2043481 DESCRI PTI ON CATALYST COWMPGCSI TI.ON AND PROCESS FOR OXI DATI ON OF .
NHYLENE TO ETHYLENE OXI DE This invention'is concerned with the nman Cl Wr

5'of ethylene oxide and catal ysts useful in such manuf acture. The #@éésff‘l

of this invention is a continuous process for the production of ethylene

oxi de by the vapour phase oxidation of eLRylene with nolecular 10 oxygen

provi ded as an oxygen-containing gas at a tenperature of from about 200 C

to about 300 Cin the presence of di PESERIZTIGMhi bitor and in the presence

of a support edcairaY.esTC WM s P91 6/t ANYSPROTES S I X8 HREphFRONAIOF SRF YL ENE
used i n conmer

supported silver containing catal ysEQc&IHALENED QXIBB \\ej ght percent sil ver
deposited on an al plthid WHven6LPA0LE Wonefe rined witth Ot Reafdn%ifzak thiY¥e USE

in the reacior _and i,ch contains_a,conbination of 20 a) cesiumand (b)
at |east on o?ﬁe?ygsﬁﬁqerﬁﬁ%éesngcFE _Mﬁﬁ%tﬂ?%#%ﬁpsﬁoﬁ§F§ting of
l'ithium sodi umanpéiaessinen and rubi dium whi ch conbi nation conprises (a)
and (b) in anounts @ r lon to-the. t qf. silver_t i.n sufficient
to increase the effF@Fe?cﬁa/gJ"Z%é%f8thﬁégggﬁ&r?g%&x?%el%r5d€§f‘i%&ﬁ"\ﬁnuesn :
neasured at 1.precesspéaserthetpyodnetiondefi rettiiclene | ekides byo theval ue
greater than t@? 8ur3cha Vé"é&?ié’%&i‘bﬁag'fee%gﬁ(r?dé’% £ﬁ%o‘i%@ﬂéf“s from
respective cata gsts Ich are the sane as sdi d catal yst except that
i nst ead ofl0 oxygen provided as an oxygen-containing gas at a
.temperature of from about 200°c to about 300°C in

] . the presence of diluent and inhibitor and in the

presence of a supported silver-containing catalyst
in a fixed bed tubular reactor used in commercial
15 operations to form ethylene oxide wherein said
supported silvér containing catalyst contains 2 to
20 weight pércent silver deposited on an alpha (:
alumina support which is in a form and size for use
in the reactor and which contains a combination of
20 (a) cesium and (b) at least one other -alkali metal
selected from the group consisting of lithium, sodium,
potassium and rubidium, which combination comprises
(a) and (b) in amounts in relation to the amount of
silver therein sufficient to increase the efficiency
25 of the ethylene oxide production when measured at
-1 0 mole percent ethylene oxide in the outlet gas to
a value greafer than the greater value obtainable under
identical conditions from respective catalysts which
are the same as said catalyst except that instead of
30 containing both (a) and (b), one contains the respective
amount of (a), and the other contains the respective
amount of (b).
The catalyst of this invention is a supported
silver catalyst for the manufacture of ethylene oxide
35 which contains a combination of (a) cesium and (b) at
least one other alkali metal selected from the group



30 ;containing both (a) and (b), one contalns the respective amount of
and t he other contains the respective anount of (b). The catal yst of t¢i§§;:)
invention is a supporited silver catalyst for the manufacture of ethyle w
oxirde 35 which contains a conbination of (a) cesiumand (b) at |east one

other alkali netal selected fromthe group, consisting of lithium

sodi um potassi um and rubi dium which conbfnat i on conprises (a) and (b) in
amounts in relation to the ampunt of silver therein sufficient to increase

the efficiency @®Pn8iffiege ofxlddiaiuf &xadirem b ?%t§s§humeagﬁe59@ﬂdﬂ%ﬂxthe

greater. Va|Ue(ﬁ%f%ﬁaébﬁbHﬁQQ&ddﬁaHd§¥iséé"W%7'QHG (bW EnPBQQQ%%é'ﬁﬂﬂV'ng_
reaction of ethylene and oxygen |n t he vapour%%rase t a nper at ur e of

from about 200 ¥e18t388 &9 it |ﬁh?5?%5r5§§éﬁcé§“étﬁ¥lene
dichlor- 10 ldenadsﬁleise Ifhbeeﬁtf&@ﬁﬁn@fbfﬂeélﬁlpxéde bmabemeuhlfetctgﬁ@ from
respective catal ysts M@ICh arett e neigi sai d_cat al it exe pt t
i nstead of cont &Y nfn§2HBENSEER ﬁﬁdﬁhﬂ R ToRtEPRsY % ?elﬂ t, and
the other cont aimdefb}dentdeplammnditions, ifmhs pnpuéastmneoable@hylene
oxide by the re; actigh 8k PHAYILnY RY IHVSOI 2L NLAY 99§S%u":¥' Lhagldy! ene

at a temperature of from about_ZOOoc.to 300°C in

the presence of an inhibitor such as. ethylene dichlor-

10 jde and 1.0 mole percent ethylene oxide in the outlet

gas, from respective catalysts which are the same as

said catalyst except that instead of containing both

(a) and (b}, one contains (a) in any amount, and the

other contalns (b) in any amount.




i n\the presence of a silver catalyst is an old and very well devel oped art,
ryexanple, U S. Patent No. 2,040,782, patented May 12, 1936, descri bes L
e/manu- facture of ethylene oxide by the reaction of oxygen with ethyleng,
-the presence of silver catalysts which con- tain a class of netal

ponoters. In Reissue U S. Patent 20,370, dated May 18, 1937, Leforte

‘discloses that the 10 formation of olefin oxides nmay be effected hy .
causing olefins to combine directly wi th nol ecul ar oxygen in the presence
of a silver catalyst. Fromyehgin QbR id11BAé ¥x:aE tbyhaRe fxasused its
efforts on inproving the catalyst's efficiency in producing ethyl ene oxide.

I n characterizi ngathich pAVENEEDIRT PREESTCFPRC2104RY &8RS LN SBIEERE Vi ty",

“and "yield" are enplqyed_as definped_i A Rate 3, 4, patented
January 7, 1969, % ﬁﬁ%se?,cel’il’ér:égssé%e&c%fc Yggi'{/ge.ahbgrﬁgsaégg%%ﬁi tion of
"selectivity" is eeDbideiveDéped hbt.t h@br cixampbsed.i $1. P@cent N8. Patent No.
2,766,261 at columm 6, lines 5-22  and U %Pﬁtent. No. 13, 144,916, Iines

. 58-61. The defi ni 284 7829 BatEPEed MAY 12: ohi{Afs 28R R8T W0 P8 ™ Var i ed meani ng
in the art and arg,palyd 8¢ 0aHGTRAO ¥R Dydekd RRdcr i oEMEﬁ,wﬂﬂ& t he
aforenmentioned U S, Patent No. 2,766,261. The terns "efficiency" and
"sel ectivity" as weshyleder dmcheupredence micistliven cormkisgs idichsce i nt ended
to be synononous. Silver .cataly .e i n.<.h f@cteur et hyl ene
oxi de have ‘under gdf&* <t §A##T &n €%aggéé“g*§?%bel hgfgfg%iﬁgi?‘l téc'ﬂ g%%"éd of

~devel opnment. ‘As re@@Q370, dated May 18, 1937, Leforte discloses that the

10 formation of olefin oxides may be effected by causing
olefins to combine directly with mo1ecu1ar oxyéen in
the presence of a silver catalyst. From that poinc on,
the prior art has focused its efforts on improving the
catalyst's efficiency in producing ethylene oxide.
In charécterizing this iﬁventian, the terms | o/
“conversion", "selectivity", and "yield" are employed as
defined in U. S. Patent No. 3,420,784, patented January 7,
1969, at column 3, lines 24-35 inclusive. This definition

» of "selectivity" is consistent with that disclosed in

20 - U. S. Patent No. 2,766,261 at column 6, lines 5-22, and
U. S. Patent No. 3,144,916, lines 58-61. The definitions

of "yield" and."conversion“ have more varied meaning
in the art and are not to be employed as defined, for
example, in the aforemen;ibned U. S. Patent No. 2,766,261,
The terms "efficiency" and "selectivity" as used throughout
the §pecificaﬁion aﬁd claims are intendéd to be synoncmous.
Silver catalysts employed in the maﬁufacture
of ethylene oxide have undergone significant changes

since their inicial period of development. As repor



T

by the art, silver particles were first deposited upon support materi al s /k
with little attention being paid to’support properties, such as surface 2

area, pore volume and chenical inertness. As the art evolved, there

devel op- ed speci al technol ogi es related to carriers or supports con-
taining.silver that were nore effective for the. reaction of ethylene with
oxygen to produce ethylene oxide. Today, nost supports for the silver.

catal ysts are particulate materials mhﬂth can be loaded in the interior of
a reactor 10 wherein the reacting gases and the gaseous products of the
reaction are capabbge the fdtQueikyernpartdehdrovere Hisat feppftifidate materials to
pass through the reactor and be recovered The shqge of the support is a

variabl e factor antPOPhESRPOFEiRAFESFakhpEh JEFELR AATFEIRRANFEPYS Fhe

reactor enployed, ;Jﬁogaq;rtabmireeqwchas %ﬂéfééaeamfesee apg@nrhi ch is
desired for the optim zation of the reaction with other factors al so being

consi dered The carandechenicat M@Qﬁﬁen mheym avelvedp) Emlrleyd#mdept)f .
i nor.gani c materi al a n r q_S;[e cases, the
éﬁ s %E?iokL%hﬁgaggﬁ efgteg CQQIL%]

preferred carrier TS f°uit na, such as escrr%ed in

the patent i teratwmingeﬂlfrew thif gadre, mdte Sffd%&teﬂtﬁarZ;}?é)égQB&.onB 172, 893;
3,332,887, 3,423, 32€ nd 3,563,914. The silver that is deposited on these
carriers is typi ca? Fepyt "f‘ﬁ‘rﬁi‘?fﬁe“sﬁ%rlﬂmﬁ‘aﬁ iechgteneTpEiass; effeafit erat ure

i ndi cates that themeczeuggorwefél bNeTsih fer? cEaﬁﬁVcs'J’:J ber&iclegtd veness of
the catalyst and in nost cases fine particle si'lver is obtained utilizi ng

the standard procematesiaks whichichn:besdeadesy iex%trq:)mterwor f Rateswtokos. . -
2,554,459, 2, 81’.3&' 8Jh£re§nﬂt%r.% g aégctg.ngegcalsfels easnd the gaseous products of

the reaction are capable of flowing in and about these
particulate materials to pass through the reacter and
Be recovered. The shape of ﬁhe support is a veriable
factor and the particular shape selected is peculiar to
— ' the reactor employed, the gas flow.required._end_the
| surface area which is desired for the optimization of
the reacfion with other factors also being considerad
. The carriers that have been employed are
- typically made of iporganic materials, generally of a
20 mineral nature. In most cases, the preferred carrier
| is made of alpha-alumina, such as has been described in
the patent 1itera:ure;'see for example, U. S. Patents
i,294,383; 3,172,893; 3,332,837; 3,423;328; and 3,563,914.
| The silver tha:.is depositad on these carriers
is typically in the form of small particles. The patent
- literature indicates that the size of the silver is-a .
.factor in the effectiveness bf the catalyst and.in most
cases fine particle silver is obtained utilizing the
standard proceeses in the aft: see for example, U. S.
Patent Nos. 2,554,459; 2,831,870; 3,623,328 (specifies

that silver particles of 150-400 angstroms are employed);



-

Lhat silver particles of 150-400 angstrons are enployed); 3,702, 259 .
/00 scl osed a preparation procedure for form ng silver particles Iess than 1 -
[fi/cron in diameter) and 3,758,418 (discloses silver particles having a -

{ anet,er | ess than 1000 angstrons). The deposition of silver_onto the

carrier can be achieved by a nunber of techniques but the two techni ques
which are nost frequently enpl oyed g'nvolve, in one case, the inpregnation

of the support with a silver solution foll owed by heat treéatnment of the

i npregnated 10 3 sopppsd (BDscibbedta gegmariatiom po&cemesfdn/épr‘mimét he support
and, in the other case, the coati ng%of the sil pn tt ﬁtsugport by the

preci pitation ofoé-lvPVeRarGF-C’terfelﬁ?%f ARrel PERTBY ®FhHt 83 slurry such
‘that the silver pajl sihaesca@gaoqﬁpossmp mcmessusmrgtammadaere to the
support surface Whén'the carrier or support is heated to.renove the |iquids
present. These vhessouha:prm@@chmgesr%sé exenplified in various U S. Patents
such as 2,773, 844; 3,207 ) 4,.97 British Patent

754,503) . and 3. 172, Bo3, o8 depduztiva'f qgg’ﬁ"“ggc“e&agéf%?ov. ded by the
support has beenciﬁ"%esh@iQGEin‘y eanmbder@ﬂoltechm.tqeeeshutl nhq twodevel op- nent

of .silver catalysts. Disclosures concerm “g e sugo a of t he
‘catal yst carri er tedmipwes Fhheh a1‘|'el.]“°’§ fERQUERELY, | "Ch di scl oses

that a surface agea.Qf .0.002xd ch n ¢ emsebpo& wsth RalseDtes3, 172, 893
(whi ch depicts a pgorn%sf%y o? 35- 65°oa

solution followed by heat treatment of the impregnated

10 support to effect deposition of the silver on the support
 and, in the other case, the coating of the silver on the
support by the precipitation of_silver or the preformation
| of silver into a slurry such that the silver particles
" are deposited on the support'and adhere to theisppport
surface when the carrier or support is heated'to remove \)
the 1iquids present. These various-procedures sre
.exemplified in various U. S. Patents such as 2,773,844;
3,207,700; 3,501,407; and 3,664, 970 (see British Pacent -
- 754, 593). and 3, 172 893.
| o 20 The surface area provided by the support has
| " been the subject of considerable interest in the develop-
ment of silver catalysts Disclosures concerning the
surface area of the catalyst- car*ier can be’ found in
U. S. Patent 2,766,261 (which discloses that a surface
area of 0.002-10 ﬁzlém is suitable); ﬁ. S. Petent
3,172,893 (which depicts a porosity of 35-65%:and a
pore diameter of 80-200 microns); U. S. Patear 3,725,307
(which depicts a surface area of less than 1 2%/gn and

an average pore diameter of 10-15 microms); U. S. Patent



»surface area of less than 1 [err] and an average pore dianeter of 10-15
mcgrons); U S. Patent 3,664,970 (which utilizes a support having a

m nimum porosity aof about 30% at |east 90% of the pores having dianeters
in the range of 1-30 microns, and the average of such dianeters being in
the range of 4-10 mcrons); and U S. ,Patent 3,563,914 (which utilizes a
catal yst. 2 support having a surface drea of less than 1[err] /gm a vol.une
of 0.23 m/gmand a particle size between 0.074. and 0.30 mm. In the very
earliest devel opn@npes.§70sfwhich uwilizes &l yupport haviihe avgévdmamt ure of

et hyl ene oxi de; i e r4x,ne hat Hau of _metal s_when present
in conmbination w ﬁp‘?ﬁetgm vagrgagoiua}zd %crg'e%’st %Pgn%rg)gg‘,es RSFeE HEVaTE ver

catal yst. These neisndtaks im chbermekveS 1a8® oietorsdt ahd/ The Hreragontribute to
enhance the rate or anmpu { of . oxi de’ production. - One of the problens in
det er mi ni ng whet h&8F %'}rm‘ng anef8ES Bedps i 5Re r3889 Sl difonspe nature of
the reaction itselshd Gths. rmehi 03 5081 9RE RREKOEH 13065 & RYLENg L0 form

ethyl ene oxide is a highly exotherm c reaction. . However, even nore

exot hermi ¢ than t §8RPaTE- hagngagtywface arke afodbsithem lol” dghylkene or

et hyl ene oxide to 0 { G%l T eact bons, _accur simul taneously and
the critical fact gir;ﬂ:;‘% g'?de'(r%éi %ila/r%‘ F‘E"Ze‘e ?eé‘tclksle%égsge:){:fwefﬂygégr’-aI I
process is the neasdir® 30fmmant r ol

In the very earliest develbpmencé of silver

10 catalysts for the'ménufagture of ethylene oxide, it
- has been determined that a number of.metalé when present
in combination with the silver could gc: aé ptomoéers of
the silver catalyst. These materials in themselves are
not gatalysts but contribute to enhance the rate or amount
of oxide production. One of the proﬁiemb in determining
whether or not these metals act as pronotefs.ié'the nature
pf the.reaction itself. . The reaction between.qugeﬂ #nd
eﬁhylehe.to form ethylene oxide is a highly exothermic
- : . | reaction. However, .even more exothermic th;ﬁ that re-
20 action is the combustion of ethylene or ethylene oxide
to carbon dioxide. These reactions occur simulténéously
and_che critical factor in.determining the effectiveness
_ of the over-all process is the measure of cohtrél |
one hés over these two competing reactions; Inevitably,
a material which.enhances.the production 6f.e£hy1ene oxide
might also be considered a material which inhibits the
complgte combﬁstioﬁ of ethyiene to ethylene o;ide to cafbon
- dioxide. 'Thué.‘:here is a problem in defining whether that
méte:ial which is térmed as a promo:ef is ih.facc ﬁn

inhibitor of the combustion reaction. It is well knewn

A

por e di aneter of 80-200 mcrons); U S. PRatent 3,725, 307 (V\hi ch depicts a&?



. has over these two conpeting reactions. Inevitably, a material which |
ances the production of ethylerie oxide mght also be considered a
terial which inhibits the conplete conbustion of ethylene to ethylene

Oxi de to carbon dioxide. Thus, there is a problemin defining whether thgf
material which is termed as a pronoter is in fact an inhibitor of the
conbustion reaction. It is well krmqwn-  that there are materials which
when added to the reaction result in |ess carbon dioxide being forned and
such material s arRat ejhged ddehnbidraess wRAek astahecaddedocsrbdner tedcxivhi ch when
provided with the catalysts result in greater production of ethylene oxide
and those materi 3P&4r &0t Basfefathpndieride bajret fimefndrd 4PtRr naterials are

in reality inhibifers QL PORRLAS 88RO, PonafL kLol R¥aRLd.s5ue.  What
is significant is that the outconme of the reaction is favorable to the

- production of etwhignheheniptovidéd wiFbrchehedtalyasoreswherindgteaterni ng or

~characterizing a_catalytic process for. producing ethylene oxide a signifi-
cant factor ent elplr‘ﬁ%uci% D °o£? e(ﬁug“'fselnfy%id‘%t ﬁ%‘f%p’?g%er“s%xf"sﬂtshé?esel ectivity of

the process to pretumed pebiyde2Be hedRer T Cldtitet tnackeidls ase drf i ned

- previously. The use,  of al kali metals as pronoters for the si]ver catalyzed

product i on- of et FFrEHY RBEREICPES BT PERATHT S SemR eAviei 3P tiFEetgMant ‘As far

e ne S e BT pnta gt B b o S,
2,238,471 di scl ogesctivat i$ i favbushigaso vahreyprshiceddrl ®f echylene oxide.

10 Fot'ﬁhaﬁ reéédﬁ. when determihing or characterizing a
caﬁalytic féocgss fof produciﬁg éthylene oxide a-signifi-
cant faé;of'entering'into or qualifying that process is
the selectivity of che proéess.:o produce ethylene oxide,

selectivity being as'defihed_éreviously. |
' ' The use of #Lkali.m;tﬁié as promoters for the U
siiver catalyzed produétion of ethylene oxide is extremely .
wall knoﬁg_in the art. As far back as U. S. Patent
2,177,361 issued October 1939 there is found a teaching
e . of the use of alkaii metals in_silver catalysts. U. S.

20 Patent 2,238,471 dis#loses that liﬁhium'was.vefy desirable
as a pfoﬁoter but that pc;assiﬁm and cesium were detri-
mental. The éxamples of chét patent uﬁilize essentially
10% By.weight of potassium hydrbkide 6r.césium hydréxide
to the siiver oxide emplbyed in n#king the catalyst. Later,
U. S. Pacent 2,404,438 stated that sodium and lithium were
effective proﬁo:ers for this reéction. Essentially the same
teaching could be found in U. S. Patemt 2,424,084, U. S,

| Patent 2,424,086 géneralized about aikali metais as pro-

moters and specified sodium in particular. 1In U. S.



as a pronoter but that potassium and cesiumwere detri- nental. The
exanpl es of that patent utilize essentially 10% by wei ght of potassium

hydr oxi de or cesi um hydroxide to the silver oxide enployed in nmaking the
catal yst. Later, U 'S. Patent 2,404,438 stated that sodiumand |ithiumwere
effectiye pronotérs for this reaction. Essentially the sane teaching could
be found in U _ S Patent 2,424,084, U% S. Patent 2,424,086 generalized
about alkali nmetals as pro- noters and specified sodiumin particular. 1In

u. S Patent - 2, @Z@éi@‘lz’.e?i‘%sﬂét?:[éé??éeﬂ@laé eo‘é‘i@'eéikat:h% r %kkl@%@%& in the

formof their sulfates woul d be éf IVe. as pronoters 'such srlver
catal ysts. In partinctharforahe phéionisetfatesareddt bateffectine apot assi um

lithium rubidiumor cesi un¥sul f%eﬁlna_y be psed as l_{)rom).terrls. U, S. Patent
2,765, 283 descri bed PREFFef T APRRA 188" £350DFEr Wit RAESXEEE 8t e 881 ution of
a chlorine cont ai nipagefttyEsostt edNthdtNdbdiins Upd daadk ismiC i ki, | Asbigeapounds

shoul d be inorganic. Particular illustrations cited of suitable inorganic
chlorine 10  conp®FneesivAcpiifages Ravube Misedrasd@ronqtenpumlechforiagenand

pot.assi um chl or at e-Z.Tas,SZSQa&%iﬁﬁfftigLL%t;Q éggtgeo?‘r;ogﬁg;oq: L. Lnorganic

chl orine containi ng conpound I C 0S| on the catal yst support is
from 0.0001%:-t 0 0. Z¥dbte woilytiton bfisechdorinkeecamriaghingcotpmmduppbrt. U. S

Patent 2610900 1 QoSERBAIBREL bUER e ShEE Bl d8 HbdEce 1 e
of alkali netals subtisullart 1liludtr£AdhsiNeiceat 36 SutFAblaNthdx@ahidnchIbeideet al -
.10 compounds included sodium chloride, lithium chloride and .
potassium chlorate. Thié patent“spécified that the amount
of the inorganic chlorine -containing compound which is
deposited on the catalyst supﬁdrt is from 0.0001% to 0.2%
by weight, based on the weight of the su@poft, ﬁf S.
Patent 2,615,900 to Sears describes the use of metal
halide in the treatment of the sﬁpéorted catélys: and
‘specifies that such halides can be of alkali métals such
as lithium, sddium,'potassium, and cesium. Thé-metal
halide is present in the rangé of 0.01% to 507 based
20 upon the weight of metallic silver. The p&;ent also
specifies that mixtures of the individual metal halides
éenerally classified in the patent_may”be used to advan-
'V-tﬁge to enhance the break-in ﬁériod of a neﬁ:cazaiysg
composition while at the same time maintain a_ﬁ&dérate
but steady activity of the'catalyst over an axﬁended
B pericd of time dufing normal operation. Thus, one
| ' particuiar metal halidéltreatéd_catalyst wouid ﬁrovide a
_ShottQterm'high initial activity whereas another of the
metal halides would provide a 1onger term moderate

activity for the catalyst. This patent takaes the position



jde is present in the range of O 01% to 50% based 20 upon the wei ghty

tallic silver. The-patent also specifies that m xtures of the

i vidual netal halides generally cl assified in the patent may be used tQy

van-_ tage to enhance the break-in period of a new catal yst, conposition '

while at the sane tine maintain a nod8rate but .steady activity of the-

catal yst over an extended period of tine duri ng normal operation. Thus, one

particular netal halide treated c aI st woul d de short.-term hi gh
i85, e

initial activity ShRErEesTett Ratt 8T PTR §2 B¢ de a
| onger term nmoderglge gt iNhintcl Ofe tctaqb@at_ehy@zt ethPihePds eaz«.trbs@kes the
position that the netal halides which are provided in the catal yst serve

to inhibit the colibubde @ndoﬁhuet h’ﬁ%ﬂié"%&) t@aﬂ)mtaﬂﬁ)@lsdés Avgatmis classifies

th t | t talyt | u S
ot ont 3. 700 172 eEEiARYE ' of SRESARRY B SR ANLARE, 2/ B ARREEL TS L S

oxide in which t mane%ﬂr?e péshmdesl thenus é aalfeolmllyem ddraljexr ifotr oduct i on of

the silver catalyst to the solid supportifgngf of ‘the al kali, netal halides
such as |ithi um "ekipg Rthptene oxidf aneh heRs AF%RTEY nds of chlorine,

brom ne and.i odi rﬁmui@a:ﬁ@ﬁ@f},c%i%ﬂ%tﬁ%ﬁé’éo'du@f%ust'% ei1wdhyl ene oxi de.
The patent speci fies small “amounts "of |ess than about 0.5% are

desi rabl e" | n ratalyst o tﬁaemhtérﬂxpmmg}'zﬂafsthpr%it|mslof al kal i

metal halide wit he range out _0..0001 tQ ut 0.19% are nost
~preferred. .The gﬁi&% sulh%s ‘15_; RRN" s asUC P°tasgl\93 ala

10 - rubidium compounds of chlorine, brcmzne and iodine, to
enhance the overall production of ethylene oxzde The
patent specxfzes small amounts "of less than about 0. 5%

_are desirable In particular the patent emphasizes
"proportions of alka11 metal halide with n the range of
about 0. 0001 to about 0 1%4" are most preferred The patent

'states,that'"although the preferred catalyst_composition
‘concains a separate promoter it is not always necessary
sihce during preparation of the catalyst the alkali
metal halide-may'be ecnuerted to some extent to the

