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EPOXIDATION REACTIONS AND OPERATING
CONDITIONS THEREOF

PELD OF THE INVENTION

The invention relates generally to operating epoxidation réactions at a
preferred operating condition. The invention also refates to methods of deternmining the

preferred operating condition,

BACKGROUND OF THE INVENTION

Alkylene oxides are known for a multiplicity of utilities, Ethvlene oxide, for
sxample, i used to produce ethylens ghycel, which it used as an automotive coolant, as
antifrecye, and in preparing polyester fibers and resing, nonjonic surfactants, glycol ethers,
ethanciamines, and polyethylene polvether polvols. Propylene oxide is used to produce
propyiene giyeol and polvpropylene polyether polyols. which are used in polyprethane
polymer applications.

The production of atkylene oxides via catalytic epoxidation of olefing in the
presence of oxygen vsing supported siiver based catalysts is known, By introducing a
promoting amount of rhenium in the silver catalyst, the efficiency of the epoxidation
reaction can be greatly improved. Epoxidation reactions are typically carried out in

sresence of gaseons reaction promoters such as chlorinated hydrocarbons which increases

oy

the effictency of the reaction. For silver catalysts containing rheniurn, in addition o

increasing efficiency, increasing the amocunt of chiorinated hydrocarbons typically increases
the activity of the epoxidation reaction. As a result the reaction can be conducted at lower
temperatures while maintaining constant alkyiene oxide production.

The prior art teaches that epoxidation reactions can be run at magimum
efficiency at & temperature by adiusting the concentration of the chiorinated hydrocarbons,
This can lead so running the reaction at a nigher than necessary (or desirable) temperature,
leading to increased nisk of over-chlorination of the catalyst and hence deactivation of the
catalyst, and also cause difficulty in maintaining a target ethyvlene oxide production rate dee

to the catalyst’s strong aclivity dependence on chiorine level.



It is desirable to provide an improved method of producing ethylene oxide which resolves

some of the issues associated with operating the epoxidation reaction at optimal efficiency.

BRIEF DESCRIPTION

The present disclosure allows the production of the same amount of alkylene oxide at both
higher efficiency (resulting in raw material savings, and less greenhouse gas generation) and
fower temperature (resulting in less by-product impurities and less Ag sintering) than earlier
processes. Higher selectivity and lower operating temperatures can be achieved through the use of
this disclosure without the need for a control system capable of antomatically maintaining constant
productivity or conversion. Operation at lower temperatures can enable longer catalyst lifetimes
as well. The present disclosure allows the determination of a set of operating conditions that
results in a higher efficiency, for a given productivity, than would be obtained by earlier

Processes.

In a first aspect, there is provided a method of producing ethylenc an oxide

comprising:

passing a reaction mixture comprising ethylene, oxygen and a gaseous chlorine-containing
promoter species over a supported catalyst comprising silver and a promoting amount of
rhenium to undergo an epoxidation reaction at a first operating condition to form ethylene

oxide in a reactor;

and subsequently performing the epoxidation reaction within the reactor at a preferred
operating condition prior to reaching a cumulative ethylene oxide production of about 50000

kmol m™ of catalyst;

and operating the reactor at the preferred operating condition over a period yielding a

production of at least 250 kmole ethylene oxide per cubic meter of the catalyst;

wherein the preferred operating condition is characterized by an efficiency of the epoxidation
reaction toward ethylene oxide, wherein the efficiency is lower than that of a maximum
efficiency achievable at an operating temperature corresponding to the preferred operating
condition; wherein the preferred operating condition is further characterized by a
productivity of the epoxidation reaction, wherein the productivity of the epoxidation reaction

at the preferred operating condition is higher than that obtained at the maximum efficiency
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achievable at the operating temperature corresponding to the preferred operating condition;
and wherein the preferred operating condition is further characterized by an overall catalyst
chloriding effectiveness value that is higher than when the epoxidation reaction is performed
at the maximum efficiency achicvable at the operating temperature corresponding to the
preferred operating condition.

In one embodiment, a method of producing an alkylene oxide is provided. The method
includes passing a reaction mixture comprising alkylene, oxygen and a gaseous chlorine-
contaiming promoter species over a supported catalyst containing silver and a promoting amount
of rhenium to undergo an epoxidation reaction at a first operating condition to form an alkylene
oxide in a reactor. The method finther includes subsequently performing the epoxidation reaction
within the reactor at a preferred operating condition. The preferred operating condition 1s
characterized by an efficiency of the epoxidation reaction toward the alkylene oxide where the
efficiency is lower than that of a maximum efficiency achievable at an operating temperatare
corresponding to the preferred operating condition.

In another embodiment, a method of determining a preferred operating condition of an
epoxidation reaction over a catalyst containing silver and a promoting amount of rhenium in the
presence of a gaseous chlorine-containing promoter species is provided. The method includes
determining a derivative of efficiency to productivity of the epoxidation reaction as a function of
overall catalyst chloriding effectiveness value at a fixed operating temperature. The preferred
operating condition is characterized by the derivative which is in a range of about -1 to about -4
when the efficiency of the epoxidation reaction to form alkylene oxide is expressed in percent and

productivity of the epoxidation
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reaction is expressed as the concentration of alkylene oxide in the reactor outlet stream,
in mole percent.

In yet another embodiment, a method of determining a preferred operating condition of
an epoxidation reaction in the presence of a supported catalyst containing silver and a
promoting amount of rhenium in the presence of a gaseous chlorine-containing promoter
species is provided. The method includes generating a first data set on efficiency and
productivity of the epoxidation reaction at at least three overall catalyst chlonding
effectiveness values at a first temperature. The method further includes determining a
maximum efficiency value at the first temperature from the first data set. The method
further includes selecting a range of efficiency values lower than the maximum efficiency
value. The range of efficiency values corresponds to higher productivity of the epoxidation
reaction than that achievable when the epoxidation reaction is operated at maximum
efficiency and at the first temperature. The range of efficiency values corresponds to the

preferred operating condition.

In a second aspect, there is provided a system to produce ethylene oxide as defined
above, the system comprising the reactor and a controller, wherein the controller is operable
to determine the preferred operating condition and wherein the reactor is operated at the

preferred operating condition.

In a third aspect, there is provided a process for preparing a 1,2-diol, a 1,2-diol ether, a
1,2-carbonate or an alkanolamine comprising converting the ethylene oxide prepared by the
methods as defined above or the system as defined above into the 1,2-dicl, 1,2-diol ether,

1,2-carbonate or alkanolamine.

DRAWINGS

These and other features, aspects, and advantages of the present invention will become
better understood when the following detailed description is read with reference to the
accompanying drawings in which like characters represent like parts throughout the
drawings, wherein:

FIG. 1 is a flowchart of a method of determining a preferred operating condition
according to embodiments of the present invention;

FIG. 2 is a flowchart of another method of determining a preferred operating condition

according to one embodiment of the present invention;



FIG. 3 is an illustration of a plot of efficiency against productivity of an epoxidation
reaction obtained using the method shown in FIG.2, in accordance with embodiments of the
present invention,

FIG. 4 15 a flowchart of yet another method of determining a preferred operating
condition according to embodiments of the present invention;

FIG. 5 is an illustration of a plot of efficiency against productivity of an epoxidation
reaction obtained using the method shown in FIG.4, in accordance with embodiments of the

present invention,;
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FiG. 6 is a flowchart of a method of determining a preferred operating
condition according to embodiments of the present invention;

FiGz. 7 15 an illustration of a contour plot of efficiency and productivity as
functions of overall catalyst chloriding effectiveness value and temperature, obtained using
the method shown 1 FIG.6, in accordance with embodiments of the present invention;

FIG. § is schematic diagram of a system for producing alkylene oxide
accarding to embodiments of the present invention; and

FIG. 2 is another plot of efficiency against productivity of an epoxidation

reaction, according to embodiments of the present invention.

DETAILED DESCRIPTION

In 2 typical eponidation yeaction, an alliylene, such ag ethylene, reacts with
OXYEER O an oXygen-containing gas in presence of a supported silver catalyst in a reactor (o
form an alkylene oxide such as ethylene oxide. The epoxidation reaction can be
characterized in terms of “activity”, “productivity”, “vield” and/or “selectivity” of the

epaxidation reaction,

The activity of the epoxidation reaction can be quantified in 2 number of

ways, one being the mole percant of alkylene oxide contained fn an oudet stream of the
reactor relative ro that in the inlet stream (the mole percent of alkviene oxide in the inlet
strearn typically, but not necessarily, approaches zero percent) while the reactor temperature
is maintained substantially constant; and another being the temperature required to maintyin

a given rate of alkviene oxide production. In many instances, activity is measured overa

[y

period of Eme in terms of the mole percent of alkylene oxide produced at a specified
constant temnperature. The activity can be defined as the reaction rate towards the alkviene
oxide formation per unit of catalyst volume in the reactor, Alternatively, activity can be
measured as & function of the wmperature requited 1o sustain production of a specified
constant mole percent of alkviens oxide, such asg ethvlene oxide, given other conditions such
as pressure and total moles in the feed,

The productivity of the reaction is 4 measure of the reaction rate pormatized
by the amount of catalyst. In many mstances, productivity car be expressed as moles or
kilograms of alkylene oxide produced per hour per volume of the catalyst measured as the

packed volume of the reactor, In certain instances, the produoctivity can be expressed as
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mole percent of alkylens oxide in the outlet stream of the reactor at specified process
conditions such 45 & space velocity,

The “selectivity” of the epoxidation reaction, which is synonymous with
“efficiency,” refers to the relative amount (a5 a fraction or in percent) of converted or
reacted olefin that forms a particular product, For example, the “efficiency to alkyiene
oxide™ refers fo the percentage on a molar basis of converted or reacted alkylene that forms
alliylene oxide.

“Deactivation”, as used herein, refers to a permanent loss of activity and/or
efficiency that is 2 decrease in activity and/or efficiency that cannot be recovered. Lower
rates of deactivation are generaily desirable

The “vield” of alkylene oxide refers to the net number of moles of alkylene
oxide produced by e process divided by the net nomber of moles of olefin fed to the
process for any given time period.

The term “first operating condition™ as used herein, refers to an operating
condition af any given time of the epoxidation reaction and is applicable throughont the life
of the catalyst. With respect to operation of the epoxidation reaction, the term “operating
condition”, as used herein, is defined (or expressed) in terms of the following components:
temperature; and pressure; and gas howdy space velocity; and composition and/or
concentrations of the reaction mixture. In sorme embodiments, the Tirst operating condition

can be at the beginning of catalyst life, while in certain other embodiments, the first
aperating condition can be a period later in the life of the catalyst, Embodiments of the
nresent invention provide methods for determining the preferred operating condition and
also methods to perform the epoxidation reaction at the preferred operating condition
subseguent to 2 first operating condition. In some embodiments, the method can inciude a
single first operating condition prior to achieving the preferved operating condition. In
certain ofher embodiments, the method can inclnde a number of first operating conditions
prior to achieving the preferred operating condition.

