRiplished by

Prior to regereé the spent cata
sepesrthetthg thesspent cétatylst fvitb rwaderyort & qu@re; oﬁptmbnlt anchyvater at a

the, reactjon S0 ,S t

nec?é%%ﬁr?tuf% ?g??pqi (iﬁ Gry™ ﬁ@&l’ gc%%'?% Icaﬁldnﬁlgter Is especially
2Br | Qfeéér?ed eSﬁM@blo@hol&:nmﬁtmaﬁy -Q% ahphaamllumslscﬁnd C7-Cy2 aralkyl
epoxi dation reactio ol vent a tant nd _th Kk
ads8icaBeis onllipieativg: Gr- @talmﬁt'ﬁé‘? ﬁ éb?@ﬁd(}%ﬂ&aﬁﬁa%ht chain,
di spRRAe®f arftHirdybi: ﬁwﬁlﬂxd—egleﬁlﬁcﬁlﬁt SN a‘é\hﬁfeﬂqatrima ethanol, n-propyl
cat al yst has beéen deplo in the f?rm of

naya}@@hqalemgrcgpyé@lqo@@{ erb»bgganpﬁ |SEFUty P |so%u?a|muol Y butyl alcohol,
ﬁ:g%&&&ﬁ%@hhgn@ tefrii\ ﬁg@gﬂé&l@&?olgbn@tthérIlléaUCdel@@Iéamﬂiﬂb aliphatic
2sui algohelsf @go include diols and ol?go%eall’sVaenSdS(renon\ghétﬁgrs thereof such as
ethylene glycol, diethylene glycol, propylene glycol, tripropylene glycol,
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alcohols include those alcohols wherein an alkyl group is substituted with both a
30 hydroxy group and an aromatic group such as, for example, benzyl alcohol,
alpha-methyl benzyl alcohol, alpha-ethyl benzyl alcohol, dimethy! benzyl alcohol,
and the like. Preferred alcohols include C4-C4 aliphatic alcohols such as
methanol, ethanol, n-propyl alcohol, isopropyl alcohol, n-butanol, sec-butanol,

iso-butanol, and t-butyl alcohol. Methanol is especially preferred. The
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recirculated if the impurity levels are negligible or if there is a filter or adsorbent
bed in the wash liquid stream to remove the impurities. Liquid hourly space
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30 When the epoxidation reaction is carried out in a fixed bed or a
continuously agitated bath, the spent catalyst may be contacted with the
regeneration solvent by supplying the water or alcohol/water mixture instead of
the epoxidation reaction raw materials to the reactor. When the epoxidation
reaction is performed as a batch-type reaction, the catalyst may be solvent



tenperatures are within the range of from500C to
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and scope of the claims.
EXAMPLE 1: CATALYST PREPARATION

Spray dried TS-1 (160 g, 80% TS-1, silica binder, 1.74 wt.% Ti, calcined

at 550°C in air) is slurried in deionized water (400 grams) and the pH is adjusted

30 to 7.0 using 3 wt.% aqueous ammonium hydroxide. The slurry is mixed for 5

minutes and an aqueous solution of tetra ammine palladium dinitrate (3.36 g

aqueous solution containing 5.37 wt% Pd, further diluted with 29.44 g of

deionized water) is added with mixing over 5 minutes. The pH is adjusted to 7.5

with 3 wt.% ammonium hydroxide and the slurry is agitated at 30°C for 1 hour.



(preferably, while heating at a noderately el evated
tenperature), and again renoving the supernatant

weabestioeste Wiere the epoxidation reaction is pectmsamd12148
in water or a mxture of alcohol and water, a
preferred enbodinent is to turn off the flow of oxygen
and hydrogen gas to the reactor and contact the used
cat@iotfited e (2901g) Pnd Uitefihgwgaint hThédsoldd are air dried overnight
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%ﬂr&éggg é%t%kgﬁ 564 gd gr’r%ggelgﬁ)glg{ gS/of)‘Zo;fgjg{r]@ééH  nitrogen (100
reamn‘/nmratferd4dmued yé\lftenﬁys bydrogdre treatmant.dnifragemés passed through