20 correspoﬁding alkali metal oxide'which acts as a promoter".
u. s. PatentIZ 766,261 appears to draw from the teachings
of U. S. Patent 2, 238 474 in that cesium and potassium are
said to be detrxmental in silver catalysts, sodium and
lithium are suggested as useful promoters. However, U. S.
Patent 2,769;016tf1uds that‘sodium;.uotassium and
lithium are promoters when used in the silver catalysts.
This latter patent.also recommends the pretreatﬁent cf
the sﬁpport uith dilute solutions of sodium_chloride,
‘lithium chloride or potassium chlorate. U. S. Patent

2,799,687 to Gould ec al states that the addition of meral



states that "al though the preferred catal yst conposition contains a ‘?_‘
separate pronoter it is not always necessary since during preparation of
the catalyst the alkali netal halide may be converted to sone extent to the

- 20~ corresponding al kali netal oxide which . acts as a promoter”. U S
Patent 2, 766, 261 appears to draw fromthe teachings of U S. Patent
2,238,474 in that cesium and potassiumgare said to be-detrinmental in silver
catal ysts; sodiumand |ithiumare suggested as useful pronoters. However

U S. Patent 2,769 flnd t sodiu Qt.assium and.lifhium are
ter nB<3e0 o S8 pRrBLbERYY FRARCH iy B

pronot ers when use’ba ‘ter patent al so -

recommends the prepsRatnerdLsofod ke zsdhoa%;tuc\mw ofi bpmotesulens of sodium
~chloride, lithiumchloride or potassiumchlorate. U S. Patent 2,799, 687
to Gould et al stafhi® Enataidhec DedrEresA2blY FEERILD tH¢ G2RaIQd@skad hin t he

range described Dby, ei%ar ﬁallﬁegj pg*tfahggﬁ.y Zurxlglg’hlgcg'desan'aOE" .HMQIECJE ve of

cptimumresults. This is sald to be espeti a true in the case of alkali
nmet al hal i des, par $odinmaadd pbtwssilahor iTde Wntéwmacbm@hdsﬁwtunhand

pot assi um The patgntees,r nd _that the inorganic halide S0 nent of
Phe catalyst be meiTR-ERRiSI ARLLIN HOPREEP Sl 5P TFORITEE i BIP BePeont
preferably .01 to Bichinefightafgy GEN0.0103SWEL 0D Jdiceil] Ghtiofabiiie, 015i | ver

oxi dative cat al ytic conponent i.e., the silver salt 10 transformed into

el emental silver. t0 swqa@hénaetse&a4b4zsdr?em:hem@la‘lmfu Brg "stlYtal s as

pronoters and one Sizdative catalytlc component", i.e., the silver salct

10 transformed into elemental silver. U. S. Patentz 3,144,416
mentions a vafiety'of_ﬁecals as promnterg'and one of
them is cesium. U. S. Patent 3;258.433'indi§ates that
-sodium is an effective prombter. U. S. Patent 3,563,§13
recommends the use'pf alkali mefals such as liﬁhium
EompdundS";s promoters. The pfeferred amount of promoting
materiazl is said to be about 0;03' to 0.5%, by wéighc, of
metal oxide based on the weight of the swpport. U. S.
Patent 3,585,217 states that alkali metal chlorides "are
knowh'to coun;eract-che_formation of carboh dioxide" and
20 "may be'incorporated into the catalyst". U. S. Patent No.
3,125,538 discloses a supportéd silver catalyst contain-
ing a coincidentally deposited alkali mecél selected from
among potassium, rubidium and cesium in a spécified gram
atom fétio relative to silver. The weight:of silver is
- preferably 2-5% by weight, of the catalyst. The patentees
| characterize this cactalyst as being especially suitable
for the.reaction'of nitric oxide wit h propylene. U. s.
Patent Nos. 3,962,136 and 4,012,425 dlsclose the identxcal
- catalyst as being useful for etﬁy;ene otzde product'on

U. S. Patent 3,962,136 describes the coincidental



themis cesium U S. Patent 3,258,433 indicates that sodiumis an
ehfective pronoter. U S. Patent. 3,563,913 recommends the use of al kali
% al s such as lithium conpounds as pronoters. The preferred amount of
lonoting material is said to be about 0.03 to 0.5% by weight, of netal
0xi de based on the weight of the support. U S. Patent 3,585,217 states
that alkali metal chlorides "are knowht to counteract the fornation of

car bon di oxi de" and 20 "may be iincorporated into the catalyst”. U S.
Patent No. 3, 123¢pS8itdofiCdOICRa L 2EPPORAEH el ylveradmlopet seamotai n- ing a
coincidentally deposited alkali netal selected fro . anong ot assi um .
rubi di um and ceshansikala ReFeLFf LA gREARERE offi FAETD SFRERTFR T “8FI ver. The
wei gt of i | very o i Gheliableyed oPaR¥outRE o undin (che aladlysd - The
pat entees characterize this catalyst as being especially suitable for the.
reaction of nit rsiistoxifdeesivrh peitigimmr mitrurds ¢hibosh: NPsiomaldg2, 136 and
4,012, 425 discl ose, the identical catalyst_.as i L et hyl ene

oxi de product i O'ﬁ.mEJl.in . wbgtf EnFrHE2° °5easnclr%|§lt")&£ #flg(;%:gs':%g%dent al 11
deposi tion of algal imdGkabs Wukh dideSid \febm asboubes DuppDO T, gewskeal kal i
nmetal s being present in their fgnal formon the s ort jn the formof an
‘oxi de in which ttt?eab%'-'dé@dh-losigs%eé’/ﬁ LeSPEAA "_FE%JrOy(%itum'iﬂ"eﬁf&’t ures of
both, optionall x:._cgﬁbéa&‘agcvu,tolioanrﬁ',npacamurﬁaﬁa £n 19y deiz@t pot assi um  The
anount of such oxide i1-s Tromabout 4.0 x [err] gew kg to about 8.0 x [err]
gew kg of total tiagaistsis. itimaidvby employing as the oxide of the alkali

10 . metal thé oxide of potassium optionally combined with a
| minor amount of.an cﬁide of rubidium or cgsium. Ap. ica-
tionlSerial No.:3l7,349; filed.December 21, 1972.'which is
a parent to U. S; Patents 3,962,136 and 4,010,115, and
.cthers; coﬁ:ainsiscmé interesting data deserving of
cémmeﬁ:. ‘Acccrding cdlexampie 2 which contains sdme
éomparative exéerimehts, there is described the manufacture
of a catalyst which conﬁains 310 parts per million by
'weigh: of.coinciden:ally-éd&ed potassium anélthat catalyst

o ' wh;n employed as an é:hyleﬁe oxidaﬁiop catalyst was found

| 20 to.be'inactive_for :ﬁe p:oduction of ethylene'oxide.

. Eveﬁ so, we fina that that amount_of potassium in the .
catalyst lies withiﬁ'the':angé disclosed in U. S. Patent
4;010.11$.to'5e effecﬁive for the production of ethylené
oxide. aiﬁh@ﬁgh no data is shown in the patent to support
that view. _ - N _

. - Belgium Patent 821,439, based upon_British
Patent Specificatibn 1,489,335, discloses that a catalyst
can be made that is equivalént to that produced in U. S.
Patent Nos. 3,962,136, 4,012,425, and Patent 4,010,115 to

Neilsen et al._by:varying the procedure by which the alkali



U S Patent 4,010,115, patented March 1, 1977, dis- tinguishes itself
~enmpl oying as the oxide of the alkali "10 netal. the oxide of potassium
optionally combined with a minor anount "of an oxide of rubidiumor cesi
Applica- tion Serial No. 317,349, filed. Decenber 21, 1972, which is a
parent to U S. Patents 3,962,136 and 4,010, 115, and others, contains sone
interesting data deserving of comment. Ackording to exanple 2 which '

contains sone conparative experinents, there is described the manufacture
of a catal yst whi clmezaht s sspSlliddpeas ttrhepﬂl‘ppﬁ?:t] [ a&hﬁye \3e1g|jhi.- git_ez‘.t

coi nci dent al | y- added tassi.um.and  hat catal yst en enpl oyed as an

et hyl ene oxi dgt'i on Qf‘ngF?;nﬁ\hssh F8‘6’n"ch2’0t' %P 'éc‘isnéﬁftria\?gg BrHPHEF roduct i on
of ethyl ene oxide. ¢&v@nsgifi€d fsufladd@ted N3l e HRUBIRRENPAILSGSEN L N the
catalyst lies within the range disclosed in U S. Patent 4,010,115 to be
effective for the ¥akétmegalofo depsaisnét oni ghe S&PngHtmagai-radi s shown
in the patent to s Vs | P 2429 sed _upon
Briti shpPatent Spet:%??gégif%dgﬂﬁ?éig&ﬁgé%%ilkrsggl sagiggfﬁés'tlaégctaea ?/"s *€can be
made that is equi vaifenhe tporvhatsuppoctubdeiing rquivilenPatenhatladhic’, @62, 136,

4,012,425, and Patent 0,115 to -Neilsen et @, by varying _the procedure
by~ whi ch the al kal 4t é?r%ghafmi 'g’esﬁﬁ%‘ﬁ“‘ﬁﬁtPé‘thgeéﬁﬁ%o’r‘t o1'¢ s, hga‘BéFﬁ?um
Patent and its Britthehsegporval£ithen dRQAE0LS £1 L1 FHACHDEI iSHORA bn@fehdre-

specified surface drea is first inpregnated with an alkali netal to deposit
it on the support rafiter  ¥he shlver is supplied to the support. This pro-

10 cedure is a sequential deposition of the alkali metal

 promoter and the silver catalyst and yet essentially
the same type qf catalyst was'produéed by the simultanecus
deposition of alkali metal and silver as evidenced
by a éomparison of the data in the examples of the Belgium
Patenﬁ-with the data set forth in the aforementioned

Nielsen et al U. S. Patents. The criticality in the methed

-of deposition of alkali metal upon the suppo:t appears
~ doubtful in the face of that type of disclosure and the dis-
closure of U. S. Patent Nos. 4,033,903 and 4,125,480 which
20' desc:ibé subjecting a used silver-containing catalyst with
&8 post-addition of one or more of potassium, rubidium or
cesium.ﬂ-Apparently sﬁch'ﬁreatm;nt regenerates the
‘catalyst's ability to enhance selectivity to echylene
oxide. ‘Another patent which tends to indicate that a
post-addition of alkali metal such as cesium gives
results equivalent to either pre-addition or simultaneous
'addition is U. S. Patent 4,066,575.
U. S. Patent 3,962,136 and its cdmégnion pateﬁcs
were derived from U. S. Patent applicétion Serial No.

216,188, filed January 7, 1972, now abandoned. U. §.



spegified quantities (both the quantities and the nature of the por ous |
@n bei ng equivalent to that which is-set forth in the aforenentioned
eljsen et al U S. Parents); the support is then dried to fix the alkali
etal- -and there- after the silver is supplied to the support. This pro- 10
cedure’is a sequential deposition of the alkali metal pronoter and the
silver catalyst and yet essentially the sane type of catal yst was produced
by the sinulta neous deposition of alkali metal and S|Iver as evi denced by
a conpari son of tr?étaﬁﬁa? 9ﬁ2t3h3é ghsaigres BRtiHhe BRigiesm Prednefwith the
data set forth in Jhe.afn Vs Baienad MA 368601 m&-fsee RalkgMses The
criticality i'n the net eposition o al met al . upon the support
appears doubtful .iat bhimerfwase m’mpahatlet yq:mii@ﬁ.omh sypiealle &ndower dis- ,
closure of U S. Pateng Nos 5 4 | descri be

subj ecting a used vt 8?1???‘5 % gPa’l’“ %?i gesﬂ'\c,”;%t&o (:T%Q ton of one or
more of pot assi Umeaitbystistim(ede eesm,m&em-lasz)suqh S ealpeas -
regenerates the catalyst's abili tg t 0 enhance sel ecti vi t%/ to et hyl ene

oxi de. Anot her pattdfP $#fiiah ¥onddid P8 pentaine 3 HAEwERgHYBchd@PiTTh of

al kali metal such Esﬂa%gésﬁétgemgsofequwoahﬁntcésquﬁlwer pre-addition
or simultaneous addition i1s U S. Patent 4,066,575.- U S. Patent 3,962, 136
and its conpanion ppa‘.aeslttsa verenhdace vahd $elmerivit. ot’a&@nﬂieﬂmm&dat i on Ser-ial

No. 216,188, fl | eq Janlytairl)é.de 1’1972é:.1r%]l%w & Q}qgtned d*%w:.ng s ows

10 that the curve C which represents cesium addition provides
the greatest dégree of enhancement of selectivity while
curve B which :ep?esents :ubidium.adﬂition_is inter-
mediate and supe:io: to potassium addition represented
by curve A. In an amendment filed on Apfil 11, 1975,
in U. S. applicarion Serial No. 480,896, filed June 19,
1974, which is a parent application to U. S. Patent
4,010,115, the applicant uzges that the invertion and

| claims do not involve "synergistic eﬁfects with the use
of mixtures"” of the alkali metals. The same statemenc

:20 - was made in the améﬁdment received on April 11, 1973 S
in'U. S. Patent applicacion Serial No. 471,398, filed
May 20, 1974, which is the _parent application to U. S.

.-Patent 4,012,425..
German Offenlegungsschrlf 2,640,540 discloses
in its examples a silver catalyst For ethylene oxide pro-
‘duction containing sodium and either potassium, rubidium
or cesium. Table I of thié disclosure provides the alkali
content of all catalysts prepared in the exa&éles, many of

which contain sodium, potassium and cesium. A footno:e



Pat ent 3,962, 136 di scl oses that the "highest |evel of selectivity - :
obt'ai nabl e wi th potassi um nodified catal ysts at otherw se conparabl e g
conditions typically is |lower than that obtainable with rubidium or ’
cesi um nodi fied catalysts" (see colum 2, lines 38-42). U S. applica-

tion Serial No. 216,188 contains a drawi ng which depicts the relative
effectiveness of rubidium cesiumand potassiumto enhance the selectivity

of ethyl ene oxide .when utilizéd in a '8 | ver catal yst. The draw ng shows 10
that the curve C which represents cesium addition provides the greatest
degree of enhancengicheftspakesdares tehadhine peslsance Bosbbessiepresent s
rubidiumaddition is inter- nediate and superior to potassium addition
represented by cur¥d AStalV§caresiet dBREPT FPRP SN FALF7e4 PR, in U S
application Serial NQ. 896 kil J sehd 74, b bs: & parent
application to U.. cséﬁobgﬁ%? %&Oféﬁg‘r ’t:'%g éﬁ%ﬁeﬁgaﬁ% C\S?g%}s%p%?\at t he

i nvention and cl ai ttee develobfi snchl impurdyher Qritg Gebdv gbat sgierhiigde use of

m xtures” of the alkali netals. . The sane staten?£t<go was made in the -
amendnent recei ved®bReARR ST £PB75E ATYEREEON poFRRILASHTS EA FUF Serial No.
471,398, filed MaynoADsuddbht, tdti eBsium hie HeatsubinaPprichapdr@agsiwn U. S.

Patent 4,012, 425. German O fenl egungsschrift 2,640,540 discloses inits

exanpl es a silver ®A/9F&AdipB toephyInEiee RrFdeoss he RFELFHARCE oM ni ng

sodi um and ei t her ﬁq,t,& ' L U ' Tahl e, fo this .disclosure
provides the al kall co%?%lr?? gﬁygapibgeg{@ﬁ%[%ga%g&%ﬁ#?‘ﬁeg'éx%rrpl es,
mar.y of whi ch consctiionseflicedfunp et ts sicdinmaeg thes panassAuh olpipRot Bies

10 in the catalysts. _
Japanese Application Publication Disclosure
No. 95213/75 is directed to a process for producing
ethylene oxide using a catalyst composition comprising

. silver, barium, potassium and cesium in specified atomic

~ ratios. Table I of this disclosure summarizes the
efficiencies achieved with the various catalyst composi-
‘tions of the examples. No synergism with cesium and
potassium was demonstrated by any of the cesium-potassium- ;

- barium mixtures of the examples. Indeed, a comparison of

20 some examples among Table I appears to demonstrate the
absence of a éesium-ﬁotéssium syrnergism, namely, the
efficiency achieved with a cesium-potassium mixture
is shown to be lower than the efficiency achieved with
the samé amount of cesium in the absence of potassium.

- For eéxample, Examples 3 and 7 relate to catalysts having

~ an identical atomic ratio of cesium to silver (.OS.atoms/ '
100 atoms Ag), but diffe:ing potassium contents, the
atomic ratio of pbtaséium in Example 3 being'.OOI atoms

K/100 atems Az and the corresponding ratio in Example 7



Jhe Table states that the presence of potassium-in all catal ysts tested
‘tept for one which was free of cesiun) was due to inpurities present in*
e Support, the level of such inpurities being below that specified as
 being useful for the invention. The disclosure does not suggest that cesiuw’
nmay be combined with potassi um and/ or sodiumto advantage nor does the
efficiency data provided in the Tabj® denonstrate any synergistic inter-
action of cesi:umw th sodiumor the potassiuminpurities-10 in the

. catal ysts. Japanese Applicatiop_Publicatjon D sclosure No. 95213/75 is
directed to a pr§dR8s Por PreobtList§ et AFRERE okt d&*MRihd ¥¥tatal yst

CONpOsi ti on CoNpfg &%, NhaSkhaebs BakbUM7 RL assSkyM anads caseum in specified
atomic ratios. Table I of this disclosure summrizes the efficiencies

achi eved with tHacyessedupo tasisiky siongenpdni Exampbas/ apstlteceinnpl es. No

syner gi sm wi th ceqluim A0dsPoLagsl N ues, deIpnsLiahed: by a0 Qf the

cesi um pot assi um Bariam n X ures - ofr thé éxdnples f‘ 'de€d,” a conparison of
20 sonme exanplieenanprgldedlee tavalpses hatinglanoiventotsl abemiabsence of a
cesi um potassi um synergi-sm nanely, the effici'en%y} achiFeVed vvitb a

- cesi um pot assi uRdFFXtUr £2F 8T FBVH VBT herifBuidie EREH YRR frF B ENLy achi eved
with the same amiyyehifihgCesidhBune oeNfo @RS ERE @nef oML ASH inldPhi fiRe €xanpl e,
Exanples 3 and 7 relate to catalysts having an identical atomc ratio.of
cesiumto silvergreats shemsyhel cotaliystrmoiAgGrampiet 4di fiedrithg pot assi um

contents, the ate(}lfiigié’néctiieg z@pg??&@%ﬁk %@:h”ea'?&%??ise a%ebeesjsrégtiﬁqjy at ors

10 the same, 76.7% and 76.6% for Examples 1 and 4,

respectively. ’ _
| .U, S. P#tént 4,039.561 di3clpses a catalyst for
preparing eth&lene oxide containing silver, tin, antimony,
thallium, potassium, cesium #nd oxygen in specified atomic
ratios. ﬁixtu:éé_of cesium and potassium are not dis- W/
closed to be desira?le'combinations.- Indeed, Table I
of :ﬁe patent discléses a silver-cesium—potassium com-
.ﬁination.Which is désignateé_as a “"control" example not
et ' in acgoid w;:h' the disclosed imie_n:iori and which 'échieved :
20 a selectivity of 73.02, a value markedly lower than the
; selectivitiés aéhieveé in the 45 Examples listed in
Tablés 2 and 3. Mbréover, the efficiencies provided in
Tébleé 2 and 3 for the various catalyéts fail to demon-
strate the existence of aﬁy synergistic combination of
cesium and potassiqm'ampng the numerous combination of
glements-which were:employed in the catalysts. It is also
note-worthy th;;.:hg aforesaid;U. S.-Paﬁént ﬁ.639,561
claims the priority of,a Japanese applicétiog filed in |
1973, and chat snbsgquént to such filing the same appli-

cant filed Japanese Application Publication No. 25703/77



K/ 1Q0 atons Ag and

the corresponding ratio in Exahple 7 bei ng . 05.

-efficiency achieved in Exanple 3 was*76.47. and that of Exanple 7 was
75,9% Thus, the increased potassiumcontent in Exanple 7 resulted in a

decrtease in catalyst efficiency. Simlarly, Exanples 1 and 4 relate to

catal ysts having a

magni t ude greater than the .catal yst of Exanple 4. Yet,

n identical atomc ratio of cesiumto silver, with the
catal yst of Exanple 1 containing an amougf of potassium one order of

the efficiencies

reported for both caiahVeiss188& %Séﬂ&atﬂy%é'f\ér%QchyiEHS 0x3HE ma _@fch@&@d 76. 6%

for Exanples 1 and

thallium potassiu

of cesium and potassiumare not c _ : _
| ndeed, Table | of gdtaspiinent TiE SEEDSRACHes idhiyeToseSin Fhpodh:asEleem com
nated as_a "control" exanple not in accord with the

I nat r on tch 1s nof'jlﬁ e\ HfitERT AARARYSR APPLicagicn|aget $AMit§* P #ROT®, a val ue

di scl osed i nventio
mar kedly | ower tha

Tables 2 and 3. Mreover, the efficiencies provided in |
the various catal yspetagsium fn thenoatalystatcampbbicioni dislogedfinache U. S.

4, respectively. . ‘Patent” 4,039, 561

i scl oses a
catal yst for prepar¢angrised béntheoxamke neomtldicnehepests \dsclesed, imnt i nony,

U9 $pA0L OXYOR LN SASEL 1 6 AT Col 1 05 Mxi ures

di S- 0Sé€

eStrabl e conbi nati ons.

NsHoWR BeleREtdVisti BN axgdedddctNox dasExpupes isted in

es 2 and 3 for

synergi stic conbinagion,_o Si and pot assi ym anppg the nunerous
cgnbi nation of el e?rgéar'ftent,véﬁ %ﬁefﬁgp@?eﬁfﬁl’ 3i x"i’ﬁg?ﬁg'ia&r'yst s. It is also

10

20

Belgium Patent 854,904 discloses silver catalyscs
.containing various mixtures of sodium and cesiun. u. K.
Patent Application GB 2,0022524 discloses, in Table 2,
supported silver catalysts con:dining various mix:u:és of
cesiuﬁ and thallium, some of which additionally contain
potassium or antimony. U. S. Patent 4,007,135 broadly
discloses (in columm 2.'lines 25-30) silver éatalysts for

alkylene oxide production containing silver "together

with a promoting amount of at’ least one promoter selected

from lithium, poﬁassium, sodium, rubidium, cesium, copper,

gold, magnesium, zinc, cadmium, strontium, calcium,

_ niobium, tantalum, molybdenum, tungsten, chromium, vana-

dium and barium...". European Pateént Publication No.

0003642 discloses, in Table 3, silver-coﬁtaining catalysts

'which_includeImixturesiof potassiuh and cesium, and a

catalyst containing sodium and cesium. The above publica-
tions do not indicate a synergistic interaction of cesium
with other alkali metals.

- Belgium Patent 867,045 discloses supported silver

. catalysts containing what is referred to as an effective

proportion of lithium and a substantially lesser amount cf

- alkali metal selected from among cesium, rubidium and/or



pone-worthy that the aforesaid U S. Patent 4, 039 561 clains the priority ,
p Japanese application filed'in 1973, and chat subsequent to such filing «
e/ sane appli- cant filed Japanese Application Publication No. 25703/ 77
ch discloses a catalyst for ethyl ene oxi de manufacture conprised of t he
sane netal lic el enents di scl osed inyyhe U. S. Patent with the exception of
cesi um and potaSS|un1 The eff|C|enC|es di scl osed in the exanples of the

| atter Japanese Application are s to tho tiedd@abhiyetsPat ent .
The effect of cesPﬁFﬁ%ﬁHmpot%gFu*n g{“hé’a&é‘f asdqs?f%\owrrposmlo?l d|y§cl osed in

the U S Patent g the(giof @oREESHIERELYN, BEEYM,  peemsisiuBeingt um Pat ent
854,904 discloses stlver catalysts 10 contai ni ng varl gus mxtLures of:

sodi um and cesi uml:.tlhj.mK tlﬁatlerﬁblm)mwe%qréﬁl@bz A28t Scfoses, | n

Table 2, supported V cat nghélaghgé&&mﬁmro&s of cesium.
and thall | um- som@% g \ﬁ%rg %&'\é? %‘n%lg%aéc%ht aln potassjumor antinony. U

.'S. Patent 4,007, 133shipasH yoehmmseaeﬁamml um?azlelln@ezg‘@éysg?l ver

catal ysts for al kyl ene oxi de producti o ining ciqaetlrer with a
promoti ng anount A&#&.ak2 |a8dst3 d}?é’ep‘?‘ﬁ’ﬁf{} ‘gﬁéﬁ? rom |t%| um potassi um

sodi um rUbl di um c%%;%ﬂijmpo‘EQPPﬁﬁn aﬂ@'%d:.ﬁﬁg%ﬁl 8 shbm imadhlajrﬁl to
strontium cal ci um ni obi um tantal um - nol ybdenum t%gst en, chrom um
vana- di um and barprowide "subEtanti@dhy ReimdAer medef Ehtiitdhs b93642°

di scloses, in Table 3. sjlveg - gont c ¢ | ighen M Xt Ur es
of potassi um and Cjé’élllﬁﬂfl’méha %rgi&qc ﬁ;t.aelr)éé{:fonwef bediRG

10 either potassium or sodlum in the silver catalysts dis-
closed. ) _
' Belgium Parenﬁ 867 185 discloses supoorted silver
' cacalysts for ethylene oxrde productlon concalnlng a
-speczfied amount of potassium and at least one other alkali
metal selected from rubidium and cesium. Table I dis- o
closes the compositlon of 14 pocass1um-contarning caaalysts, ,
two of which contazn potassium in comblnatzon~w1th cesium
(catalysts G and H) . The select1v1t1es of catalysts G and
R are shown to be identlcal at a pressure of 1.03 bars,
20 but differ slzghtly at the hzgher pressure of 16.55 bars
Ro srlyer-potassium-cesrum synergism can_be dlsoerned_from

the data.