The inventors surprisingiy have found that instead of operating at mazimum
efficiency at a given temperature, the epoxadation reaction is operated at 2 “preferred
operating condition”. Ag defined herein, the term “preferred operating condition”
corresponds to a desired combination of productivity and efficiency of the epoxidation

reaction and which can be achieved from a first operating condizion.
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in one embodiment, the preferred operating condition is characterized by a
degired productivity at which the efficiency of the epoxidation reaction 1s maximized. In
yet another embodiment, the methods of the present invention can provide a preferred
aperating condifion that comrssponds 10 a temperatare of operation that 1s lower than the
temperature of operation using the method of optimal efficiency taught by the prior art,
Advantageously, the preferred operating condition as set forth in the present applicagon is
a;:rp}jcab}e at any period during life of the catalyst. The preferred operating condition,
according to one embodiment of the present invention, corresponds o an efficiency of the
epoxidation reaction which is lower than that of & maximum efficiency at the same
operating temperature, as well as a productvity which is higher than a productiviey
assoctated with performing the epoxidation reaction at maximum efficiency and at the same
operating temperatere, Hmbodiments of the present invention also provide methods of
determining the preferred operating condition,

in one embodiment, a method of producing an alkylene oxide is provided.
The methed ncindes passing 2 reaction nusture comprising alibylene, oxyeen and a SESOOUS

chlorine-containing promoter species over a supported cataiyst cornprising silver and a
promofing amount of theninm to undergo an epoxidation reaction at a first operating
condition o {form an alkylene oxide in a reactor. The epoxidation reaction is subseguently
performed at the preferved operating condition.

Determining operating conditions under which epoxidation reactions can be
performed at a maximum efficiency can be accomplished by varying the “overall catalyst
chionding effectiveness” (as defined later herein) value at an operating temperature while
keeping other components of an operating condition substandally unchanged. For example,
the overall catalyst chlonding effectivensss valoe may be varied by changing the
conceniration of one or move gaseous chiorime-containing promoter species andfor the
concentration of one or more non-chlorne contuining hydrocarbon species. 1t is preferred
that the concentration of alkyiene is not varied. ¥t 1s most preferred to vary the overall
catalyst chioriding effectiveness by changing the concentration of a gaseous chiorine-
containing promoter species, for example, by changing its feed rate to the reactor. At a
particular overail caralyst chioriding effectiveness vaine, hersinafter referred o a5 an

“overall cataiyst chloriding effectiveness vaine at maximum efficiency”, the epoxidation

reaction exhibits maximum efficiency at the operating temperature, which is a maximum
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efficiency achievable at that operating temperature given the other components of the
operating condition rernain substantially unchanged,

Increesing the overall catalyst chioriding effectiveness walue from the overall
catalyst chioriding effectiveness valve at maximum efficiency causes a decrease of the
efficiency of the epoxidation reaction towards alkylene oxide formation.

As compared to the first operating condition, the preferred operating
condition is operated at an operating temperature and an overall catalyst chioriding
etfectiveness value, where at least one of the operating temperature and the overall catalyst
chloriding effectiveness vaiue is different frorm those of the {irst operating condition.

[ one embodiment, performing the epoxidation reaction at the prefer
operating condition cornprises opeyating the reactor at a substantially fixed temperature, In
one embodiment, the preferred operating condition is further characterized by an overall
catalyst chloriding effectiveness vaine and the maximum efficlency achievable at an
operating temperatare comresponding to the preferred operating condition is the maximom
efficiency achievable under the same reaction conditions as the preferred operating
condition except that the overall catalyst chioriding effeciivencss value 1s Tower, In one
embodiment, only the overall catalvst chloriding effectivensss value should be different
between the preferred operating condition and those yielding the maximum efficiency.

Adlovienes emploved 1n embodirments of the present invention ars

characterized by the following formula (I

b

where R and R, are each individually selected from hydrogen and lower monovalent
radicals, preferably C-Cy alkyl radicals including methyl, ethyl, propyl, butyl and higher
homologues having up to six carbon atoms, In some embodiments, By and Ry are cach
individually selected from hydrogen, methyl, ethyl and propyl. In one embodimant, both of
R;and Ry are hydrogen and the preferred alkylene 1s ethylene, In some embodiments, the
alkylene 1s propylene, where R, is hydrogen and R;is methyl. The corresponding alkylene
oxides or epoxides produced are preferably characterized by the following structural

formula (1)
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where R; and Ry are dentified herein in connection with the reactant alkyiene. In some
embodiments, the alliylene oxide is ethviene oxide (e, Ry and Ry are both hydyogen), In
certain embodiments, the alkylene oxide s propylene oxide (Le., R 18 hydrogen and Ra s
methyl), Other exemplary alkylene oxides include oxides with the formuda (1D, whars R;
and Ry are each individually selected from hydrogen and fower monovalent radicals,
preferably C-Cy alkyl radicals.

Suifabie reactors for the epoxidation reaction include fixed bed reactors,
fixed bed wbular reactors, continuons stirred tank reactors (CSTR), fluid bed reactors and a
wide variety of reactors that are well known to those skilled in the art. The desirability of
recycling unreacted feed, or employing a single-pass system, or using successive reactions
to increase alkylene conversion by employing reactors in series asrangement can alsc be
readily determined by those skilled in the art. The reaction pressure varies depending on the
design of the reactor, but i3 typically in the range of aboul 1000 kPa (kilopascal) to about
2500 kPa absolute. In some embodiments, the pressure of the reactor 1s in a range of about
1800 kPa to about 2500 kPa absclute. The temperature of the reactor is an important
operating parameter. The epoxidation reaction is caried out at a temperamre that is
preferably at least about 200°C, more preferably at least about 210°C, and most preferably
at least about 220°C. Reactor temperatures of no more than ebout 300°C are preferred,
maore preferably not more than about 290°C, and most preferubly not moere than about
2802, The temperatare of the reaction can be measwed at various points within the
reactor, such as, but not limited o, temperature at the catalyst bed or temperature of the
Zases comprising (e ountlet stream from the reastor, In certain embodiments, a coclant
temmperature such &s an inlet coclant temperature corresponding to the coolant temperature
at the point where the coolant is provided to the coolant side of the reactor can he used. The
particuiar mode of operation, for example, conditions such as temperatare and/or pressure,
selected s usually dictated by process economics.

The epowidation reaction can be air-based or oxveen-based, see Kirk-

Othmer's Encyclopedia of Chemical Technology, 3rd ed., Vol. 8, 1980, p. 445447, The
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oxvaen can be provided to the process as pure molecular oxygen, or alfernatively, as an
oxygen-containing gas, wherein the gas may further COntain ong or MOre Saseous

CoOmpoOnents, «

~

or example, gaseous dilnents, such as nitrogen, hellurm, methane, and argon,

which are essentially inert with respect to the oxidation process, Suitable oxyvgen-
containing gas inciudes air. Additionally, the oxygen-containing gas can contain one or
more of the following gaseous components including water, carbon dioxide, and various
gaseous promoters or their by-products. The oxygen concentration in the reaction mixture
Ay vary over a wide range. In practice, flammability of the paction mixhore is a major
consideration which can limit the oxygen concentration. In some embodiments, the oxygen
concentration 15 at least about § mole percent, and more preferably at least abont 2 mole
percent. in certain enbodiments, he oxygen concentration is no greater than about 13 moele
percent, and more preferably no greater than about 12 mole percent of the reaction mixtue,

The alkylenc copcentration in the reaction mixtare can vary over a wide
range. ln some embodiments, the alkylene concentration Is at least about 18 mole percent,
and more preferably at least about 20 mole percent. In certain embodiments, the
concentration of atkylene in the reaction mixture is no greater than about 50 moie percent,
and moore preferably no greater than about 40 mole percent. 'The reaction mixture may
further confain other hydrocarbons, such as ethane.

The relative volumetric ratio of alktyvlene to oxvgen in the reaction mixtore

can range 1o accordance with any of such known conventional valnes, Typicaily, the

volumetric ratio of alltylene to oxygen in the reaction mixtwre can vary from about 171 o
about /1. Likewise, the guantity of Inert gases, dilnents, or ofher gaseons components,
such as water, carbon dioxide, gaseous proveoters and gaseons by-product iwhibitors, can
vary in accordance with kmown conventional ranges as found in the art,

in some embodirnents, the catalyst is 4 supported cataiysf; Suitable support
materials of the catalvst can include porous refractory carrier or materials that are relatively
inert in the presence of the reaction mixture infroduced for epoxidation and the product
epoyxide, and are able to withstand preparation conditions when converied into catalyst. For
cx.amp}e, support can be composed of alpha-alumina, stlicon carbide, silicon dioxide,

zirconia, magnesia, pumnice, zeolites, charcoal, varions clavs, alkaline earth metal

carbonates, such as calotum carbonate and mixtures thereof. Tn one embodiment, the

support is composed of alpha-alumina,

o
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There are many well-known methods of preparing supports suitable for use
in alkylene oxide catalysts, Some of such methods are described in, for example, 1.8,
Patents 4,379,134, 4,806.518; 5,063,195 5,384,202; 6,831,037 and the like. For example,
an alpha-aluming support of at least 85 % purity can be prepared by compownding (mixing
the raw materials, extiusion, dryving and a high temperature caleingtion, [n this case, the
starfing raw materials usually include one or more alpha-alumina powder(s) with different
properties, a clay-type material which may be added as binder to provide physical strengdh,
and a burnout material (usually an organic compound) used in the mix to provide desired

porosity and/or pore size disiribution after its removal during the caleination step. The

levels of impurities in the finished support are determined by the purity of the raw materials

used, and their degree of volatilization during the caleination step, Common impurifies may
include silics, alkali and alkalive earth wmetal oxides and trace amounts of metal and/or non-
metal-contaimng additives, Another method for preparing & supoort having pasticularly
suitable properties for allkylene oxide catalyst usage comprises optionally mixing zirconium
siticate with boehmite alumnina (AYOOH) and/or gamma-ghuning, peplizing th sluminas
with & mixture containing an acidic compenent and halide anions (preferably fluorde

7

anions; to provide peptized halogenated alumina, forming (for example, by extruding or
pressing) the peptized halogenated alumina to provide formed peptized halogenated
aivming, drying the formmed peptized halogenaied alumina to provide dried formed alumina,
and calcining the dried formed alunina to provide pills of modified alpha-alumina support.
There have been employed alumina which has a very high purity, that is,
least %8 wt. % alpha-alumina, any remaining components being sifica, alkali metal oxides
(for examptle, sodium oxide) and trace amnonnts of other metal-containing and/or nom-metal-
containing additives or impurities, Likewise, there have been employed alumina of tower
purity, that is, about 80 wt. % alpha-alumina, the balance being one or more of amorphous
and/or ervstaliine alunina and ofher alumina oxides, silica, silica alumina, mullite, varions
alkali metal oxides (for example, potassium oxide and cesium oxide}, alkaline earth metal
oxides, trapsition metal oxides (for example, ron oxide and fitanivm oxide), and other metal
and non-metal oxides, In additon, the material nsed to makes the support may comprise
compounds which have been known for inproving catalyst performance, for example

rhenum, {such as rienates) and molybdenum.
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In one embodiment, the support material comprises at least about 80 weight
percent alpha-atumina and comprises less than about 30 parts per million acid-leachable
alkali metals by weight, the weight percent of the alpha-alumina and the concentration of
the acid-Jeachable alkah metals being calculated on the weight of the support, where the
acid-leachable alleali metals are selected from Hthinm, sodham, potassium, and mixiures
thereof.

The alpha-atamina support preferably has a pore volume of at least about
0.3 cmig, and more preferably, from about 0.4 con'/g to about 2.0 cm’/g; and a median pore
diarneier from abont 1 to about 50 microns,

The alpha-alumina support preferably has a specific surface area of at least
a}acm.f().fﬁ /g, and more preferably, at least about 0.7 _ml,f g. The surface area ig typically
Tess than ebout 10 m*/g, and preferably, less than about 5 m/g.