B CREROaslos ey BEReF hod FERE 23" o6 s fng Byt 1
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Onldel@ﬁlzé&ﬁ/afelﬁfqﬂﬁ@g) RpdahethhrolSpE0Y).c Ahalrgamttomédnitains a dip tube
wat er or an_al coho ter mxtur ate er at reo

25 CqUPRRSOE aih@'qr%@mg%%rtatf%@%%&ﬁa%’ﬂ g retndng sl catalyst
1§ eagt huakgétot WhﬁéQlﬁ’é ‘f’étﬁgﬁsé@ hRe Qﬁ@\kﬂ%ﬁeaﬁ nheolvent pump is
Invention may be adm xed with freshl

at GhEjes pithes Mg rebgh Bethanolyeisedr a3 Wgh) gaacn 1SCO pump is
di fa%r{;é(d dp i@duegqr&d&ﬁamm%meénbsphéﬂéswe@bpeot B¢ adding

i nvent n the art wl recogni ze
nan@rmvrmnmml bydroxidat taaran vaausioHs t aRIUtgn roft agFmerjem dihydrogen

R SRR FAPEE72L T AN o B0 G i
&Dl nibed comS|§tlng/\Df BydTogercE. Q:Wit%l @0(6 T vol&h), prapylene (9 vol.%),
leju{r}‘% I'gagw It I%' {SL %gj %@V\ﬁ@)‘%gﬁ gg @ﬁ%ﬁmné@ﬁagmohﬁrams are
hydswe@m@mm Uriquid iselvenk add ftioe afnmonium phosphate solution are
flowed continuously through the reactor at a rate of 100 mL/hr and 2 mL/hr,
respectively. The pressure in the reactor is maintained at 500 psig via a back
25 pressure regulator and liquid level is controlled with.a research control valve.
The reactor is stirred at 500 rpm and the reaction mixture is heated to 60°C.
The gaseous effluent and liquid phase are analyzed by an online gas
chromatography (GC). Propylene oxide and equivalents (“POE”), which include
propylene oxide, propylene glycol (‘PG"), and glycol ethers, are produced during

30 the reaction, in addition to propane formed by the hydrogenation of propylene.
After several weeks of operation, the used catalyst is recovered from the
reactor and washed with deionized water before drying in vacuum at 50°C. The
used catalyst is designated Catalyst 2. Catalyst 2 contains 2.6 wt.% C, 0.04

wt.% P, and 0.1 wt.% Pd.
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m nut es and an aqueous sol ution of tetra anm ne
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of deionized water) is added with m xing over 5
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?:gg{gsﬁﬁedtov‘?taﬁﬁ (T%%%%Qqedacfé‘?algﬁtsrﬂﬁ'ggils V&ﬁ?rﬁgg&)?um ti€red from the

or contarns a di ube equi Pp mcron
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t al LN, i . ) )
CLBES o i AR SRl B ORI A op h fer o
15m stuegrel bcf]ursr&ielgnm_qjtlédm ar a(\/ﬁ@’wm‘lﬁ oven ot 84ra amd 3G0Eater vacuum
rged, W e |
P hBrse Dh e Walohy SRR T sl SRR B B g Catalvst
aﬁl Ga?w;]ta@é grlr?gm.%ﬂ:;ciaﬂr&mni.‘{&rﬁ id@.ﬁyd\ﬁd’gan aptiOspphat. % E’.o. a
0 2. e.re i e re
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an e bal ance, njitrogen. | as rates
205 G AR BEFULS rthe PRRPLISaIB dap AR M SR rod Catalyst
phasudtans 0l0otwion R, 4.6 WEVET, oMt @yahy 00w wtyhPt he
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r espect iRggeneratiag 365 é@?ﬂr&é&gttigdrﬁéﬁg%_%gq gecording to the same
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valstainleshsteal adbarsrrenstos (wity &4 - sbeleiireshYatHean
25" €qkdth Mol MPREUNSSH i§ pREBEREY hP46WEsig and 80°C and the pressure in the

reactor rose to 490 psig at 80°C. Recovered Catalyst 3C contains 0.1 wt.% Pd,
1.8 wt.% Ti, 0.78 wt.% C, and 0.01 wt.% P.
Regeneration 3D: Used Catalyst 2 is regenerated according to the same