_ U.K.'Patepr No. 1,578,133 discloses“a_suoported silver
_.catalyst also comprising rn a promoting amount.sodium and at least
one other alkali metal selected from potassium, rubidium and
: cégsium in addition to any present in.the Support as impurities
or cements. The'suppOrt described is an alpha-alumina which had-
prev1ously been crushed and sieved to give particles with
dlameters in the. range of 0.42 to 1 mm in contrast with dlameters
3o_£;-the commerc1ally known range of 1/16 inch to 4 inch. The test
" procedure described involves the use of a relatively low amouht

- {20 é) of catalyst and a stainless steel reactor of internal

diametar of only 8 mm.



catal yst contai ning sodium and cesium The above publica- tions do not
indi‘cate a synergistic interaction of cesiumwth other alkali netals. 7
Bel gi um Pat ent 867, 045 di scl oses supported silver catal ysts containing what -
isseferred to as an effective proportion of lithiumand a substantially

| esser amount of alkali netal selected from amng cesium rubidi um and/ or
potassium Table | of the patent discloses thrée catalysts all of which
contain cesium sodium potassiumand lithium the |ithiumconcentration
being at | east one order of magnitude greater than the concentration of
cesiumor potassium Referring to Table 1. the catal ...L2 and L3 have
mar kedl y different conceﬁ’rsdl"aﬁ?&cl(?f‘ é’essﬁiﬂﬁliu%oetsa‘s’%?yu%Bgn#lsogdi um but are
shown in Table It RheVEsle tHRSIoNa! sflveyr shtdllyat emlegedvidies. There is
no indication of a synergistic interaction of cesiumw th 10 _either

pot assi um or sodiapufacturheg Hchybene grade Mtdliges af| LRast ¥R |4JKaht Pat ent

867, 185 di scl oses _suppor.t il | yst.s et h { X roduction
containing a spé’f?’l_t#g egﬁggdn%goﬁ%‘octq‘gégi uo%gaﬂ%jq{'ﬁl% e%AS?} gh‘?‘(’o? ﬁgirQ al kal i
metal sel ectegl fgophs Uhikdlymetads arRSingMprebahkeid adi amounltosech tthet

conposi tion of 14 potassium containing catalysts, two of which gont ain
pot assium i n corthiengentsinakion theEeqfinin EeLatyeR sEGERARIP 1o SEEVEti viti es

of catal ysts G-agjnd : 208 dra ! 11l etmPl SIS WhPLEe 1. 03 bars,
20 but differ s |§E??‘§/aet§?pt9%rhi9]@£§r ap?&s’%?e of e16. 55 barfs!l.. _

oxide selectivity and a selectivity which is greater than

.has been contemﬁlatéd or disclosed'by aﬁy p:ior art.




i | ver - pot assi um cesi um synergi smcan be discerned fromthe data. U K

nt No. 1,578,133 discloses a supported silver catalyst also conprising*
pronoting anount sodium and at | east gne other alkali netal selected
6m pot assi-um rubidiumand cesiumin addition to any present in the

support as inpurities or.cenents. The sdpport described is an al pha-al uni na
whi ch had previously been crushed and sieved to give partictes with

diameters |0 the WANG1fetS 8P Ln8TLhDeALIbHS:olickh fherE: 265430y |
the commercial |l y known rang 85 1/ 16 i nch 6& i.nch. The test procedure

descri bed i ﬁvGI%’taffe‘%e"Bf

r%?ﬁ%PWeP?dl aﬁ&ﬂﬁeﬂﬁb }fye oP tB&Tal yst .-

and a stai nhagalgt sRitdPwé DecPédi nieﬁunehedgiﬁebeedn‘smﬂn@ 6™ 1ithiud,

This invention distinqui shes over the,prior art in the fact that the sllver
‘catal yst enfBPSH YT £ u?nﬁ%grgt’ﬁgwﬁesexeae ﬁ‘i%‘é”%tal g¥gergis-
t\r/]vo. a: taglu Falcalre sudts) uidmg éniaélﬁfﬂﬁienGQEgQEa\Méerftﬂén Cetse Ugreadelr S of

the al kal i

. I t h .t nbi nat
thereof in Vende abuarhahfE lider FAeRETERY, Foraa'tiing ,fo 7 BrPassS,
synergy i n fevedvingtiedchtomxe fice thyteheviahy axygercelecthei ¥ @polairch |s
~ greater thag, Rag he Ctoe”nEpe”PJ;é‘-BFS' 8F Pr3q 28SUtP%oPL PLE %odbt in the
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presence of an inhibitor such as ethylene dichloride and
1.0 mole percent ethylene oxide in the outlet gas, from
respective catelysts_which are the same as said catalyst
except that instead of”eontaining both (a) and (b), one
contains (a) in any amount, and the other contains (b)

in any amount. Catalysts in accord wlth the invention are
comprised of silver, cesium and at least one other alkali
metal (excluding francium) deposited onto the surface of a

. porous support, the particular mixture of silver and alkali
‘metals being correlated to produce a synergistic result.

If the composition contains more than one ingredient
(b) then the catalysts should be compared with separate
catalysts containing each individual ingredient (b).

The invention as hereineFter descfibed-defines

the binary alkali metal combinations of cesium-lithium,

cesium-sodium, cesiumepokassiqm and cesium-rubidium,'which-
in combination with silver provide a synergistic result-
for a particular catalyst carrier and catalyst preparation.

‘The catalysts of the invention are not, however, restricted

to binary comblnatlons of alkali metal. Dther alkali
metals may advantageously be added to.any of the afore-
mentioned synergistic binary combinations for the purpose
of raiéing or lowering the catalyst opereting temperature,
improving the initial catalyst activity during the.start-
up period and/or improVing the aging charecteristics of
the catalyst over prulonged perlods of operation. In some

!




The .catal ysts of the invention are characterised by a conbination of (a) <j:;)
»cesiumand (b) at |least one other alkali netal. selected fromthe group _
cogsi sting of lithium sodium potassiumand rubidiumso as to achieve a
synergis- 5 tic result, i.e. an efficiency greater than the greater val ue
obt ai nabl'e under identical conditions in a process .involving reaction of
et hyl ene and. oxygen in the vapour phase at a tenperature of from about
2000C to 3000C in the presence of an inRiditor such as ethylene dichloride
and 10 1.0-" nol e percent ethylene oxide in the outlet gas, from

respective catal ySmStiktesh €Hee aliller19ANEF AScHiiddor alvah Vs eo8XGERE ki nat
1nstead of containing both (a) and (b), one contains (a) in any anount, and

the other contai n&efB} HonaRRFNaRGIAR Synezaiaticsbinany aerkindtivn Withe
invention are 15 orepaprsd skl S cesl 2 t one ot her

al kali metal ( excleudi ng afrancblgungilJ ég%esilge%%%gp%ﬁ:e&%}iﬁ'? iIce of a porous
support, the particular niTheurathematidalerelatdondhidali faemt whixhhareg

correlated to pr oq%dﬁggt %gw%%gs?hée%%g%% Cag{t%]}iggfgﬁngggii %}iaggmg_:sont ai ns

nmore than one ingre sts shou & Conpared
Wi th separate * cafathsstisvenzibmiatengetr 6t Bdlov dual désegipsli,evér (b). The
i nvention as hereinafter 9“?3@&' bed defines the binary al kali netal

conbi nations of cBYTRAREE _ ﬁtrééﬁ?%nfgmmdc_éﬁ%‘?ﬂ&%ﬁ% and
. cesiumrubidium whhBinaghon. | Byl adlih o8t ot b Slek V&I w@EI‘PVén?e 2

synergistic result for a particular catalyst carrier. and ca afyst

preparation. The &he fther alkhli metaly dnt acnerdamcenwith (theeirreptigstarect ed to

By J AT B TG M Ve
bi nary. conbi nat i opsréigulihalpalip@ecal of interest is substituted for
o _- - potassium in the procedure described below. '

T . " The relationship of cesium, potassium and silver
“to achieve a synergistic result as herein defined is
charactgrized with the aid of a mathematical.equa:ion. or
model, which correlates efficiency as a function of weight
-percent silver, weight percent cesium and weight percent
pqtassium deposited on the catalyst support. ~ Thus,
.syhergisni with mixtures of cesium and potassium

20  can ﬁe' obtained at any concent:rétion of silver in che
finished cacalyst. |
_ The general form of the mathematical equation,
hereinafter referred to as the "Efficiency Model", defines
efficiency (or selectivity) as a function of weight per-
-cents we. %) of silver, ce,s-ium and.potassium deposited
on the cdtalyst support as follows: . |
Efficiency, %i= b + b, (BG) + b, (3Cs) + by (BK)
+b,(86)% + bg (3Cs)2 + by (3K)
+ by(BG x BCs) + by (BG x BK)
+ b9 (BCs x BK)



‘Paijsing or lowering the catal yst operating tenperature, inproving the
TTAl catalyst activity during the start- up period and/or 'inproving the *
agi ng characteristics of the catalyst'over prolonged periods of operation.
In some * instances, the addition of a third or even a fourth alkali netal ' .
to an otherw se synergistic binary conbination will effect a further

i ncrease in catalyst efficiency. The nathematical relationships from which
are derived the synergistic binary alkali nmetal conbinations of the

i nvention are setvwisyet:h bel ow and described, far purposes of illustration

in ternms of a'ces%umbqot sspumconpi nati oy, Bl naldy>$Hai ed i ons of cesium
dler 3retéa '

with any of the o al K&l i 3het4al s31 ndaccor dénce wth the invention are 10

readi |y determ nededpecatvarakdfjoisnps doedeach oty of nthenEShiaiereyil ar al kal |
metal of interest_is . substituted for potassiumin s dure, descri bed
bel ow. - The rel af’?‘?ﬁ‘}sh?‘b‘} SFRESuh s%ofgscsqnﬁﬁ?%rfdkgig?g‘égg?gﬂéc i eve a
synergi stic resul pa@sicieiLidacadBfdcnedrdivercittd acpofdizethalmebhddhefai d of a
mat hemati cal equation, or nodel, which correlates effici e?c as,a function
“of wei ght percent cafalysF prappEdtiopefedorined dasiamadiieyh %@F&é‘nt |

pot assi um deposi tﬁQnPé“aLhtgaé‘e%é‘éaé%t dS4HRBEd .  THEIS,a18¥ 6K Qbwdnoi th ni xtures
of cesium and potassium 2 can be obtajned at any concentration of silver

in the finished c&hese speffilvdegtsimazl b gemeof the mat hematical equation,
hereinafter refer r-ed tn?; '95-(u§;b_e7."E- fi g{e&cm\{bdel ", defines
10 where..wt.'%:KE_t average value of wt., % Ag used in the
designed set of experiments.
BCs = (wt. % Cs - wt. % Ts);
where, wt. % C3 = average value of wt. % Cs used in the
designed set of experiments.
BK= (we. L K - we. % K);
‘where, wt. % K = average value of wt. % K used in the A
designed set of experiments. - '
The designed set of experiments is most con-
«* ': : veniently planned in the format of a Composice Design in
20  three independent variables as described'by.o; L. Davies,
“Thé Design and Analysis 0f Industrial Experiments”,
Hafner Publishing Company, 1960, P. 532-535. For this
.putpose, the three independent variables are the weight
.percents'df'silvef, cesium and potassium, respectively.
The ranges of each variable are chosen so that selec-
tivity an' activity of all catalysts in the designed
set of experimen:ts can be measured under the desired
_ test conditions. It is therefore desirable.éo firsc

conduct a few preliminary range finding experiments to



‘efficiency (or selectivity) as a function of weight per- cents (wt. %

silver, cesium and potassium deposited on the catal yst support as foll ows:

of

Efficjency, %= [err] + [err] + Jerr] + [err] "where: [err] and [err]-are -
the respective coefficients for each termof the Efficiency Mdel, and
~conprise a set of ‘constants deternmned for a particular catalyst carrier
and a particul ar _
experi- nents as hereinafter descri bed. THeAval ue of sone of these

coefficients may be zero. BG-(wt. %Ag- w. % ag) ; 10  where, w.
- average val ue of -vietesping G5eRPPRORTIALYcANGAR PESEES IR aXpEPFAEHS. BCs -

o Sor e Burtleny B p R EIRNT, Bty Horalt 6B (07

(WM.%Cs - w.
t he desi gned set of experi

ere, w.

= average val ue of Ws a%taveséehrt novdre ldest foedussetin ofheelprsrasteant s. The

desi gned set of exp

met hod of catal yst preparation follow ng a designed set of

%

in
% K

eri nents i s nost con- veniently.planned. in the format of
a Conposite Design |]F1“g§“ ﬁ‘ﬁr_‘é’@#n%’ﬁéﬁﬁ‘é‘rﬁ%a]r%gl?aetsn°§.§“ﬂb§’&$i_bed by 0.

L. Davi es,
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20

potassium can be readily determined by a series of experi-
ments with catalysts containing successively larger amounts
of either cesium or potassiﬁm as follows: Aﬁ initial
catalyét is prépared (using a prep#ratfén.ﬁrocedure.

if desired, such as hereinafter disclosed iﬁ the Examples)

containing a small amount (on the order of abouc 0.001

~ percent by weight) of either cesium or potassium with a

fixed amount, say 7 percent by weight, of silver, -and

_its selectivity then determined for the production of

ethylene oxide at the desired test conditions. This
experiment is then repeated with a catalyst‘containing

double the amount (0.002 percent by weighﬁ) of the

alkali metal and the experiment thus-reﬁéated in a series of"

experiments wherein each succeeding experiment uses a

~catalyst containing double the alkali metal content of

the catalyst of the previous experiment, until the
méasured sele;ﬁivity of the last catalyéi tééted is
less than that of the initial cétaiyst. The upper limit
of césium or poﬁaséium concentration is thus defined fcr
the Composite Design} ' |

‘ The.abbvé-deScribed interative pfocé&ure may be
advantageéusly alﬁéred so as to more quickly determine the

upper limit of concentration in the event it.is observed

- that a two-fold increase in the alkali metal content of the

'catalyst does not produce a significant change in catalyst



e Design and Analysis O Industrial Experinments", Hafner Publishing =«
pany, 1960, P. 532-535. - For this purpose, the three independent -
waki abl es are the wei ght percents of silver, cesium and_ potassium W,
¥espectively. The ranges of each variable are chosen so that selec- tivity
are act|V|ty of all ‘catalysts in the S|gned set of experinents can be
measur ed under the desired test condl')cfons Is therefore desirable to
first conduct a few prelimnary range findi ng experinments to determ ne
the appropriate rseigesivfcycesthim dacavolassirlm Yigely rﬁosopcurpose: Zero
per cpent . cesi un -and/ ot pot a§15| um.i s a conveni en]t, ower - %}t for use in the
f fi 1+ B

Conposi t e Desi gn. **3fRe® TARRLERES SPREHP ""%e°§| *¥Rd pot assi um

can be readily det@erplzhaﬁsﬂg RYoR 3R b&T10L1HXRBEITerTBAE Dribhihaahal Yst s
cont-ai ni ng successively larger anounts of either cesium or potassium as

foll ows: An i ni PTesiederg #PpLeyedy n @par-eaft( 88i ¢RF2Ay s sameaingneg pr ocedur e,

i f desired, such gﬁ,{ t}egﬂa(r}qf,&g 214 &S ,%segﬁb ‘p&alixggg:él eﬁl)’e ]eQF:.c Qnt.ai ning

a smal | amount (on Fe or -abou rcent ght’) "8t t her
cesi uni or potassi vesponsé iz immdenmnﬁvte :csa‘.yxcz?emngeﬂkahy m-ght of
silver, and its selectivity then. get erm ned for theh%)rodu tion of ethylene

oxi de at the desﬁ"étfrtaég‘f“ -coREAATAERELY - THR Lhe pEStNERE G352EF N repeated with
a catdlyst contai gifigsgosplig H&uaifp}l%cﬁﬁxﬁﬁ%&%r e&atamxlwoahm: of the

al kali metal and the experinent thus repeated in a series of experl ment s
V\,herel n each succebdhegcasaiyst rhast besredoubled, a ten-fold increase in

10 alkali content should be employed in the above-described
iteration until the measured efficiency of the last catalyst
is less than that of the initial catalyst Thereafter it may
be desirable to repeat the last itera*ive step using a
lower level of alkali, such as, a three or five-fold increase
of alkali matai content, in order to more accﬁracely decer- <
mine rhe uoper_limit.of'alkali metal concentracicn for the
Composite Désign. o B

The range of silver concentration ia the
. , Composite Design may typically be 6-16 wezght percent,
.20 giving an average value of siiver (wt. % EE)'of-ll weight
~ percent. Similarly, che.ranges'of cesium'and potassium
concentrations are cypicaliy from 0.0 to 0.02 weighr percent
For ruoidiqm, the range-is aiso typically from 0.0 to 0.02
: .weight percenc,'while for lithium and sodium, the raoges are
typically 0.0 to 0.1 weight percent. For some carriers, the
upper concentration limit of cesium and/or petassium may be
5 to 10 tzmes greater This is particularly 1-ke1y to

occur for carriers which contaiﬁ exchangeable c=tio1s



catal yst containing double the alkali nmetal content of 20 the catal yst@ )
t he” previ ous experinment, .until the neasured selectivity of the |ast at
catal yst tested is less than that. of the initial catalyst. The upper limt
of “esi um or potassi um concentration is thus defined for the Conposite
Desi gn. ;The above-described intéerative procedure may be advant ageously
altered so as to-nore quickly determ ne-the upper limt of concentration in
the event itis observed that a two-fold i¥erease in the alkali netal
content of the catalyst does not produce a significant change in catalyst
selectivity. This is particuadleyl.skel Yag® 3GCHf ,theodferensmtiene t h
catal ysts containing |ithiumor sodium (dependi ng upon the particular
carrier and prepar_agfmsp?‘éﬁﬁéﬁaFP“eﬁﬁ?Wédi ghyeeprarralte CemRegisky st s
containing other al bald n"ElAlg YGELE s 3F @ %”Qi?'o,r W et Decef ficiency
response is nore sensitive to increasing alKali con- centration.
Accordingly, in thewhementltiepresdraisyst”lokf leisdficyf itheviespaative unchanged
when the al kali content . of the_catalyst hgs. heen doublLed:- a ten:fold
Morease in 10 aribeeleyalcreoiaate o ariah LByhl Ph b MR Geacr | bed
iteration until theonapedsattsethé qveagg@ abvdhefl aed vapiaivst-&s | ess than
that of the initial catalyst. Thereafter it nay be desirable to repeat the
last iterative stepTtRIAS§NES |oheye] whith 45 samenhat lowen i@svakpe ghae or
five-fold increase ' | Nt 1N Q [t O cgurately
decer- mne the uppg{rm?ikﬁﬂt:& ggeg%[(rgggmﬁgt% cldngégﬁngﬁg%%}&t %e

level .which is somewhat higher than that represented

1p. bz +1. The particular choice ¢f ~o€ and + ofis not
~eritical. However, Table 11.6 on page 534 of tﬁe Davies
 Publicaction suggests values of -cC and +oC which are
farticularly useful for a Composite Design in accordance

with the present invention. The designed set of experi-

~ mentcs is thﬁs typically comprised of 16 to 20 experimencs
wherein catalysts of varying cﬁnceptrations_of silver,
cesium, and potassium are tested. Thus, for exaﬁple, a
prefe:red'Cbmpos;te Design in.which the_weight percent
-* o | silver rénges from 7.0 to 15.0%; the weight péréent

20 cesium ranges from 0.0 to ;OZZ;.ahd the weight percent
potassium ranges from 0.0 to 0.01% is a< £ollows:

.WfQ % Silver We. % Cesium = Wt. % Potassium

.9 0.005 0.002
13 0.005 | 0.002
9 0.015 0.002
13 0.015 0.002
9 -0.005 0.008
13 .~ 0.005 0.008
9 © 0.015 0.008
13 0.015 0.008
11 0.010 0.005
11 0.010 0.005
3 0.010 0.005
15 0.010 0.005
i1 0.0 0.005
11 0.020 0.005
11 0.010 0.0
11 0.010 0.010



hosite Design. The range of silver concentration in the Conposite Design
typically be 6-16 wei ght percent, 20 ‘ giving an average value of *
er (m. %Ag) of -11 weight percent. Simlarly, the ranges of cesium
and pot assium concentrations are typically from0.0 to 0.02 wei ght percent's
For rubidium the range.is also typicallyfromOOto 0:02 weight percent, .
.while for lithiumand sodium the ranges are typicall .0 to.0.1 weight
percent. For some carriefbe qatalysisePf citcdnt Fo?‘F"ny’ i PP6F *tesi um and/ or
pot assi um may be ' at.er.. | Bnduh RArtHL Wkardor i kely to
occur for carri errgen\tﬁ%i %‘% té%%?%i %Qg%ﬁgn‘é;eigbﬁéﬁagﬁons. Table 11.5 on
page 533 of the afewsentrg itbatd sBavewsriPybindc aetion thepifc CEMEERR - vari abl e
Conposite Design scaled in unjts of,- [efr], -1, 4+ .[ere] where -1
represents a "I oWP§EVEF ° of’“fﬂ’ét?'esi)‘e"(it'i%/he'J \95%%% gg;;éf%?%bo[rneégnt s a "high
|l evel " of such vafdadhet 1@ peguwR3cpds vhbe wwel aye chevimpefaddre vari abl e;
~[err] represents a |level which is sonemhﬂ% | qwer, i.n vaIUﬁ t han that which
i's represented byrTeapizeghdorphtaipceipiessantixes $EVFP AR i RFSonewhat
higher than that geniggest ¢d JhiievhVa thosdd1gebel tdsCHbEY pebaige of -[err]
and + [err]is not critical. However, Table 11.6 on page 534 of the Davies:
Publ i cati on suggeethylea¢ u@s ofydesdr¢onvezsipn.c<Thushi srmaphempeiraailcul arly
useful for a Conposite Designin.acc nce. W L res i\nventi on.
The desi gned set B‘f“aégﬁ‘ér 1% trﬁqgs?sé){mi(%gg%“fﬁi gg 3%@“&% ?él&eec})of 16 to 20
experinents 30 can be developed in a manner similar to the Efficiency

Model. 'That'is; for each catalyst there is obtained

two respcnses'(Seléc:ivity and températute) which are re-
lated to Ehe'three_éontroiiéa variabiés (weight percents
of silver, cesium, and potassium). The rglaﬁionship
between eacﬁ'r§Spdﬁse and the cqntrolled variables is
"obtained by fitéiﬁg these data to equations, or
mathematical modelé; by the.method of least squares

as described in Cha?ter 8 of "Statistical Methods in

Research and Production”, 0.L. Davies and P.L. Goldszith,
20 _Ldngman_crpup, Ltd., Loﬁdon, 4th Ed.;_l976. In prac-

tice, the fitciﬁg of mathematical models to such data

is routinely done with the aid of a digital ;ompuier

.88 described in "Apﬁlied Regression Analysis", N. R.

Drapér.and H. Smith,_John Wiley and Sens, Inc., 1966.

The resulting modelé_(the Efficiency Model and the

Temperature Model? descrite the relationship between

the re;ponses and the controlled variabies.

It is well known in the art that the number

of experiments required to establish mathematical re-.



whergin catal ysts of varying concentrations of silver, cesium and @

spotassium are tested. Thus, for exanple, a preferred Conposite Design i :
whi ch the wei ght percent silver ranges from7.0 to 15.0% the weight
percent 20 cesiumranges from0.0 to ..02% and the wei ght percent

pot assi umranges from0.0 to 0.01%is as follows:- W. % Si |l ver W. %
Cesium . W. % Potassium 9 21, 0. 005 0. 002
13 - 0.005 - . 64002 9 0. 015
0. 002 13 lationships (gmyng several variazbipsgdyp dgppendent upon
8' 822 'thg'g%%o%gcibili:y of the data.'gfggg, -for & Compecsite 8 8gg ?1

_ 0:010 o De@igﬁﬂ?ogg;ining approximately Iﬁ @gpPeriments it zay 0:005 7

. 8 810 -.ocg'ag%ga%iy be necessary éq rep%cg%gl or part of the 8 882 ii
0. 010 se@. &f Blsigned experiments inOofYe@ co firmly estan1i3x010

The catal ysts of the designed set of experi- nents are tested by neans wel |
known in the art fd&henplatirpspipheevesn| eificiensy ang wedghtyireycentsconveni ent

maé‘sur e of activi " Li_ﬁ:gr,t&?‘si@ﬁg&ﬁep&?&&‘lﬂxeéé iagna&feptable level
. - of statistical confidence. In practice, it has been
found that for a designed set of about 16 experiments
10 wherein the weight percent of silver is varied from
about 7% to about 157%, one complete replication of the
designed experiments is usually sufficient to establish
this relationship provided that the standard deviation
of a single experimental test zresult {s no greater than
about 0.7% efficiency units. Duiing the course of ex-
perimentation, data other than from the designéd set of
. experiﬁents may be acquired which is useful for develop-
ing the nodel_;s-described above. For example, data
- acquired from the aforementioned preliminary range
- 20 finding experiments as well as any additicnallexperi-
:mentai data which is available Qith regard to ;he
particular catalyst carrier énd method of preparation
‘of interest is deéirably included with that derived
from the Composite Design, and the equations thus
- fitted to the dJCa; Consequently, as a practical
. matter, data from about 30 to 60'experihents may be
available for déveloping the Efficiencf and Temperature

Models.



regacyant to product per unit tine, is the tenperature required to obtain
r a fixed ethyl ene oxide pro- ductior or to achieve a chosen |evel of *
percent- et hyl ene (or oxygen) conversion. Thus, a nathematical equation
for catal yst tenperature (Tenperature Mddel) 10. can be developed in a A
manner simlar to the Efficiencv Model. That is, for each catalyst there
IS obtained two responses (selectivity arld-‘-terrperature) which are re- lated
to the three controlled variables (weight percents of silver, cesium and
potassi um). The rel ati onsThepgbaetedefiomnoli thes perharaghckl Rquedidrsol | ed
variables is-obtained by fitti.ng these data to_eqguations,. gt mthenatical
nodel s, by the rre'lthﬁxc')%ii"g%/& édset‘egﬁelfgraésmzfs g%"é’c';er‘lag"é'cf ?“ﬁds, aptet™s of
"Statistical MethadspérscReseaar ahfuardidy @ducéighn” pedehts Dafvisesvand P. L.
Gol dsm th, 20 Lon%rrﬁg-GrouFP, Ltd., ,London, 4th Ed., i9_76. In prac- tice,
the fitting of natReHHR #BLIPAFIaEHE ABPRUCA LR EPF S4%3LY s heRyPAne with the
aid of a digital ggnptgisas described in "Applied Regression Analysis", N
R Draper and H Smth, John Wley and Sons, Inc., 1966. The resulting
nodel s (the Effici enclemphelelC &ndo they (BGper a2(BCs) Mdal(BKYescri be the

rel ati onshi p between the re.spgngg}‘ﬁgdi_tagﬁﬁé%tmsg_?l&l]@% variables. It is well -

known in the art that the nunber experi ed to establish
mat hematical re- - |ationshi psap{BD3gx SEB)CHadg (B k BH)E® dg(BAepLIBRINt UpON
t he reproduci bi l.i tw\{l of' the data. Thus, for a Conposite
. ere; e : |
10 ag, 21, éz, a3,'aa, hs, ag, a3, ag and ag are the re-
spective coefficients for each term in the Tempéracure
Model which comprise a set of constants determined for
2 particular carrier and a particular method of catalyst
preparation'following the designed set of cxperimén:s as
described above. The value of some of these coeffic-
fents may be zero. BG, BCs, and BK are as defined

above.