In one embodiment, the alpha-aloming support includes particles each of
which bas at least one sobstantially flat major surface having 2 lameliate or platelet

5

morphotogy which approximates the shape of a hexagonal plate (some particles having two
or more flat gurfaces), at least 50 percent of which (by number) have a major dimension of
less than about 50 microns.

in one embodiment, the alpha-alumine support comprises zirconium silicate

{zircon), present substantially as zirconjurn silicate in the finished support, more preferably,

in an amount up to about 4 weight percent, calenlated on the weight of the support,

The alpha-alumina support can be of any suitable shape, Exemplary shapes
of the support inclades pills, chunks, tablets, pieces, peliets, rings, spheres, wagon wheels,
toroids having star shaped inner and/or outer surfaces, and the ke, The support can be of
aiy size suitable for employment in reactors. For example, in # fixed bed ethylene axide
reactor having a plurality of parallel elongated tubes (o 2 suitable shell) about 1o 3 inches
(2.5 to 7.5 cm} outer diameter and about 13 to 45 feet (4.5 t0 13.5 mj long filled with
catalyst, it 18 desirable w employ alpha alumina support having a rounded shape, such as,
for example, spheres, pellets, dngs, tablets, and the ke, having diameters from about 0.1
ineh {0.25 am) ro about (0.8 incl (2 cm).
In some e:miﬁodimems., catalysts for the production of alkyiene oxide, far
exatuple, ethylene oxide oy propylene oxide, may be prepared with the aforementioned

supports by Impregnating the support with a solution of one or more sifver componnds,

k.
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depositing the silver thronghout the pores of the support and reducing the silver compouad
o metallic sthver, as 1s well mown in the art. See for example, Liu, et al,, U8, Patent No
6, 511,938 and Thersteinson et al., U.S. Patent No, 5,187,140, incorporated herein by
reference,

Cenerally, the support is impregnated with 2 catalytic amount of silver,
which is any amount of silver capable of catalyzing the direct oxidation of the alkylene with
oxvgen or an oxygen-containing gas o the cowresponding ailkylene oxide, In making sucha
catalyst, the support is typically impregnated (one or more Hmes) with one or more silver
compound solutions suflicient to allow the silver to be supported on the support in &n
amount greater than about 5 percent, greater than about 10 percent, greater than about
15 percent, preater than about 20 percent, greater than about 25 percent, greater than about
27 percent, and more preferably greater than about 30 percent by weight, based on the

weight of the catalyst, Typically, the amount of silver on the support is less than abonst
70 percent, and move preferably, Jess than about 50 percent by weight, based on the weight
of the catalvst,

Although silver particle size in the finished catalyst is Iimportant, the range is
not narrow. A suitable silver particle size can be in the range of about 10 angstroms o
about 10.000 angstroms in dizmeter. A preferred sitver particle size ranges from greater
than about 100 angstroms o less than about 5,000 angstroms in diameter. [t is desirable
that the silver be relatively nniformly dispersed within, throughout, and/or on the alpha-
alamina support.

In some embodiments, the impregnating solution can inclode the rhenium
promoter and/or co-promoters and any mixtures thereof. In certain other embodiments, the
promoter and the co-promoter can be added before the silver impregnation, or after the
sifver imnpregnation or in different impregnations from each other. The promoters, as nsed
herein, are materials which, when present in combination with particular catalytic materials,
for example, silver, benelit one or more aspect of catalyst performance or atherwise act t©
promote the catalyst's ability to make a desired produect, for example ethvlene oxide or
propylene oxide, As used herein, the term “co-promoter” refers to 2 material which, when
combined with a promaoter, increases the promoting effect of the promoter, In addition,

promoters may also be referred o as “dopants”, The promoter and the co-promaoters in

o

themselves are generally not considered catalvtic materials, The presence of promoter
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and/or co-promoters in the catalvst have been shown to confribute to one or more beneficial
effects on the catalyst performance, Tor example enhancing the rate or amount of production
of degired product, reducing the temperature required to achieve a suitable rate of reaction,
reducing the rates or amounts of vndesived reactions, etc, Competing reactions occur
simultanecusly in the reactor, and a critical factor in determining the effectiveness of the
overall process is the measure of confrol one has over these competing reactions. A
material which Is termed s promoter of a co-prometer of a degsired reaction can be an
inhibitor of another reaction, for example a combustion reaction. What is significant is that
the effect of the promoter and/or the co-promoter on the overall reaction is favorable to the
efficient production of the desired product, for example ethvlene oxide. The concentration
of the one or more promofer and/oy co-promaoters present in the catalyst may vary over a
wide range depending on the desired effect on catalyst performance, the other components
of a particular catalyst, the physical and chemical characteristics of the support, and the
epoxidation reaction condifions.

There are at least two types of promoters-solid promoters and gaseous
promoters. The solid and/or gaseous promoters are provided in & promotng amonnt. As
used herein, the term "promoting amount” refers fo an amount of a component of ihe
catalysts that works effectively to provide an improvement in one or more of the catalytic
properties of that catalyst when compared to a catalyst not containing said component,
Eixamples of catalvtic properties include, inter aliz, operability (resistance 1o run-away),
efficiency, activity, conversion, stability and vield, It is understocod by one skilled in the art
that one or more of the individual catalytic properties may be enhanced by the “promoting
amount” while other catalytic properties may or may not be enhanced or may even be
dipminished, 1t is further understood that different catalytic properties may be enhanced at
different operating conditions, For example, a catalyst having enhanced efficiency at one
one operating condition may be operated ot a different condition wherein the improvement
shows up ip the activity rather than the efficiency.

The promoting effect provided by the promoters can be affected by a number

of variables such as for example, operating condition, catalyst preparative technigues,

surface arez and pore strocture and surface chemical promerties of the support, the siiver and
. 2 PP

co-promoier content of the catalyst, the presence of other cations apd anions present on the
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catalyst. The presence of other activators, stabilizers, promoters, enhancers or other catalyst
improvers can also affect the promoting effects,

Examples of well-known solid promaoters for catalysts used to produce
ethylene oxide inclode compounds of rheninm, potassnuyn, robidinm, cestum, sulfer,
manganese, molybdenum, and tungsten. During the reaction to make ethylene oxide, the
specific form of the promoter on the catalyst may be unknown, Examples of solid promoter

compositions and their characteristics as well as methods for incorporating the promoters as

part of the catalyst are described in Thorsteinson et al., 11.S, Patent Mo, 5,187,140,
particularly at colurnng 11 i‘hr(}ugh 15, Liw, et al,, U.S, Patent No. 6,511,938, Chou et al.,
U5, Patent No. 5,504,053, Soo, etal,, U.S. Patent No. 5,102, 848, Bhasin, et a1, U.S. Patent
Nos, 4,916,243, 4 908,343, and 5,059,481, and Lauritzen, 1J.8. Patent MNos. 4,761,394,
4,766,105, £ 808,738, 4,820,675 and 4,833 261, all incorporated herein by reference. The
solid promoters are generally added as chemical compounds to the catalyst prior o its ase,
As used herein, the term "compound” refers to the combination of a particular element with
one or more different elements by surface and/or chemical bonding, such as ionic and/or
covalent and/or coordinate bonding. The term "onic" or "ton” refers to an electrically

¥

charged chemical moiety; "cationic” or "cation” being positive and "anpionic” or "anion”
being negative. The term "oxyanionic” or "oxyanion” refers to & negatively charged moiety
confaining at Jeast one oxygen atom in combination with another element, An oxvamion is
thus an oxygen-containing anion. i is understood that ions do not exist in vacuo, but are
found in combination with charge-balancing counter jons when added as 2 compound to the
catalyst, Oncein the catalyst, the form of the promoter is not always known, and the
promoter may be present without the comterion added during the preparation of the
catalyst. For example, a catalyst made with cesium hvdroxide may be analyzed to contain
cesium but not hydroxide m the finished catalyst, Likewise, compounds such as alkal
metal oxide, for example cesinm oxide, or fransition metal oxides, for example MoQs, while
not being lonic, may convert to lonic compounds during catalyst preparation or in use. For
the sake of ease of anderstanding, the solid promoters will be referred to in terms of cations
and anions regardless of their form in the catalyst under operating conditions.

The catalyst used in the methods of the present invention comprises a
rhenium promoter, which can be provided in various forms, for example, as the metal, as a

covalent compound, 48 a cation or as an anion. Rhentum prometed supported silver
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containing catalysts are known from ULS, Pat, No, 4,761,264 and UG Pat, No. 4,766,108,
which are Incorporaied herein by reference. Broadly, the catalysis comprise silver, rhenium
or compound thereof, and in some embodiments, a co-promoter such as a further metal or
compound thereof and optionally an additional co-promeoter such as one or more of sulfur,
phosphorus, boron, and compounds thereof, on the support material, The rhenium species

that provides the enhanced efficiency and/or activity is not certain and may be the
component added or that generated either during preparation of the catalvst or during use as
a caralyst. Examples of rhenivm compounds include the rhenivm salts such as rheniom
halides, the rheniurn oxvhalides, the rhenates, the perrhenates, the oxides and the acids of
thenjum., However, the allali meta] perrhenates, ammonium perrhenate, alkaline earth
metal perrhenates, silver perrhenates, other perrhenates and rheninm heptoxide can also be
suitably wtilized. Rhenium heptogide, ResOy, when dissolved in water, hvdrolyzes to
perrhenic acid, HReOy, or rydrogen perthenate. Thus, for purposes of this specification,
rhenmm heptoxide can be considered. to be a perrhenate, that is, ReO,. Similar chemistries
can be exhibited by other metals such as molybdenum and tungsten.

The supported silver catalvst can comprise a rheniom promoter, a {irst
co-promoter, and a second co-promoter; where the quantity of the rhenjum promeoter
deposited on the carrier is greater than | mumolefkg (about 185 ppmw), relative to the weight
of the catalyst; where the first co-prometer 1s selected from sulfur, phosphorus, boron, and
mixinres thereof, where the second co-promoter is selected from tungsien, molybdenum,
chromivm, and mixtures thereof; and the total guantity of the first co-promoter and the
second co-promoter depasited on the carrier is at most 3.8 mmole/kg, relative to the weight
of the catalyst,

The catalyst can comprise a sapport and, deposited on the support, silver, a
rirenium promoter, a first co-promoter, and a second co-promoter; wherein the molar ratio
of the {irst co-promoter to the second co-promoter 15 greater than 1, wherein the first
co-promoter 18 selected from sulfur, whosphoms, horon, and mixtures thereof, and wherein
the second co-promoter is selectad from fongsten, molvbdenum, chrombum, and mixtares
thereof.

In some instances, the promoter comprises a mixture of cations, for exarmple
cesinm and at least one other allall metal; to obtain a svnergistic efficiency enhancement as

described in ULS, Patent Mo, £,916.243, herein Incorporated by reference.
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The concentration of the alkali metal promoters in the finished catalyst is not
narrow and may vary over a wide range. The optirmum alkali metal promoter concentration
for a particular catalyst, given the other camier and catalyst properties, will be dependent
upon performance characteristics, such as catalyst efficiency, rate of catalyst aging and
reaction iemperaturs,

"The concentration of alkali metal (based on the weight of cation, for example
cesium} in the finished r;a{:alyat may vary from about 0.0005 to 1.0 wt. %, preferably from
about 0.005 to 0.5 wt, %. The preferred amount of cation promoter deposited on ov present
on the surface of the support or catalvst generally lies bepween ahout 10 ppm and about
4000 ppm, preferably about 15 ppm and about 3000 ppm, and more preferably between
about 20 ppm and about 2500 ppm by weight of cation caleulated on the total support

rmaterial, Amounis between about 50 ppm and about 2000 ppm are frequently most
preferable. When the atkali metal cesium s used in mixture with other cations, the ratio of
cesium fo any other alkali rnetal and alkaline earth metal sal(s), if used, to achisve desired
performanee is pot narrow and may vary over a wide range. The ratio of cesinm to the other
cation prorecters may vary from about 0.000%:1 to 30,0001, preferably from about 0.001:1
to 1,000:1.