procedure as in Regeneration 3C except that wash is performed at 60°C and the
30 pressure in the reactor rose to 460 psig upon heating to 60°C. Recovered
Catalyst 3D contains 0.09 wt.% Pd, 1.8 wt.% Ti, 0.85 wt.% C, and 0.01 wt.% P.
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The gaseous effluent and liquid phase are analyzed by
an online gas chromatography (GC). Propyl ene oxi de and

weguicaisgat s ("POE"), which include propyl ene BgTAS2005/012148
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véfmthﬂw@a'ﬁ?ﬂOFQQ?é’UF%ﬁ%t’bReQ‘?'Féém Sxeepihal Sl Mesasngy (180.5
n%? ab X%(edséé“‘tﬁé/ wa%htshﬁrénv acThENWashtigr gsidrinem éth$OO°C and the

l'iquor using a 0.22 mcron filter foll owe
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or several hours before placing in a vacuum
o\e0R wt.%8P.10C and 30" water vacuumfor 4 hrs. The net
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| Sofetd in%nspélgaipohqmngrtd 100eC pResoverediCatalyst 3ldaontains 0.09

rose to S 10Q¢C. . Re tal yst 3B

coftaifts 1e8 ‘(“58 W/ﬁ d‘g F%aﬂlﬁ%@ﬁwp% 57 Wt.% C, and

0.01 MR@@eﬂerdﬂ%ﬁ%]eU@éd catahfst 2L€2Q31g)ﬁétre¢efﬁrat%dle&cordmg to the

regenerated according to the ne
same procedure as in Regeneration 3C except that a 50:50 volume ratio t-butyl
alcohol:water mixture is added (90 g of deionized water and 71.2 g of t-butyl
alcohol). The wash is performed at 100°C and the pressure in the reactor rose
to 550 psig upon heating to 100°C. Recovered Catalyst 3| contains 0.09 wt.%
Pd, 1.8 wt.% Ti, 1.09 wt.% C, and 0.02 wt.% P.

Regeneration 3J; Used Catalyst 2 (2.5 g) is regenerated according to the

same procedure as in Regeneration 3C except that a 25:25:50 volume ratio t-
butyl alcohol:methanol:water mixture is added (90.2 g of deionized water, 37.55
g of methanol, and 35.55 g of t-butyl alcohol). The wash is performed at 100°C

and the pressure in the reactor rose to 550 psig upon heating to 100°C.
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procedure as in Regeneration 3A except that used

catalyst is placed in a 300 ml stainless steel Parr
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rose to 520 psig upon heating to 1000C. Recovered

Catal yst 3H contains 0.09 wt.%Pd, 1.8 wt.% Ti 1l 1.49
worotkogis7and 0. 02 wt. % P. Regeneration 3 1. UsedT/US2005/012148
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t he gaseous effluent is analyzed by an online GC every
hour and the liquid analyzed by offline GC at the end

wofhodele18Z8 hour run. Propyl ene oxi de and equi vRCEMISS005/012148
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("POE"), which include propyl ene oxide ("PO'"),
propyl ene glycol, and glycol ethers, are produced
during the reaction, in addition to propane forned by

t he hydr ogepaine®pdodf regemrbtnga Uded ﬁcﬂﬁeﬂrﬂétalcﬁorﬁéiﬁln@(ﬁtamum

o NApRaIu PRt R e e dcersries 1 eS8adEon of
Pr £l e efin Vivitly Of'gdﬂfg@ﬂ’salﬂﬂé xPie] ueed hedtasd @bnm“smby@dnt@arng the
hour. 2 PO P Sel ecti vi.t

noised Gita) st vath.wais eisa g yﬁr@q Oféqné?@)ogaggo @\@?erl;art@ptg%)erature of