The most convenient use of the Efficiency and_
TempéraCuré Modeis'for.défining the area of synergism
20 for any'selécted-wéight percenﬁ'of silver in the catalyst
| is to depict efficiéncy and temperature responses in a
graphical fotm,'coﬁmonly_feferred to as confour maps,
as describéd in Chapter 11 of the aforementioned "Design -
end Analysié of Industrial Experiments". Thus, Figures
1 and 2 defict the contour maps of efficiency and temp-
.éra:u:e'for a seiectéd carrier and catalyst preparation
procedure at 7 $ﬁd 13 weight'percent_silver‘ tespectively.
- The contour maps were derived from a designed set of-
experiments in which the percent siiver ranged frox

' 5.88 to 15.05%; the percent cesium ranged from 0.00



Desi gn contai ning approxi mately 16 experinments it may occasionally be @
,necessary to repeat all or par: of the sét of designed experi ments in ord

to firmy establish the relationship between efficiency and wei ght percents :
‘of 8l ver, cesiumand" potassiumto an acceptable |evel of statistical :
confidence. In practice, it has been found that for a designed set of about

16 experiments 10  wherein the weight percent of silver is varied from

about 77. to about 15% one conplete rep%b’gatl on of the designed

experiments is usygld gy guf Lh&'&@tpéﬁeﬁﬁt@mg&w bisedackadd @nadi p- provi ded

that the standard deviati’on of a Single 'experimental test result is no-
greater than aboute @. U%'Bffra:hlentybq}mts-t'a'-'l@a:cwsgtbhe;xcame of ex-
perimentation, data.o ep de t XRe nt's may be
acqui red whi ch i s&a&se p’fe aLLOJ{QbEQ f& §%%%%Qe§;e d ggrﬁesc#ﬁd above.

For exanpl e, datac#aQykt qﬂ'efaéfh’a.bhepz&i:eaﬂ“éeahd ofredl yaiehi thenaeby- r ange 20
findi ng exper| ments as well as _any additional experi- nental data which is
avai |l abl e with reb@HFdReRs MeEe HeiVedn afhe SRRPTANENERMETE AUTHC At hod of

preparation of I nilees! gdfredenl bl YLl tiIed WbBaldiat welgl loxgd from the
Conposi te Design, .and the equations thus fitted 40 the data. Consequently,

as a practical nastandardiestfproerdinshesoinadt€0 dcxpa:rhe#em@rrrave be
aval Lol or 0oL g LR Y EELEIOAl TRPSHALHS 00T T
ly diffe-en:,carriers were used in the experiments.
10 Table I represents the experimental data on a cormen
basis, namely, the data was adjusted to compensate fcr
observed differences between the reactors and catalyvs:

carriers employed.



tion of weight percents of silver, "cestum and potassi um deposited on

@i nafter referred as the "Tenperacure Mdel" defines tenperature as a
f
thé catal yst support as follows: Tenp., [err] + [err] :[err] where; 10

[err] and [err] are the re- spective coefficients for each termin the W

Tenper ature Mddel which conprise a set of constants determ ned for a
particular carrier and a particular meghod of catalyst preparation

foll owi ng the designed set of experi menfs as described above. The val ue of
sonme of these coeffic- ients may be zero. BG BCs, and BK are as defined
above. The nobst conveni ent use of &g iFffici ency and Tenperature Mdels for
defining the areawdfasyneiglesm 20 wez x fOr @yesel eggdeEl-ght percent of
silver in the catgfyst iq,-_;ogndepi,,(.:%;ﬁffi ci_~e_£g%6 ang tenpey a%gre_ re;pgnses in
a graphical form nl ferred to as contour maps,. as described in -
Chapter 11 of thelg‘?%n:grreoyh?o?%ned %Pesi gn ant®Anal ysi s Uf" I ndustrial
Experiments". Thudd-fi gur%e®® an®% depi ct ¥k cont our 2ahps of efficiency
and tenp- erature’t.@r a Pehgt ed ocWBRi er andemat al yst preparati on procedure
at 7 and 13 wei ghtajer centoosid Vel oobRSPect i 4gloy. The cgjour maps were

derived froni a deﬂ.gped §de/$ugf. e>3p§ri ment s 439 2v\,h_i ch thf,, ger cent silver
5 ¢ r
2,808 -

ranged from5.88 to 16.0 t he percent cesi um ranged m 0. 00

| 11,04 a1 oo 57.2 7.3
10 12.06 - 0.008s1 0.0 255.0 76.3

' 11.09 '0.014621 0.00412 270.7 U T X

10.41 0.0 .0 '263.0 - © 68.5

10.41 0.0 0.0 265.0 68.o

11.16 ~ 0.01909  0.00633 '292.6 72.6

10,94  0,01403 0.0 © 267.0. 76,7

10.70 0.01128  0.00379 262.0 7.8

9.08 0.01900  0.00313 293.0 7.8

9.31 0.00968  0.00645 269.9 76.6

. 13.17 0.00617  0.00102 254.9 7%.2

20 9.10 0.00323  0.00214 260.0 2.7
13.36 0.00915  0.00613 259.1 7.8

11.11  0.00950 0.00315 259.6 77.6

11.31 - 0.01208 0.0 260.3 77.4

* 11.05 0.00236 . 0.00078 2606 70.1
: 12.72 0.00311 0.00207 255.8 71.6

’ 16.05  0.0091  0.00313 263.0 7.7
S.88  0.0092%  0.00306 2691 . 6.8

1.0 0.01421  0.00157 . 268.9 76.7

1088 0.00482  0.00450 256.4 5.4

10.20 0.0 0.00613 260.5 69.9

8.93 0.00630  0.00105 260.4 %.4

15.51 0.01288 0.0 ) 266.6 - 77.2 I
6.03 . 0.01361 0.0 280.3 7.7 | o

3.1 0.00897 0.00810 266.2 " 771



to 0.019% and the percent potassi um ranged from0.00 to 0.021% Table I@
+bel ow sufmari zes the experimental data which were available for the !

sel.ected carrier and catal yst preparation procedure and from which the con-
todr’naps were derived. The experinments were conducted in two different
test reactors in accordance with the standard test procedure hereinafter
descri bed under the heading Catalyst Conparisons". Two simlar, but
slight- Iy different carriers were used in the experinments. 10 Table |
represents the experinental data on a c@mon basis, nanely, the data was
adj usted to conpensate fcr observed differences betmeen the reactors and

catal yst carriers enpl oyed TABLE thsuét1% At wt % Cs :
Termp {[err]) Efficiency(% 11.14 {eonciguegpa7y O.leaﬁc; 256. 0
73.9 10.53 0.0 . 77. 11. 14
0.00479 0.0 ek 2@'%6. -~ "%%Lgl 11, 0= &/ 00941
0. 00312 Jsgege  o.cdmie ppogenr oq 2k Tooon e 00000
258. 0 7008310 90RO 0.90R¥W5 (. 393.6 1.3 280 2
74.3 11.04 0. 00243 0.01562  0.00469 25712 6.0 76.3 10
11. 04 0.009 1 45420.0 g,01313 _ 0.00386255. 0 2681 F663 11.09
(2)631821 0. 004613523‘.25" 0.0658" 7 0.0 22 7 10 4;68.2 0.0 0.0
10 : 13.12 0.01047 - - . 0.00297 257.3 . 78.3
13.26 ° 0.01786  0.00540 282.3 7.5
12.91 0.0138  0.00407 . 269.6 77.0
12.9 0.01382  0.00%07 269.8 7.2
12.9 0.01038 0.00295 257.0 78.3
12.91 - 0.01038  0.00295 287.2 76.4
13,00 0.00150  0.02100 - 299.0 3.0
13.00 0.01038 0.01560 290.7 2.2
6.88 0.00150  0.01470 - 288.6 13.7
- - 7.16  0.01086  ©0.01220 - . 289.2 72.3
20 7.08 0.005% - 0.01010 -  280.% 5.2
8.00 0.00727  0,00192 o33 15.7
8.00  0.01153  0.00330 276.4 76.9
.18 0.01171  0.00339 272.7 77.6
' S 8,30 1000749 0.00199 2.2 768
- | .03  0.00150 0.0 268.0 9.0
7.00 0.01056 0.0 264.0 153

9.00  0,01056  0.00430 m.0 : 76.2



10.41 0.0 0.0 “ 265 0 68.4 11. 16

0. 01909 0. 00633 202.6 * ° 72.0.10.94 0. 01403 0.0
76.7 10.70 0.01128 0. 00379 262.0 .
0. 01900 0.00315 .. 293. 0 ©71.8 9.31 e
0. 00645 269. 9 " 76.6 13.17 0. 00617
. 254. 9 74.2 ' 9.10 0. 00323
0.00214  260.0 72.7 13.14 000915 0.00613
259. 1 77.5 11. 1Bhe speqifdpoRfficienrypgnd Femperature Muggly
77.6 11.31 0. ngﬂ@d fron) tge above data by Q&Q §£o'er~ennoned7-7ar4oc11 05
0. 00236 0. 000 0.4 12.72 00311
0. 00207 295 Prast square arﬂrsefqleoes . o 00941 o. 00313
263.0 77.7 5.88 ° 0.00924 00306 269.1 - .
76.8 11.04 0. Bifgcdency, & 901529 + 0. 196(3598"‘9133 4(BCs) 76.7 10.89
0. 00462 0. 00450 256.4 4 120.5¢8Kk)75- €3769.80cs)20. 0.
0.00613 260. 5 T 60, 8 ¥0%3 0, 00630 ’0. 00105
260. 4 74.4 15.51 0. 0128847229.0 ((BB)2 + 52.1 (BG x2BB)4
77.2 4.03 . 0.01341 0.0 280 . 73.7 13. 11
0. 00897 0. 00810 266.2 - 60823. § 7"%1 * B3R LE |

(conTi nued) Ef f1 C'rexﬂﬁe\{-a‘%% A@c = 254.% G5 1.279¢86) ¥ %5558 (BCsT=D. ([ ERR]) %
_ + 794.1(BK) + O. 3466(36)2
10 ' + 168544.0(BCs)2 + 147856.0(8K)2
| + 132807.0(3Cs x 3K) |
where: BG = (wt % Ag - 11.0)
BCs = (wt.% Cs - 0.01)
BK = (wt.% K - 0.003) |
figurés 1 and 2 show contour lines of comstant U
efficiency and temperature in potassium-cesium concen-
tracion space. Iﬁé darker lines represent selectivicy
contours with seléctivi:y values being indicated for
. _ - each line. The lighter, broken lines represent temp-
. 20 ' erature contours with temperatures indicated in degrees
| .centigrade.' Ihe_efficiency and tempé:ature_for‘points
in between the de;ignated'con:bur lines can be inter-
polated. The maximum seleccivity achievable for any
combination of cesium and potassium as a function of ,f"
cesium concentration is indicated by the curve labelled
sely,.- This curve_repreéents the maximum synergism
achievable for any given level of cesium._ The synergism
curve (designated "A" in Figures 1 and 2) sepsrates the

!égicn of synergism, as herein defined, and regions of



16. 00

- 0.0

0. 00469
269, 1

.

-

68.2 10 .

. 78.3 13.

0.01384
0. 00407
' 257.0

78.6 13.
~ 0.01500

288. 6
72.3 20

26

00

75.2 8.00

0.01153
0. 00339
262.2

69.0 7.00

0. 01056

0. 00868 0. 00800 2643 77.8 10.93

0.01230 263.6 ?3.3 12.95 0. 01562
277.1 76.0-13.12 0. 01313 0. 00386
770 12.85 0.00150 - 0.0 264. 4

13.12 0.01047 ~ 0.00297 257.3 _
0.01784 0. 00540 3. 282. 3 74.5 12.91
0. 00607 269. 4 77.0 12.91 - 0.01384

0.00727 - 0. 00

269.8.. | 77,2 12.91 01038, 0.00295
“Ugivpang ansagonfbpy dgzacts o aglstid Sseccs G500

Owhed She e££id2107300@btained wit?09. EbabIndfion of RBs0dH38
290. 7 72.2 6. 88 0.00150 =~ 0.01470
apd pptasgiym is a yedghpps average(adghe efficiencigg o

obfafifivie unszC%EE%én condQ:fEHglgrom respect13§(Ed4al sts .
197 R85, 3 ) 7527% %00

0. 003%bich are theFdmel as the catalysc7€orragnisy said @mbidarl

Zlggg §x§e6% that “67%6‘?5% ggntadnbngo 'b%glz.d'pgotassi\%égg 99

0. @e9H6n, one &odtains the respedfi4elamount of cesium|Samd /. 00
0. 00400 - 271.0 . . 76.2 _The specific
Effici ency and TelP8refhErecaEdans ther FeapecF v aaRei B \ROtEAE Ty A~

af or enent i oned MelRod. Ot beARTs SORAECWRIL (RS etk Ry SidiiRbencYy Yo 77- 19
+ 0.196(BG) + 133.°4(BCh)

10

20

20

mixture of cesium and potassium is less than the efficiencies
obtainable with corresponding catalysts which contain the
respective amount of cesium, and the :éspective amount c¢I

potassium, individualily, as described above. The area bound

by ordinate, the abscissa and the syneréism curve (curve "A")

defines the area of synergism ;n accordance with the present
invention. The area to the right of the synergiém curve "A",
reﬁresents the area of additive and ancagonistic effects as
described above, and thus definés_mixtu:es not in accord wich
the present invehtion. For any givén contoﬁr map the pre-
ferred combinatioﬁs of cesium and potassium are those which
produce selectivities on or about the._SelM . curve. However,

ax
in general, preferred mixtures are those wherein cesium and

potassium are.preSenc in a weight ratio of from about 100:1
to 1:100 depending upon the particular catalyst carrier aﬁd
prepaiation proce&ure of_chqice. For mixtures of cesium
and'li;h;uﬁ, or cesium and sodium, preferred mixtures are
usuallj those wheiein the alkali metals are present in a
weight ratio of from about 1000:1 to 1:1000.
/Réferring to Figure 1, a cacalyst containing
for example, 0.003% Cs énd 0% K has an efficiency of abcut

- 73%. The addition of appraximétely 0.008% K to this



+ 120.5(bK) - 63787.0 (BCs)2 - 47229.0 (BX)2 + 52.1 (3G x BCs) - 60823.0 -
3Cs x BK); and Tenperature, C = 259.44"- 1.279(BG [ERR] |555.8(BCs) + *

¥94. 1(BK) + 0.3466(BG2 10 _ . + 168544. 0[ ERR] +
1A7856. 0(BK) 2 + 132807.0(3Cs x BK) where: BG .- (w.%Ag - 11.0) BCs -
(Wwt.%Cs - 0.01) BK - (Wm.%K - €3003) Figures 1 and 2 show contour

lines of constant efficiency and tenperature in potassiurtcesiumconcen-

ines %‘eg{,&s&@z 5ele@eiidnky €PAbOUES Wi th

tration space. The,d
selectivity val Lfeas?a%’e%lgglg%icﬁ cate or each line. The lighter, broken

| i nes represent 1e0R; tHe maximumr sdleceivinyt etirthivi teveleapctesivres i ndi cat ed

I n degrees centigrade. . The efficien and tenner : oy POl S in

bet ween the desi g‘n&t edtReo KRB OFi H&%kﬂmb uﬁlr%aér a.‘_t‘%_(r) 5% e{fdggfﬁ*s. maxi muM
selectivity achi@yggkgs;i% S toCabdtcNab16MKO{i @i the Fatupohasstwem as a
function of cesiumconcentration is indicated by the curve labelled [err].
This curve -repr %t woulde yheld #fifiieReies SAPAE HFOOLATEFET RAD Yi%F&n | evel

of cesium The SynSiglery Ghiy SredgRidnoRbad (6X0dsh) Fdessml adokt 2)

separates the region of synergls as herein defined, and regions of 32

additive and ant ¢g@ni, sié @liélmesal ottidr tthas edsigntbeipgcpresent); :

“ potassium additioﬁs béydnd .016% K result in efficiencies
lower than those obtainable with 0.003% of cesium

10 alone, i;e.,.ih'the region of either additive or anta-
gonistic effects. Yet, such amount of'potassiﬁm which
causes such’antagbnistic effects can still yield a catalyst
with reasonably desirable selecﬁiﬁity and activity for a

. giyen mode of operacion. | '

The region of synergism varies with the silver
content of the catalyst as described by the ﬁfficiency
Model. Figure 2 illﬁs:rates the region of synergism at
13% silver. The Selnai curve and synergism curve (curve
"A") of Figure 2 are as previously defined with reference

20 to Figure‘l. Ccmp;rison of.Figures 1l and 2 show that
the efficiency contour lines are similar but'aré dis-

' placed with respect to the cesium and'potassium axes. For
example, the 76% efficiency cpnﬁbuf liné in Figure 1
envelops an area which is smaller than thé_area covered by
the corresponding contour line in Figure 2. Furthér, the
maximum value of selectivity obtainable at 7 weighé
percent silver, i.é@.'the maximum along the Sely, . line,
is slightly above 767% (Figure 1) while the corresponding
maximum for 13 weight percent silver is slightly above 77.87%
(Figure 2). - -

The Efficiency Model and the Tempefature'Mbdel

which are developed are specific to a particular method of

-



.a wei ghted average of the efficienci & obtainabl e under. common conditi on
f_r(i? respective .tatal ysts which are the sanme as the catal yst containing

saitd conbi ng-,1tl.an _eé'gﬁg stLhat_inst f Nt ai ni.ng . si um and
cesi um oné?ca&htséi’ﬁ‘s t ettr‘égbe%tﬁq\%éfg‘?rloa%nteggf{%esqlhgn?b%nxl}llt%ﬁgggt her

contai ns thinargspekily eexa0UBsmbIhaRObRS S VARL a YR~ 1§06i sterc thEf ect's occuf
when the efficiency obtainable with a 10 m xture of cesium and potassium
‘is less thgaeidie o¥f prepantiien ebloenakirior ob cior paspacdlay catal ysts which:
contain the respecti-ve anount of cesium and the respective anount of

pot assi um bimatiwiconhitytions magsehangedthe rreffiqiantg 84 BR%ind by ordinate,

t he abscisga,and th nergi_sm curve curve A" lef i n area of :
synergi smﬁ?ld oraﬁgng%m\’/ﬁ’t ﬁ‘ifh% ?reeggn T 815 %%ﬁn% sTﬁgr%{Egda to the right .
of the Synergisfhcalll VEhud theCPaSRRNTE"t i Felg Ofmayddbmpyiseaind -
antagonistic effects as descri bed above, -and tH&% defines nmixtures not in
accord wit httdighr ddees omcamvesn.and-pey aintegicerh EnPSUPOFHp the pre- 20

ferred conbi natjgns of. cesi yum and, -potassi um t hgse whichy produce
sel ecti vi t PEES oh’stfr' 1abB&t % [Eﬁé)[aﬁaR?h%Ur e(.%he H%ﬁ?\%\feraigﬁhgeneral .
preferred ghyiirgs AeChiddse cohsiitlonssi WBAkdaBPl&SInUM are present in a
wei ght ratil;% 0 ﬁom about "100:1 to 1:200 dep'endiﬂﬁtg upon the particul ar

- cat alfst cELguees dAndnd02, prugyar 44T erdpSetgdurintefcedtoitedh  For nmixtures of
cesiumand |ithium .or cesium and sodi uné preferred)r m xtures are usually

"t hose. wher 878 ARG IREPTCRRY Hhe SPEAY B%LH (2T MR 2RI GIHEPAET 0 of from about

1000: 1 to 1310085 Refgblp, 20 h 0di frelend SitbabySta GRNFRRREY for exanple,
0. 003% Cs _i‘ﬁé’qo&' 'K -has an 'effirmhency 0 nabout 73%aThe addi tion of

~ appr oxi mat eeyh6d (B Yrefatatidu or a different binary alkali metal. i

when the efficiency obtained with a 'I:onbi?,nati on of cesium and potassium s@

L combination with cesium, the resultant curves "A" and .

Selné¥ may intercept the cesium_éxis at an_angle'leSs than

%0°, or may be parallel to one of the axes. The co-
-éffiéients'of the ﬂoqélland the resultan;.cantour maps'émh
be readily de;érmine'd for any of the afoi:emen;ioned' . | |
vafiations.usiﬁg the designed set of experiments as. ?

20 déscribed' abéve-. ) : R S ]

3 \\ghé cencentration of silver in the finished
VR : T 4

.~ catalyst mafivéry from.about'Z'to'ZO weight'?ercgnt,'the
.preferred range being from about 6% to about 16% by -
weight 6f silver. Lower silver coﬁcentéatiohs are pre-
ferred from an economic stgndpoint. However, the optimum
silver concentration for any particular cﬁtalyst will
be.depenﬁént upon'epohomic factors as. well a;'perfbrmance.
characteristices, such as, catalysﬁ efficiency; rate of
‘catalyst éging and reaction temperatﬁre.

30 © ' ' curve'B in both Fig. 1 and Fig. 2 (Wwhich jg— - - :
derived by interpolation from adjacent contours) repfegents
the preferred region of synergism as embodied in the
aforementioned catalyst ¢f this invention.

——

CATALYST PREPARATION

‘A variety of procedures may be employed for
preparing catalysts containing combinations of cesium and




atalyst results in an increase in efficiency to about 76.07., the )
i\mum sel ectivity at this level O tesium(i.e., the value on. the [ERR] °
ve). Further additions of potassiumup To about .016%K (i.e., the

e on curve "A") would yield efficienges equal to or ‘great _er t han thosaw
obt ainable with the given anount (0.003%) of cesiumalone (i.e., no alkali

netal other thagn&eyi voredetngr Qﬂﬁéﬁﬂfm)etapé)t’@%ldﬁlhgdd&idl@ﬂ$ b\euéenéd; daAd6% K
result in efficiegr CIES | ower, t.han hose fbtal nable with 0. 003% of cesium

10  al one, i.e"ith fNeRFesalt O’ﬁ“’S?1 Y hethea BOP 1§ FEC R TUFEHE e FORPEITES!

effects. Yet, svrhmanegmttmr._f; ap@baam g¢atahisthcemtsesy siich amtagoni stic
effects can stil I.]};yl eld a ca st w reasona desirabl e ectivity

bl el.
and qctivity fof"® gfyeh *nd \'e' pesrogf’?’ojﬁz“?ﬂe *re¥'6i’ ot 8FT <Y } 3fFsm vari es
wi th the sl verartavbent smfﬂ’f‘id:wrxtat‘aldpsbsas ttestdwsilved L«tqnghheoiEfsﬁiLcmency -

Model . Figure 24 l] 't!ﬁé rcaatr?%ext h%n?e&éﬂ@ 9F %X”?é.%uﬁ\”br‘?‘é 2(%?‘)/%9 18 -one’ e

[err] curve and" Syner gi sm curve A" re as previously
defined with refhegnstkgdd metal Bﬁmt@dlf’maﬂmpo@'ﬁlgmf@ of and 2 show |

that the effici ?mxufﬁorgogqnml I RRIs&m ahdduBEd s8f elﬁ'e%t gd g? )
an 6% effici ency

respect to the cesium pot assi um axes. For exarrp
contour |ine inreSpgaEivel appylinpf &) anrda %perﬁhessgmntesuqmathat héear ea

covered byythe spfrﬂ:@éw@fnaug?qeh@wnhbnﬁadurﬁa&w 8f 2he ¢ih{Hed the val ue
of selectivity gggaﬁ.bggbllselgéréased go a value greater than the efficiencies
obtainable under common_condltlons from respective catalysts
 which are the same as said catalyst except that instead of
containing both (a) and (b), one contains (a) in any amount,
15 and the other contains (b) in any-amount; and thereafter (2)
| treéting the impregnated support to convert at least a fraction
of the silver salt to silver metal and effect deposition of
silver, (a) and (b), res pectively, on the support surface. .
Silver and alkall metal deposition are generally accomplished
20 by heating the carrier at elevated temperatures to evaporate
| the liquid within the support and effect deposition of the.
silver and alkali metal onto the interior and exterior carrier
surfaces. Alterhatively, a coating of silver and alkali |
'metdls may be formed on the carrier from an emulsion or
_25' - slurry contalnlng the same followed by heating the carrier
' as described above. Tmpreqnatlon of the carrier is generally :
the preferred technique for silver deposition because it
utilizes silver more efficiently than coating pfocedures,
the latter being generally unabls to effect substantial
30 silver deposition onto the interior surfaces of the carrier.

