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METHODS FOR PRODUCING EPDXIDATION CATALYSTS AND EPDXIDATION 
METHODS UTILIZING THEM 

FIELD OF THE INVENTION 

[0001] 	Provided herein are methods for the production of epoxidation catalysts. 

The methods involve multiple impregnations, and the catalysts so produced are 

expected 	to 	exhibit 	enhanced 	efficiencies 	relative 	to 	catalysts 	produced 	via 

conventional methods. 	Epoxidation methods utilizing the catalysts so prepared are 

also provided. 

BACKGROUND 

[0002] 	Catalysts are important components of many chemical manufacturing 

processes, and may typically be used to accelerate the rate of the reaction in 

question 	and/or to 	increase the 	selectivity or efficiency towards the 	desired 

product(s). 	Utilized in connection with many reactions, catalysts find particular 

advantageous use in the epoxidation of olefins, a process of significant commercial 

importance in the commodity chemical business. 	In epoxidation reactions, a feed 

containing at least the olefin and oxygen is contacted with a catalyst causing the 

formation of the corresponding olefin oxide. 

[0003] 	One example of an olefin epoxidation of particular commercial importance 

is the epoxidation of alkylenes, or mixtures of alkylenes, and this epoxidation 

reaction in 	particular can 	rely upon 	high 	performing catalysts in order to be 

commercially viable. 	Typically, catalysts used in alkylene epoxidation comprise a 

catalytic species deposited on a suitable support/carrier alone or in combination 

with one or more promoters. 

[0004] 	Those of skill 	in the art have actively sought improvements in the 

efficiency and/or activity of epoxidation catalysts for some time, 	since, 	on 	a 

commercial 	scale, 	even 	slight, 	e.g., 	1%, 	increases in 	selectivity can 	reduce the 

operating costs associated with the epoxidation processes, substantially. 
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[0005] 	Research in this area has been wide ranging, and improvements that may 

provide the catalysts with increased efficiency and/or an extended useful life have 

been sought in the areas of components of the catalyst, e.g., carriers, promoters, 

and catalytic species, methods of making the catalyst and even the epoxidation 

processes themselves. And yet, further improvement would be welcome in the art. 

[0006] 	Desirably, methods would be provided that would be capable of producing 

epoxidation catalysts that exhibit an increase in efficiency relative to conventional 

catalysts. 

SUMMARY 

[0007] The present disclosure provides methods for producing epoxidation 

catalysts that 	exhibit enhanced 	efficiencies 	relative to conventionally 	produced 

epoxidation catalysts. 	More specifically, the present 	methods provide for the 

selective impregnation of a catalyst support. It has now been surprisingly discovered 

that when at least a portion of manganese is impregnated onto a support separate 

from 	other alkali 	metals 	and/or 	promoters, 	the 	resulting catalyst 	can 	exhibit 

enhanced efficiencies, e.g., of up to 1% greater than catalysts prepared according to 

conventional methods. 

[0008] 	And so, a method for making an epoxidation catalyst is 

provided. 	The epoxidation catalyst comprises a support, at least one catalytic 

species, manganese and at least one alkali metal and/or promoter. 	The method 

comprises impregnating at least a portion of the manganese in an impregnation step 

separate from the at least one alkali metal and/or promoter. In some embodiments, 

the manganese may be impregnated onto the support in combination with at least 

one catalytic species, which in some embodiments may comprise silver. 

[0008a] In one aspect, there is provided a method for making an epoxidation catalyst comprising a 

support, silver, manganese and sodium, comprising: Impregnating the support with manganese prior to 

impregnating the support with sodium; Impregnating the support with silver prior to, at the same time 

as or after impregnation with manganese. 
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[0008b] In another aspect, there is provided a method for making an epoxidation catalyst comprising a 

support, silver, manganese and sodium, comprising: Impregnating the support with manganese 

separately from sodium and exposing the catalyst in between impregnations to an elevated 

temperature ranging from 200°C to 600°C. 

[0009] 	An 	epoxidation 	catalyst 	prepared 	according to 	the 	method 	is also 

provided. 	The at least one alkali metal and/or promoter may comprise rhenium, 

sodium, cesium, lithium, sulfate or combinations of these. 	In certain embodiments, 
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the at least one alkali metal and/or promoter desirably comprises rhenium. In these 

and other embodiments, the catalytic species may comprise silver. 

[0010] 	The epoxidation catalyst, in turn, is expected to exhibit efficiencies of up 

to 	1% greater than 	epoxidation catalysts produced according to conventional 

methods. As such, there is also provided a method for the epoxidation of alkylenes. 

The epoxidation method comprises contacting an oxygen source and an alkylene in 

the 	presence 	of an 	epoxidation 	catalyst, 	wherein 	the 	epoxidation 	catalyst 	is 

prepared by impregnating at least a portion of a quantity of manganese in an 

impregnation step separate from at least one alkali metal and/or promoter. 

[0011] The increased efficiencies exhibited by the epoxidation catalysts are expected 

to provide benefit to further downstream products, e.g., in the form of reduced use 

of materials, reduced time in purifying a final products, etc. 	There is thus also 

provided a method for making a 1,2-diol, a 1,2-diol ether, a 1,2-carbonate, or an 

alkanolamine. The method comprises converting an alkylene oxide into the 1,2-diol, 

a 1,2-diol ether, a 1,2-carbonate, or alkanolamine. 	The alkylene oxide is prepared 

utilizing a catalyst prepared according to the methods described. 

DESCRIPTION OF THE DRAWINGS 

[0012] 	These and 	other features, 	aspects and 	advantages 	of the 	present 

invention may be further understood and/or illustrated when the following detailed 

description is considered along with the attached drawings. 

[0013] 	FIG. 1 is a graphical depiction of the % efficiency versus % outlet ethylene 

oxide concentration of a conventional epoxidation catalyst as well as an epoxidation 

catalyst produced according to one embodiment of the method; 

[0014] 	FIG. 2 is a graphical depiction of the % efficiency versus % outlet ethylene 

oxide concentration of a conventional epoxidation catalyst as well as an epoxidation 

catalyst produced according to one embodiment of the method; 
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[0015] 	FIG. 3 is a graphical depiction of the % efficiency versus % outlet ethylene 

oxide concentration of a conventional epoxidation catalyst as well as an epoxidation 

catalyst produced according to one embodiment of the method; 

[0016] 	FIG. 4 is a graphical depiction of the % efficiency versus % outlet ethylene 

oxide concentration of a conventional epoxidation catalyst as well as an epoxidation 

catalyst produced according to one embodiment of the method; 

[0017] 	FIG. 5 is a graphical depiction of the % efficiency versus % outlet ethylene 

oxide concentration of a conventional epoxidation catalyst as well as an epoxidation 

catalyst produced according to one embodiment of the method; 

[0018] 	FIG. 6 is a graphical depiction of the % efficiency versus % outlet ethylene 

oxide concentration of a conventional epoxidation catalyst as well as an epoxidation 

catalyst produced according to one embodiment of the method; and 

[0019] 	FIG. 7 is a graphical depiction of the % efficiency versus % outlet ethylene 

oxide concentration of a conventional epoxidation catalyst as well as an epoxidation 

catalyst produced according to one embodiment of the method. 