Examples of some of the anion promoters or co-promoeters which mav be
employed with the present invention inciude the halides, for example fluorides and
chlorides, and the oxyanions of the elements other than cxygen having an atomic number of
5o 83 of Groups 3b to 7b and 3a to 7a of the Periodic Table. One or more of the
oxyanions of nitrogen, sulfor, manganese, tantalum, molybdenum, fungsten and rhenium
may e preferred for some appiications

The types of anion promoters, co-promoters or modifiers suitable for use in
the catalysts of this invention comprise, by way of exarnple only, oxyanions such as sulfate
SO,{-,’E , phosphates, for example, PO, titanates, e g. 'T:i()g", tantalates, for example,

Tax0g ™, molybdates, for example, Moy, vanadates, for example, Valds™ chromates, for

example, Cr0,”, rirconates, for example, ZrO27 , polyphosphates, manganares, nitrates,
chiovates, bromates, borates, sibeates, carbonaies, fungsiates, thiosulfates, cerates and the

Iike, The halides may also be present, inchuding fiuoride, chloride, bromide and lodide,

g
It is well recognized that many anions have complex chemisties and may

exist in one or more forms, for example. orthovanadate and metavanadate: and the varions

L)
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molybdate oxvanions such as Mo, and VTO’?OM and Mo.0+™, The oxyvanions may also
include mixed metal-containing oxyanions mncluding polyoxyanion structures, For instance,
manganese and molybdenum can form a mixed metal oxyanion. Similarly, other metals,
whether provided in anionic, cationie, elemental or covalent form may enter o anionic
structuras.

While an oxyanion, or a precursor to an oxyanion, may be used in solutions
for impregnating the support, it is possible that during the conditions of preparation of the
catalyst and/or during use, the particular oxyanion or precursor initially present may be
cornverted 10 another form, Indeed, the element may be converted fo a cationic or covalent
form. Inmany instances. analytical techniques may not be sufficient 1o precisely identify
the species present. The invention is not intended to be Hited by the exact species that
may uliimately exist on the catalyst during use.

Another class of promioters, which may be employed with the present
mvention, includes manganese components, In many instances, manganese components can
enhance the activity, efficiency and/or stability of catalysts. The manganese species that
provides the enhanced activity, efficiency and/or siability is not certain and may he the
component added or that generated either during catalyst preparation or during use as a
catalyst. Manganese components inciude, but are not limited to, mangansse acetate,
manganess ammonivm sulfate, manganese citrate, manganese dithionate, manganese
oxalate, manganons witrate, manganous sulfate, and manganate anion, for example

ermanganate anion, and the Iike, To stabilize the manganese component in certain

impregnating solutions, i may be necessary to add a chelating compound such ag
c:t‘ny}en(:‘diam.i.nem{mzm@tlc: acid (ELDTA) or a suitable salt thereof,

The amount of anion prometer may vary widely, for example, from about
(.0005 weight percent to about 2 weight percent, preferably from about 0.001 weight
percent to about 0.5 weight percent based on the total weight of the catalyst, When nsed,
the rhenium comaponent 1s often provided in an amount of at least about 180 pomw, say, fo
about 2000 ppmw, often between about 180 ppmw and 1000 ppmw, calculaied as the
welght of thenium baged on the total weight of the catalyst, In some embodiments, the
rhenium component is provided in an amount of at least abont 270 ppmw, at least about 360

DRIMW.
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18 desiyable thay the siver, the rhenium promoter and/or one oF more
additional promoters and/or co-promoters be relatively uniformly dispersed on the support.
A preferred procednre for depositing silver catalyiic material, rhenium and ane or more
promoters comprises: (1) mpregnating & snpport according to the present invention with z
solution comprising a solvent or solubilizing agent, silver complex and one or more
promoters, and (2) thereafter treafing the impregnated support to convert the silver
compound and effect deposition of silver and the promoters) onto the exterior and interior
pote surfaces of the support. Stlver and promoter depositions are generally nccompiished
by heating the solution containing support at elevated temperatures to evaporate the Hauid
within the support and effect deposition of the silver and promoters onto the interior and
exterior support surfaces. The temperature of the neating step s igh encugh 10 reduce any
silver compounds (o metallic silver. Impregnation of the support s the preferred technigue
for silver deposition because it ntilizes silver more efficiently than coating prosedures, the
latter being generally unable to effect substantial silver deposition onto the interior surface
of the support. In addition, confed catalysts are more suscepiibies to sitver loss by
mechanical abrasion,

Well known methods can be emaploved to analyze for the mmounts of silver,

N

promoter and co-provoters deposited onio $ie alpha-aluming support,. The skilied artisan

miny employ, for example, material balances to determine the amounnis of any of these
deposited components. Alternatively, any suitable analyvtical technique for determining
elemental composition, such as K-rey fnorescence (XRF), may be emploved to determine
the arnonnts of the deposited components,

The gaseous chlorine-containing promoter species infrodoced in the reaction
mizture are also otherwise termed as gas-phase modifiers, Inhibitors and/or enhancers,
Suitable gaseous chlorine-containing promoter species can be selected from a group
contziming C1-C8 chlorohydrocarbons. Exemplary ehlorohydrocarbons include ethyl
chloride, vinyl chlonide, sthylene dichloride. moethy] chloride and any puxtures thereof,
Ethy! chloride and ethylene dichloride are most preferred. Using gaseous chlorine-

conptaining promoter species as an example, it is believed tat the ability of the gaseous
chlorine-containing promoter species to enhance the efficiency and/or activity of the

epoxidation process depends on ihe extent to which the gaseous chlorine-contair

o

prometer species chiorinates the surface of the catalyst, for example, by depositing

~p
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particular chlorine :spec.ie&: such as atomic chlorine or chloride fony on the catalyst,
However, hydrocarbons 1g chlorine atoms are belleved to strip chlorides from the
catalyst, and therefore, detract from the overall efficiency enhancement provided by the
gaseous chlorine-containing promoter species. Discussions of this phenomenon may be
found in Berty, “Inhibitor Acticn of Chlerinated Hydrocarbons in the Oxidation of Ethylene
to Inthylene Oxide,” Chemical Engineering Communications, Vol, 82 (1989) at 226-232 and

4

Besty, “Ethylene Oxide Synthesis,” Applied Industrial Catalysis, Vol I {1983) at 207-238.

Paraffinic compounds, such ag ethane or propane, are believed o be especially effective at
stripping chicrides {yom the catalyst. However, olefins such as ethviene and propylene, are
150 believed to act to strip chiorides from the catalyst, Some of these hydrocarbons may

algo be introduced as fmrpurities in the alkviene feed or may be present for other reasons
{such as the use of recycie stream) in the reaction mixtare. Typically, the preferred
concentration of ethane in the reaction mixture, when present, s from ( to about 2 mole
percent. Given the competing effects of the gaseous chlorine-containing promoter species
and the non-halogenated, chloride-removing hydrocarbons in reaction mixture, it 15
convenient to define an “overall catalyst chioriding effectiveness value” that represents the

¢t of the promoting and chloride-removing gas phase species in chioriding the

catalyst, [n the case of gaseous chlorine-containing promoter species, the “overall catalyst
chioniding effectiveness” value can be defined as the dimensionless quantity Z* and

represented by the following formula (i)

I Ly . !
s eihyl chioride eguivalent | Lpry )

ethare equivalent (mole percent |

wherein the ethyl chlornide equivalent Is the concentration in ppmv of ethyé. cirloride that
provides substantially the same catalvst chlonding effectiveness of the gaseous chiorine-
comtalning promoter species present in the reaction mixture at the concentrations of the
gasecus chlonne-containing promoter species (n the reaction mixture; and the ethane
equivalent is the concentration of ethane In mole percent that provides subsiantially the
samne catalyst dechloriding effectiveness of the non-chloride containing hydroearbons in the
reaction mixtore at the concentrations of the non-chloride containing hydrocarbons in the

reastion mixture,
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If ethyl chioride is the only gaseous chlorine-containing promoter species
present in the reaction mixture, the ethyl chionide equivalent (Le., the nuraerator in equation
(HI)) is the ethyl chlonde concentration in pprav. I other gaseous chiorine-containing
promoter species (specifically vioyl chloride, methvi chloride or ethylene dichioride) are
used alone or in conjunction with ethyl chiloride, the ethvl chioride equivalent is the
copcentration of ethyl chloride in ppmv plus the concentrations of the other gaseons

o)

chlorine-containing promoier species {corrected for (heir effectiveness as a promoter as
compared o ethyl chioride). The relative effectiveness of a non-ethvl chloride promoter
can be measured experimentally by repiacing ethyl chioride with the other promoter and
detenmining the conceniration needed to obtain the same Jevel of catalyst performance
provided by ethyl chlonde, As a way of further ustration, if the required concentration of
ethylene dichloride at the resctor inlet 1s 0.5 ppmy (o realize equivalent effeciivensss in
terms of catalyst performance provided by 1 ppmv of ethyl chloride, then the sthy! chloride

equivalent for 1 ppinv ethylene dichloride would be 2 ppmy ethyl chloride, Fora

hypothetical feed having 1 ppmy ethylene dichloride and 1 ppmv ethyl chloride, the ethyl
chioride eguivalent in the numerator of 7% would then be 3 ppimv. As 2 further example, it
has been found that methyl chloride has about 10 times less the chlonding d{uwcrx 255 of
ethyl chloride, Therefore, the ethyl chloride equivalent for a given concentration of methyl
ehloride m ppmy is 0.1 x (methyl chloride concentration in pprmvy. 1t hag also been found
that for certain catalysts, vinyl chiloride bas the same chlonding effectiveness as ethyl
chloride. Therefore, for such catalysts the ethyl chloride equivalent for « given
concentration of vinyl chlonide in ppmy 15 1.0 1 (vinyl chloride concentration in ppv).
When more than two chiorine-contaming promoters are present in reaction mixture, which
18 often the cuse in commercial ethylene epoxidation processes, the overall ethyl chloride
equivalent s e sum of the corresponding ethyl chionde equivaients for each individual
chlorine-containing promoter that is present. As an example, for a hypothetical feed of 1
ppmv ethylepe dichlonide, 1 ppmy ethyl ehloride, and 1 ppmv vinyl chioride, the ethyl
chlorde equivalent in the numerator of 2% would be 257+ [ + 1%L =4 ppmy,

The ethane equivalent (e, the denominator in equation (JT1) 15 the
concenirabon of ethane 1 mole percent in the reaction mixture phus the concentration of the
other hvdrocarbons effective in removing chloride from the catalysis, corrected for their

effecuveness for dechlorinaton relative o ethane, The relative effectiveness of ethylene

20
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and ethane can be measured experimentally by determining the inlet ethyl chlonde
equivalent concentration that provides the same Jevel of catalyst performance for a {eed
comprising both ethviepe and ethane as compared to the same feed with the same ethyiene
concentration but a specific ethyl chlonde eguivalent concentration and no ethane, As a
way of further fllustration, if with a reaction mixtare compoesition comprising an ethylene
concenirafion of 30.0 mole percent apd an ethane concentration of 0.30 macle percent, a
level of 6.0 ppmv ethyl chioride equivalents is found to provide the same level of catalyst
rerformance 23 3.0 ppmv ethyl chloride equivalents with a similar resction mixture
composition but lacking ethane, then the ethane eguivalent for 30.0 moie percent ethylene
wonld be G.30 mole percent. For a reaction mixtare having 30.0 mole percent ethylene and
0.3 mole percent ethane, the ethane equivalent will then be 0.6 mole percent, As another
iliugtration, i hag been found that for certain catalyste methane has about 500 times less the
dechlonding effectiveness of ethane. Thus, for such catalysts the ethane equivalent for
methane is 0.002 x (methane conceniration in mol9%), For a typical reaction mixture having
3.0 mole percent ethylene and 0.1 mole percent ethane, the ethane squivalent then will be
0.4 mole percent. The relative effectiveness of hydrocarbons other than ethane and efhylene
can be measured experimentally by determining the inlet ethy] chloride equivalent
concentrations 1‘@-(3’5.1‘_1‘@(1 to achieve the same catalyst performance for a reaction mixture
comprising the hyvdrocarbon of intergst at (18 feed concentration at two different feed ethane
concentrations, If a hydrocarbon compound 1s found 10 have a very small dechloriding
effect and s also preseat In low concentrations, then its contribution to the ethane
equivalent concentration m the 2% caleulation wiil be negligible.