In addition, coated catalysts



‘percent silver, i.e., the naxinun1é|onghthe [err] line, is slightly aQééég) -
76% (Figure 1) while the corresponding nmaxi mum for 13 wei ght percent silver ?
is slightly above 77.8% (Figure 2). "he Efficiency nodel and the
Tepperature Mdel which are devel oped are specific to a particular nethod
of 34- catal yst preparation, a partigular carrier and a particular

bi nary al kali metal conbination. VariatPdns in either the nhethod of
preparation or the carrier or the particylar binary coq?iqation may change
the coefficients of*t t@rﬁbﬂ‘é?%e?-tahge Heng eV he 8t ae™8F " Hté2cont our maps
derived therefrom gpJdiuys, the curves "A"-and [err] may conprise straight

| ines or curves, and nay intercept one or both axes .(viz., the cesium-axis
and that of the other al kal Therseghende phecinpregngcingnbrndgnosdFing Rbe

exanpl e, in 10. Figures 1 and 2; - curve "A" and [ERR]..intercept .bhoth
axes, and intercepf“gs?éeéegﬁs e RPETRT HhTF ei§e§;r g}kﬂ?‘aﬂ'% - Powever,
for a. different cgpeidlal.a Hhdsf,e! egfB LG Al BiRRAtaA-UF Q1w fferent
bi nary al kali netal” conbi nation with cesium the resultant curves "A" and
[ERR] may interceptdtdlkaldsnenalaxnay de efif entghdecdiowddemeal I[yERR]|seor nay be

paral leL to one of the‘.iégrxlles., The co- aggfftm er)_tz of tge g/bdel. and the
resul tant contour FBfRF nga"'r‘eadﬂ‘? . } merads (Y Sfy TYSthee priox
af orenent i oned var kgt | Ut ! 41 s&ﬁﬁ’eﬂ%‘t:g@@qsi%%feroidﬁ>£@&5 e RhE Sarrilr.
“descri bed above. - : ’ _
The alkali metals may be deposited together or sequentizlly.
10 For example, cesium may be depositeﬁ first followed by the
coincidental or sequential deposition of silver and
the other alkali metél(s).,Or such other alkali metal(s)
may be deposited first followed by coincidental or se-
quential deposition of silver and cesium.

Impregnation of the catalyst carrier is effectes

'using one or more solutions containing silver and alkali

metal compounds in accordance with well-knbﬁn procedures

for éoincidental_or sequentiai ﬁeposiﬁions: For coinci-
. . | dental depositibn, following ﬁmp:egnation the impregnated

20  carrier is heat or chemically treated to reduce the silver
| compound to silver meéél and deposit the alkali metals ohto
the catélyst.surfaées. for sequentiél deposition, the
carrier is initially impregnﬁted with silver or alkali
meﬁal (depending'upon the sequence employgd) and then
heat or chemically treated as descfibed above. Thié
- is folidwed by.a second impregnatidﬁ step and a correspond-'
ing heat or chemical t:eathent to produce the finished
catalyst containing silver and alkali metals:
| :Th; silver solution used to impregnate the

carrier is comprisad of a silver salt or compound in a



jawei ght percent, the preferred rdnge ‘being from about 6% to about 16%:*
ht of silver. Lower silver concentrations are pre- ferred froman _
econam-c standpoi nt. However, the optinmum silver concentration for any oo’
particular catalyst will be dependent ug._o\n economic factors as.well as

performance characteristics, such as, cat'alyst efficiency; rate of catalyst

"aging and reaction tenperature. 30 Curve B in both Fig. 1 and 3

Fig. 2 (Wich.is- @Gi&éﬁ%ﬂo@y¢£&ﬁﬁﬂ&ﬁﬁgﬁ§dﬂa®ii££&ﬁga§%éﬁgﬂyucﬁosg(ﬁW@Skilver
represents the preferred regi on of synergism as- enbodied in the o
af orenent i oned cat soystiass dirclasadeani the aCATAITISTPERERARATI €NVATvari ety

of procedures nmay be_enpl Qqyed. for prepari.ng,catalysts containi
conbi nati ons of ce§Pﬁan§'}P oyed i ngF gﬁ‘écg‘}hﬂ?dag%ﬁa’?‘f ﬁ%@fﬁ’l’s P"%xcl udi ng
fracTi UM in accor 'i&ﬁlé’)!’ ok NEndpige SEVer RYEPidON si1VdIe oRtE 8L &fxr ed
proCedur e conpri ses: ) inpregnating a porous catalyst carrier with a
sA uti On conpri si ngidvenlcaghoxptates|, ubb¢h Aisngsbipart acetanegr oxglatei.n 5

an anount sufficient to deppsit, the desired weight of silwver upon the
carrier, and sal ts S3FFgts: @&#ﬁﬁ%d- gpya5e PR °n8g§' g‘f‘-}?&”&? kaé"lral net al
sel ected frcmthe g5QHRr CRUEYShEIW @ ek thi um sodi um potassium and

rubi dium sufficient o deposit® respective anmountsof (a) and (b) on the
support such that the 10 - A widé ciagheyy off ephyérsisc oox¢alplentrgAct ure of

° ize silve?

| the finished catal ysstlug:s.lizrlcreased to a yval ueig};eefttgrsgfu%rhthe efficienci es

ng agents may be emp
10 to the desired concentration in the impregnating medium.
Among those disclosed in the art as beiﬁg éui:able
for this purpose are lactic acid (U; S. Patent Nos.
2,477,435 to Aries; and 3,501,417 to DeMaio); ammonia
( U. S. Patent 2,463,228 to West et al); alcohols,
such as'ethylene”glycol (U. S. Patent Nos. 2,825,701 to -\
Endler et al; and 3,563,914 to Wattimena); and amines

and aqueous mixtures of amines (U. S. Patent Nos. 2,459,896

. | to Schwarz; 3,563,914 to Wattimena; 3,702,259 to Nielsen;

and 4,097,414 to Cavitt).

0 ‘Suitable alkali metal salts include all those
soluble in the'particular'solvent or solubilizing_agent
empldyed.. Acéordiﬁgly. inorganic and organic salts of
alkali'ﬁetals,-such as, nitrates, halides, hydroxides,
sulfates and cafboiylates ﬁay be used. When coinci&entally
deposited with silver, the alkali metal salt employad is
preferably one which does not reacf with.silVer salt in
solution in order to avoid premature'silver'precipitation
from same. Thus, for example, alkali metal hélides are
preferably not used in lactic'aéid solution because chev

react with silver ions present therein.



obt ai nabl e under common condi tions from respect I ve catal ysts which are/@?
~ same as said catal yst except that ihstead of containing both (a) and (/)3

one contains (a) in any anount, 15 . and the other contains (b) in a -
agopunt; and thereafter (2) treatl ng the |rrpregnat ed support to convert at

| east a fraction-of the silver salt to %I ver .nmetal and effect deposition

of silver, (a) and (b), respectively, o he support surface.. Silver and

‘al kali nmetal deposition are generally acconplished 20 by heating the
carrier at elevated tenper arculrles'mp ipaponationt b dHequisda’\Msth'czr:t;he support

and effect depositij of, .the si and al kal i onto the interior and
exterior carrier H?&hc‘ééver ﬁ“ldel’ﬁ’éi Y Eepal é‘&&ét ﬁ%tj SPPRETGER® A "al kal i

metal s may be for ”?ﬁzori')atrb?cf@' ak8Tsdpz20ted BB MPReRbidBg nonSlUITY
contai ning the same folloWd by heating the carri€r as described above.

| npregnati on of thebm’blesiesﬂxgzgener aluyry he Thief by rodvemiEmilgue for sil ver
deposi tion because it u nore efficientl an coatj ng
procedures, the Iaf?%@%é#‘iﬁ‘e}é'néfﬁfﬁi‘guﬁ%Ieé“FB‘e? é%@% ﬁﬁ%’i“al 30
si | ver deposition gptgrebRatiVedyl 8% magasépsugfnwecee%iws Lpcraddi tion,
coated catal ysts are nore suSceptible to silver 1o0ss by nmechani cal

abrasi on. The sequcacefidtramregnacemiﬁngdﬁms| t Theg ihregnatiedces of the
carrier with silver and alkal,i metals |s ggtlonal Thus, inpregnation and

deposi tion of sil vEPTEHRE AP KEhen geRegall tZeptrd 48.80i FORAERALI |y or
se- quentially, i.¢o effeetadecdnposPtinS ahB 2B HERPD'el Rk Wi19ks

10 metal salt to metallic silver and the deposition of
alkali metal ion. Such roasting may be éarried out at a
‘temperature 6f from about 100°C to 900°C, preferadbly from
200° to 700°C, for a period of time sufficient to coﬁver:
substantially all of the silver salt to silver metal. 1In
- ' general, the higher the temperature, the shorter the re-
quired reduction period. For example, at a teﬁ?era:ure.
of from about 400°C to 900°C, reduction may be accomp-
lished in abcut 1 to 5 minutes. Although 2 wide range cof
.t heating periods have been suggested in the art to therw- |
20 ally treat the impregnated support, (e.g.} U.S.Patent
3,563,914 suggests heating fof_iéss than 300 seconds :c
dry but not roast reauce the catalyst; U.S.Patent
3,702,259 discloses heating from 2 to 8 hours at a temp-
erature of from 100°C to 375°C to reduce the silver salt =
- in the cazalyst; and U.S.Phtent'3,962,136 sugges:é 1/2 to
B'hou:s.for the same témpera:ure range) it ﬁé'dmly jmper-
tant that the reduction time be correlated with tempefa:ure
such that substantialiy complete reduction of the silver
salt to metal is accomplished. A.éon:inuous:of step-wise

heating program may be used for this purpose.



during, or subsequent to silver addition to the carrier. The alkali = t
al s may be deposited together -or sequentially. 10 For exanple, cesium »:
be deposited first foll owed by the coincidental or sequenti al W :
eposiition of silver and the other -alkali netal (s),or such other alkali
metal (s) may be deposited first foll d by coincidental or se- quential :
- deposition of silver and cesium |Inprednation of the catalyst carrier is.
effected using one or nMopg.SQUbiMIE: eoNi.AlRi-A01 pidakete@nshrakkal i netal
conmpounds in accordance w th well-known procedures for coincidental or
sequenti al depoait; dns. asztmlencmr q;ehbmld:@apéslaqmrsphﬁﬂ &% ng

i mpregnation the carrier i s heat.or lly treated to
reduce the silvats ”B??pgﬂﬂa%o SI TRe reapePBEn T ¥5Sde °orS|sPc€kr$ee%I kali netals
onto the cat al Y ¢t e StichaCREy ,_Fsgr asggétqrgt bR £14RBASI ddudRphéhe gFarrier is
initially inpregnated with silver or alkali netal (dependi ng upon the
‘'sequence enpl oyeugh Budeshen dffactoredsiegidral |y ‘treated”as descri bed above.

This is foll owed byase ond| ion.s and a .cqrrespond- ing heat
or chemical treatnent to gg f&é%?n?gfﬁgg’fﬁt%ﬁfslt 95%?1?‘5{“ ing silver
.and alkal i net algon e %.aﬂffér gl Htfv.ﬁi&cﬂéﬁdoé Qhanp&m%r:epémr@arrl er is
conprised of a silver salt or conpound in-a 'sol vent ‘or

conpl exi ng/ sol ulnibulmcagem apdhyed. tffhus; |sher pavtinulanschiiise efed in the
art. The particul ar stl vgr salt- ingl oyed 21(3_& critical 1_xand 22 _be chosen,
for exanpl.e, fr§R&MG™ /?’f/e"r"mﬁ i agE?T”v S&F fipLh, heat tze

- 10 ment cond;t;oe; and catalyst carrier may affect, to vary-

ing degrees, the size of the resulting silver particle.
For qarriers of gemeral interest for the production of
ethylene_oxide; a'distribution of silver particle sizes
4in the range of .05 to 2.0 microns is typically obtained.
. However, the role of pérticle sizé-of the silver catalys:" </
upon the effectiveness 6£ thé éatalyst in making ethylene'
oxide is not cleariy_ﬁnderstood, In view of the fact that
- the silver-particies ar; knbwn to migrate on the surf;ce'
of the catalyst when used in the catalytic reaction re-
20. sulting in a marked change in their size and shape, silver
particle size may not be a slgniflcant factor in af;ec;zﬁg

catalytic performance

CARRIER SELECTION

~ .The catalyst carrier employed in practiciné
the invenrion may be selected from cqnventional, porous,
refractory materials which are essentially iné:t to
ethylene, ethyléne oxide and other reactants "and products
at reaction conditions. These materials are generally

labelled as "macroporous” and comsist of porous macerials



!

silver carboxylates, such as, sil ver acef?ate, oxal ate, citrate, phthalat XS '
| act'ate,” propionate, butyrate and hidher fatty acid salts. A wide variety <

of solvents or conpl exing/ solubilizing agents may be enployed to _
~soldbilize silver 10 * to the desired concentration in the inpregnating

medi um Anong those disclosed in the art as being sutable for this purpose
are lactic acid (U S. Patent Nos. 2,477,435 to Aries; and 3,501,417 to
DeMni 0); ammonia (U. S. Patent 2, 463, 228+ West et al); al cohols, such as
ethylene glycol (U S. Patent Nos. 2,825,701 to Epdler at al; and 3,563,914
to Wattinena); andhawinaasuafm:aaqme@sj-slasbxthu:e&Ooﬁ‘(‘),?ﬂz(lageaﬂJgeSrrPat_ ent dNos.
2,459,896 to Schwarz. 3,563,914 t tinena; ,3,702, 259 to Wielsen, an
4,097, 414 to Cavitt§ 55'0?9 ¢azrier) “y’\’%téﬁg%a%’b@af?’aﬁ i'ﬁﬁ‘ét%r‘ 48t t ¥ncl ude

all those soluble girfidee Rodd 16Uhds E@UVENIeHRr c&Pbdiitbhdl N Eage e BRI Oyed.
Accordingly, inorganic and organic salts of alkali netals, such as,
nitrates, halides,9¢sr3idge des Brynayen.e§. arkinmes; bBxy laadeBeiwy ,bB. used. Wien

coincidental |y depgsitedwthSilver., e alkal i mefal sdlt_ enployed is
‘preferably one whi.'gh degw%%'t_s?’éac‘fﬂ\_lm ?H’sﬁﬂ#@grigal @%Fﬁs_ol Y of¥S n order
to avoid prenat ur efgidnedr clideitRkifdd ®9 & A WodRes rhRfSng fFRbmeXFHR! €,

al kali metal halides are preferably not used in lactic acid solution.
because they reactQ®vw i 9i 8 \ae/8i opeefierabintfromeakiut 0.2 3 0.6 cc/g.

Pore volumes méy be measured by conventional mercury
porosimetry or water absorption techniques. Medign pofe
10 diameters for the above-described carriers range from
about 0.01 to 100 microns, a more preferred range being
from about 0.5 to 50 microns.
- The Earrier should prefsrably not cecntain icns
which:are exchangeable with the alkali metals
supplied to the catalyst, either in the preparation or use
'of the cataifst. S0 as to ﬁpse£ the émou;t of alkali metal
which provides the desired synergism. If the carrier
contains such ioﬁ, the ion shogld be femoved by standard
chemical techniques suchlas leaching. Moreover, if the
20  carrier contains an amount of alkali metal, which is
transferable to the silver whereby the synergis:ic.
combination is upset, then the carrier should be ﬁreated
- to remdve such excess alkali metal or the amount of aikali
metal supplied to the catalyst should be less than the
synergistic amount, allowing the transferred alkali metral
to effect the deéired synergistic amounts.
The chemical coﬁposigion of the carriéf is not
_narrowly_griti;al. Carriers may be composed, for example,
of alphaealumina,'siliéon caibide, silicon didxide,

zirconia, magnesia and various clays. In general,



oW ng i npregnation of the catalyst carrier with silver and alkali netal

Fo
splrtyd, the inpregnated car- rier particles are separated fromany renaining
np absorbed solution or slurry. This is conveniently acconplished by

dN\ajhi ng the excess inpregnating nediumor alternatively by using

separation techni ques, such as, filtqg&ion or centrifugation. The .

| npregnated carrier is then generally heat treated (e.g., roasted) to

ef fect deconposition and reduction of the silver 10 netal salt to

netal lic silver adkPheheldeingsPesemh Terentsds avaerzafersad.- ST&RSRoasti ng may

be carried out at tenperatuce_of from apbout [E RR] Lef.erably
rafprer aFathe, EsER s BTLE S e 2 oo, Ve Abp D

froM 200 to [E 0 S crent fo co Veft

substantially all3af. the Sive/er sBiHa-buRida/CEheBiedainife GRREbAEncs he

hi gher the tenperature, the shorter the.re- quired reduction perjod. For
exanpl e, at a tenpringt gibies, pllalhmesal[wrdest fe [ERRPOGIBHGREADh Ry be
acconP- lished in_about 1 to L Ut es. t haugh a wi_de. ?Hg sOF heating
peri ods have beenugaucgeges?lgicfsl g’ft gﬁjegr ?’efgit gnggignewaa I{'/J; -regt“g%:hg’%

i npr egnat ed suppothey t@yUbe df Powked @ririBy 5639} 4alaigy86twe hdaklpigas or | ess
than 300 seconds to dry but not roast reduce the catalyst; U S. Patent
3,702, 259 di scl osekumiags i the Hadance theips homixture of sipicet Sgrtdayf from

ert] {0 [er1] toubalice,tin S UhaLs Sthiaidhd U ERIANEH | A Ubufat o

3,962, 136 sugests ours Tor the sanme tefperaturé range t"is only
i npCR- tant tjpt e othdHGhdtal bhdtddemeosl JIxites. WiThle Lewaepatite such

- that substantially conplete reduction of the silver salt to nmetal is
acconpl i shed. A ceswniegsuaredfosmepatfd sohemttiongepinpytannfes aa&2lses for.
‘this purpose. preparation and reaction conditions. A wide variety of
such carriers are commercially available. The carriers
may be in the form of péllets,lextruded §aftic1es,
spheres, rings and the like. Thé size of éhe carriers
may vary from about 1/16" to 1/2". The c#:rier #ize is
chosen to be.consistent with che type of reactor eﬁployed.
In generazl, for fixed bed reactor applications, sizes in
the range of 1)8" to 3/8" have been found to be most suit-
- 20 able in the typical tubular reactdr ﬁéed'in commércial

operations.

" ETHYLENE OXIDE PRODUCTION

. The silver catalysts of the invention are par-
ticularly suitable_for use in the production of ethylene
oxide by the vapof phase oxidatioﬁ of ethylene with |
molecgia: oxygen. The reaction conditions for carrying
out the oxidation reaction are well-known and extensively
desc;ibed in the prior art. This applies to ;e#ction_

conditions, such as, temperacure, pressure, residence



Heat treatnment is preferably carfied out in ai r, but a nitrogen or car‘@)@

di oxi de atnosphere may al so be enpl oyed. The equi pment used for such heats
treatnent may use a static or flow ng atnosphere of such gases to effect
reduction. The particle size of silver netal deposited upon the carrier is
@ function of the catal yst ‘prepara- tion procedure enployed. Thus, the
particul ar choice of solvent and/or cdafd exi ng agent, silver salt, heat
treat- 10.nment conditions and catalyst carrier may affect, to vary- ing
degrees, the size Ofnet Ngod GRkEE NG B! V&I RAEL T WiGuedd (C2E!] QiRrOfegener al
I nterest for the proguctlon of ethylene oxide, a distributron of srlver
particle sizes in néwhananapal 60,) 05nfidbrdrsmi(erpns ecbylenei dattiezdBehi ned.
However, the role of partjgcle size of the silver cajalyst upon the
effectiveness of t¥é d‘g?a*’&& i#rﬁi‘%ilﬁ ot FF eTRET52PY ﬁys°gote°c"“ga’r’§y
understood. I'n vi eyQfactbe deR0! &M AmplBPinyl LV eindlalhisd aystes, lgown to
mgrate on the surface of the catal yst when used in the catalytic reaction
re- 20 sulting i msingaskesksshivageedctioheito shoeeazrdesinigne eonvegsiomrticle
size may not be a significant factor in affecting catalytic e_rfordnmce.
CARRI ER SELECTI ON "'Eé\?yaﬁ%f‘ef:‘é?‘?riseﬁ'neﬁ‘ﬁﬁe REFPELT I€Png” 18 Ment i on
may be sel ected froeRiNedlyORRbse RREPYS IhCEAQGHRLY TR phidl i1k sbuar e
essentially inert to ethylené, ethylene oxide and other reactants and
product s of operation selected will usually be dictated by process

economics. | ' '

10 : Generally, the process is carried out by con-

tinuously introducing a feed stream containing ethylene

and oxygen to a catalyst-containing reactor at a tempera-

ture of from about 200° to 300°C, and a pressure which

may vary from one atmospheie to about 30 atmospheres

depending upon the mass velocityland productivi;y

w
~desired. Resi&ence times in large-scale reaétors'are
~ generally on the order of about 1-5 seconds. Oxygen
may be supplied to the reaction in an oxygen-containing
. ' stream, such as, air or as commercial cxygén. The re-

20 sulting ethylene oxide is separated and recovered from

the reaction products using conventional methods.

CATALYST COMPARISONS.

- The catalysts cited in the Tables below were
all gvaluaﬁed for comparison purpeses under standard'test
conditions using backmixed, bottom-agitated ''Magnedrive"
autoclaves &s described in Figure 2 of the paper by |
J. M. Berty entitled "Reactor for Vapor Phaée—Catalytic

Studies", in Chemical Engirneering Progress, Vol. 70, No. §,



al, reaction conditions. These materials are generally |abelled as
"ATRCr opor ous" and consi st of porous naterials havi ng surface areas less '’
10 [err]/g (square neters per gmof carrier) and preferably |less than
err],g.  The surface area is neasured by. the conventional B.E T. methodw
degcri bed by Brunauer, S., Emmet, P., jggd Teller, E, inJ. Am Chem Soc.
Vol . 60, pp309-16, (1938). They are further characterized by pore vol unes-
rangi ng fromabout 0.15 - 0.8 cc/g, preferably fron1aboug 0.2 - 0.6 cc/g.
Pore vol unes may bRagkfadlréd. th¥7éonvemt FEARTOWAE PRRTIGEEsEmet-Py or wat er
absorption techniqy LA, " | Spd Plunkshe ove-descri bed
carriers range'fro%gg%&ugﬁg%{gkﬁb%qﬁ-(l::irj'%?laylgen%;reuB%Efe?%ed range bei g
fromabout 0.5 to $81Y8v@RENScandaedCcatldecondintlotspr ef erabl y not contain.
ons which are exchangeable ' with the alkali netals supplied to the catalyst,
either in the preparation ofCmRIBEBE the catal yst, so . supset the anount
of alkali nmetal which prOViQﬁﬁ% he desired synergism Ig gt he carrier
contains such ion, the ion shoul'd be renoved by standard cheni cal
t echni ques such as | eachi ngethy\leheover, if the 20 car®.Qer contains an
amount of alkali netal, which is transferable to the si|lver whereby the
synergi stic conbination is Efkﬂﬂ% then the carrier shof:d%e treated to
renove such excess al kal i ,'ng%ﬁgonobﬁggfdéanount of al kal '6 Retal supplied to

S

t he catal yst should be'les an .the synergistic anount, ~all owi ng the
transferred al kali metal  Nitrogen Balance of Gas
10 Parts per million Ethylene

Chloride - 7.5

The_pféssure was maintained constant at 275
ﬁsig and the ﬁotal outlet flow maintained at 22.6 SCFH. (%)
The out;ét'gthylgne oxide concentrétion was ﬁain:ained
at 1.0% by aéjusting thé reaction temperature.. Thus, W,
' températﬁre (‘C) ané catalyst efficiency are obtained
as the fesponées describing the catalyst performance.
A.typical cat%lyst test procedure is comprised
6f.thé foliawing steﬁs:'
20 | 1. 80 cc of catalyst is charged to a backmixed
_autoclave. "The volume of ca;alys;_is measufed in a 1"
I.Df”graduétea cylinder after tapping the cylinder several
timeé to thoroughly pack the catalyst. The weight of
the cacalyst is noted. -
| 2. The backmixed autoclave is héated to about
reaction temperature in a nitrogen f£low of 20 SCFH with
the fan operating at 1500 rpm. Theinitrdgen flow is
- then discontinued and the above-described.fé;& stream

is introduced into the reactor. The total gas'ouclec

(1) SCFH refers to cubic feet per'hour at standard cemper-
ature and pressure, nameiy, 0°C and one atmosphere. .



to effect the desired synergistic amounts. The cheni cal conposition of t@
caprier.is not narrowmy critical. Carri€rs may be conposed, for exanple,

al pha-al um na, silicon carbide, silicon dioxide, zirconia, mgnesia and .
vari ous clays. In general, al pha-al um na based:materials are preferred.
These al pha-al unina based nmaterials may be of very hi gh purity, i.e., 98 +