DETAILED DESCRIPTION OF THE INVENTION 

[0020] 	The present specification provides certain definitions and methods to 

better define the present invention and to guide those of ordinary skill in the art in 

the practice of the present invention. 	Provision, or lack of the provision, of a 

definition for a particular term or phrase is not meant to imply any particular 

importance, or lack thereof; rather, and unless otherwise noted, terms are to be 

understood according to conventional usage by those of ordinary skill in the relevant 

art. 

[0021] 	Unless defined otherwise, technical and scientific terms used herein have 

the same meaning as is commonly understood by one of skill in the art to which this 

invention 	belongs. 	The 	"selectivity" 	of 	an 	epoxidation 	reaction, 	which 	is 
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synonymous with "efficiency," refers to the fraction, expressed as a percentage, of 

converted or reacted olefin that forms the corresponding olefin oxide product. The 

terms "efficiency" and "selectivity" are used interchangeably herein. The activity of 

an epoxidation reaction can be quantified in a number of ways, one being the mole 

percent of olefin oxide contained in an outlet stream of the reactor relative to that in 

an inlet stream (the mole percent of olefin oxide in the inlet stream typically, but not 

necessarily, approaches zero percent) while the reactor temperature is maintained 

substantially constant; and another being the temperature required to maintain a 

given rate of olefin oxide production. 	In many instances, activity is measured over a 

period of time in terms of the mole percent of olefin oxide produced at a specified 

constant temperature. 	Alternatively, activity can be measured as a function of the 

temperature required to sustain production of a specified constant mole percent of 

olefin oxide. 

[0022] 	The terms "first", "second", and the like, as used herein do not denote 

any order, quantity, or importance, but rather are used to distinguish one element 

from another. Also, the terms "a" and "an" do not denote a limitation of quantity, 

but rather denote the presence of at least one of the referenced item, and the terms 

"front", "back", "bottom", and/or "top", unless otherwise noted, are merely used for 

convenience of description, and are not limited to any one position or spatial 

orientation. If ranges are disclosed, the endpoints of all ranges directed to the same 

component or property are inclusive and independently combinable (e.g., ranges of 

"up to 25 wt.%, or, more specifically, 5 wt.% to 20 wt.%," is inclusive of the 

endpoints and all intermediate values of the ranges of "5 wt.% to 25 wt.%," etc.). 

Reference 	throughout 	the 	specification 	to 	"one 	embodiment", 	"another 

embodiment", "an embodiment", and so forth, means that a particular element 

(e.g., feature, structure, and/or characteristic) described in connection with the 

embodiment is included in at least one embodiment described herein, and may or 

may not be present in other embodiments. 	In addition, it is to be understood that 
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the described inventive features may be combined in any suitable manner in the 

various embodiments. 

[0023] 	There are provided herein methods of making epoxidation catalysts 

comprising a support, a catalytic species, manganese and at least one additional 

alkali 	metal 	and/or 	promoter. 	More 	specifically, 	the 	methods 	call 	for the 

impregnation of at least a portion of manganese onto the chosen support separately 

from 	the 	at least 	one 	additional 	alkali 	metal 	and/or 	promoter, 	and 	in 	some 

embodiments, separate from the catalytic species. 

[0024] 	It has now been surprisingly discovered that by employing the described 

methods, catalysts can be obtained that exhibit selectivities of up to 1% higher than 

catalysts prepared by conventional methods. That is, so long as at least a portion of 

manganese to be included in the catalyst is impregnated separately from any other 

alkali metals and/or promoters to be included in the catalyst, the beneficial effects 

provided by the present methods are expected to be seen in the catalysts prepared 

thereby, regardless of the other alkali metals and/or promoters utilized. 

[0025] 	The manganese may be provided in the form of an anionic promoter, e.g., 

in the form of an oxyanion (manganates), or a mixed metal oxyanion, including 

polyoxyanion structures. 	It is well recognized that many anionic promoters have 

complex chemistries and may exist in one or more forms, and any of these are 

acceptable 	for 	use 	as 	the 	source 	of 	manganese 	in 	the 	present 	methods. 

Furthermore, it is also known that oxyanions or precursors to oxyanions may be used 

in the solutions for impregnating the carrier, and that, during the conditions of 

preparation of the catalyst and/or during its use, the particular manganese oxyanion 

or precursor initially present may be converted to another form. 	The invention is 

not intended to be limited by the exact manganese species that may ultimately exist 

on the catalyst during use. 	And so, exemplary manganese components include, but 

are not limited to manganese acetate, manganese ammonium sulfate, manganese 

citrate, manganese dithionate, manganese oxalate, manganous nitrate, manganous 
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sulfate and manganate anion, for example, permanganate anion, and mixtures 

thereof. To stabilize the manganese component in certain impregnating solutions, a 

chelating compound, such as ethylenediaminetetraacetic acid (EDTA) may be added 

to the impregnating solution in some embodiments. 

[0026] 	In addition to manganese, catalysts prepared according to the present 

invention desirably comprise at least one other alkali metal and/or promoter. 	As is 

known to those skilled in the art, there are a variety of known promoters, or 

materials which, when present in combination with particular catalytic materials, 

e.g., silver, benefit one or more aspects of catalyst performance or otherwise act to 

promote the catalyst's ability to make a desired product, e.g., ethylene oxide or 

propylene oxide. 	More specifically, and while such promoters in themselves are 

generally not considered catalytic materials, they typically may contribute to one or 

more beneficial effects of the catalysts' performance, for example enhancing the 

rate, or amount, of production of the desired product, reducing the temperature 

required to achieve a suitable rate of reaction, reducing the rates or amounts of 

undesired reactions, etc. 	Furthermore, and as those of ordinary skill in the art are 

aware, a material which can act as a promoter of a desired reaction can be an 

inhibitor of another reaction. For purposes of the present invention, a promoter is a 

material which has an effect on the overall reaction that is favorable to the efficient 

production of the desired product, whether or not it may also inhibit any competing 

reactions that may simultaneously occur. 