Thus, given the foregoing relationships, in the case where the reaction
mixfure includes ethylene, ethyl chloride, ethylene dichloride, vinvl chloride, and ethane,

the overall eatalyst chionding effectiveness value can be defined by equation (IV):

ECL4+ (0w EDCY V(T .
o (m (2% EDC) M,@ )
(O H +00.01x CH ) ‘

wherein BECL, BDC, and VUL, are the concentrations in ppmy of ethyl chlonide (C

15CL,
ethylene dichloride (Cl-CHo-CHa-ClL), and vinyl chioride (HoC=CH-C1), respectively, in the

reaction mixiare,

Fle and CoFly are the concenlrations in mole percent of ethane and
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ethylene, respectively, in the reaction mixture, It is toportant that the relative effectiveness
of the gaseons chlorne-containing promoter species and the hydrocarhon dechlonnating
species also be measured under (he conditions at which the epoxidation reaction is
performed, 7% will preferably be mamntained at a level that is no greater than about 20 and
which is most preferably no greater than abowt 15, 2% is preferably at least about 1,

Although the gaseous chlorpe-containing promoter species may be supplied
as a single species, npon contact with the catalyst, other species may be formed leading to a
mixture in the outlet stream of the reactor, In some embodimenis, the reaction mixiure can
inchude a recyele feed stream from the reacior, Consequently, if the outlet stream of the
reactor 18 recyeled, a mixture of species will be found in fhe reaction mixtore, As used
herein the tenm “reaction mixtue” means e reactor inlet feed gas, which ncludes
alkylene, oxygen and a gaseous chlorine-containing promoter species, as well as the recvie
feed stream to the reactor, i present. In particular, the recvele feed stream w the reactor
miay contain ethvl chloride, vinyl chloride, ethviene dichloride and/or methyl chloride, even
though only ethyl chloride or ethylene dichloride is supplied to the sverem, The
concentratons of ethyl chlornde, vinyl chloride, and ethylene dichloride must be considered
i calculating 2*.

Typically, the outlet stream from the reactor containg dilute concentrations of
alkyleme oxide along with unreacted alkylene, vnreacied onypen, aldehvdes, acidic
impurities, nitrogen, argon and carbon dioxide among others, Carbon dioxide is produced
as a reaction by-product and may also be miroduced with other inlet reaction gases as an
imparity, The allcylene oxide can be separated and recovered from the outlet streamn of the
reactor, The remaining material in be outlet stream of the reactor can be recyeled back
the reactor ag a recycle feed stream o diminish loss of nareacted alicylene. In some
embodiments, the outlet stream of the reactor can be passed through a carbon dioxude
remeval unit to remove and/or minimize the amount of carbon dioxide prior 1o mtroducing
in the reactor ag the recyels feed stream, In one ambodiment, the carbon dioxide
concentration in the recycle feed stream 15 no more than about 5 mole percent, and more
preferably no more than about 3 mole percent and even more preferably no more than about
2 mole percent of the total composition of ihe reaction mixture. Water may also be present
in the yecyele feed stream in concentrations that are preferably from about O mole percent to

no more than about 3 mole percent,
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In one embodiment, the epoxidation reaction is operated at the preferred
operating condition over a period vielding a production of at least about 230 kmole alkylene
oxide per cuble meter (kmole m™ of the vatalyst, where the volume of the catalyst s
measured as the packed volume of the reactor. In some embodiments, the epoxidation
reaction is operated at the preferred operating condition over a pertod vielding a production
of at least about 300 kmole alkvlene oxide per cubic mefer of the catalyst, In another
embodiment, the epoxidation reaction 18 operated at the preferved operating condition over a
period yielding a production of at teast about 1000 kmole allrylene oxide per cubic meter of
the catalyst, The “packed volume of the reactor” is the volume of the reactor that 3s actually
occupied by the catalyst bec

In a preferred ernbodiment, the epoxidation reaction is operated at the
preferred operating condition prior (o reaching 4 cumulative atkvlene oxdde production of
about 50000 kmole m™ of catal vst (where the volume of the catalyst is measured as the
packed volume of the reacior), preferably prior to reaching about 20000 kmole m™ of
catalyst, and more preferably prior to reaching about 10000 kmole m™ of ca‘za},yst.

The preferred operating condition can be determined from a derivative of
efficiency to productivity of the epoxidation reaction. The method involves determining a
derivative of efficiency o produetivity of the enoxidation reaction as a function of the

N

averall catalyst chleriding effectiveness value [2%) at a first temny

srature, with the other
components of the operating conditions remamng subsiantially unchanged. The derivative
of efficiency to productivity of the epoxidation reaction is in a range of abount -1 (o about -4
when efficiency of the epoxidation reaction is expressed in percent and productivity of the

epoxidation reaction is expressed as the concentration of alkylene oxide in mole percent in &

et

cactor ontlet stream. The overall catalyst chlonding effectiveness may be varied by
changing the concentration of one or more gaseous chiorne-containing promoter species
and/or the concentration of one or more non-chlorine containing hydrocarbon species and it
18 most preferred that the concentration of alloylene is not vaned. {One of skill i the art will
appreciate that the concentration of alkylene may be varied but doing so will require making
appropriate adjustments m the calculations,) In one embodiment, the dervative is measured
using a slope-hased method. For example, the efficiency and associated productivity of the
epoxidation reaction are measured at a fivst overall catalyst chioniding effectiveness value to

obtain a {irst efficiency value and a first productivity vailve at the first temperatore, Ata
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second overall catalyst chloriding effectiveness value, the epoxidation reaction provides a
second efficiency valve and & second productivity value at the first tlemperature, According
to embodiments of the present invention, the preferred opsrating condition is chagacterized
by the slope, whete the slope is obtained from the diffevence between the first efficiency
value and the second efficiency value divided by the difference between the Frst
productivity value and the second productivity value, The slope has a value of berween
about -1 (o about -4, when elliciency is expressed in percent and productivity as mole
percent of alkylene oxide contained in a reactor outlet stream. In some embodimenis, the
prieferred operating condirion 18 characierized by the second efficiency vatue and the

corresponding second productivity value which can be deterrnined from the slope, For

example, once & first prodoctivity vatoe and corresponding first efficiency value for an
epoxidation reaction 1s known at the first temperature, the reaction can be operated at the
preferred operating condition, which is characterized by the wecond efficiency value and the
second productivity value at the first temperature, by changing an overall catalyst chloriding

effectiveness until the slope 1s between about -1 and ebout -4, when efficiency is expressed

m percent and productivity as mote percent of alkvlene oxide in a reactor outlef giream.

FIG s a flowchart 10 of & method of determining the preferred operating
condition of an epoxtdation reaction according o some embodiments of the present
mvention. Afstep 12, a fivst dafa set of e:fi:”ici@ncy and productivity of the spoxidation
reaction at 2 fist temperature is generated. The first data set includes efficiency valies
associated with at least three overall catalyst chloriding effectiveness values at the first
temperature and the corresponding productivity valoes, with other components of the
operaling conditions remaining substantially unchanged. The at least three overall catalyst

5

chlending effectveness values correspond to three different overall catalyst chloriding

cliveness values and are obtaped by varying the concentration of one or more Zaseous

chiorine-coninng promoter species and/or the conceniralion of one or more non-chiorine
containing hydrocarbon species, and 1t is most preferred fhat the concentration of alkylens is
not varied. It is preferved that the overall catalyst chloriding effectiveness is varied by
changing the inlet concentration of one or more gaseous chiorine-containing promoler
species and/or the inlet concentration of one or more saturated non-chlorine contaiming
hydrocarbons, It is most preferred that the overall catalyst chlonding effectivensss is

chauged by changing the inlet concentration of a gaseous chicrine-containing promoter
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species, for example, by changing its feed rate w the veactor. When 2% i emploved as the
measure of overall catalyst chioriding effectiveness, the ut least three overall catalyst
chloriding effectiveness values can be between about | and 30, The at least three overall
catalyst chlonding effectiveness values can include a low value, one or more medinm
values and a high value, and these valnes may change with emperature, as well as wich the
higher overall catalyst chloriding effectiveness values generally associated with higher
temperatures. It is also desirable that at least one of the one or more medinm vales is
associated with the highest efficiency when compared to the efficiencies obtained at the low
and the high overail catalyst chlonding effectivenass values. If the highest efficiency i

obtained at the one or both of these overall catalyst chioriding effeciiveness values, that ig
the low and/or high values, then it is prefemed o generate additional data on efficiency and
productvity of the epoxidation reaction at still lower and/or higher overall catalyst
chioriding effectiveness values than the low valoe and/or the high value, respectively. In
ote embodiment, at a reactor temperatore of sbout 240°C, the low valae of Z% 18 about 1w

about Z, the one or more medinm valves of 7% are abowt 2 1o about 3. and the high value of
ZF s about 3 to about 4

The first temperature is selected such that the lemperatore falls within the

temperature range of the epoxidaton reaction, as deseribed previously. In some
embodiments, the first temperatre is preferably at least about 200°C, move preferably a
Jeast about 210°C, and most preferably at least about 220°C. The first temaperature is not
more than about 300°C, more preferably not more than about 290°C, and most preferably
not more than about 280°C, Typically, the productivity of the epoxidation reaciion over the
selected range of overall catalyst chloriding effectiveness values at the {irst temnperature is
greater than about 1 mole percent of alkyviene oxide when expressed as molar concentration
in the outlet stream. In certain embodiments, the productivity of the epoxidation reaction
over the selected range of overall catalyst chlonding effectiveness valoes at the first

femperature 18 in 2 range of abont 1 mole percent to about 4 mole percent aliovlene oxide. In
g . ¥

¥

some embodiments, e maxiroum efficiency of the epoxidation reaction over the selected

range of overall catalyst chioriding effectivensess values at the first temperatnre is af least

about 85 percent. In certain embodiments, the maximum eff

iency of the epoxidation

reaction over the selected range of overall catalyst chloriding effectiveness values at the first

femperature is in a range of about 85 percent to about 95 percent,
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A maximum efficiency value at the frst temperature is determined, at step
14, from the first data set, and corresponds (0 a maximur efficiency achievable at the first

femperatore by varving the overall catalyst chlonding effectiveness, Tn some embodiments,

determining & maxamum efficiency value at the first wmperature inclodes generating a plot,
or using a program, or using 4 mathematical eguation or any combinations thereof, As
known o those skitied in the art, increasing the number of data points of the {irst data set

may irmprove the quality of determining 2 maximum efficiency value, As will be

<

appreciated, moreasing the number of data points involves generating data at more than
thiee overall catalyst chioriding effectiveness values at the firstiemperature, and/or
repeating measorements at al least some of the at Teast three gverall catalyst chloriding
effectiveness values at the first temperatore.