W . % al pha-al um na, the remaining conpongngs being silica, al Kali metal
oxi des (e.g., sodiumoxide) and trace anounts of other netal and non-netal
|rrpur|t|es or they _may be of |ower L’,)Ul‘lt i.e., about 80 wt. % al pha-
al umi na, the bal anéé%eﬁ@da“ﬁ"r%& FPeofb "I'FcorF"t}l BXTRAFSTYES i Bus al Kal i

oxi des, alkaline eaifhbs 2 458r dHPReR¥ A8 ndles ot *}.exr BBl @lengnd

non- net al oxi des. ower purlty carriers are fornulated so as to be

i nert under cat al yixife emcahtoar imadin egtet banlenrdst Lompproxinatelyari ety of
such carriers are cormermally avail able. The carriers may be in the form
of pellets, ext r uded Eartlcl es, spheres, rings and the like. The size of

the carriers may vary from gbouﬁ}elloqlgi é%&éz"mc}h@f&ﬁoﬂ{i %aﬂ%ﬁ%&é chosen

to be consistent with the'type o Feact or enpl oye n gener for |xed
bed reactor appli cavieenshe siexessdé dare tomgieoferkiadh tlmt34BE tmnsdybeen
found to be nost suit- 20 able in the typjcal tubular reactor_used in

commerci al oper at i (€. TEAMEOERES G8ehES HERIBUSTRRN PPRECTIANFE: cIh®l yst s of

the invention are Qﬁﬁ@e;ature is periodically adjusted to achieve 1%
. outlet'oiide " The selectivity of the catalyst to
10 ethylene .oxide and the temperature are thus obtained.
The standard deviation of a single test result
reporting catalyst efficzency in accordance with the
procedure described above is 0.77% efficiericy units.
Tables II through VI below summarize test re-
sults obtained with silver catalysts in the abserice of
additives and those containing cesium in combination with
one or more alkali metals selected from emong lithium,
. sodium, pbtassium and rubidium. Tests were carried out
ﬁsing a variety of catalyst carriers and different
20 preparation procedures. Catalyéts ﬁhich were prepared
by the same_method of préparation on a similar carrier

are identified in the Tables by a common number



‘Ncul arly suitable for use in the production of ethylene oxide by the vapor
lpse oxi dation of ethylene with nol ecul ar oxygen. The reaction conditi ons
or “carrying out the oxidation reaction are well-known and extensively g
described in the prior art. - This appligs to reaction conditions, such as,™
tenperature, pressure, residence titm®, concentration of reactants,
diluents (e.g., nitrogen, nethane and C02), inhibitors (e.g., ethylene
dichioride) and the like. In additieg,the desirability of recycling
unreacted feed, or enploying a single-pass system or using successive
reactions tq increase ethylene conversion by enploying reactors in series
arrangenent can ekerpeadi It get er g ped by thpse skidled in the art. The
particul ar node of ,operaty,on sej} gg’gd wil | 'g;}g'al I#%E‘d#‘%f‘él‘céd by process
economics. 10 . Generdlly, the pr&®ss idarridt out by con-

ti nuously i nt r oduc? ng a Belt st$-8%41 cont aifPAge et hyBdne aksd oxygen to a
cat al yst - cont ai niln§ reactl¥ 8%at &omenper a- d.omso of frg@m abgyt [err] to
[err], and a pressare whimluinyo¥gby fromgpgg, at nogphere 58 about 30

at nospher es dependi ng upqgy do,he SBes vel ocity and productiVvity desired.
Resi dence times in_large-scale reactors aroe%éblher aI‘?';? on tfe erder of about

"1-5 seconds. Q<yde71 may’ b‘&’éupp‘i‘?@ﬁ to the®-#2xcti o3.43n an2wexygen- cont ai ni ng
stream such as, & r or ag.%9anmeem@dal oxymemiec Thegs@- 20 gul ting ethyl ene
oxi de is skparatad and ragager edodofom t he or_@o@&ti on,pgoduc;g usi ng

conventional methogds. .y o6 g gosu 0.00313 76.9 258
13 110.92°  0.0186 0.0000 3.1 283
1R 111.16 . .0.0191 0.00633 72.0 293
1L 8.08 0.002 - 0.008 " 76.0 26%.3
1M 7.8% .. = 0.0075 75.0 263.8
. 1N 8.28  0.00:1 -- " 73,8 2583
10 _8.07 - . 67.3 TSI
1p 14.97 - T ee 66.7 52,6
14Q 15.19  0.00405 = .. 2.6 25:.0
20 1R 14.80 . 0.0079 75.5  255.5
18 15.10  e.004 0.6081 7.9 256.6
2a 17.4 0.000 C 0.3 mus 278
* 2B 6.6  0.0044 0.088 .7 279
2¢ 16.5.  0.0085 0.089 7%.2 278
2D 17.3  0.000 - 0.000 68-67+  284-295
2 e 172.0 0.0044 . 0.0006  70.8 . 27
2F 157 0.0044 0.069 .1 8¢
2¢ 16.5  0.0092 ~ 0.0028 72.2 275
2w 16.5 - 0.0092 ~ 0.088 73.2 287

*Due to rapid deactivarion of i
: _ i this car initi
and fxnal performances, :espectively,aii:téitgg?lal

HUEFF" {5 ch fon .
defined. ¢ abbreviation for efficiency as previously

——

#

PO



CATALYST COVPARI SONS The catal ysts cited in the Tabl es bel ow were al |-
4eva\qat ed for conparison pur poses under standard test conditions using

backm xed, bottom agitat ed "Magnedrive" autoclaves as described in Figure 2
o.f',\t*he paper by J. M 'Berty entitled "Reactor for Vapor Phase-Catal ytic

Studi es", in Chem cal Engineering Pro% Vol . 70, No. 5, pages. 78- 84,
«1974. The reactor was operated at.1.0 Ie % et hyl ene oxide in the outl et

- gas under the follownng's&see&uaicsnift-pomdlaéﬂy%%c—sxunaa@enfflclency

Mol e % Oxygen . e Ethylene {
8.0 Ethane achieved with silver catﬂyﬁ(ﬁsmnmgmimmres of :
6.5 Nitrogen - Bal ance of Parts

per nillion Et h§pEHE d’i‘ldoP?ﬁ%ssmm in accordance ""‘Gg the] inveRtion essure was .
mai ntai ned constaPieivil ¢8/PhdiRs20H- drﬁﬁy"t gh eyt betrd L gaigiai ned at

22.6 SCFH. ‘The outl et ethyl ene ‘oxide coricentrat’ on was nmai ntained at 1.0%

by adj usting- thEaimead:teseantkﬁis'r Zher same Ebueentﬂtnenaoﬂrsﬁ.lérefi)arm]d cat al yst
efficiency -are -gbt ai n%d as-the responses describing the=catal yst

per forpance.” A £§H T sEaFARTAIRedRe RAtSEHFe iAF Bﬁﬁ‘br*!%éénoftft%éem
fol I'ow ng St eps"cgs’it;-.m only" refers to 8P cca(taﬁ'sg %%L»Xiﬁ éesi(fmaigetq'x {0 a

backm xed :
_.'_-;. only alkali metal deposited upon the carrier. ‘The terxm

. potassium only", "lithium only", and "sodium only" are
10 ) _correspondinvly defined for the reSpective catalysts. . 'I'hus ..
j B the efficiency ach:.eved with combination of alkal:. metals
e Cin experiment 1B was about 2% higher than that achieved
with.the correspond:.ng cesium only catalyst of experiment

JA. The fér:her addition of K from a level of .00158%

. (Example 1B) to a level of 0.0045% K (experinlent 1C) while
maintaining' Ag and Cs 'e'ssentially_ constant provided an -

: eir-en__ greater improvement:in efficiency_reletive to 1A,
namely, about 3.7%. The catalyst. of experiment 1D con-
'tained no cesium or potassium and provided a relatively

20 . _low 68. . &7 efficiency. Experi:ments 1E, F, and G do -
strate that “potassium only" catalysts which con-

' tained essenc:.ally the same amount of silver as catal-

: 'ysts 1B and 1C ach:.eved a selectivity no higher

": | " than 73 3%, significantly below that achieved with the
;i . ;'i ‘ catalysts of 1B’ and 1C containing mixtures of cesium .
- . and potassium It should also be noted that in addition
.to providing higher efficiency, the catalysts of the
_ invention (lB and 1C) operated at lower teioefatures -
-.than the potass;um only catalysts (1£ 1F and 1G), thus_ '
. indicatinv higher catalyst activ;ty. Although the
-cesium only catalyst (lA) operated at the same low _
'-“temperature as catalysts 1B and 1c, it provided a sub- : .f’}
-; stantially lower eificiency. . - -



Ncl ave.  The vol ume of catal yst is measured in a 1" - 1.D. gr aduat ed
nder after tapping the cylinder several tinmes to thoroughly pack the

¥

is heated to about reaction tenperature in a nitrogen flow of 20 SCFH wi t
the fan operating at 1500 rpm ~ The ni,_g,ogen flow is thén discontinued-and
t-he above-descri bed feed streamis introduced into the reactor. The total
-gas outlet (1) SCFH ref egge tiui@ihbe debppeimdmuliatasteagdaiwnt enper- ature
and pressure, nanely, [err] and One atnosphere. flqwis g{i usted to 22..6
SCFX. The tenpesnalyraatiadystesitadningrCs: BE ackavaledpohy doul %hat t he

et hyl ene oxide concentration in.the_out]et - i §3¥2 1.0 3. The
outiet oxide coﬁbéﬁt?fatcﬁ‘&ﬁg?'%'?srraﬁi't'gr?b‘i §Ve%€ ea%ggg?&g:g 'dgys o make :
certain"that th A ko2 4122608 dof tshcRe&smpdsdatiyn Simwidacpér f or mance.
The terrper_a_-_t'uresf’g%%!rﬁﬁfcglfy agjgust“ed to achliﬁeve 1%.0utl et oxide. The
selectivity of . gheeffilcienay improvementydf guearexidhandls A8 SBAFRrature are
thus obtained: " The_standard.deviation of a single test-result. reporting
catal yst effici éﬁc?Wl&c&or‘-dance wi‘t h t he procedure descri bed -above.is -

obt ai ned it h Sl ver cat SREF Sadnda A A XK BB e Snd Those
‘cont-ai ni-ng cesi-uhiPydaiiglishati dnbiinabion of Cs and K. Thus, the
T o -:.'j _; a'dé;:.'tibn:,-of'_ K Eo.'tﬁe.'cés_im,_osil}' catalyst of 13 contain-
-"';.' ':_id :.ng a.'bou;;‘ 11%. Ag: -._a_i-zd:- a re.la.t.ive_-iy high. Cs. concgh_tration of
'-:---o..b;]'..s?_ez\i_:gsulggd i,_n;la_ éata_lyst__ (1K) _havirig a lover
. .eéfic-ien_cj a:nd high;: .;-:perating. tei:_’xpe—.raﬁu:je..  That is to
s::t';r, :the combination of K a.nd Cs in experiéen_.t_lK_did not

produce él synergistic result. (_:onseq_uently, such ée;ium.-

"4nvention. o B
h Experiments 1L through 10 demonstrate. the
- efficiency achieved with cg_talysts of the present invention con-
_ .;‘;aining .apprcximaégly 8% ;i_.lver.: The &fici@cy of
20 catalyst 1L which contained a combination of
- cesium 'a'.n:d., potassium was 1% higher _th_an-‘ti.xe _pota.'ssium
' .onlly catalyst of 1M, #nd more than 2% higher. than the
. eff:'...'ci.ency_. of thel "cgsiﬁn -;mly_ cata..iy.st of IN. Silver
catalyst l_OIWh_J._.:Ch_ contz-_:.:’.r_xed no cesit_mg ét.potassimn
. achieved an effic'iér_lcy ne.arly 9% below. that 6f-éata1yst_ -
¥ Experiments 1P Eh;roﬁ.gh. s demonstra_...f':e_' the

effi_ciency,o_f the _prg_s;en_t iﬁvent_iop __f_or ca_ta]_.ysticon-
éainihg: :-.ipp.roximately' 15% silver. The efficiency bf_'

cat.a_ly'st'.ls which contained a mixture of

- : : }

.

¢ 7

A

oadt Al yst.  The weight of the catalyst is noted. 2. The backm xed aut ocl a\(.e;
h

k pqtass:iu_m' mixture is not 4in zccord wit_h the present T A

“



one,or nore alkali netals selected fromanong |lithium sodium potassium
and rubidium Tests were carried out using a variety of catalyst carrie
and different 20 preparation procedures. Catalysts which were prepared
t he“sane net hod of preparation on a simlar carrier are identified in the
Tabl es by a comonr nunber TABLE 11 EXPERI ENT W . Y%AG W. %s -

W.%K  Y%EFF TEMP. [ ERR] ‘A 11. 14 0. 00479 ~0.0000

71.7 2Sf. | 3 11.24 0. 0047% % 0.00158 73:9_ 25f 1
C 10.89 .0.00461 ' - 0. 00450 75.4  25f | D 10. 41
0. 0000 ~0.0000 | 68. 4 2f5 1 E 0.80 0.0000

0. 00613 60 0 cesiympnd porassium was gere whagodd hlgher thap §he3

73.3 216G c&sb%gfiﬁir c&aqggg% (}8 whicQ'L %égxoax red Eggerefe?ecfn?qu 10

1 H 11. 04
11. 06 0. 00941 amount) .d¥03&Sium in Ztﬁclﬂm:.xtuz?éi6 ahdJabout 2. S':ﬂ.(hi&ﬂe.. 0. 0136

0. 0000 . 73.1 283 1 K 11.16 . 0.01 00633
72,0 293 1 | ‘than thegpggassigmggnly catalyst (9f06§ which con;t@.ged theygg 3
1M ' . 7.84 V4 -%6@. g
i ida -
8.28  0.0041 respective amount g?sﬁ%?zSSi“E.ﬁ? %“gh mix ey?%f lysc_
67.3 [err] 1 RP which cbdt&ified ne-additives achieved an efficiefGy7
[err] 1.Q 15,19 .30405 - 72: 6 252.0 20 1
14. 80 about Yhodewer thanjeanalyst 1955 5 1 S 15. 10
0. 004 0'0061 Ezgeékments%ﬁpaﬁd 2C demonstrate the efflclencles

achieved with potassium-cesium mixtures for a catalyst
10 containing about 17% silver compared to the potassium
only catalyst of experiment 2A. The add*tion of .00447
cesium in experiment 2B resulted in an 1mproved effi-
. ciency of 74.7% compared to the 73.5% erficiency achieved
in experiment 2A. The silver catalyst of 2D which had no
alkali metal deposited on the cerrier is:provided in the

Table for comparative purposes.

A comparison of experiments 2E and 2F show that
wvhen the K concentration was increased from:.0016% to
.069% while maintaining the Cs level constant, a greeter -

20 chan_3%_improvement in efficiency was achieved. Like-
. wiee; a ccmparison:of experiments 2G and 2H demonstrates
that when the potassium concentration was increased
_ while maintaining the silver and cesium levels constant,
a 12 improvement in efficiency'resuited.

Three catalysts containing 7% Ag were prepared
containing the optimm cesium concentration as determined
from the Efficiency Model, supra, obtained from a designed

set ef experiments. The catalysts (experiments 3A, B and C)



17.4  0.000 Q093 73.5 278 2 B - 16.§

- 0.088 - 74.7 2719 2 C 16.5 0. 0085
.. 74.2 276 2 D - 17.3 0. 000 0. 000 5
284-299 2 E 17.0 0. 0044 0.0016 °© 70. 8" 278
15.7 0.0044 .- 0. 069 74.1  25C 2.G 16.5-
® 0.0092 0. 0028 72.2 274 2 H _ 16.5 ,0.0092
0. 088 73.2 267 *Due to rapid deactivat on of this.catal yst,-
initial and finaky Pelf LRI SHout PG E! Y1l WiCafi VBI00I0E EF'Zi S the
abbreviation for efficiency as previously defined. Experi-nents | B and 1C-

denpnstrate the eédiwmi,eniyh mcipocassion beisg|presenst al TedeTERRERRER ng

m xtures of cesium and potassiumin_accaordan Lth_the inventi rel ative
to the "cesiun oﬁh&"%%t%f:%tp%ﬁhiﬁﬁmcé-l‘?“%ﬁ-%#&i'nE %%sae%r?? ?‘té{’ﬁglthe sanme
concentration of _sj ] { | tg. had 38 PRLAREFYN eabh Used.
herein, the ter-mc.g%:%]é%&%a_g%f%&s"reé%gg {e%&%&%‘%t al yst wherein cesiumis the
only al kal'i -net.akogleg@gkgesbowo7 . oflesthseri,e0.00906% cesinm "qndt 8s 804 onl y".

- "lithiumonly"; and “sodiumonty" d@re 10 correspondin y%de I ned %_or the
" tespective cat al patassiumysThe . ﬂfﬁﬁé"%ﬁ'fﬁ“cFBﬂch%é’ﬁ% DE™ W N 5FBTH4t i on

of atkali-.netal s i'p_exneri : Ut o 28R4V 138 5mt tdarh1askseved
Wi t-h t--he_-'C'Or-_r'e's_'pBﬂ__gf%sgf g&fﬁ%%%%‘égg g%s:mo{ﬁgex%egri HE%A._ Thggfurther .
. addi ti 00 of K T gk dpteMeiredf £xdi) th8VELS forenpy ML o be |abosit O.60. 0045% &
-~ {‘experi nent.. :Gy: izl e R e o L -
: Sl o TT T efficiency units. -As noted below in Table III, the actual.
AT observed difference in performance was found to be 0.7%,
"which is regarded to reflect ‘ag'ree.ment: with the_'pre"dict_:'ion
of the Efficiency Model. 'Exp'eriment 3G provides the effi-
‘eiency of a potassium only catalyst containing silver and -
'potaséim af tﬁe same concentration as the catalysts of
' a:per.ime'nts SD; E and F,

*

s




mai ﬂt aining Ag and Cs essentially const ant pr ovi ded an even greater
1 rrproverrent in effici ency relative to'1A ‘namely, about 3.7% The. catal yst
of experiment 1D con- tained .no cesiumor potassium.and provided a

relatively 20 low 68.4% efficiency. Experinents |E, F, and G denon-

“strate that"potassiumonly" catalysts. V\hr ch con- .. tai ned essentially
the sane anount of silver as catal- yst’eblB and | C achieved a selectivity
no hi gher . ‘than 73.3% significantly bel ow that achieved with the

catal ysts of |Band 1C contai ni hg mi x¢ag@s 9% cesium * and potassium It
shoul d al so be noted that in addition to providing higher efficiency, the
catal ysts of the * . Cesiumj 1¥4 :a/id0% POIGHY. £5 1 over -

- tenpeRatures tha assiumonly .c sts_(1E, |F and 1G, thus
- indicating hi. ghe%&t- activity,. %—ggéagh the cesium -oRky-Cat al yst

@

(1A) -operated at tthsarre | ow.* terrpe,rfSahure ‘as catal ystsogB gnd 1C it .

provided a -sub--"* - . stantically | ower ficiemcy. The catalyst of
- experipent "1H was a33:esr um onI y cat aI yst7SCaJnt ai ni ng Cs at az2bkygl nearly

_doubl e that of cataﬁ sts.1A,":B~ahd C-- The, addition of .0031% pot-assi umto ..

a catal yst of such corrposr t'i on :pr oduced Jan4 ef fi.ci ency |rrpr o@éﬁéht of.

greater ‘than 17. as 'shown-in: Exarrple 1.

_ Experi rrerrts | J and 41K -ar eAvé:}aget raslyel. @f 10%. ' non- synergr stic corrbr nati‘on
-of Cs. and: K- Thus the addrtt Qn of K t°o. the cesr um only cat aI yst of_ 1J
contarn-'-. L ; : _ _ - ) -

' ;3;'f{fCesium Plus PotasSium-Catalgsts& 7.0% Az,
.n‘.x- -- . - S -0C . |

e Lo LS e
a . g . T a;s
o 76,40 - 27009

N T B '-A\'rerag_e‘: 76.2 + (.)'.'21*' o

. . . . . -
4

l Potassium Only Catalyst: 7.0% Ag, OlOOAOZ“K
36 2.8 265.3

. _ * Values reflect standard devzatlons

,Iable IV belor demonstrates the eff1c1ency

.achieved with a comb:.nation of cesium and l:Lthium )
(experiment 4C) relative to the correspond:.ng ces:.um. only
"2O catalyst of experiment 4A and the correspondlng lichium

only caf'alyst of experlment 4B. Thus, the catalyst of 4c
was about 10% more efficient than the lzthz.um only catalyst
of 43 and about 3.5% more eff:.e:r.ent than the cesium only
catalyst of 4A. ' .-

Exper:.men.. 4D demonstrates that v:hen the llth:.um-

concentrat:.on of catalyst 4C was J.ncreased about ten fold

- -



LY . .
¥y ing about' 11% Ag and a relatively high. Cs concentration of . 0.0186%
~pgesulted in a catalyst (1K) having a lower efficiency and higher ' <
@ peratlng tenperature. That is to say, the conbination of K and GCs:in
‘experinent 1K-did not produce a synergistic result. Consequently, such:
cesium . potassi um nmi xture i s notsihn accord with the present inventi-on.
Experinents 1L through 10 dem)nstrate the * efficiency achieved with
. catalysts of thethe &eem:iﬁyeaﬁuenemwag reducedt by nicx@ ahgn X natel y 87.
'silver. The efficiency of 20 catalyst |L which contained a combination of
cesi um and pot as%?‘lﬁﬁﬁeﬁasaﬁmagﬁé?nt?ﬁaﬁaﬁkyiﬁi A0serfn Bnajselasss Habi | M

and more than 2%d) dhet AL, UBEaines ShECLENAYSA! sb g eagiumOnl Y catal vet

of IN. Silver ch co ai ned €si um or ot assium achi eved .

an efficiency: neﬁilﬂa&%bﬁkg)wrkhaésﬂﬁn @ehabySdarion fféﬁDQT 0083% Std P through
i S denonstrate-the efficiency.of the present invention for catalyst con-

"t ai ni ng appr oxi. n&t@QﬁMSSI%lﬁhP@ﬂ-d qutsﬂf thatetdy oesism ah}xtcifsllm-‘rrtch
cont ai ned a. mxtu e of -~

d h 59% hi h
't he cesiumonl’y’ % teéﬁpﬁﬁ'm%?t ?ﬁljwﬁggﬂe ﬁ?% u'é’d %e@%@'ﬁ%@?ﬁ%@n fe‘r 01E "

.cesiumin such’ %ztmewaanﬁzﬁ&q% 2tt§a@ Ebghﬂf thagNcbderithassn UoE onl y -
.catal yst. of I'R.which contained t he respecti ve anount. of- potassiumin such

. ‘mixture. Catal ysces:il%mhnohetimiteaenexﬁ.du)wadcbtoduegdacW&n/.edthancu&{i| CI ency
abou.t 11% ! owe1‘f ‘ thaan:i%gtg yéxis concentration of cesium with 0.0300% .

; ' 10'._'._.1ith:.1.m resulted m a very active catalyst (4E) _ _
:QT:.Z"Z n:'-; _'Similarly, the lithium only catalyst “of 4? (correspond;ng-
e L to" the lithium concentration of 4E) provided a relat:.vely
a low eff:.ciency of 65.4%.. Thus, the eff:.c:.ency/ achieved
in catalyst 4E is underscored by the sharp contrast of

. T T s efficiency relative to the poor results achieved with U

¢ " catalysts 4F and 4G.

P Ti
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Experinments 2B and 2C denonstrate the eff| ciencies achieved with /7
th assi um cesiumm xtures for a catalyst’ 10 cont ai ni ng about 17% sil ver
conpared to the potassiumonly catal yst of experinment 2A. The addition of -
.00447. cesiumin experinment 2B.resulted in an inproved effi- ciency of

74. 7% conpared to-the 73.5% effi<ci ency achi eved in experinent 2A. The .
silver catalyst of 2D-which had no alkali netal dep05|ted on the carrier is
provided in the Table for conparativesplur poses. A conpar.ison of experi ments
2E and 2F show that when the K concentration was i ncreased from 0016%t o

. 069% whi | e nai ntaining the Cs'level constant, a greater 20 * than 3%

i nprovenent in efficien was achi eved. Li ke- W se, a corrparl son of
experinments 2G and 2H d nstrates t hat- when 't he pot assi um concentration
was i.ncreased while rral Nlaii Ry theosi lye® and, cesium | evel s constant, a 1%
i mprovement in efficidngit RsBt&. «higetatal ysts containing 7% Ag were
prepared containing tHe gptimum cesi um concentration as :deternined fromthe
Efficiency. Modet-, supra‘" ebt-ai ned: from a desi gned set ‘of experi ments: The
catal ysts (exper| mentsg 3A, -B-and C) - . all c®nt ai ned.about 7.0 VY- %S|Iver
and 0.00906 wt.--%'ceffumy with:hod pot assi,um i ng present.- To dermnstra{e -
t he operat.i on of 't he f HlciMenly Md& ‘ﬁhﬁ&ae‘;addltl onal -cat al ysts wer e - '
pr epar ed (expeH ment & 351 Raig: R: “Eaﬁl @n%| ni ng about 7.0% si | ver,

0. 00906% cesium- and g.jo '%pot assi um The di Herence in the perfor mance of -
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\ .
p‘@m um cat al ysts relative to the cesium onl y catal ysts was pred| cted

f the Efficiency Model to be about-0.6% .effici ency units.' As noted = .
b rin Table 111, theactual 10 observed d| fference in performance was U
found to be 0.7% which is regarded to reflect agreenent with the _

prediction of the Efficiency Mdel. §£gperiment 3G provides the effi-
ciency of a. potassiumonly tatalyst containing silver and. potassium at

t he same concentration aa.a%,iﬂg @%qb*sa&,@g‘scexaeglumte‘ffmerﬁyand F,

TABLE 111 Cesium-Only Catalysts! 7.0% Ag, 0.00906% Cs - Experinent .
OEff. achieved with €hdAcatalyst of experzment'ﬁg gelatigi® ¢O3B

75.7 261. 4 3C

266. 1 Aver age: 7431&5¢¢1933PP“5688|$RH1‘PI aRly ;ﬁi“ééﬁﬁrﬁ%&ﬁ‘&f"? R Pho Ag,

0..004% * ~ 3D 1 atal &7fbf4e§§er]_ment )
76. 1 . and tE?l grfﬁngdﬂmg sodium énly ¢ Y 270. 9

- Average: 76: 95+ ¥hdd; fiel eashlystOely5Catas ysmmoﬁe GREAGLent 0040% K 3G
72.8" : 265.3 * Values-reflect st andard_ldzeAw at | ons Tabl e | V
bel ow dermnst rat@m Wbectesiamemnly catalyst of 5A and

f eff;clent than the sodium only catalyst of 5B. Experiment
. oD discloses that rncreasing the sodium concentration _
.; :en-fold relatlve to the concentration in catalyst SC

' }-flo' hac.ghe_effect of lowering the catalyst efficiency.
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t
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achieved with a conbination of cesi um and |ithium (experinent 4Qrelative”,,
ot he correspondi ng cesiumonly 20 ° catal yst of experinment 4A and the @

coP‘r esponding lithiumonly catal yst of experinent 4B. Thus, the catalyst

of ~MC was' about 10% nore efficient. than the lithiumonly catalyst of 4B and .

about 3.5% nore efficient than the cesi um onl y catal yst of 4A

. . Experiment 4D denonstrates that when the lithium concentration of.

catal yst 4C was i ncreased about fen- fog,d the resulting efficiency was

reduced by nore than 3% Hovvever ari son of catalysts 4D and 4F’

‘di scl oses that the efficiency obt ained with catal yst 4D was increased by

i ncreasing the cesium concentajat i on’from0.0053% to 0.0300%  It'should be.

noted that thée cesiumonly cathlyst - of experl ment 4G (corresponding to the

ceS| um concentratlon ** of "4E)| was mn&ét iwe; that is, at that concentration

of ! cesium no ethyl ene oafi & Ws Pr Sduced. Yet. the com bination of

t hi s concentrati on- of cesiumgdy th O. :0300% 10 - Iithl umresulted-in a very

- active catal yst. (4E): Sini rari'l'y, the 4 ithi um ‘onl y-"cat al yst of 4F

(corresponding to the‘lithium-toncentration”of- 4E) provided a relratively =

l.ow ef-fiei ency of -'65. 4% . Thus, t'he &ffi ci ency/-achi eved in catal yst 4E.is -

underscored by the- sharp’ cont yasé @ g s&f ficirency rel atlve to the poor
resul ts. achi ev_ed Wi th clatfl ygisle..and,4G: .
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3 _r] Tabl e Vbel ow denonstrates the efficiency achieved with the ’
al yst of experiment 5C relative to the correspondi ng cesiumonly

3/ al yst of experl ment 5A and t-he correspondi ng sodiumonly catal yst of o
experinment : 5B. © Thus, the catalyst of 5C was 6% nore €fficient - t han the-
cesiumonly catal yst of 5A and 7- 2% nore efficient than the- sodium enly
catal yst of 5B.  Experinent di scl os€% that increasi ng the sodi-um
concentration ten-fold relative to the concentration in catal yst 5C 10
had the effect of Iomerlr@wwcsémv.yﬁbmeﬁinateecyhe efESE{¢nc Table VI
bel ow dermonstrates the efficiency achieved with a catatyst Cont ai i ng
silver and cesiaghifeved witlanicanalystn cmtmtpoizasélm as@dlcammd li thium-as

i ndi cated in experinent The. presen e of..chlorid In the catal yst
concentratj ons %%’fﬂl‘ FLERJPRLASS ‘”Phaﬁ" | a8t ’eF I5B:#%n of the .

el oL bt o el v, PSRRI e
..ion in the catalyst concentrations of 6A, B and c
',_. indicates that at least 2 portion of the alkali metal
‘ salts used in the catalyst preparation procedure were
) -.in th.e :Ecrm of chlorides. 'rhe efficiency achieved with -
. the synergistic combination of experiment 6A was about
. .io 1 2% greater than the effic:.ency of the correspond:.ng
‘eesium only catalyst of 6C and about "9%. greater than
the correspond:.ng combination of potassium. sodium and

] lithium of' catalyst 6B.