[0027] 	Exemplary alkali metals and/or promoters include, but are not limited to, 

the group of Group IA metals, Group IIA metals, rhenium, molybdenum, tungsten, 

lithium, 	sulfur, 	potassium, 	rubidium, 	cesium, 	chromium, 	titanium, 	hafnium, 

zirconium, vanadium, thallium, thorium, tantalum, niobium, calcium, barium, gallium 

and germanium and mixtures thereof. Preferably the further metal is selected from 

the Group IA metals such as lithium, potassium, sodium, rubidium and cesium 

and/or from the Group IIA metals such as calcium and barium. Most preferably it is 

lithium, potassium, sodium and/or cesium. 
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[0028] 	Rhenium, 	molybdenum 	or tungsten 	may 	suitably 	be 	provided 	as 

oxyanions, for example, as perrhenate, molybdate, or tungstate, in salt or acid form. 

Examples of promoters, their characteristics, and methods for incorporating the 

promoters as part of the catalyst are described in Thorsteinson et al., U.S. Patent No. 

5,187,140, particularly at columns 11 through 15, Liu, et al., U.S. Patent 6,511,938, 

Chou et al., U.S. Patent No. 5,504,053, Soo, et al., U.S. Patent No. 5,102, 848, Bhasin, 

et al., U.S. Patent Nos. 4, 916,243, 4,908,343, and 	5,059,481, and Lauritzen, U.S. 

Patent Nos. 4,761,394, 4,766,105, 4,808,738, 4,820,675, and 4,833,261. 

[0029] 	In some embodiments, the catalysts prepared by the present method 

may comprise rhenium and one or more additional alkali metals and/or promoters. 

Rhenium-promoted supported silver containing catalysts are known from U.S. Pat. 

No. 4,761,394 and U.S. Pat. No. 4,766,105. 	In such embodiments, the rhenium 

component can be provided in various forms, for example, as the metal, as a 

covalent compound, as a cation or as an anion. 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 catalyst or during use as a 

catalyst. 

[0030] 	Examples of rhenium compounds include the rhenium salts such as 

rhenium halides, the rhenium oxyhalides, the rhenates, the perrhenates, the oxides 

and the acids of rhenium. 	However, the alkali metal perrhenates, ammonium 

perrhenate, alkaline earth metal perrhenates, silver perrhenates, other perrhenates 

and rhenium heptoxide may also be used. Rhenium heptoxide, Re207, when 

dissolved in water, hydrolyzes to perrhenic acid, HReab  or hydrogen perrhenate. 

Thus, for purposes of this specification, rhenium heptoxide can be considered to be a 

perrhenate, that is, Re04. Similar chemistries can be exhibited by other metals such 

as molybdenum and tungsten. 

[0031] 	The manganese and any other desired promoters and/or alkali metals 

included in the catalyst to be subjected to the present method, are desirably 
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provided in a promoting or effective, amount, and such amounts are readily 

determined by those of ordinary skill in the art. 	A "promoting amount" of a certain 

promoter refers to an amount of that promoter that works effectively to provide an 

improvement in one or more of the properties of a catalyst comprising the promoter 

relative to a catalyst not comprising said promoter. 	Examples of catalytic properties 

include, 	inter 	alia, 	operability 	(resistance 	to 	run-away), 	selectivity, 	activity, 

conversion, stability and yield. The promoting effect provided by the promoters can 

be affected by a number of variables such as for example, reaction conditions, 

catalyst 	preparative 	techniques, 	surface 	area 	and 	pore 	structure 	and 	surface 

chemical properties of the support, the silver and co-promoter content of the 

catalyst, 	the 	presence 	of other 	cations 	and 	anions 	present 	on 	the 	catalyst. 

The presence of other activators, stabilizers, promoters, enhancers or other catalyst 

improvers can also affect the promoting effects. 

[0032] 	The amount of manganese promoter may vary widely, or from 0.0005 to 

2 weight percent, based upon the total weight of the catalyst, and may depend to 

some extent on the surface area of the carrier. 	For example, when the carrier 

surface area is in the range of from 1.0 m2/g to 1.3 m2/g, the manganese 

component may be provided in an amount of at least 5 ppm, or at least 10 ppm, or 

from 10 ppm to 1000 ppm, or between 20 ppm and 300 ppm by weight, based upon 

the total weight of the catalyst. 	in some embodiments, the amount of manganese 

added may be at least 1.5 micromoles per gram of catalyst. 

[0033] 	Exemplary suitable amounts of rhenium are expected to range from 

0.0001 weight percent (1 ppmw) to 2 weight percent (20,000 ppmw), preferably 

from 0.0005 weight percent (5 ppmw) to 0.5 weight percent (5000 ppmw) based on 

the total weight of the catalyst. Exemplary suitable amounts of cesium are expected 

to range from 0.005 weight percent to 0.30 weight percent, or from 0.005 weight 

percent to 0.15 weight percent, based upon the total weight of the catalyst. Stated 

another way, suitable amounts of cesium can range from greater than 200 ppm to 

1200 ppm, based on the weight of the catalyst. 	Exemplary suitable amounts of 
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sulfur are expected to range from 0.0025 weight percent to 0.15 weight percent, or 

from 0.001 weight percent to 0.075 weight percent, based upon the total weight of 

the catalyst. 

[0034] 	Generally, such catalysts are supported catalysts, and may comprise any 

of the large number of known porous refractory structure or support materials, so 

long as whatever the porous refractory material chosen, it is relatively inert in the 

presence of the chemicals and processing conditions employed in the application in 

which the shaped porous body will be utilized. 	It may also be important that the 

support materials, and thus catalysts based upon the same, be able to withstand 

fairly large temperature and pressure fluctuations within the reactor. 

[0035] 	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, 

U.S. Patents 4,379,134; 4,806,518; 5,063,195; 5,384,302; 6,831,037 and the like. For 

example, an alpha-alumina support of at least 95 % purity can be prepared by 

compounding (mixing) the raw materials, extrusion, drying and a high temperature 

calcination. In this case, the starting 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 strength, and a burnout material (usually an 

organic compound) used in the mix to provide desired porosity and/or pore size 

distribution after its removal during the calcination 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 calcination step. Common impurities may 

include silica, alkali and alkaline earth metal oxides and trace amounts of metal 

and/or non-metal-containing additives. 