A step 16, a range of efficiency values lower than the maximurm efficiency
vaiue 15 selected, According to embodiments of the present mvention, the range of
efficiency values corresponds o the preferred operating condition and is further
characterized by higher productivity of the epoxidation reaction than that achievable when
the reaction 1s performed at the maximum efficiency value at the fiwst temperature, Tn some
embotiments, the range of efficiency values 1s marked by productivity vaives of at 1zas
about [ percent greater than that obtained at the maximum efficiency valne, that is, at leas

:hoart 101 f1mes the concentration of allovlene oxide in the reactor cotlet siream

corresponding to the maximum efficiency value. In certain embodirmenis, the range of
efficiency values is marked by productivity values of at least about 5 percent greater than
that obtained at the maximum efficiency valoe, that 16, a0 least sbout 105 gmes the
concentration of alkylene oxide in the reactor outlet stream corresponding 1o he maximum
efficiency value., In one embodiment, the range of efficiency values 15 marked by

ater than that obtainad at the maximum

productivity valpes of al jeast about 10 percent g
efficiency value, that g, at Jeast about 1.1 times the concentration of alkvlene oxide in the

reactor gutiet siream cory

sponding to the meaxinmom efiiciency value,

A fiowcehart 20 of a method of determining the preferred operating condition
of an epoxidation reaction sccording fo one embodiment of the present invention is shown
i FIGL.2, The flow chart 20 illustrates one particular method by which the flow chart 10

an be employed 1o determine the preferred operating condition. The fowchart 20 includes

ep 12, as discussad previously with reference to flowehart 10, A first data set of

i Y
T
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efficiency and productivity of the epoxidation reaction at 2 first temperacwre 18 generated, at
step 12, at at Jeast three overall catalyst chloniding effectiveness values, Atstep 22, a first
curve with a first maximum 15 generated, by plotting the frst data set on a first plot, In
some embaodirnents, the first data set can be (itted mathermaticaliv to generate a first curve,
In one embodiment, the first curve can be generated by fitting first data set with a second
order polynomial function (o form a fitted curve, the fitted corve having the form of a
downward opening parabola. In one embodiment, the abscissa (X-axis) of the first plot
corresponds to the productivity of the eﬁoxida.{*r n reaction at the at least three overall
cafalyst chloriding effectiveness values and the ordinate (-axig) of the first piot
corresponds to the efficiency of the epoxidation reaction at the at least thyee overall catabyst
chioriding effectiveness vaines. In embodiments where the ordinate of the first plot
corresponds to the efficiency of the epoxidation reaction, reading the location of the first
maximum along the vertical axis provides a magimurmn efficiency value (which 1s the
maximum efficiency achievable by varying the overall catalyst chlonding effectiveness at
the first temperature), and reading the jocation of the first maximum along the horizontal
axis resuits in the corresponding productivity of the epoxidation reaction.

Al step 24, a fipst region on the first curve is selected. According o
embodiments of the present invention, the first region corresponds to the preferred operating
condition at the first temperature and Bes to the right of the first maximum wher the
abscissa of the first plot s the productivity of the epoxidation reaction. The first region s
charactenized by a range of efficiency values which is lower than the efficiency obtained at
ihe first maximum, As will be appreciated, the loss in efficiency due t0 operating the
epoxidation reaction at the first region is offset by (he gain in productivity.

P13 is an ilivstation of a first plot 30 obtained by plotting a first data set of

efficiency and produectivity vajlues at a Iirst ternperatire us

s (he method as shown in
flowchart 20, m accordance with embodiments of the present invention. The [irst data setis
obtained at overall catalyst chiloriding effectiveness values of 2.5, 3.1, 3.7 and 4.4 with fixed
inlet ethvlene and ethane conceniration targets of 30 and (.5 mole percent, respectively, and
at a temperature of 245°C and i plotted (0 generate 2 first curve 34 with a first maximom
36 on the first plot. The first maxirmum 36 hag corresponding efficiency and productivity
values as referenced by the nomerals 38 and 40, respectively. In this embodiment, the

noneral 38 refers to the maximum efficiency value obtained at 245°C and the numeral 40



refers (o the corresponding productivity value, A first region 47 1s selected which lies
towards the right of the first maximum 36 when the abscissa of the first plot 30 is the
productivity of the epoxidation reaction, In one embodiment, the first region 42 hus a
productivity that is at least about 19 greater than the productivity 40 corresponding to the
5 first maximum 36 (at ieast LOT times prodoctivity 40). In some embodunents, the [irst
region 42 has a productivity that is at least about 5% greater than the productivity 40
corresponding to the first maximum 36 (at least 1.03 times productivity 40}, In certain
embodiments, the [1rst region 42 has & productivity that 18 af least sbout 109% greater than
ihe productivity 40 corresponding to the frst maximum 36 (at least 110 times productivity
10 As will be appreciated, te first region 42 corresponds to the region on the plot where
the slope is between -1 and -4, when efficiency of the epoxidation reaction is expressed in
percent and productivity of the epoxidation reaction is expressed as the concentration of
alkylene oxide in mele percent in & reactor outlet strearn.
A flow chart 30w accordance with embodiments of the present nvention is
15 provided in FIGL 4. The flow chart 50 mcludes steps 12 and 22, as discussed previonsly
with reference to flow chart 20 of FIG. 2. At step 52, a second data set on efficiency and
productivity of the epoxidanon reaction 15 generated at 2 second femperature. The second
data set includes efficiency values associated with at least three overall catalyst chloriding

effectiveness values at the second tempesature and the corresponding productivity vaiaes,

»

20 with other components of the operating conditions remaining substantially unchanged, The
second femperafure can be fower or higher than the first temperaturs. It i¢ desirable to have
an incremenial increase or decrease from the first temperatore to attain the second
terpperature. o some embodiments, e second ternperature is different from the Arst
temperature by greater than about 1 degree Celsius, In certain embodiments, the secomd

25 temperature 13 different from the first temperature by grealer than about 3 degress Celsius,

in one embodiment, the szcond wemperature 18 different from the first temperature by greater

than about 5 degress Celsins.
In some embodiments, the at least three overall catalyst chioriding

effectiveness values emploved for generating the second data sef, 4t step 52, can be the

et
o]

same as emploved for generating the {irst data set, at gtep 12, In certain embodiments, the

at least three overall catalyst chloniding effectiveness values used in step 52 can be different

{rom those emploved for generating the first data set, The at least three oversll catalyst

28
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chloriding effectiveness vatues used in step 52 inctude 2 low value, one or more medinm
vatues and a high value, as mentioned previously with regard to step 12, The at least three
overall catalvst chloride effectiveness values used n step 52 are obtained as described with

regard (0 step 12, above.

At step 54, a sgcond curve s generated by plotting the second data set on the
first plot. The second curve 15 characterized by a second maximum, where the efficiency

shows a maximmrn at the second temperature. In embodiments where the second
temperature is higher than the first temperature, the second curve may (ypically shift
towards the lower right of the first curve, o greaier productivity valoes snd lower efficiency
values, In embodiments where the second temperatore 15 lower than the frst temperature,
the second curve may shift towards the upper left of the frst carve,

A tangent line can be drawn across the first curve and the second curve, at
step 36, The tangent line touches the st curve and the second curve at points that be
towards the right of the first maximum and the second maximum, According (o
embodiments of the present mvention, when the tangent line 15 construcied ag descenibed
above, a slope of the tangent line is found o be in a range of about -1 o about -4, when
efficiency ie expressed in percent and productivity as male percent of alkylene oxide in the
reactor ontlef siream. The slope of the resuliing tangent line may vary within this range
depending on factors such as tomperature, reactor conditions and/er calalyst age.

A second region can be selected at step 58, The second region lies on the
tangent Hne and corresponds o the preferred operating condition according to embodiments
of the present invention,

As will be appreciated, a preferred operating condition yieiding a desived productivity can
be determaned from the tangent Tine drawn acress the first curve and the second curve, In
one embodiment, the desired productivity is achieved al a point on the fangent line that lies
between the poiute of tangencey with the frst curve at first temperature and the second curve
at second ternperature. In embodiments where the desired productivity is higher or lower
than both (he productivity gl the tangent point for the fret curve at the [irst temperature and
the productivity at the tangent point for the second curve at the second temperature, the
tengent line can be extrapolated to obtain the preferved operating condition, In one

i

embodiment, the temperature (T3) and overall catalvst chilonding effectveness vatue (Z:*
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cogresponding to the preferred operating condition can be determined using equations (V

and V1) as given below;
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5 where, Ty, Ty and Ty are the first temperature, second temperature, and third temperature,
respectively; Caor and Caon are the concentrations of alkylene oxide in the outlet stream at
the points where the tangent line meets the regponse carves at Ty and Ty, respectively; Cros
is a desired level of productivity In mole percent in the ontlet stream; 7, and 7,* are the
overall catalyst chlorniding effectivencss vaines at the points where the tangent line meets the

{0 vesponse curves at Ty and Ty, respectively, and may be determined if required by
interpolation or exfrapolation from 2 plot of outiet alkyiens oxide concentration against the
overall catalyst chloniding effectveness values at Ty and Ty, respectively, and 7% is the
overall catalyst chloriding effectiveness value corresponding to the preferred operating

condition at the third temperature.

ot
()

# one embodiment, the steps 12-58 of the flow chart 50 can be repeated o
obtain more than two curves at more than two temperatures with the assoctated efficiency
and productivity values. A tangent line, or a senies of tangent lines, or a smoothiy varying
tangent curve drawn across the more than two curves can provide the preferred operating
cordition in 2 manner similar o that described above at each of the temperatures,

20 FIGL 5 18 an dlustration of a plot 60 of the first data set and the second daw
set obtaimed using the flowchart 50, in accordance with embodiments of the present
vention. The first data set can be plotied o get the first curve 34 with the first maximum
36, as described with reference o FIG. 3. The corresponding efficiency and productivity
values are referred by the numerals 38 and 40, respectively, A plot of the second data sef at

25 250°C with overall catalyst chlonding effectiveness values of 3.6, 4.4 and 5.0, at fixed inlet

ethylene and ethane concentration targets of 30 and £.5 mole percent, respectively, provides

a second curve 64 with a second mexinnm 66 and the corresponding efficiency and

productivity vaiues are referred by the numerals 68 and 70, respectively. A tangent lne 72

3¢
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is drawn across the first curve 34 and the second curve 64, The tangent line 72 touches the
first curve 34 and the second carve 64, at points marked by the numerals 74 and 76, as
showrn in the FIG, 5. The points 74 and 76 He towards the right of the first maximum 36
and second maximum 66 of the first curve 34 and the second curve 64, respectively. The
preferrad operating condition at the first temperature corresponds to the region on the first
curve that touches the tangent fine 72, as marked by 74, and for the second temperature it
corresponds to point 76, according to embodiments of the present invention.

ol

Aflow chert 80 of & method according to embodiments of the present

(2
H
i

mvention 1s shown in FIG, 6. The fiow chart 80 includes Staps 12 and 52 as shown 1 the

flow chart 50 of FIGr. 4. At step 12, a first data set of efficiency and productivity of the
epoxidation reaction al the at jeast three overall catalvst chloriding effectiveness values at

the first temperature is generated. At step 52, a second data set of efficiency and
productivity of the epoxidation reaction at the at least three overall catalvst chloriding
effectiveness values at the second temperatre is generated,
At step 82, a contour plot is generated by plotting the first data sef and the

econd data set. In one embodiment, the first data set and the second data set are plotted as
functions of overail catalvst chioniding effectiveness value and temperature t0 obtain at least
one third curve and at least one fourth curve. The at least one third curve corresponds (o a
contour of constant efficiency of the epoxidation reaction, and the at least one fowrth curve
corresponds Lo u contour of constant productivity of the epoxidation reaction,