Seisé@ttb\ﬁobyc:fo Fgacﬁﬁat@&wamcsata%t(rml es PCE + nol es
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e hod
rret al - %nt ail g n@‘ethdaﬁ’f LRRIBY Tv XREERIUNNE cBFeS &%%b(% Gyprises
%mbﬁﬁss”ﬁ% éme@a”tag,uﬁat al yze the epoxi dat| on of an
oI e r

n and oxygen, said netho

t
corrp:r |n§W|ng chﬂt &@%Wgoﬂféalﬁbéd“é'@f%m yibe Mﬁ;QCh GRtalyst epmprises
03 Stﬁbliﬁg 2% 66%&?&@5&19’?9'%@%6‘"@ ﬁ'l'oré‘tmé’cakeé@&fté@ lf'lf‘O@n ®e group

0 reactivate the used catalyst.
meednsistiog otgelt @mnd pldtigl.n t he used catal yst conpri ses

titaniym si H’h‘éaH Lr?oda%?’ 2 "’\dwh'é}elﬁ théGs bR L %ﬁf comprises

clai m 1" where e use cata yst conprises titani
Si walledlum-eontplalﬂgatdammn @m@nad@rrbzeqirtﬂ andrpaligdiurgdiegditagjum or

consi sting of gold and platinum 4 .
Th\garpr?éph géoq' é)cl aim1l wherein the used catal yst

conpri $es pa'hbardenh\ndomfmlarmnngherem’tmleuaic«dmlvarsatﬁctﬁﬂ from the

2 <5phb BoRESRs G RTRART Aeari 4, Era ARk Hotslsy
i s sel ext ed Theanethod ag‘ra:ianm dcmlserelnl g aif:om i€selected from the
hatl C ahcoh aral k

Rt S R R e T S e
f rmmamdﬂese;v muan@loissmtanw i trietyatvohol. et hanol
R L I
met hod &of cfraerméthwedfaﬂmm hewt@dreiphipk temperitb@nisl from 50°C to
120°C.

9. The method of claim 1 wherein the alcohol:water volume ratio is
from 0.5 to 5.

10. The method of claim 1 wherein the contacting is performed for 0.5
hours to 12 hours.

11.  The process of claim 1 wherein the olefin is a C»-Cg olefin.

12.  The process of claim 1 wherein the olefin is propylene.

13. A method of regenerating a used palladium-containing titanium
silicalite catalyst which has been used to catalyze the epoxidation of propylene
with hydrogen and oxygen, said method comprising contacting the used catalyst
with a mixture of a C4-C, aliphatic alcohol and water at a temperature of 50°C to
120°C to reactivate the used catalyst.
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8. The nethod of claim1l wherein the tenperature is

from500C to 1200C. 9. The nethod of claim1 wherein
woheosotohol : wat er volune ratio is from 0.5 toPET/USRN05/012148

The nmethod of claim1l wherein the contacting is

performed for 0.5 hours to 12 hours. 11. The process

of claim1l wherein the olefinis a C2-C6 olefin. 12.

Thﬁ’caﬁhﬁ?&ﬁéali@ ﬁdlléblmnl aMaessd Br nfe Ghéthisnsdlécted from the group
propyl ene. A net hod of regenerating a used

paW%ﬁ“UQn%Sﬂ'Peﬁ%ﬁ@'%’Ti anium silicalite catalyst

which hgs baga peetbd of Gl YZewhéreirepaxivdat | @nalgét comprises
ene with hydrogen and oxy

5 conﬁédmrgo@@mrmtawgm ﬁ@%%@%ﬁ"&ﬂw 9%”?#%%3&%%
of a Clyg4 5\4h'e9ﬁé‘ﬁ‘1b8 o%l‘é%‘% mﬂfé%l%é?élcéﬁolﬁ*sh methanol

terrperature Cto reactivate

catal yst7.t i tTdilﬁl f’(]ﬁ’i“@ﬂqué‘éﬁ'mt@ wbatqlram%alpofaﬂdvaéwe\/%vme ratio is
no fromthe group consisting of gold

anﬂlr rgl'?;o%)ﬁng%%f@%ﬁ_ﬁ met hod of claim 13 wherein the

used catal yst conprises palladiumcontaining titani um
silicalite and palladiumfree titaniumsilicalite. 16.

The nethod of claim 13 wherein the al cohol is

met hanol . 17. The nethod of claim 13 wherein the

al cohohwater volune ratio is fromabout 0.5 to about

5.
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