[0036] Another 	method 	for 	preparing 	a 	support 	having 	particularly 	suitable 

properties for alkylene oxide catalyst usage comprises optionally mixing zirconium 

silicate with 	boehmite alumina 	(AIOOH) and/or gamma-alumina, 	peptizing the 

aluminas with 	a 	mixture 	containing 	an 	acidic 	component 	and 	halide 	anions 
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(preferably fluoride anions) to provide peptized halogenated alumina, forming (for 

example, by extruding or pressing) the peptized halogenated alumina to provide 

formed peptized halogenated alumina, drying the formed peptized halogenated 

alumina to provide dried formed alumina, and calcining the dried formed alumina to 

provide pills of optionally modified alpha-alumina support. 

[0037] 	In one embodiment, the support material comprises at least 80 weight 

percent alpha-alumina and comprises less than 30 parts per million acid-leachable 

alkali 	metals 	by 	weight, 	the 	weight 	percent 	of the 	alpha-alumina 	and 	the 

concentration of the acid-leachable alkali metals being calculated on the weight of 

the support, where the acid-leachable alkali metals are selected from 	lithium, 

sodium, potassium, and mixtures thereof. 

[0038] 	Preparation of the support material may further comprise any other 

component, in any amounts, necessary or desired for processing, such as, e.g., 

water, acid, binders, lubricants dispersants, pore formers, dopants, modifiers, etc, 

such as those described in Introduction to the Principles of Ceramic Processing, J. 

Reed, Wiley Interscience, (1988). 

[0039] 	The support material(s) will desirably be porous and have measured 

surface areas of at least 0.5 m2/g (more preferably from 0.7 m2/g to 10 m2/g), 

measured pore volumes of at least 0.3 cc/g (more preferably from 0.4 cc/g to 2.0 

cc/g), and median pore diameters from 1 to 50 microns. 

[0040] 	"Surface area", as used herein, refers to the surface area as measured by 

the BET (Brunauer, Emmett and Teller) method by nitrogen as described in the 

Journal of the American Chemical Society 60 (1938) pp. 309-316. 	"Total pore 

volume" means pore volume of the support material and is typically determined by 

mercury porosimetry. 	"Porosity" is the proportion of the non-solid volume to the 

total volume of material. Total pore volume as measured by mercury porosimetry or 

water absorption may be used to estimate porosity by those of skill in the art. 

"Median pore diameter" means the pore diameter corresponding to the point in the 
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pore size distribution at which half of the total pore volume of the shaped porous 

body has been measured. 

[0041] 	The support materials/catalysts can be of any desired, suitable shape. 

Conventional commercial fixed bed ethylene oxide reactors are typically in the form 

of a plurality of parallel elongated tubes (in a suitable shell) having an outer diameter 

of from 2 to 7 cm and a length of from 4 to 14 m. For use in such fixed bed reactors, 

the support materials/catalysts will desirably be formed into a rounded shape, such 

as, for example, spheres, pellets, rings, tablets, and the like, having diameters from 

0.1 inch (0.25 cm) to 0.8 inch (2 cm). 

[0042] 	In 	addition 	to 	the 	support 	material, 	manganese 	and 	at 	least 	one 

additional alkali metal and/or promoters, the epoxidation catalysts include at least 

one catalytic species deposited thereupon. 	Non-limiting examples of catalytic 

species that may advantageously be supported by the support material include 

metals, solid state compounds, molecular catalysts, enzymes and combinations of 

these. 	Typically, catalysts useful for the epoxidation of ethylene utilize silver as the 

catalytic species, and the same is preferred in some embodiments of the invention. 

[0043] 	Any amount of silver capable of catalyzing the direct oxidation of, e.g., 

ethylene, with oxygen or an oxygen-containing gas to the corresponding alkylene 

oxide, may be used, Typically, the support material will be impregnated with one or 

more silver compound solutions sufficient to allow the silver to be provided on the 

support material in an amount greater than 5 percent, greater than 10 percent, 

greater than 	15 	percent, 	greater than 	20 	percent, 	greater than 	25 	percent, 

preferably, greater than 27 percent, and more preferably, greater than 30 percent by 

weight, based on the weight of the catalyst. Although the amount of silver utilized is 

not particularly limited, the amount of silver provided in connection with the support 

material may usually be less than 70 percent, and more preferably, less than 50 

percent by weight, based on the weight of the catalysts. 
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[0044] 	In terms of density, the catalytic species, 	e.g., silver, 	relative to the 

surface area of the support material may be present in amounts up to at least 0.07 

g/m2
, or up to 0.2 g/m

2
, or even up to 0.3 g/m2 or more. 

[0045] 	Although silver particle size in the finished catalysts is important, the 

range is not narrow. 	A suitable silver particle size can be in the range of from 10 

angstroms to 10,000 angstroms in diameter. 	A preferred silver particle size ranges 

from greater than 100 angstroms to less than 5,000 angstroms in diameter. 	It is 

desirable that the silver be relatively uniformly dispersed within, throughout, and/or 

on the shaped porous body. 

[0046] 	The impregnation solutions may comprise catalytic species, e.g., silver, or 

may comprise only the promoter(s) desirably impregnated onto the carrier. 	For 

purposes of the present 	invention, all 	that is required is that in 	at least one 

impregnation 	step, 	manganese 	is 	impregnated 	separately 	from 	any 	other 

desired/required alkali metal(s) and/or promoter(s). 	If silver is to be included in the 

impregnating solution with the manganese, the silver may be provided in any solvent 

or complexing/solubilizing agent known in the art. 	Examples of these include, but 

are not limited to, lactic acid; ammonia; alcohols, such as ethylene glycol; and 

amines and mixtures of amines. One particular example of an impregnating solution 

might 	comprise 	silver 	oxide 	dissolved 	in 	a 	solution 	of 	oxalic 	acid 	and 

ethylenediamine to approximately 30 percent silver by weight, and the desired 

amount of manganese. In other embodiments, manganese may be dissolved in the 

desired amount in the desired solvent alone. 

[0047] 	The sequence of impregnating the support with the catalytic species and 

the at least one other alkali metal and/or promoter may vary, so long as that in at 

least one impregnation step, an amount of manganese is deposited separately from 

any other alkali metals or promoters desirably deposited onto the support. In some 

embodiments, further amounts of manganese may desirably be deposited on the 
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support in combination with amounts of the catalytic species and/or other alkali 

metals or promoters desirably deposited on the support. 