A third region on the contour plot is selected, at step 84, The third region
comesponds to the preferred operating condition. In one embodiment, the third region lies
on the at least one fourth curve corresponding 10 a desired level of productivity and is
further characlerized by the at least one third curve having highest efficiency and which also
meets the at least one fourth curye of interest,

in some embodiments, steps 12 or 52 are vepeated at a thivd temperatore apd
the contour plot is geperated by plotting data at at least three {(emperatares, As will be
appreciated, generating data at more than three temperatures can provide a determination of
the preferred operating condition that is better in comparison with the contour plot

penerated ab three temperatures.
£

F10E 7 i 2 contour plot 90 of a first data set, 8 second data set and a third

data set obtained by following the method of flow chart 80, In this embodiment, the
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abiseissa of the contour plot 90 18 the temperature and the ordinate ts the overall catalyst
chlonding effectiveness vaine, From the Grst data set, the second data set and the thiyd data
set, the efficiency data at the three temperatures and at the at least three overall catalyst
chioriding effectiveness values can be plotied on the contour plot 90 to obtain at least one
third curve 98, The productivity valves from the first data set, the second data set and the
third data set can be plotted to obtain at least one fourth corve 160, The preferred operating
condition can be defermined by choosing the at least one fourth curve 100 and selecting the
ingersection of the at least one third curve 98 on the at least one fourth curve 100 which
provides maximum efficiency at that productivity, In one embodiment, the temperature and
the overall catalyyt chioriding effectiveness value corresponding to the preferred operating
condition can be read from the axes of the contour plot 90, In the lustraled embodiment of
FIGL7, for a desired productivity of 1.6% EO, a maximum efficiency of about 87% can be

obtained at a temperatire of 246.5°C and ap overall catalyst chloriding effectiveness vatue
of sbout 4.3 ZF, As will be appreciated, the efficiency of 87% af preferred operating

condition 102 g lower then the maximum efliciency of 87 4% obtainable at the temperature
of 246,5°C with an overall catalyst chioriding effectiveness valoe of about 3,7 7%, where
the productivity 18 about 1,.42% B0,

TG, ¥ is a schematic diagram of a system 110 according t0 embodiments of

the present invention. The systern 110 includes a reactor 112 and a controiler 114, In the
dlustrated embodiment of FIGLE, the reactor 117 s 2 mbular vessel with a catalyst bed
disposed in . An alkylene feed 116, an oxvgen feed 118 and 2 gaseous chiorine-containing

4

promoter species feed 120 are combined and is introdoced into the resctor 1172 as 2 reaction

D]

moixture 122, The pumerals 124 and 126 depmet the flow meters for the alkylene feed 116
and gaseous chlorine-containing promoter species feed 120, respectively. A reactor cutlet

stream 128 including alkylene oxide product, plus side products and/or inspuritics {e.g.,

0, Hy0, and saturated hydrocarbons) and unreacted olefing and oxygen can be taken out

from the reactor 112, I desired, 2 recycle [eed stream 130 can be provided i the reactor
112 to recyele unreacted olefing and oxygen in the resctor outlet stream 128, The recyele

feed stream 130 can inchude a flow meter 134 and 2 recyole flow controlier 136, The

recvele flow controller 136 receives recyele flow data from flow meter 134 and can

manipulate control valve 138 to control the flow rate of recycle {¢

o

o

sech atream 130,

‘a
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‘The temperatare of the reactor 112 can be confrolizd by means of a coolant

systern, such as & bolling water-cooled system. A coolant pressure controller 140 receives

coolant data from pressure meter 142 and adjusts coolant control valve 144 to change the
coolant pressure and effect the temperature change. A reactor temperature controller 146
receives a temnperature signal from a reactor thermocouple and provides an output that resets
the set point of coolant prasswre controller 144,

The controlier 114 can receive inputs from 4 reactor outlet stream
concentration analyzer 148; a reaction mixiure concentration analyzer 150, the alleylene feed
flow meter 124, an alkylene feed flow controller 152, an alkylene feed analyzer controller
154, a gaseous chlorine-containing promoter species flow controller 156, and a net product
How meter 138, The controller 114 s preferably implemenied in a computerized control
systemn and also ncludes a CPU and a memory as well as outputs that are ultimately used to
adjust control valves 160 (gaseous chlorine-containing promoter species) and 144 (coolanty,
respectively, The controller 114 may also determine the vield of alkvlens oxide hased on
the flow rate of alkylene in allcylene feed stream 116, the flow rate of net product in net

product stream 132, and the concentration of alkviene oxide in the reactor outlet stremn 128,

The comroller 114 can also recetve concentration data for gaseons chlorine-
containing promoter species such as ethyl chlonde, vinyl chionide, and ethvlene dichlonde
in reaction mixture 122 from analyzer 150, a8 well as the concentration of cihylene, ethane,
and any other non-chlozinated hvdrocarbons n reaction mixture 122, The concentration
data is then used (o calcnlate the overall catalyst chloriding effectiveness (e.e,, 77%), The
coniroller 114 may also receive a user entersd set-point for the mole percent of alkviene

oxide in the reactor outlet strearn 128 and/or the yield of alkylese oxide, Based on the user
entered set point and data from reactor outlet stream concentration analyzer 148, controlier
114 can determine if the concentration of alkvlene oxide in the rmactor outlet stream 128
and/or the yvield of alkylens oxide is within the prefered opers tj,ng condition. When the
alkyiene oxide concentration and/or yield falls outside of the preferred operating condition,
controller 114 can either adjest the reactor femperatare or the flow rate of the gasecns
chlorine-containing promoter species in the reaction muxinre 122 (fo change 779 to oblain
the desired alkylene oxide concentration or yield,

J

As shown in FIG. 3, the alkvlene feed analyzer controlier 154 can be

provided to regulaie the alkylene concentration in the reaction mizfure 122, In the

[
.3



-
LAt

20

D

30

ilustrated example, the alkylene feed analyzer controfler 154 receives compositional data
from reaction mixture concentration analyzer 150 indicating the amount of alkylene in the
reaction mixtare 122, The alicylene feed analyzer controller 154 (which may have 1 user-
entered set point for the alkylene concentration in reaction mixture 122) then resets the set
point of alkylene feed flow controller 156 which receives flow data from alkyiene feed flow
meter 124 and manipuaiates the flow of fresh alloylene feed. The lustrated control schems
is merely exemplary and s not meant to himit the scope of the present invention,

s

Phe methods used berein may be embodied in & set of computer readable

mstructions hat are stored

O & compter dable medinm such a8 2 magnetic disk or
computer hard drive foruse by controller 114, The conuoller 114 may be implemented in a
number of ways, but the use of a computer conirol system 1s preferred,
The set pomnts for the controlier 114 degeribed above may be determined in 2
number of ways, They may be mputs to the controller 114 from an extemal source, for
xample from manual analysis of operating data. They mayv also be calenlated by the

controller 114, uself. Por example, 1f a computer control system 18 used, the computer

control systenm may be programmed to analyze received inputs and use the data to caleolate

a siope of the efficiency of the reaction to productivity of the reaction, and use that slope

micrmaton to calculale the desived overall catalyst chionding effectiveness ora

temperature 1o operate at the preferred operating condition. If desired, the conooller 114

3

can even be programmed s0 as to perjodically vary the overall eatalyst chloriding

effectiveness, and analyze the resulimg data as described sbove, Many other methods of
implermnenting the invention by means of controller will be apparent o one slilled 1o the art,
The alkylene oxide produced by the uresent epoxidation process may
typically be processed to provide further downstreatn products, such as, for example, 1.2-
diols, 1.2-diol ethers, 1,2-carbonates, and atkanclamines, Since fhe present invention
provides an improved epoxidation method, it 1s coptemplated that the improvements
provided wiil carry forward to provide improvements to these downstreamn processes andfor

preducts. Improved methods for the production of 1,2-diols, 1,2-carbonates, 1.2-diol eihers

and alkanolamines are thus also provided horein.

The converston of alkylene oxides into 1.2-diols or 1,2-dial ethers may

comprise, for example, reacting the desired allkcvlene oxide with water

suitablyin the

’

presence of an acidic or basic catzlyst, For exampie, for preferential production of the 1,2-
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diol over the 1 2-diol ether, the allcylene oxide may be reacted with a tenfold molar excess
of water, in a liquid phase reaction 1w the presence of an acid catalyst, e.g., 0.5-1.0 wt%
sulfuric acid, based on the otal reaction mixture, at 56-70°C at 1 bar absolute, or in 2 gas
phase reaction, at 130-2407C and 20-40 bar absolute, preferably in the ahsence of a catalyst,
If the proportion of water 15 lowered, the proportion of the 1.2-diol ethers in the reaction

muxture will be increased. The 1-2, diol ethers thus produced may comprige di-ethers, iri-
ethers, tetra-ethers or other multi-ethers. Aliernative 1.2-diol ethers may be prepared by
converting the alkvlene oxide with an aleohol, such as mmethanol or ethanol, or by replacing
at jeast a portion of the water with the aleohol. The resulting 1,2-diois and diof ethers may
be uitlized in a wide variety of end-use applications in the food, beverage, tobacco,
cosmetic, thermoplastic polymer, curable rasin svstem, deter seat, heat transfer system, oo,
indnsiries.

The conversion of alkviene oxides produced via the method of the present

mvention into alkanolamines may comprise, for example, reacting the alkylene oxide with
ammaonia, Anhydrons or agueous ammonia may be used, although anhydrous ammonia

favors the production of monoalkarolamine, and may be used when the same is preferred.

The resulting alkanclarnines may be used, for example. in the treatment of naroral The

olefin oxide may be converted into the corresponding 1,2-carbonate by reacting the ciefin
oxude with carben dioxide, H desired, a 12-diol may be prepared by subsequently reacting,
the 1.2-carbonate with water or an alcohol to form the 1.2- diol_. For applicable meathods,
reference is made o U, 5, Patent Mo. 0,080,897, which is incorporated herein by reference.
Ethylene glyeol is nsed in two significant applications: #8 a raw material for
polyiethylene tevepnthalate) for use in polvester fiber, film, and contaners, and as an
sutomotive antifresze, Di-, iri-, and [et;‘&aﬂayi@nex ghveols are coproducts of sthyiene glveol,
Without further elaboration, it is believed that one skilled 1n the art can,
using the description hesein, utilize the present invention to itg fullest extent. The following
examples are mneluded to provide additional gudance o those skilled in the art i practicing
the claimed invention. The examples provided are merely representative of the work that
contribuies to the teaching of the present application. Accordingly, these examples are not

intended to limil the wnvention, as defined in the appended claims, in any manner.,
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EXAMPLE L

This example iHustrates the determination of the preferred operating
condlition using the plot method as described by the flow chart 30 and dlustrated by the
plot 60.