. /.. '..::. "- ) | . . .. . ) : . ) - ) '. -. .‘ ;. . . - - . - U




* the synergistic conbination of experinent 6A was about .10 1.27 grejfggg(
«than-the efficiency of the correspondi ng tesiumonly catalyst of.6C and h
about 9% greater than the correspondi ng conbi nation- of potassium sodium
and‘fithiun1of'qataly§t 6B. [err] " The catal ysts of the invention can
be prepared with a'variety of carriers and preparation procedures. The
“def i ned synergi sm obtainabl e w th.combiggtions of cesiumw th the other
alkali metals is not restricted, for exanple, to a particular type or

chem cal conposition of catalyst carrier, to a particul ar sequence of °
'silver and. alkali netal dep@pition, or to a special class of solvents or
sol ubi |'i zi ng agents used in e preparation procedure. In the f-ollow ng
exanpl es detailed procedures O ‘@re<prhvided_ as illustrative of rethods
and carriers which are usefuglfor greflar§ng cat.al ysts according to the

i nvention. These exanpl es- ard@] by way of illustra- tion only, and are not to
be construed as liniting.the sgcope of the invention described herein. .

78.4%

% EfE. .
69.4
77.2

we. % Cl
0.0137
© 0.0137
0.0035

We. % Li
0.006
0.006
0.000

0.002
0.002
0.000

TABLE VI

SODIUM AND LITH

We. 2 K wc.-z Né
0.001
0.001
0.000

0.0132
© 0.000 — -
' 0.0132

ICATALYST CONTAINING COMBINATION OF siLVER' CE
W, % Cs.

13.1

we. % Ag
13.1
'13.0

6C.

 6A
6B

Experiﬁent
- % The efficiency represents the average of two experiments,

) ¥y

o
1



Ie 1 A catalyst containing 11.14 wt. , Ag, .00477 wt. % Cs and . 00158
» K was prepared as hereinafter descricbed on an al pha-alumna carrier 7
aving the foll owi ng chem cal conposition and physi caI properties:

Chem cal Conposition of Carrier"A" Al pha-Al um na , 98. SQ_
wt % Silicon D oxide 0.74 w. % Cal ci um Oxi de _

0.22 wt 10 ' Sodi um Oxi de ' : 0.16 wt '.
Ferric Oxide : ~0.32 wt - % Pot assi um Oxl de

0.04 wt WMagnesi um Oxi de ' : 0.03 wt -, Physical Properties
~of Carrier "A" Surface Ar ea'\l‘b(elratalysts of the inventio® fan e Poepz2gd une

(2) 50 % r wat.er absorption) ,Packin nsity (3)
0.70 g/l Medi an Di‘é?%’tceéﬁg g)carriers and pyepFRatife BYPC £auels, Pore Size
? gt ribution. %ngn:?LA aeeiﬁealglyue?giﬁa oBQA&a'ﬂléeméA C:roQB§natmns 9REV golo- a0
- 100 ws@oaith the other alaabi (ms):amtm@osf rmlqsederﬁor
descr.i bed in "Adso?#) g Sur - £ Area_and Porg %, S-J nd

K.S. W Sing, Acade Pesto @198’?5 eyl 29 BVPE fT35qemiggl °°m?°(52')u d of

Measur enent as des&iﬂﬂ?@t'&ﬁ@ﬂ"' EH-e4Barticular sequence of silver and

alkali metal deposition, or to a special class of solvents

or solubilizing agents used in the preparation procedﬁre.

‘In the following examples detailed procedures
10 are ptoﬁzded as illustrative of methods and carriers
which are useful for p‘eparing catalysts accerding to
the invention. These examples are by way of illustra-
tion only, and are not to be construed as llmitmg the

scope of the invention described herein.



(3) .Cal cul ated val ue based on conventional measurenment of the weight of TN
~«the carrier in a known volune container. (4) Method of neasurenent @

described in "Application of Mercury Penetration to Materials Analysis", " '

C.Orf Jr., Powder Technol ogy, Vol.3, pp.5%17-123 (1970). The carrier "A"

was i npregnated under vacuum hereinafter described with a solution of ,
silver salts d alkali metals. The inpregnBEk&rgiesdl ution was pre- i red at a
concentration such that the finished catal yst contained the desired anounts
of silver, cesiumand potassi Uy <Hh81y£debhesifangcentizalion, ok, sidawsn, |
cesiuma i potassiumin solution for the given carrier is cal- c lated from
t he packing density (g¥tursy €8)amchdO0pbs&k wrel Unk wak prepacadraehenbiwdfare

ei ther known or readily 10. - determ ned. ~ Assum ng,fhat .all_of the
silver in the i. regna??%cd"‘%?-u?'? ol E%{haé?ﬂ‘é'ﬁ"q%cfﬁ'e‘?or s%“t'ﬁe“?ﬁ rier

i s deposited upon the £6Ilov@hg HRiOX1 NBBbYiZionand 7phy§iié¥13rpr'bFe§ﬁ|elét:i on

I S necessary .to prepare a catal yst containing about 11 wt. %silver on the

catal yst. The required_concentration of alkali netal ir sotution is

obt ai ned_by dividing tm&m&@—m 2 2 H4EAt8on by the ratio of
silver to cesiu-. or potassiumgden,teflidinathe finished catalggts  Jhus, to
ob in 11.0 wt-. % Ag and . 0047 wt. Oa/o%s tﬁeratio_is 20 ' ap

oxi mately 2330 and the requirediddspandicxddentration in ol utd.d4 s % 009

w. % In I'i ke manner, - the sol Lit.ion co-, entration of potassiuym was
Cal_ CUl at ed. to be . 003 .. Calcium Oxide | o 0.22 wt %
10 o Sodium Oxide ' . 0.16 wt %

| Ferric Oxide S 0.14 wt %

- Potassium Oxide ' 0.04 wt |

Magnesium Oxide 0.03 wt %

Physical Properties of Carrief AT

= ' 'Sqrféce Area (1) ‘ ~0.3n2/2
S ey 7O
Packing Density (3) - ' 0.70 g/=1
e - Median Pore Diameter (4) 21 micrens
20 Pore Size Distribution, % Total Pére Volume (4)
Pore Size, Microns % T2V
. 0.1- 1.0 1.5
1.0 - 10.0  38.5
i 10.0 - 30.0. . 20.0
30 -100° 32.0
> 100 8.0

(1) Mézhod of measurement described in "sadsorption, Sur-

face Area and Porosicy", S§.J. Gregz and K.S.W. Sing
Academic Press (1967), pages 316331 s e

30 (2) Method of Measurement as deﬁcribed in ASTM C20-45.

(3) Calculaced value based on cenventional measurement of
the weight of the carrier in s known volume container.

(4) Method of measurenent described in "Application of
Mercury Penetration to Materials Analysis', C.Qvrr Jr.,
Powder Technology, Vol.3, PP. 117-123 (1%70).



ali nmetal-s was prepared as de :ri‘bed  below bc | npregnating

ut-1 on Preparat|on 80. 16 gns of et hyl enedi am ne (high purity grade) was
mxed with 176 g of distilled water. 60.06 gins of anhydrous oxalic acid >
(reagent grade) was then added sl ow ya‘ﬂo the solution at anbient :
tenperature (23'C) while continuously stirring. During this addition of

oxalic acid, the sol utio_n-tenpg,gature rose to about [err] due to the
reaction exot herm 147, 28PGnERTSR eS| |A/e Ma s dmba e poard (hiBewE Yy 2200

Har non, 850 Third Avenuehe NaWa¥ r was_ t hen added to
aYeek dellicsy |naf+\Ia sfé §§°’€;r‘?§ Spkver salcs

t he di ami ne-oxalic acid- water sol ution.

nmonoet hanol ami ne, 13.26 gﬁk‘aléfmatﬁlesousﬂ(’s zﬁlﬁifégda(llingssmq;gggl‘gﬁ g 00444 g -
Cs/m soln, or 0. 0589 g_ of aqueous K sol ution as arbonate

g% 34 28 .
(. 0005669 K/m soln, "0 548 gﬁ%““%f"%ﬁ"i‘d’"l secls thas. thef fdndshéd ede

were added to com pl etetéﬂa\edsﬂléﬂd Qired ty s Yiltered an 0 9
granms of undissolved silver was regovzéer egﬁ'oﬁﬁléysgg ¥vae€’gFﬁ§H"y apf t he

resul ting solution wab zRitmi The géqﬁin@aéa&c}éﬁ:r?ﬁﬁ&ﬁ%@t gppve;’ qsiur

125 g of Carrier "A" ated in a 12" long x 2" 1.
cylindrical vessel eqw ppl:J EBEE %&%Ph%ﬂfd%elzmﬂecsrntmoalssdm

i mpregnating the carré eratldadﬁfom/c’tﬁhlUﬁ&ckiﬁg@&s@:ys?é)aarmast/gé Jn”m,lg!—efor

v iume of the carrier which are either known or readily

@ % . The solution containing the desired concentra- tic s of silver and
I :
I

10 d :ermined. Assuming that ail of the silver in the
i.lregnating solution contained in the pores of the
.. rier is deposited upon the carrier, approxl-a:el.
2. wt. % silver in soluticn is necessary to prepare a
c: alyst containzng about 11 wt. % silver on the
€z alyst. The required concent ration of alkali me:al.
ir solution is ob:ained by dividing the solution silver
€C :entration by the ratio of silver to cesiux cor
_pc :ssiun desired in the finished catalyst. Thus, to
-. _ _ ob :in ll O wt. % Ag and 0047 wt. % Cs, the ra:ié.is
: _20 _ | ap: oximately 2330 and the Tequired cesium conc?n:*a:101
in olution is .009 wt. %. In lfke manner, the SOlUleﬁ
€0 2ntration of po:asszum was calculated to be .003

. wt %. The solution containing the desired concentra-
tic

w

of silver and alkali metals was prepared as
de: -ibed below: '



cont.ai ning the inpregnating sol ution was inserted through a rubber stopper _
sinto the top of the inpregnating vessel. The inpregnating vessel contai ni '
. the garrier was evac- uated to approximately 2 inches of mercury pressuréig;)
for™ about 20 m nutes after which the inpregnating solution was slowy
added to the carriér by opening the stopcock between the separatory funnel
and the inpregnating vessel until the carrier was conpletely inmersed in
solution, the pressure withjin the vessel being maintained at approximtely
2 inches of mercury. Follow ng additiors@®f the solution, the vessel was
opened to the atnosphere to-attain atnospheric pressure, the carrier then
remain- ing imersed in the L regqatip solullon at anbi ent 10

conditions for abot % ned of excess solution for .
about 30 m nutes. The |npregnated carrier was then heat treated as follows
to effect re- duction of siBOel6 @Istoaruihdaagma:htanbm ofhigbeminimy grabic)

potassiumions on the catalyst s rface The14 re nateg c&%rler ¥as spread
out in a single |ayé B 5‘78" 6Wﬁd%f é’r"rd_Fés*se FaFeT o5 80s0% @mspe (spi ral
weave) and trans- ma;%@esayﬂﬂ- Rcd L?’ }‘ ' e UHdeti O

m nutes, the heating zone belng nainta ne err y passi ng hot alr

upwar d through t he siewly ared thbosdluzon at ambiére: c:amﬁmurpatn‘cl)es at the

rate of 266 SCFH. The hot-air was generated by passing |t through a 5 ft.
long x 2" I.D. staMideCALBROYI e SHH RN RS AT PIREEI®IOBy an

electric furnace (Iog‘gdpgr&i'gM Et'&blélo%tion temperature rose to about £0°C

due to the reaction exotherm, 147.25 gms.of silver

oxide power (Handy and Harmon, 850 Third Avenue, Néw York,
10 N.Y. 10022) was then added to. the diamine-oxalic acid-

water solution. Finally, 29.30 gns. of monocethanolanine,

13.26 gms. of aqueous Cs sclution as hydroxide (.004%. g

)

Cs/ml soln, or'O.ﬁ589”g Cs), 34.28 gns. of:aqueous K
solution as cafbonate (.0005669 K/ml soln, or .0194 gms.
K) and"120.6 gms. of distilled water wéré.adde& to com-
plete the solution. The solution was filtered and¢ 0.9
'g:ans'of'undiSsolved Silvgr was :écoveréd;””The specific

gravity of che':e#ulcing'solution_was about 1.328 g/=l.

Catalyst Preparation

20 - ' 125 g'of Céfiief'"A" was impregnated in a 12"
- Iong % 2" 1.D. gleass cylindrical vessel equipped with a
| side arm and suitable stopcocks for impregnating the
‘carrier under vacuum. A 500 ml separatory funnel for
containing the .mp—egnacing solution was inserted through
a rubber stopper into the top of the impregnating vessel.
‘The ihpregna:ing vessel contgining thé cafrier was evac-

uated to approximately 2 inches of mercury pressure for



yace: 2-1/2" |.D., 3 feet long heating-zone) capabl e of delivering 5400Q

)S. The heated air in the pipe was dirscharged froma square 2" x 2"

charge port |ocated inmedi ately beneath the noving belt carrying the
catal yst carrier. After being roasted in the heating zone, the finishe
- catal yst' was wei ghed, and based upon the weight gain of the carrier, '

t he known rati os of
ution, it was cal cul

and

silver to cesiun1%Rd potassiumin the inpregnating sol -

ated to contain 1

~calculated value. The analysis for silver was carried out by 10 _
foll owi ng nethod: AWaspgdiowky neddedy tg(chg sanpies by eremdngsthengsopomdered in

amll and 10 g of t
silver (and cesiunm

BEPRY B ek RSy AREE A LA ABRLERate v

([err]) 50% by vol ugRtiNithei €ariGled $4 WomPle te 1y emhersedUD BsabiuNbma
particles were filtered and washed with distilled water to renove all -

adhering nitrate sal the gireaguregithie. thehvessel beiog aedstadrrd @5 to 250 ni

in a volumetric flask %%

di St il | € A 25 m_al,i ) f,.thi
-solution was titrat ea"%cc"@?‘a?%ff ?O.igghg\éato .r?%r-cs“trghda{c’ Ir"g(k:lrcé) Lﬂ% é’étthérl‘sng a

0.1 Normal sol ution of ewETaBlueddd]i eRyedsel AUk bPehdd B thelamdSphere
i ndi cator. The anpunt .of Ag so determned in 250 nl- sol ution was

10

to attain atmospheric pressure, the carrier then rexzain-
ihg impefseﬂ_iﬁ the impregnating soiu:ion at ambient
condifions for about 1 hour, and :heréaf;er drained of
excess solution for about 30 minutes. The impregnatec
carrier was ﬁhgn heat treated as fdilowslto effect re-
duction of silver salt anc deposition oi-cesiu: and
poﬁaé#ium ions on the catalyst surface.. The imprégna:ed
cérrier was épread out in a single laver on a 2-5/8" wide

endless stainless steel belt (spiral weave) and trans-

ported through a 2" x 2" square heating zone for 2.5

. 20

minutes, the heating iqne-being maintained at 500°C

by passing hot airlupward through thgjbel:-and about
the_Catalyst §érti¢1es at the rate of 266 SCFH. The

hot air was generated by passing it throdgh’a 5 fr. long
x 2" I.D, stainless steel pipe which was extefnally
heated by an electric furnace (Lindberg_zﬂ tubular
fu:qaée: 2-1/2? i.D., 3 fée: long heating zone) capadble
of delivering 5400 watts. The heated air in the pipe

was discharged from a square 2" x 2" discharge port

located immediately beneath the moving bélt carrying

the_catalyst'carrier. After being roasted in the heating

14 wt. %of silver, 0.00477 wt. %
cesiumand .00 S8 wt. % potassium By chem cal analysis, described bel ow, "

this catal yst was foppsud QoCRItled 4£:30Unfieh the ChixeRnaBIHENBNL A h the

1 Th



then"used to cal culate the weight percent silver in the catalyst sanpl e.

Si l ver and al kali netal concentrations for all catalysts described in th

specification are cal- culated values as descri bed
cat¥lyst containing 16:6 wt. % Ag, O 004' w. %Cs
prepared as hereinafter described on a carrier "B"

and 0.088 wt. % K was
havi ng the foll ow ng

character- istics: Chemcal COrPositiOn of Carrier "B" Al pha-A um na
86.0 wt % Si I'i con Di oxi de 11.8 wt % Cal ci um Oxi de

0.24 wt % 10
Ferric Oxi de

Sodi um Oxi de¥*~ | | 0.69 Wt %

0.30 wt % Pot assi um Oxi de

&

above. Example 2 A

0.54 wt % Titani um D @6nd€ the finished catalyde3dayweXeREY Siandl bd¥eAPERSA €S Of

Carrier "B" Surface Area 12 0.10 [err] Pore Volune (2)
(or water absorption) the we
0.72 g/m Median Pore Dianpte

Distribution (4) 20
Volunme 0.1 1.0

10

20

ght gaim, Qfotbe/tga'waek; repdDeme iknpwi atics of
LONS Paore Sjze

ution, it was calRuQated to contain 11.14 wr. % of

- silver, 0.00477 wt. % cesium and .00158 wt. % potassiuwr.’

. By chemical analysis, described below this catalyst

was found to contain 10.88% Ag, in close agreement with
the calculated value.

The analysis for silver was carried out by
the following method: An approximately 50 g sample of
catalyst was powdefed in a mill and 10 g of the powdered
sample weighea'to the nearest 0.1 mg. The silver (and
cesium, etct) in the cataiy;t sample was dissolved in
hot (80°C). 502; by volume, nitric acid sclution. The

insoluble alumina particles were filtered and washed

with distilled water to remove all adhering nitrace

salts of Ag, Cs, etc. This solution was made up to
250 ml in a.volumetric flask using distilled water.

A'25 ml aliquot of this solutlon was titrated acco—d.ﬂ‘

'to standard, procedures using a 0.1 Normal solution of

amnonium thiocyanate and ferric nitrate as indicatcr.
The amount of Ag so determined in 250 ml solution was
then used to calculate the weight percent silver in the

catalyst sample.

Silver and alkali metal concentrations for
all catalysts desczibed in the specxficat;on are cal-

culated values as described above.

€ cbs l‘ﬁpr "d§%%assﬁ1u%r§111 ¢ mpregp/amgdlsobore



conventi onal
cont ai ner.

- 12 10.0
33 > 100 '

nmeasur enment of the weight of the carrier
(4) Method of neasurenmentExgepteided in “Application of Mercury

Penetration to Material s Anal

pp. 117-123 (1970).

st eps:

and 1.44 g [err]’
or .039 g Cs) adesdrited ke hewarader "B" having itheafoldo
(1i1) 163.75 g Ag20 (Metz Metal l urgical

07080) was increnentally
rukﬁ so that the heat generated

sol ution. 10 (
Corp., 3900 So. i&tif¥bn Ave., So.
added to the heated | actic. ac d mntp étlrr|

Academ ¢ Press (1967),

Plainfield, N J.

30

: _ . : 0.0 (1) Method of
Ar ement described in "Adsorption, Sur- face Area and Porosity",
“Gregg and K. S.W Sing,

of Measurenent as described in ASTm C3 46.

pages 316-321.

is", C. O Jr., Powder T |, :
The g R L T BIRE b e Eor bt dbr B L h
(i) 333.%:9 2fcd anki¢.c8y de(88% kbs
and 4.86 g of aqueous Cs

(2) Met h@ﬂ’
(3)" Cal cul ated val ue based an
in a known vol une

F>the fol | owi ng-
arededs Reatahderabout 75C

qutlonw&gontalnlng 008 g/ m

S|qham@FF¢¢ng the

fromt he Chemica Ccfpos tion of Car
AlphafAlumzna 86.0 wt %
Silicon Dioxide 11.8 wt %
'Célcium Oxide 0.24 wt %
10 Sodiur Oxide 0.69 wt %
‘FPerric Oxide 0.30 wt %
Potassius Oxide 0.54 wt %
Titanius Dioxide 0.34 wt %
" Physical Properties of Carrier "B" B
~ Surface Area (1) 0.10 /g ~
o et tbssrpeion) 0.40 ce/g
Packing Density (3) . 0.72 g/=l
_ ~ Median Pore Diameter (&) 22 microns
‘ Pore Size bis:ributign.(a) '_ |
20 S Pore Size,.microns _ "% Total Pére Volume
0.1 - 1.0 0.0
1.0 -10.0 n
' 10.0 - 30 | 55.
305 - 100 | 33
> 100 - - 0.0

(1) Method of measurement described in "Adsorption, Sur-

face Area and Porosity", S.J.Gregg and K.S.W. Slng,
Academic Press (1967), pages 316 321,

(2) Me:hod of Measuremeﬂs as described in ASTK C20-46.

(3) Calculated value based on convensional measurement of
the weight of the carrier in a known volume container.

(4) Method of measurement descr‘bed in "Applicatioen of
Mercury Penetration to Materiazls Analysis®, C.0rr Jz.,
Powder Technology, Vol. 3 pp. 1i7- 121 (1970).



exothern1c reaction of Ag20 with lactiic acid did no: exceed about [err].
‘Most Ag20 and/or silver was |left suspended in solution. This suspensi on

was, dark brownish grey in color.

20

(iii) Hydrogen

perﬁilde (3.3 mM.) was in- crenently added to the above Ag20 lactic acid
solution’while rapidly stirring to assist conplete dissolution of the

A clear yellow solution was obtai ned, the sol ution
tenperature bei ng about 80C. (Snall

suspended matter.

added to make up for any evaporation | 0ss®¥

about 30.4%silver, 0.12% K and- . 0078% Cs

annun%s of lactic acid or water. were
Thi s sol uti on cont ai ned

y 7'4,

(iv) 189 grans of carrier "B"

was evacuated and |npregnated mnth t he solutlon pro-- pared in glii) whi | e
it was at its el evated tenperat'{t‘?eePGFPMP"[%‘ﬁcf ¥he CI’PEISHBEFdoP

i npregnating the carrl? %@3

step being that the cylin r
carrier was surrounded by a hea1|¢x; 303.5 g of lactic acid (88% in wac&et mhlch
mai nt ai ned the carrier tenperature at about 80C durin

e

10

20

Gribed in Exanple 1 with. an additional

| npregnat i ng vesse

(i1)

was heated to aboutg7 and l.44 g

K C03 and 4.86 g of aqueous CsOH
solution (contdining .008 g/ml or

.039 g Cs) added to the heated

lactic acid, while stirring the.
solution. _

163.75 g Ag,0 (Metz Metallurgical Corp.,
3960 So. Clinton Ave., So;.Plainfield,

ed

ﬂ.

N.J. C7080) was incremen:ally 23
to the heated lactic ascid with stirring -
so that the heat generated from the.
exothermic reaction §f Aggoiwith lactic
acid did not exceed about 85°C. Most

Ag20 and/or silver was lefr suspended

~ in solution. This suspension was dazk

(114)

brownish grey in color.