[0048] 	For example, the silver may be deposited first separately, followed by an 

impregnation 	of 	manganese 	alone, 	followed 	by 	coincidental 	or 	sequential 

impregnations of any other desired alkali metals and/or promoters. Or, an amount 

of the catalytic species and an amount of manganese may be deposited in one 

impregnation and a further amount of the catalytic species and manganese may be 

deposited in a further impregnation step along with one or more alkali metals 

and/or promoters, etc. 	Or, an amount of manganese may be impregnated onto the 

support, followed by an impregnation of the desired catalytic species and at least 

one alkali metal and/or promoter. 	In other embodiments, the steps may be 

reversed, i.e., the support may be impregnated with a solution comprising the at 

least one alkali 	metal and/or promoter and/or catalytic species and then 	be 

impregnated with the solution comprising manganese. 	The impregnating solution 

comprising manganese may or may not comprise an amount of the catalytic species. 

And, the impregnation of the catalytic species and other alkali metals and/or 

promoters may occur coincidentally or sequentially. 	If two or more impregnations 

are employed, the impregnated carrier is typically dried, or calcined and/or roasted 

between each successive impregnation to ensure deposition of the metals onto the 

support. 

[0049] 	In one embodiment, a two-step impregnation is used. In a first step, the 

support is impregnated with a solution comprising a solvent or solubilizing agent, a 

silver solution and manganese. Thereafter, the impregnated carrier is calcined under 

air 	(or other atmospheres, 	such 	as 	in 	nitrogen, 	helium 	and/or steam) 	at a 

temperature ranging from 200t to 600t and at atmospheric pressure for a time 

ranging from 0.01 hours to 12 hours. 	Optionally, the impregnated support may be 

dried in an oven to remove the solvent prior to calcination. 	In a second step, the 

impregnated support is impregnated with a solution containing additional silver 

compound and promoting amounts of at least one alkali metal and/or promoter. 
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The support is then again calcined or roasted under air at a temperature ranging 

from 200°C to 600°C and at atmospheric pressure for a time ranging from 0.01 hours 

to 12 hours. 

[0050] 	Catalysts 	prepared 	according to the 	methods described 	herein 	are 

expected to exhibit efficiencies of up to 	1% greater than 	catalysts 	produced 

according to conventional methods when used in epoxidation methods. 	Such 

methods generally involve exposing the catalyst to a feed stream comprising the 

desired alkylene, an oxygen source, and typically, one or more gas phase promoters. 

[0051] 	Gas phase epoxidation reaction promoters are thought to be capable of 

increasing the efficiency and/or activity of epoxidation catalysts by either increasing 

the rate towards the formation of the desired alkylene oxide and/or suppressing the 

oxidation of alkylene or alkylene oxide to form carbon dioxide and water, relative to 

the formation of the desired alkylene oxide. 	Many such promoters are known, and 

any of these may be used in the method of the present invention. 	Typically, gas 

phase promoters useful in epoxidation reactions include organic compounds, and in 

particular include organic halides, e.g., bromides or chlorides. 	"Promoters" are 

sometimes referred to as "inhibitors" or "moderators." 

[0052] 	Of these, chioro- and bromohydrocarbons are particularly preferred. 

Examples of these include, but are not limited to, methyl chloride, ethyl chloride, 

ethylene dichloride, ethylene dibromide, vinyl chloride, or any combination of these. 

Particularly preferred gas phase epoxidation reaction promoters for use in the 

present method are ethyl chloride and ethylene dichloride. 

[0053] 	Using chlorohydrocarbon gas phase promoters as an example, it is 

believed that the ability of the promoter to enhance the efficiency and/or activity for 

the desired alkylene oxide depends on the extent to which the gas phase promoter 

chlorinates the surface of the catalyst, for example, by depositing particular chlorine 

species such as atomic chlorine or chloride ions on the catalyst or in the gas phase 
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above the catalyst. 	However, hydrocarbons lacking chlorine atoms are believed to 

strip 	chlorides 	from 	the 	catalyst, 	and 	therefore, 	detract 	from 	the 	overall 

enhancement provided by the gas phase promoter. Discussions of this phenomenon 

may be found 	in 	Berty, 	"Inhibitor Action 	of Chlorinated 	Hydrocarbons in the 

Oxidation of Ethylene to Ethylene Oxide," Chemical Engineering Communications, 

Vol. 82 (1989) at 229-232 and Berty, "Ethylene Oxide Synthesis," Applied Industrial 

Catalysis, Vol. I (1983) at 207-238. Paraffinic compounds, such as ethane or propane, 

are believed to be especially effective at stripping chlorides from the catalyst. 

However, olefins, such as ethylene and propylene, are also believed to act to strip 

chlorides from the catalyst. Some of these hydrocarbons may also be introduced as 

impurities in the ethylene feed or may be present for other reasons (such as the use 

of a recycle stream). Typically, the preferred concentration of ethane in the feed, 

when present, is from 0 to 2 mole percent. Given the competing effects of the gas 

phase promoter and the non-halogenated, non-promoting hydrocarbons in the 

reactor feed stream, it is convenient to define an "overall halogenating effectiveness 

value," which in the case of organic chlorides is an "overall chloriding effectiveness 

value" that represents the net effect of the promoting and non-promoting gas phase 

species in halogenating (or chloriding) the catalyst. 	In the case of organic chloride 

gas-phase promoters, the overall chloriding effectiveness can be defined as the 

dimensionless quantity Z* and represented by the following formula: 

(1) 	r= ethyl chloride equivalent (ppmv) 
ethane equivalent (mole percent) 

wherein the ethyl chloride equivalent is the concentration in ppmv of ethyl chloride 

that provides substantially the same catalyst chloriding effectiveness of the organic 

chlorides present in the reactor feed stream at the concentrations of the organic 

chlorides in the feed stream; and the ethane equivalent is the concentration of 

ethane in mole percent that provides substantially the same catalyst dechloriding 
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effectiveness of the non-chloride containing hydrocarbons in the feed stream at the 

concentrations of the non-chloride containing hydrocarbons in the feed stream. 