An alpha-alumipa support 1s prepared using the general procedure as
described in Patent Publication WO 2007/123532 and Ul Publication No, 2607-0111886
Al incerporated herein by reference. A silver catalyst confaining theninm is prepared on
the above dlpha-alumineg support using the general procedure as described in Patent
Publication WO 2007/123832, X-Ray Fluorescence (XRF) analysis of the silver catalyst
shows that it contains about 34.8 welght percent silver, abour 572 ppmw cesium, about
60 ppmw total sodium, about 405 ppmw rhenium, about 115 pprow suiphate and about
115 pprmw manganese, Lithivm i also added ag a promoter during the preparation of the
catalyst, however i has not been spalyzed using XRE. An 8C-ce sample of the silve
catalyst s run in a back-rmxed autoclave reactor with an iniet gas composition having
30 mole percent ethylene, 3 mole percent carbon dioxide, 8 mole percent oxyegen, 0.5 mole
percent ethane, concentrations of ethyl chioride m a range of 1.5 to 4 pomyv and the balance
being pitrogen, The reactor pressure is 2000 kPa absolnte (275 psig). The reactor 13 started
up and operated for one day at & wmperature of 230°C and then run at wemperatares of
2407, 245°C and 250°C. The twtal reactor inlet feed gas flow is 10.67 standard hiters per
minute measured as muogen (22,6 scih),

A first data set on efficiency and productiviey at & temperature of 245°C 1is
obtained by running e reactor af inlet ethyl chloride concentrations of 2.0, 2.5, 3.0 and
3.5 ppmy (4% of 2.5, 3.1, 3.7 and 4.4}, and the data are provided in Table 1. The
productivity is defined by the molar percentage of ethylene oxide in the outlet stream of the
reactor and expressed as % EO. A second data set on efficiency and productivity at a
temperature of 250°C is obtained hy‘ runiing the reactor at inlet ethyl chloride
concentrations of 2.9, 3.5 and 4.0 ppmv (2% 0f 3.6, 44 and 5.0}, and the results are provided
in Table 1. A first plot of efficiency against productivity is plotted as shown in FIG. 5, w0
cbtain the first curve 34 apd the second curve &4, respeciively, The symbols represent the
actual experimental data and the dotied curve corresponds o the fitted curve, The tangent

fine 72 is drawn across the first curve 34 and the second curve 64 and the preferred
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operating conditions at 245 and 250°C correspond to the points 74 and 76, respectively, on

ey

the tangent hne 72,

Temperature {245°C) Temperature (230°C)
¥ efficiensy Ge O ] e efficiency 9o O
2.8 I B 1.72% 3.6 8539%  + 2.09%
3 |
3.1 L8589 1.92% 4.4 B5.0% 1 2.30%
3.7 8554 2059% 5.0 L B3R% 2.47%
L | -
*iﬁ 8*/Ln§ %( A-— --/k (/ ;
< % _ i
At a temperature of 2457C, preferred operating condition 74 produces 2.00%
| 3

EO with 853.7% efficiency and the cm‘r@spondmg overall catalyst chioriding effectiveness
value is determined by Hnear regression of the %EO v, Z* response dats obiained as 245°C
to be 3.43 2% at 4 temperature of 250°C, preferred operating condition 76 produces 2.2

EG with 85.3% efficiency and the corresponding overall catalyst chloriding effectiveness
value 15 suntlarly defermined by linear regression of the %EC vs. 7F response data obtained
at 250°C to be 4.07 2%, Table 2, provides a comparison when the reaction is operated at
maxirnu efficiency (36, 66 of FIG. §) to the preferred opsarating condition (74, 76 of
FIGLSS As seen from the Table 2, the preferred operating condition provides higher
productivity as compared to the reaction run at masdmom efficiency. The eguivalent
sroductivity of 1.90% EO achieved at the efficiency-maximizing 7% of 3.1 at 245°C can be
aitained {or a preferred operating condition according to eguations (V) and (V1) at a Jower

temperature of 242,7°C and 3.1 Z%, with resulting efficiency on the tangent line of 85.9%.
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boefficiency at 36 efficiency at 74 Po 2O at 36 % BEO at 74 3
85.8% 85.7% 1.90% 2.00%
| |
efficiency at 66 | efficiency at 76 P £ at 66 ] % EO aL 76 g
, | |
83.4% ﬁ 85.3% 2.15% \ 2.22%

EXAMPIHE?Z

This example illustrates performing the epogidation reaction at the preferred
operating condiiion for a curmulative allylene oxide production of at least about 250 kmole

perm’ of the catalyst,

A silver catalyst containing rhenjum s prepaved on the alpha-alumina
support using the procedure as deseribed in Example 1. The rheninm content of the catalyst
18 aboul 308 ppmw a8 analyzed by X-Ray Fluorescence. A sample of this catalyst is
charged o a tubular reactor. The tubular reactor i configured such thal & portion of a
reactor ovdel stream containing carbon dioxide is recycled after passing through an ethylene
oxide absorber , and combined with safficient fresh feed gases o achieve target et feed
and re-infreduced in to the reactor. The reactor is started up and the spoxidation reaction is
operaied under a range of process conditions for the first 50 days,

The reactor is ope?;mf:d between Day 51 and Day 61 by mainiaindng an inlet gas
composition of 35 e percent ethylene, 8.5 mole percent oxygen, 0.9 mole percent carbon
dioxide, 0.6 mole percent ethane and the balance being gaseous chiorine-containing
promoter species as given below, and nitrogen, at « temperatuye of abowt 222°C, 4 reactor
pressure of 2140 kPa absolute (295 psig) and & gas bowrly space velocity of about 5400 per

Hour,

On Day 51 and Day 32, corresponding to operation at a first operating coodition,
an ethyl chioride concentration af the inlet is adjusted such that an overall catalyst
chloriding effectiveness valoe valve 7% after accounting for other gaseous chlorine-

E]

containing promoter species contained within the stream recyeled from the reactor outiet is
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about 2.7, On Iay 52, the average molar percentage of ethylene oxide in the outlet stream

fad

of the reacior, Le,, the productivity 18 2.15 mole percent and the averape efficiency is

86.8%. On Day 33, the inlet ethvl ehlonde concentration 1s increased to obtain a 7 value

o

of 3.0 with the productivity of 2.24 mol percent and an average efficiency of 86.5%. A
derivative of efficiency (expressad in percent) to productivity (expressed in mole percent) of

the epoxidation reaction as a fonction of overall catalyst ch%oridmg effectiveness valae at

the constant operating temperatare between days 52 and 53 is about -3.3 and is determined

to correspend fo a preferred operating condition.

From Day 53 till Day 61 the temperature is held at 222 °C with a 7% valve of
3.0. Over this period, the cumulative ethviene oxide ;}Jt(:}é‘ua:.ti,@n is about 1160 kmole per
cubic meter of catalyst with the average molar percentage of ethylene oxide in the outlet
stream being 2.24 mole % RO and the average efficiency being 8G.4%, This ran continnes

for a total of 170 days and the operating femperatire on Day 170 is 240 °C.

AMPLE 3

A B0 ce sample of the veed catalyst of Example 2 18 obtained from an ontlet
section of the catalyst bed, The epoxidation reaction is started up with the used catalystin a

baci-mixzed Berty-type autoclave reactor with ap inlet gas composition of 3.0 mol pex

ethylene, 8.0 mot percent oxygen, 2.0 mel percent carbon dioxide, 0.5 mol percent ethane,

2.0 pprmv ethyl chlonde and the balance being nitrogen. The reactor pressare is 2000 kPa

el

absolute (275 psig) and temperatnye is 230°C. The total reactor inlet feed gas flow is 640

standard liters per hour measured ag nitrogen. After four davs of operation at 2

temperature is increased to 240°C

A first data set on elficiency and productivity at a te

perature of 240°(C is

obtained by varying the inlet ethyl chlonde conceniration in steps of 0.3 pprev to obtain Z*

value in the range of about 3.1 fo £.3, and is provided m Table 3. A first plot 170 of

efficiency against productivity 1s plotted and is given in FIG, 4,

- po)



Z %0 |
316 103 85.7
3,48 | 128 85.0 |
3,91 1.41 85.7

1434 5 154 848

L)

LA

The first data set is mathematically fitted as 2 varabola o obtain a first curve 180 which

predicts a maxinmm efficiency of 85.9% (point 1825 with a corresponding productivity of

1.31 mole parcent BO at a temperature of 240°C, The corresponding 7% value 18 3.5

4]

al

foze

point 182, A prefeged operating condition at 240°C comresponds to poiat 184, where a
derivaiive of efficiency to productivity or slope of the first carve 18 abouat -2.0, Al point

*l

wiency 18 85.8% and the productivity 15 1.38 mole percent EQ and the

184, the ef

corresponding 2% valve is 3,81, This Example illustrates that operating the reactor at

preferred operating conditions 25 opposed (o operating at maximom efficiency resulis in
higher productivity for a given temperature,

While only certain features of the invention have been lustrated and

described herein, many modiflcations and chenges will occur to those skilled in the art. I
1s, therefore, to ve understood that the appended claims are intended w cover all such

modifications and changes as fall within the troe spirit of the invention,
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WHAT IS CLAIMED 1S:

1. A method of producing ethylene oxide comprising:

passing a reaction mixture comprising ethylene , oxygen and a gaseous chlorine-containing
promoter species over a supported catalyst comprising silver and a promoting amount of
rhenium to undergo an epoxidation reaction at a first operating condition to form ethylene oxide

in a reactor;

and subsequently performing the epoxidation reaction within the reactor at a preferred operating
condition prior to reaching a cumulative ethylene oxide production of about 50000 kmol m™ of

catalyst;

and operating the reactor at the preferred operating condifion over a period yielding a
production of at least 250 kmole ethylene oxide per cubic meter of the catalyst;

wherein the preferred operating condition is characterized by an efficiency of the epoxidation
reaction toward ethylene oxide, wherein the efficiency is lower than that of a maximum
efficiency achievable at an operating temperature corresponding to the preferred operating
condition; wherein the preferred operating condition is further characterized by a productivity of
the epoxidation reaction, wherein the productivity of the epoxidation reaction at the preferred
operating condition is higher than that obtained at the maximum efficiency achievable at the
operating temperature corresponding to the preferred operating condition; and wherein the
preferred operating condition is further characterized by an overall catalyst chioriding
effectiveness value that is higher than when the epoxidation reaction is performed at the
maximum efficiency achievable at the operating temperature corresponding to the preferred

operating condition.

2. The method of claim 1, wherein subsequently performing the epoxidation
reaction at the preferred operating condition comprises varying at leasi one of a temperature of
the first operating condition, or an overall catalyst chioriding effectiveness value of the first

operating condition.

3. The method of any one of claims 1 or 2 further comprising determining

the preferred operating condition.
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4. The method of any one of ciaims 1 through 3, wherein the gaseous
chlorine-containing promoter species is selected from a group consisting of C1-C8

chlorohydrocarbons and any mixtures thereof.

5. The method of any one of claims 1 through 4, wherein the catalyst
comprises rhenium in a range of about 180 ppmw to about 2000 ppmw.

6. The method of any one of claims 1 through 5, wherein the cataiyst further
comprises at least one co-promoter, wherein the co-promoter comprises halides and/or
oxyanions of elements other than oxygen having an atomic number of 5 to 83 comprising

nitrogen, sulfur, manganese, tantalum, moiybdenum, and tungsten.

7. The method of any one of claims 1 through 6, wherein the catalyst further
comprises at least one co-promoter selected from a group consisting of Group 1A metals, Group
A metals, phosphorus, boron, manganese, sulfur, molybdenum, tungsten, chromium, titanium,
hafnium, zirconium, vanadium, thallium, thorium, tantalum, niobium, gallium, germanium and

any mixtures thereof.

8. The method of any one of claims 1 through 7, wherein the reactor is
operated at the preferred operating condition over a period yielding a production of at least 500

kmole ethylene oxide per m® of the catalyst. .

9. A system to produce ethylene oxide according to any of the preceding
claims, the system comprising the reactor and a controlier, wherein the controller is operable to
determine the preferred operating condition and wherein the reactor is operated at the preferred

operating condition.
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10. A process for preparing a 1,2-diol, a 1,2-diol ether, a 1,2-carbonate or an
alkanolamine comprising converting the ethylene oxide prepared by the methods of any one of
claims 1-8 or the system of claim @ into the 1,2-diol, 1,2-diol ether, 1,2-carbonate or

alkanolamine.
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