Hydfogen peroxide 63.3 ml.) was in-

'cremgntlj added to the above Ag;0

1actic acid sélution while rapidly.
stirring to assist compiete dissolution.
of the suspended matter. A clesr yellow
solution was obtained, the solution
teﬁperature being about 80°C. (Small
emounts of lactic acid or water were
added to make up for sn} evaporation
losses.) This solution contained about

30.4% si-ver, 0.12% K and .00787% Cs

cont ai ni ng -- the



! ? nation procedure to-insure that silver lactate remained in sol ution.
"The inpregnated carrier of (iv) was heat treated-at [err] for four >
nk es using the apparatus and general method described in Exanple 1. - 20 -
Exanmpl e 3 A-catalyst containing 13.4 wt. %Ag, 0.0091 wt. % Cs and 0.0027
w. %K was-prepgared by the follow ing procedure on Carrier-"A" (described
in Exanple 1). | npregnating Sol uti onBreparation 78.6 grans of
triethylenetetram ne (high purity grade) was mxed with 80 g of distilled
wat er. 51.57 granms of oxalic acid di hydrate (reagent grade) was then added
slowy to the continuously stigikgdlgenigrams WfutuerierDUBI*NEad i gc@sidiat i on,
the tenperature of the solution increased co [errl due to the.reaction
exotherm 5.83 g of aqueous cesi unfMydmBReeRated| vit trothe 0STEIF9B RFCs/ g-
solution) and 4.46 g of aqueous po i r:R0 . .sol ution
(0.00369 of K/ g sol ution) were the{%&;&?dgg] f%lshg@{sgl l:EtQI was b i20 by the
addition of 89.26 g of silver oxidelgvdted tévpeirbturecalf Bosyx BO°El nal |y
15.28 g of nonoet hanol am ne was added to the sal ution along with additional
distilied water to produce a total TRomMEthed foifiREe&Yat3ny e catpiersoluti on

was filtered and about 5 g of undi gs0!¢ede Sd41%8R YREVBple 1 with an : _

. additional step beihg that the cyliind-

"
—~

‘rical impregnating vessel containing —-
a - theé carrier was surrounded by a heatinu

10 jacket which maintained the carrier

' temperature at abdut 80°C during the
iﬁpregnation procedure to-insure
that silver lactate remained in

- - solution. _
‘ (v) The impregnated carrier of (iv) weas

heat treated at 400°C for four minute

Ul

using the apparatus and general method ..

described in Example 1.

20 | ~ Example 3
A éatalyst contéining 13.4 wt. 7% Ag, 0.0021
wt. % Cs and 0.0027 wt. % K was-prepared by the follow:

. . ing procedure on Carrier "A" (described in Example 1). -—



covered. Catalyst Preparation 150 g of Carrier "A" was evacuated at
,tenperatUre and i npregnated with the above-descri bed inpregnation sol ution
in.accordance with the procedure of- Exanple 1.

: heat“treatnent of the-carrier was carried out at [err] for 2.5 mnutes

Fol | owi ng i npregnati on,

room 20

using the apparatus and met hod described in Exanpl e 1. The conp05|t|on of
the fini.shed -catalyst, calculated fromthe weight gain of the carrier,
as stated above.

Wwt. % Cs and 0.0026 wt. % K was prepared by the follow ing procedure on

carrier "A" (described in Exanple 1).
114. 25 grans of am
80 g. of distilled

ngﬁtQ¥!ebngg

Exanpl e 4 A catal yst adntaining 13.04 w. % Ag, 0. 0089

grade) was then slowy added to the continuously stirred arine 10

sol ution,
exot herm
sol ution)

t he sol ut | on terrpera?t8u6esrrm| of meabnlﬁﬂeﬁet(??dﬂe {ighhe reaction

o LR BT it e et o Bk & Lo B AR (Fisdseo §

5.84 g.
and 4. 52 g

| npregnating Sol uti on Preparation

0] N&q ( “Pur rade) was mxed with
E:?fﬂ: g mqu L ydgdl hyzjrate (reagent

was

solution) were then aideg FPaﬁsthsﬁldltxboibifdobk tly (¢ eﬁ@d%ztddQlﬂ of 89 g

of silver

OX|de (Metz Meta

10

| urgical Corp.) Addi tional - disti
was then added slowly to the con:inuously stirred amine

solution. During this add1:1on the temperature of the

solution increased to 60°C due to the reaction exotherw.

5.83 g of aqueous cesium hydroﬁide solution (0.009728 g

Cs/g solution) and 4.46 g of aqueous potassium carbonate

_solution. (0.00369 of K/g solution) were then adde to

the solution followed by the addition of 89.26 g of

silver oxide (Metz Metallurical Corp.).. Finally

'15.28_3 of monoethanolamine was added to the solution

along with additional distilled water to produce 2

- total solution volume of 250 ml. The solution was

20

filtered and about 5 g of undissolved silver was re-

covered.

Catelyst Preparation

150 g of Carrier "A" was eévacuated at room

._.tempefature and impregnated with the sbove-described

. impregnation soclution in accordance with the procedure

of Example 1. Following impregnation, heat treatment
of the carrier was.carried pq:.at SOO‘C for 2.5 minutes
using the apparatus and meﬁhod desciibed in Example 1.
The composition of the fiﬁished catalyst,
calculated from the weight gain of the carrier, was

as stated above.

| ed water was

Ge



n added to the solutiaon to produce a total volunme of 250 ni. Catal yst
epar ati on 20 150 ‘g of- carrier "A" was evacuated and

rleg- nated with the above descri bed solution in accordance with the _
ofedure of Exanple 1. Heat treatnment of the inpregnated carrier was theft™
Arried out at [err] for 2.5 minutes using the apparatus and néthod as
described in.Example 1. A catal yst havilbrmy non1na||y the sane conposition
- as the catalyst of Exanple 1 (specifically. 11.1 wt. % Ag, 0.0048 w. % Cs
and 0.0016 wt. % K) was prepared as described in Exanple 1 except that the
preparation of the inpregnating sol uti 0&3{%8 garried out using agueous
solu- tions of cesiumchloride and potd Ioride I nstead of cesium
hydr oxi de and pota55|un1carbonate respectively. Upon addition of uch
‘chloride salts to the silverAc6atalpt ‘-‘?‘h“t%“ﬁgslwpr"égﬁﬁt 148 dt Lﬂoﬁg

-solution remained clear {;ﬁ fsn[d Eoo@z%e%pl zkt L’PQ ﬁ]eggg.qu{y ¢hb Ofglq%,_,was

observed. Exanple 6 & c%t aving nont nal sane-"conposition. _as

the catal yst of Exanglge io@ﬁ-‘.&atoﬁwa:trhers'ub'suémmbadoin |[Eixiainp Len 1or .
'potassium(specifically 11.0 wt. 7. Ag, 0.0047 wt. . Cs and 0.003 wt. % Li)

was prepared as described in Exanple 1,_the scgl ution concentration of o
l'i t hi um bei ng calcmlﬂﬁﬂﬁﬂ%EﬁﬁLé—&ﬁﬁﬁLﬁﬁJﬁﬁiJ@%ordingly, the preparation
procedure of Exanpl e 1 was fol-l oned except.

' 114.25 grams of amiuoethylethanolaﬂxﬂe (high

purity grade) was mixed with 80 g. of d;scx;led wa:e*"
1 50.42 grams of oxalic acid dihydrate (reagent grade)
was then slowly added to the cqntinuously stirred arine
c . 'solution, ;he solution temperature rising to about 60°C
due to the reaction exotherm. 5.84 g. of aqueous
cesium'hydrcxiae'solution (0.009723 g Cs/g solution)
[énd 4.52' g o{ aqueous potassium carbonate solution
- (0.00369 g X/g solution) were then added to :hé}solu:ion
felibwed by the addition of 89 g of silver oxide (Metz
. Metallurgical Cofﬁ.). Additional distilled water was
then added to the solution to produce a total volume

: of 250 ml.

' Ca:elzst Pregaration

20 _ 150 g of carrier MA"™ was evacuated and impreg-
nated with the above-described solution in acco*dance
with the procedure of Example 1. Heat treatment of the

"tmpregnated carrier was then carried out at 500°C for
2.5 minutes using the apparatus and me:hod as described

in Example 1.



20 that instead of adding potassi um carbonate solution.to the

t mpr egnati ng sol ution,

(0.001094 g lithiumnl, or 0.0372 g lithium were added. Exanple 7 A
catal yst having nomnally the sane conposition as the catal yst of Exanple 1
exCépt for the substitution of sodiumfor potassium (specifically-11.0 wt.

% Ag, 0.0047 wt. % Cs and 0.01 W. % sodi utd¥ was prepared in accordance

with the procedure of Exanple 1, the solution concentrat on of. sodi um bei ng

cal cul ated to be

0.0191 wt. % Thus, the-precedure of Exanple 1 was

fol | oned except .that instead of adding potassium carbonate to the
i mpregnating sol ution, 34 gRafBSHYSENLAEEEoRSKFALHinTheISgEE FPRSS E%FBonat e

34 granms of an aqueous |ithium solution as carbon

caialyst contal i ndo15PBeAis8) SORREREREL et Ea P HAP ALy

was prepared on CarQ.i0048 "W. (descndbedodrs mxanplw) das prepasediurnti al

| mpregnati on net hod V\/ne[ebi/tipot assi_um and cesi um were deposited upon the

carrier prior to
Carrier "A' was i
0. 05696 g of cesi

inmpregnated carri

10

20

t HesgE Rokxamplei |\ancerssthaf tBaPTePagaticy afsthe

. : . Lot T
PR SORE Y, SO1ETn (e Dlog 201 AHURE et MU BCRBLAL D 1O
follow ing the gerdoak oftcesdudichlapléd paldi porasioni diidride Boatphe dEf The

er was then heat treated
cesium hydroxide and potassium carbonate, respectively.

Upon addition of such chloride salts to the silver-con-
taining impregnating solution, the solution remained clear,

-i.e., no precipitation of silvér chléride was observed.

Example 6 .
A catalyst having nominally the same compositicn

as the catalyst of Example 1 exéepc for the'substitution of
lithium for potassium (specifically 11.0 we. %
Ag, 0.0047 wt. % Cs and 0.003 wt. % Li) was prepared as

described in Example 1, the solution concentration of

~ lithium being calculated to be 0.00573 Wt; %. Accordingly,

the preparation procedure of Example 1 was followed excepc..

that instead of adding potassium carbonate solutionm to the
- impregnating solution, 34 grams of_an aqueous lithium .
solution as carbonate (0.001094 g lithium/ml, or 0.0372 g

lithium) were added. -

Example 7
A catalyst havihg nominally the same composition
as the catalyst of Ex;mple'l exce?t for the substitution
of sodium for potassium (specifically 11.0 wt. %
Ag, 0.0047 wt. % Cs and 0.0l wt. % sodium) was prepared
in accordance with the procedure of Example 1, the solution

: : o7
concentration of sodium being calculated to be 0.0191 wt. %.

Thus, the precedure of Example 1 was followed except that



t J.err] for 2.5 minutes in accordance with the procedure of Exanple 1 to. _
ppsit cesium and potassiumions on the carrier surface. Followng this
i treatnent, the carrier was inpregnated with the silver-containing i,
pregnating solution as described bel ow. Preparation of . o
Silver-Containing Inpregnating Sol uti o‘r[.,-ql& 9 grans of ethylenediam ne (high
purity grade) was m xed with 80 cc of distilled water. 50.6g of oxalic acid

di hydr at e (reagergn&qreg?egf W3 hHeibradded Haeubadel chhens aptégircavgr a

period of one hour while conti--nuously stirring. During this addition of

oxal'ic acid,  téluzdbuniilngrenparfatnraqueose sediamoselyder]ague to the

reacti on exotherm 89.34 grans si-l ver pxi,de : Vet ur gi cal.
Corp.) was then a%ﬁfé’&nﬂﬁet%oai:’g%i%é-"%%ﬂ P&a?:?gy\a‘/g'%]éé &8 u%?%lﬁg)ﬁ nal |y,
17.84 grans of gat Rgged ami ne was added to the solution along with :

additional distilled water to provide a total solution volune of 250 ni.
Catal yst Preparation The aforenentioned Carrier "A" was =i npregnated 10 wi-th
t he above-described inpregnating sol ExpEpleydy t hen heat treated at [err]

for 2.5 mnutes in accordance with the net hod geggcri bed i n 5@@6 1.
Exanpl e 9 A catal yst cont o f&fgLise senkpinineade. ¢ oisoc e % &%d 0. 0026

W 0K vas prepafed on Caridar oAy (gg; orlRed i, BXample g by 2
| ' (described in Example 1) by a sequenc_iaz impregnation
" method ﬁhéteb&ipbtéssium and cesium were deposited upon -
10 | the cgrriertprior to the deposition of silver, as follows:
| 146.1 grams-of Carrier "A" was impregnated with 250 =l of
. an aqﬁeous solutionléontaining 0.05696 g of cesium as
hydroxiée and_O;lé7k g of pota#sium:as carbonaﬁe-follow-
ing the general method pf impregnation described in
Example 1. The impregnéted carrier was then heat treated
at 400°C for 2.5 minutes in accordance with the prccedure
-t of Exampié-l to deposit cesium and pbtassium'ions on :he'
| carrier surfaée;"Foliowing this heat ;re#:ment, the
carrier was impregnéféd with the silvef-coﬁﬁaining im-

20 pregnating solﬁti-on as described below:

Pregaracion'ofg§ilve:-€cﬁtaining Impregnating Solution

48,9 grams of ethylenediamine (high pu;i:y
grade) was mixed_.'witti :80 éc of distilled water. 50.6g of
oxalic acid dihydrate (reagent grade) was then added -
slowly to the scluﬁion over a period of one ho\;t_ while conci-

nuously stirring. During this addition of oxalic acid,



wher eby silver was deposited upon the carrier prior to the deposition of
potrassi um and cesium as follows: Preparation of Silver-Ccntaining o
" I npregnating Solution 20 48. 43 grans of ethyl enedi am ne (high
puckty grade) was mxed with 100 granms of distilled water. 50.75 grans of
oxalic acid di hydrate (reagent grade) was then added slowy-to the solution -
at anbient tenperature while continuously stirringthe solution tenperature
rising to about [err] due to the'reactibﬁ exotherm. 88. 97 grans of silver

oxi de power (Metz Metallurgical Corp.) was then added to the '

di am ne-oxalic acid-water solution. " Finally 17.7 gr f negt hanol am ne
and 44.0 grans of :?{gs;gidadnwume zgdedta GbEBgrp‘Taog?eg?%e% gﬁut ion. The
&

specific gravity the solution was 1.3957. Catalyst. P rédddeg 150 grans
of Carrier "A' Wasda@pi&yexbeblemi.t h88nth FHHVE.- §é¥‘|’%re§g‘§g€uﬁdon and then -

heat treated at [err] for 2.5 mnutes in acco h [y the dmmislae-
described in Exanp{Metz. MétaYluwgirpl EPEP&gé‘Pstﬁ’g%{]%g%%\é 10 the carrier was

i npregnated with the inpregnating sqlugion gfﬁcrilbesk._tgzhnwoﬁ)reparation
of | npregnating Sobxaligna “&Fﬁ’?rﬁqﬁgi‘?u’- 3’%8 Pot’assi um 5. 791 grans of

aqueous cesi um hydr oxi sal U< ti 2 e £ @180¢ Uhiicdn) and
4. 415 grans of aq&%§q§5?§§'sgﬁﬂ%1€%r gg%%é)t%zsgﬁiﬂtion (0.00369 grams K/ g

sol ution) vere addgghQeRe P sRL1Y UBES itd pYbuIch €oWAL solution

volume of 250 mi.

Catalyst Prégaration

The aforementioned Carrier "A" was impregnated
10 with the above-described impregnating solution and then

heat treated at 400°C for 2.5 minutes in accordance with

. §f4= _ the method described in Example 1f

A catalyst containing 13.09 wt. % Ag, 0.0085 wt. %
Cs and 0.0026 wt. % K was prepared on Ca::ief "A" (des; |
cribed in Example 1) by a sequential impregnatioh mechod
wheieby silver was deposited upon the carrier prior to

- the depositioﬁ of potassium and cesium, as follows:

'Prégaration of.Silvqg:gcﬁtaininz-Imareznatinz Solution
20 . 48.43 grams of eéhylenédiamiﬁe (high purity
- grade) was mixed with 100 grams of éistilled water, 50.75
grams of ox.a.lic acid dihydrate (reagent gﬁade) was then
added slowly to.the solution at ambient temperature while
continuously stirring,the solution temperature rising to
about 60°C due to the reaction ex@therm. 88.97 grams of

_ silver oxide.power (Metz Metallurgical Corp.) _wés then



anol then added to fill the cylinder:to the 250 ml mark. .The cylinder_
eated to [err], sealed and shaken 20 vigorously until a clear solutioh®-
- Was_obt ai ned. Cat al yst Preparation-The above descri bed silver-containing
Carrier "A" Was inpregnated under vacuumwi th the inpregnating solution':&J
contai ning cesium and potassiumfor a period of 15 mnutes, and then
drai ned of excess solution using the nethod described in Exanple 1. Heat:
treatment of the carrier was then carried out at [err] for 2.5 mnutes in
accordance with the nethod of Exanple 1. CLAI M5 1. A supported silver.
catal yst for the manufacture of ethyl ene oxi de which contains a conbina-
tion of (a) cesiumand (b) at :|east one other alkali netal selected from
the group consisting of lithium sodiow potassium and-ruwbi-dium which -
conbi nation conprises (a) and (b) in anounts in relation to the anmount of

silver therein sufficient tq_increase the efficiengy: afs athy 19Xi de
manuf act ure to sdfedyEe gheafitpminergRatlife aﬁ? a‘faer-e%vg%‘tglfgf o’%i'tlgf"gabl e

under i-denti cal dif] £ nbnéedNals EafinleN¥Rd U410 geand odndidtiddhgl ene and
‘oxygen in the vé%@gr#£%ﬁ£§§'g§§a tenperature of from about err], to [err]
in the presence witeznwerdiadidedr te wcomp heteetthy| solutdppp| ghe specific -

gravity of the solution was 1.3957.

Catalvsé P;e aration | _ -

150 grams of Carrier "A" was impregnated with
the above-described §olution and then heat treated at
- 500°C for 2.5.minutes in accordance with the method:
deseribed in Example 1. Following this heat treatment,
10 tﬂe carrier was impregnated with the impregnating sclution

-
as described below: -

Preparation of Impregnating Solution Containing Cesiuc
. 5,791 grams.of aéueogs cesium ﬁydrciide solu-
‘tion (0,009723 grams C;/g sblution) and 4.415 grams of
. aqueous potas#ium carbonate solution (0.00369 grams K/g
solution) were added to a 250 =l volumetric cylinder and
n-butanol then added to f£ill the cylinder to the 250 =l
mark. The cylinder was heated to 40°C, sealed ;nd shaken

20 iigcrcusiy until a clear solution was obtained.



respecti've catal ysts which are the sane as said catal yst except that

ide and 1.0 nole percent ethylene oxXide'in the outlet gas, 15 from -Hﬁ ¥-
instead of containing both (a) and-(b), * "one contains (a) in any annunﬂfféy

and the other contains (b) in any ampunt. 2. - A catalyst as clained in

clafm 1, wherein silver 20 is present in an anount of from about 2%to
about 20% by weight. 3. - A catalyst as claimed in claim2, wherein silver
is present in an amount of from about 6% to about 15% by weight. 25 _
4, A catalyst as clainmed in any one of the preceding clains, wherein said
al kali metal is sodium 5. A catalyst .as clained in any one of clains 1
to 3, wherein said alkali netal is |ithjlum 6. A catalyst-as clainmed in
any one of claims 1 to 30 3, wherein said alkali netal i-s potassium.

7. A catalyst as clained in any one of clains-1 to 3, wherein said alkal
metal is rubidium 8. A catalyst as clained in claim®6 wherein cesium and

potassium are present .in a weight ratio 5 of from about 100:1 to about
1:100. 9. A catahy%istaprgéggdaggﬁin any one of the preceding clains, '
wherein- the catalyst support conprises al pha-alumna. 10. A catal yst as
clainmed in any one of theTR® abopveéecdextiribed | siilver-oditadhing lcarsies A’ ar ea
of the ' _ _ o ) - .
was impregnated under vacuum with the impregnating solutien
containing cesium and potassium for a period of 15
minutes, and then drained of excess soclution using the
method descfibed in Example 1. Hea;'treacmen:_of the
~carrier was then carried out-at 500°C for 2.5 minutes in

accordance with the method of Example 1.

i~



Qt al yst support is |ess th aﬁ about—t nf7gm 11. A catalyst as clained .
hg@ y one of the preceding c
upport is fromabout 0.2 to

a
_ pore vol une of the catal yst
s m’lﬂl \Ai A catal yst as -
clainmed in any one of the pre ereln sald silver is present/

I n an anount of from about 696to about 16% by wei ght. 13. A catalyst as
clainmed.in claim1, substant- |aI%§tas her ei nbef ore descri bed .in any

" .one of t he foregoi ng Exanpl es.

subst ant -

of ethyl ene
t enper at ur e
di | uent and tnthmbbfoﬁaénéelsﬁ%@qﬂe(ﬁh toteast pper Pk

cat al yst

to' f orm®t hyl ene oxi de wherein sai d supported. si C L
cont-ai ni ng c%?bﬁ§§@U@oﬁﬂérﬁ¥Q}Q%P@K) &fhtC ?E@ﬂ§1°“ comprises (aM

ft al yst as claimed in claim1l,

ially as hereinbefore descrdhegy ith reference to and as
illustrated in either of the acconpa 5 drawi ngs. 15. A conti.nuous
process for the pioducﬂlsnpobnﬁﬂ%ﬂsﬂkyﬂﬁuQRi%&V%hefvépBUF phase oxi dation

I n

10

15

20

25

. 30

R(()\%rtn QPLS&H' BIF_ PEAGR Y A a5 Asien e¥¥esnneoat elom.lbamagas at a’

om about

e§|P&
iééegdb?%hutt%ar FARAFT Wonsesk i Aig C@m&.ehahmqperoamum,s

200 C to abou

t 300 Clrlhhe m’ nceégqﬁng
and (b) in amounts in relation to the amount of silver
therein suff1c1ent to increase the efficiency of - ethylene
oxide manufacture to a value greater than the greater value
obtainable under identical conditions, in a praocess
involving reaction of ethylene‘and oxygen in the vapour.
phase at a tempefature'of from about 200°C to 300°C
in the presence of an 1nh1b1tor such as ethylene dichlor-
ide and 1.0 mole percent ethylene ox1de in the outlet gas,
from respective catalysts which. are "the same as said '

.catalyst except that instead of contalnlng both (a) and (b),
one contains (a) in any amount, and the other contains (b)

in any amount.

2. A catalyst as claimed in claim 1, wherein silver
is present in an amount of from about 2% to about 20% by
weight. ; . - ' | |
" 3. A catalyst as claimed in claim 2, wherein silver

- is present'in an amount of from about 6% to about 15% by

weight. _
- 4. A cata;yst as claimed in any one of the
preceding claime, wherein said alkali metal is sodium.
5. A catelyst as claimed in any one of claims 1 to 3,
wherein said alkali metal is lithium. S : '
6. A catalyst as cleimed in any one of claims 1 to
3, wherein said alkali metai_ie potassium,

S

C‘



‘process for the producCt’io

si | yer deposited on an al pha al umna support which is in a formand size ,
Hfor use in the reactor and which; iC tion of. (a) cesium and

(b) 5 ‘at | east one ot her al kal i Ellmmu}mimﬂ”’ t he group consisting

| i thT um sodi um pot assi um and rub| I um whitth scortbi nati on conprises (a)
and (b) in amounts-in relation to the anount. of silver therein sufficient
to increase the efficiency of the 100 eth e oxi de productijon when
measured at 1.0 nole percent - ethylene oxi d |n the outlet gas to a val ue

greater than the greater v F ai nabl e identlcal cond%t s.from
respective catal ysts WHi ch hr&@tRLY&hnds a§iﬁﬁ NPTt Y BREeH tGha?ims

i nstead 15 of codt dicihg bbebheia) said (d)kabhemebaltaiings rt:tmetdmwective
anount of (a), and th oth copt i n the r.espectiye apount of Q) A
ATV BR e o IR (Lt FLRED B MHES HBef or 6

described with 2@esaifak eme patarsdm |d:tets;tf@§edtl Anciat RFigHt thgtio
acconpanyi ng dramA . The, te
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comprises alpha-alumina. _
' - 10. A catalyst as claimed in any one of the

10°° preceding claims, wherein.the surface'area'of the
©_ - catalyst support is less than about 1 mz/gm.

) tll.i_A catalyst as claimed in any one of the

preceding claims wherein the pore.301umezof the |
. catalyst support is from about 0.2 to 0.6 cc/gram. "
'15f-”: T 120 A catalyst as claimed in any one of the '
. precedlng clalms,'whereln said silver is present T

./Q?

‘in an- amount of from about 6% to about 16% by
: welght.,' | R l. . S
- .13. _ A catalyst as claimed in claim 1, subetantej
.'20_ “ially'as hereinbefore described- in any one of the
- foregoing Examples. R o - _
14.- A catalyst as clalmed in claim 1, substant- .
ially as herelnbefore described with reference to
= and as 1llustrated in elther of the accompanying
25 drawings. ]
15. A continuocs.process for the production of
“ethylene oxide by the vapour phase oxidation of o
ethylene with molecular oxygen orov1d=d as an
-oxvgen-contalnlng gas at a temperature of from about
30 ' 200°C to about 300°C in the presence of diluent and
inhibitor and in the presence of a supported
silver-containing catalyst in a fixed bed tubular
reactor used in commercial operations to form

ethylene oxide wherein said supportad silver -
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. 1
containing.catalyst contains 2 to 20 weight percent
silvér deposifed_on aﬁ alpha aluminajéupport which
is in a form'and.size for use in the reactof and
which.contains_a'combination of (a) cesium and (b)

5 at least one other alkali metal selected from.the
| group consistihé of lithiqm, sodium, potassium and
rubidium, which combination comprises=-(é) and (b)
.in amounts in relation to the amouat of silver
'thereiﬁ sufficient to_incfgase'tﬁé efficiency of the
10 ethyléne oxide production when measufed at.I.O mole
..percenf ethylene oxide in the.butiet gas to a value
' ,gréater fhan fhe greatér value qbtaiﬁable under
identicai conditions from respective catalysts which
are the same as said catalyst except that instead
15 of containing both (a) and (b),léne.cﬁntains the
| feSpectiye amount.of.(a),-and the other.contains the
respective amoﬁni of (b).
16. " A process £or'the produétion'Of ethylene
.,oxidé subétantiallyias heréinbefare déscribed with
20. reference to and as illustrated-in either of the
accompanying-drawings. |
e Sext of the specification has been reproduced by photocopying th;:§§§1£¢ahts original
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