[0054] 	If ethyl chloride is the only gaseous chloride-containing promoter present 

in the reactor feed 	stream, the ethyl chloride equivalent 	is the ethyl chloride 

concentration in ppmv. If another chlorine-containing promoter (specifically vinyl 

chloride, methyl chloride or ethylene dichloride) is used alone or in conjunction with 

ethyl chloride, the ethyl chloride equivalent is the sum of the concentration of ethyl 

chloride in ppmv and the concentrations of the other gaseous chloride-containing 

promoters (corrected for their effectiveness as a promoter as compared to ethyl 

chloride). The 	relative 	effectiveness of a 	non-ethyl 	chloride 	promoter can 	be 

measured experimentally by replacing ethyl chloride with the other promoter and 

determining the 	concentration 	needed 	to 	obtain 	the 	same 	level 	of catalyst 

performance provided by ethyl chloride. As a way of further illustration, if the 

required concentration of ethylene dichloride at the reactor inlet is 0.5 ppmv to 

realize equivalent effectiveness in terms of catalyst performance provided by 1 ppmv 

ethyl chloride, then the ethyl chloride equivalent for 1 ppmv ethylene dichloride 

would be 2 ppmv ethyl chloride. For a hypothetical feed having of 1 ppmv ethylene 

dichloride and 1 ppmv ethyl chloride, the ethyl chloride equivalent in the numerator 

of Z* would then be 3 ppmv. 	As a further example, it has been found for certain 

catalysts that methyl chloride has 10 times less the chloriding effectiveness of ethyl 

chloride. 	Therefore, for such catalysts, the ethyl chloride equivalent for a given 

concentration of methyl chloride in ppmv is 0.1 x (methyl chloride concentration in 

ppmv). 

[0055] 	The ethane equivalent is the concentration of ethane in mole percent in 

the reactor feed stream plus the concentrations of the other hydrocarbons effective 

in 	removing chloride 	from 	the catalysts, 	corrected 	for their effectiveness for 

dechlorination relative to ethane. The relative effectiveness of ethylene and ethane 

can be measured experimentally by determining the inlet ethyl chloride equivalent 

concentration that provides the same level of catalyst performance for a feed 

17 



WO 2012/170220 
	

PCT/US2012/039559 

comprising both ethylene and ethane as compared to the same feed with the same 

ethylene concentration but a specific ethyl chloride equivalent concentration and no 

ethane. 

[0056] 	As a way of further illustration, if with a feed composition comprising an 

ethylene concentration of 30.0 mole percent and an ethane concentration of 0.30 

mole percent, a level of 6.0 ppm ethyl chloride equivalents is found to provide the 

same level of catalyst performance as 3.0 ppm ethyl chloride equivalents with a 

similar feed composition but lacking ethane, then the ethane equivalent for 30.0 

mole percent ethylene would be 0.30 mole percent. 	For an inlet reactor feed having 

30.0 mole percent ethylene and 0.3 mole percent ethane, the ethane equivalent will 

then be 0.6 mole percent. As another illustration, it has been found that, for certain 

catalysts, methane has 500 times less the dechloriding effectiveness of ethane. 

Thus, for such catalysts, the ethane equivalent for methane is 0.002 x (methane 

concentration in mole %). 	For a typical inlet reactor feed having 30.0 mole percent 

ethylene and 0.1 mole percent ethane, the ethane equivalent then will be 0.4 mole 

percent. 

[0057] 	The 	relative 	effectiveness of hydrocarbons 	other than 	ethane 	and 

ethylene can be measured experimentally by determining the inlet ethyl chloride 

equivalent concentrations required to achieve the same catalyst performance for a 

feed comprising the hydrocarbon of interest at its feed concentration at two 

different feed ethane concentrations. If a hydrocarbon compound is found to have a 

very small dechloriding effect and is also present in low concentrations, then its 

contribution to the ethane equivalent concentration in the Z* calculation will be 

negligible. 

[0058] 	Thus, given the foregoing relationships, in the case where the reactor 

feed stream includes ethylene, ethyl chloride, ethylene dichloride, vinyl chloride, and 

ethane, the overall chloriding effectiveness value of the process can be defined as 

follows: 
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(2) 	Z*--  (ECL + 2*EDC +VCL) 

(C21-16+ 0.01*CA-fa) 

wherein ECL, EDC, and VCL are the concentrations in ppmv of ethyl chloride (C2 H 5CI), 

ethylene dichloride (CI-CHrCH 2-CI), and vinyl chloride (H2C=CH-CI), respectively, in 

the reactor feed stream. 	C2H 5  and C2 H4  are the concentrations in mole percent of 

ethane and ethylene, respectively, in the reactor feed stream. 

[0059] 	Those 	of 	skill 	in 	the 	art 	will 	recognize 	that 	although 	a 	single 

chlorohydrocarbon promoter may be utilized in some embodiments of the invention, 

upon contact with the catalyst under epoxidation reaction conditions, a variety of 

compounds may be formed and thus are present in the process. As such, it is to be 

understood, that even if one, or a certain, gas-phase promoter is initially utilized in 

the present method, the scope of the claims is considered to include not only the 

introduced promoter(s), but any or all of its/their reaction products that may be 

formed during application of the method. 

[0060] 	One class of catalysts that may find particular benefit from application of 

the present invention includes those useful for the epoxidation of olefins, and in 

particular, 	for 	the 	epoxidation 	of 	alkylenes, 	or 	mixtures 	of 	alkylenes. 	Many 

references describe these reactions, representative examples of these being Liu et 

al., U.S. Patent No. 6,511,938 and Bhasin, U.S. Patent No. 5,057,481, as well as the 

Kirk-Othmer's Encyclopedia of Chemical Technology, 4 th  Ed. (1994) Volume 9, pages 

915-959. 	Although the invention is not so limited, for purposes of simplicity and 

illustration, application of the present method is further described in terms of and 

with reference to catalysts useful for the epoxidation of ethylene. 

[0061] 	It 	has 	now 	been 	surprisingly 	discovered 	that 	epoxidation 	catalysts 

prepared according to the methods described herein can exhibit efficiencies up to at 

least 1% greater than epoxidation catalysts prepared according to conventional 

processes. 	The present methods thus provide significant cost and time savings. 
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Further cost savings can be realized in the form of raw material savings provided by 

the increased efficiency of catalysts produced according to the methods. 

[0062] 	As such, the present invention also provides a method for the epoxidation 

of alkylenes. Those of ordinary skill in the chemical engineering art are familiar with 

such processes. One exemplary process is described in Kirk-Othmer's Encyclopedia 

of Chemical Technology, 4th  ed., Vol. 9, 1994, pp. 925-939. 

[0063] 	Generally speaking then, the epoxidation reaction may take place in any 

suitable reactor, for example, fixed bed reactors, continuous stirred tank reactors 

(CSTR), and fluid bed reactors, a wide variety of which are well known to those 

skilled in the art and need not be described in detail herein. 	The desirability of 

recycling unreacted 	feed, 	employing 	a 	single-pass system, 	or using successive 

reactions 	to 	increase 	ethylene 	conversion 	by 	employing 	reactors 	in 	series 

arrangement can also be readily determined by those skilled in the art. 	The 

particular mode of operation selected is usually dictated by process economics. 

[0064] 	The epoxidation reaction is generally exothermic. Thus, a coolant system 

(e.g., a cooling jacket or a hydraulic circuit with a coolant fluid such as a heat transfer 

fluid or boiling water) may be provided to regulate the temperature of the reactors. 

The heat transfer fluid can be any of several well-known heat transfer fluids, such as 

tetralin (1,2,3,4-Tetrahydronaphthalene). 	In reactors cooled with boiling water, the 

coolant is introduced to the cooling side of the reactor, most commonly the shell 

side, as liquid water. 	As it flows through the cooling side, the water removes heat 

from the process side, and some of the water is vaporized to steam. The coolant 

exits the cooling side of the reactor as a mixture of water and steam. 	The steam 

exiting the reactor is condensed by removing heat from it, and is recycled back to the 

inlet of the coolant side. 

[0065] 	The temperature of the coolant in the reactor is determined by the 

boiling point of the water, which in turn is determined by the pressure under which 

it operates. 	The pressure is controlled by means of a vent valve which vents off 
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some pressure from the steam-water mixture exiting the cooling side of the reactor. 

Typically, a closed-loop controller is used to regulate the coolant temperature by 

automatically 	adjusting the vent valve to 	maintain 	the 	pressure 	necessary to 

maintain the desired temperature. 

[0066] 	Conversion 	of olefin 	(alkylene), 	preferably ethylene, 	to olefin 	oxide, 

preferably ethylene 	oxide, 	can 	be 	carried 	out, 	for 	example, 	by 	continuously 

introducing a feed stream containing alkylene (e.g., ethylene) and oxygen or an 

oxygen-containing gas and a gas phase promoter at parts per million level to a 

catalyst-containing reactor at a temperature of from 200°C to 300°C, and a pressure 

which may vary between 5 atmospheres (506 kPa) and 30 atmospheres (3.0 MPa), 

depending upon the mass velocity and productivity desired. 	Oxygen may be 

supplied to the reaction in an oxygen-containing stream, such as, air or as pure 

oxygen, or as oxygen-enriched air. The resulting alkylene oxide, preferably, ethylene 

oxide, is separated and recovered from the reaction products using conventional 

methods.  

[0067] 	Any alkylene can be utilized in the process, and examples of those that 

may desirably be epoxidized include, but are not limited to, 1,9-decadiene, 1,3-

butadiene, 2-butene, isobutene, 1-butene, propylene, ethylene, or combinations of 

these. Preferably, the alkylene comprises ethylene. 

[0068] 	Typically, epoxidation reactions may desirably be carried out in the gas 

phase, with a feed comprising the desired alkylene and oxygen being caused to come 

in contact with an epoxidation catalyst. Oftentimes, the catalyst is present as a solid 

material, and more particularly, may be present as a packed bed within the desired 

reactor. The quantity of catalyst in the packed bed may be at least 10 kg, or at least 

20 kg, or from 102  to 107  kg or from 103  to 106  kg. 

[0069] 	Many epoxidation reactions are carried out as continuous processes, and 

the same is contemplated here. In such processes, the desired reactor may typically 
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be equipped with heat exchange equipment to control the temperature of the 

process, within the reactor and/or the catalyst bed. 

[0070] 	The feed may additionally comprise one or more optional components, 

including, for example, carbon dioxide, inert gases, saturated hydrocarbons and the 

like. Carbon dioxide may, in particular, be expected to be present when recycling of 

the feed is conducted, since carbon dioxide is a by-product of many epoxidation 

processes. In these embodiments, at least part of the carbon dioxide in the recycled 

gas is removed via conventional ways such as those described in Kirk-Othmer's 

Encyclopedia of Chemical Technology, 4th  Ed. (1994) Volume 9, pages 915-959 , since 

carbon dioxide has an adverse effect on catalyst performance, especially activity. 

The inert gas may comprise nitrogen, argon, or mixtures thereof. 	Saturated 

hydrocarbons such as methane may be utilized to control heat within the reactor 

and allow a higher oxygen concentration in the feed. 

[0071] 	In 	one 	embodiment, 	the 	process for the oxidation 	of an 	alkylene 

comprises contacting a reaction mixture feed comprising an alkene, oxygen, and 

carbon 	dioxide, 	with a 	catalyst prepared 	according to the provided 	methods 

comprising a carrier and, deposited on the carrier, silver, manganese and at least 

one additional promoter and/or alkali metal; wherein the carbon dioxide is present 

in the reactor mixture in a quantity of at most 3 mole percent based on the total 

reaction mixture; and the at least one additional promoter and/or alkali metal 

comprises sodium, cesium, lithium, sulfate and mixtures thereof. 

[0072] 	During operation, the pressure at the inlet of the epoxidation reactor may 

typically be less than 4000 kPa, or less than 3500 kPa, or preferably will be less than 

2500 kPa absolute, and in most instances will be at least 1000 kPa absolute. The gas 

hourly space velocity, 	("GHSV") 	is the 	unit volume 	of gas at standard 	state 

temperature and pressure (0°C, 1 atm) passing over one unit volume of packed 

catalyst bed per hour. 	Preferably in those embodiments wherein the epoxidation 
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reaction is carried out in the gas phase, over a packed catalyst bed, the GHSV in the 

start-up phase is desirably from 2000 to 10000 per hour. 

[0073] 	During 	operation, 	the 	feed 	composition 	may 	remain 	substantially 

unchanged. More particularly, the reactor inlet oxygen concentration may desirably 

remain 	substantially 	unchanged, 	e.g., 	at 	8 	mole-%, 	the 	reactor 	inlet 	alkylene 

concentration may desirably remain substantially unchanged, e.g., at 30 mole-%, the 

inlet carbon dioxide concentration may also remain substantially unchanged, e.g., at 

3 mole-% and the overall catalyst chloriding effectiveness value 	may remain 

substantially unchanged, e.g., at 3 when expressed as Z*. 

[0074] 	As those of skill in the art will readily appreciate, other parameters of the 

epoxidation process may also be adjusted in order to achieve a desired rate of 

alkylene 	oxide 	production 	during 	the 	periods 	at 	elevated 	and/or 	reduced 

temperature. For example, the reactor pressure and/or the space velocity may be 

changed along with or instead of the inlet feed composition in order to achieve a 

particular production rate at a particular operating temperature. 

[0075] 	Or, in some embodiments, the feed composition may be altered during 

the epoxidation process. 	If desired, the reactor inlet oxygen concentration may be 

decreased, e.g., by at least 1 mole-%, or by 2 mole-% or even 3 mole-%, so long as 

safe operating conditions and desired alkylene oxide production are maintained. 

The inlet carbon dioxide concentration may advantageously be increased, e.g., by at 

least 0.5 mole-%, or 1 mole-%, the amount of such increase in certain cases being 

limited by the design of the epoxidation process. 	The overall catalyst chloriding 

effectiveness value may advantageously be decreased, e.g., by at least 0.5 or even 

1.0 or more Z* units, the amount of such decrease being limited in certain cases by 

the amount of recycle in the process design. 	The inlet alkylene concentration may 

be substantially maintained, or, may be decreased by 5 or 10 or even 15 mole-%, 

concurrent with the period(s) at elevated temperature. In any case, the adjustments 

or combinations thereof will desirably provide the desired level of alkylene oxide. 
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[0076] 	The alkylene oxide produced by the present epoxidation process may 

typically 	be 	processed to 	provide further downstream 	products, such 	as, for 

example, 1,2-diols, 1,2-diol ethers, 1,2-carbonates, and alkanolamines. 	Since the 

present invention provides epoxidation catalysts that exhibit efficiencies of at least 

1% 	greater 	than 	efficiencies 	exhibited 	by 	catalysts 	produced 	according 	to 

conventional methods, it is contemplated that the improvements provided will carry 

forward to provide improvements to these downstream processes and/or products. 

Improved methods for the production of 1,2-diols, 1,2-carbonates, 1,2-diol ethers 

and alkanolamines are thus also provided herein. 

[0077] 	The conversion of alkylene oxides into 1,2-diols or 1,2-diol ethers may 

comprise, for example, reacting the desired alkylene oxide with water, suitably in the 

presence of an acidic or basic catalyst. 	For example, for preferential production of 

the 1,2-diol over the 1,2-diol ether, the alkylene oxide may be reacted with a tenfold 

molar excess of water, in a liquid phase reaction in the presence of an acid catalyst, 

e.g., 0.5-1.0 wt% sulfuric acid, based on the total reaction mixture, at 50-70C at 1 bar 

absolute, or in a gas phase reaction, at 130-240°C and 20-40 bar absolute, preferably 

in the absence of a catalyst. If the proportion of water is lowered, the proportion of 

the 1,2-diol ethers in the reaction mixture will be increased. 	The 1-2, diol ethers 

thus produced may comprise di-ethers, tri-ethers, tetra-ethers or other multi-ethers. 

Alternative 1,2-diol ethers may be prepared by converting the alkylene oxide with an 

alcohol, such as methanol or ethanol, or by replacing at least a portion of the water 

with the alcohol. 	The resulting 1,2-diols and diol ethers may be utilized in a wide 

variety 	of 	end-use 	applications 	in 	the 	food, 	beverage, 	tobacco, 	cosmetic, 

thermoplastic polymer, curable resin system, detergent, heat transfer system, etc., 

industries. 

[0078] 	The conversion of alkylene oxides produced using catalysts produced 

according to the present invention into alkanolamines may comprise, for example, 

reacting the alkylene oxide with ammonia. Anhydrous or aqueous ammonia may be 

used, although anhydrous ammonia favors the production of monoalkanolamine, 
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and may be used when the same is preferred. The 

used, for example, 	in the treatment of natural gas. 

converted into the corresponding 1,2-carbonate by 

carbon dioxide. If desired, a 1,2-diol may be prepared 

1,2-carbonate with water or an alcohol to form the 1,2- 

reference is made to US-6080897. 

[0079] 	The 	catalysts described 	in the following 

supports having the following characteristics, shown in 

TABLE 1 — Support Data 

resulting alkanolamines may be 

The olefin oxide may be 

reacting the olefin oxide with 

by subsequently reacting the 

diol. For applicable methods, 

examples are prepared on 

Table 1: 

described 	below with 	all 	the 

A first impregnation 

30 mL of silver-amine-oxalate 

"Catalyst Preparation" in US 

A B 

Size (OD, in) 0.32-0.36 0.32-0.36 

Surface 	Area 
(m2/g) 

1.28 1.03 

Pore 	Volume 

(ml/g) 

0.69 0.68 

Median 	Pore 

Diameter 
(microns) 

2.0 2.6 

< 	1 	Micron 
Pores (%) 

. 11.5 6.0 

Crush 	Strength 

(Ibs) 

21.4 19.6 

Example 1 

1 	(comparative) 	is prepared 	as 

added during the second silver impregnation. 

g) is performed using roughly 

% Ag) prepared as described under 

[0080] Catalyst 

promoters being 

of carrier A (10.30 

solution (26.6 wt 

2009/177000 Al. 
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[0081] More specifically, the carrier is impregnated in an appropriately sized glass 

vessel which is equipped with stopcocks for impregnating the carrier under vacuum. 

A separatory funnel which 	is used for containing the impregnating solution is 

inserted through a rubber stopper into the top of the impregnating vessel. The 

impregnating vessel 	containing the 	carrier is evacuated to 	approximately 	1-2" 

mercury absolute for 15 minutes, after which the impregnating solution is slowly 

added to the carrier by opening the stopcock between the separatory funnel and the 

impregnating vessel. After all the solution empties into the impregnating vessel 

(about 	15 	seconds), 	the 	vacuum 	is 	released 	and 	the 	pressure 	returned 	to 

atmospheric. Following addition of the solution, the carrier remains immersed in the 

impregnating solution at ambient conditions for 15 minutes, and is thereafter 

drained of excess solution for 15 minutes. 

[0082] The silver-impregnated carrier is then roasted as follows to effect reduction 

of silver on the catalyst surface. The wet impregnated carrier pills are spread out in a 

monolayer on a stainless steel wire mesh with 3 mm apertures and placed on a 

nozzle connected to a hot air gun (Steinel HL161OS). The roasting procedure 

consisted of two stages. In the first stage the impregnated support was roasted at a 

temperature of 300 °C for 1.5 minutes with an air flow of 75 LPM/in2; then in the 

second stage the temperature was increased to 400 °C for 2 minutes to complete the 

roasting. The air flow during the second roasting stage was 130 LPM/in2. After 

completion of the roasting, the catalyst is cooled in open air to room temperature 

and weighed. 

[0083] A second impregnation of the roasted catalyst pills is then performed using a 

solution prepared by adding the amounts of promoter solutions given in Table 1, 

below, to 40.7 g of silver-amine-oxalate solution composed of the drained solution 

from the first impregnation combined with fresh silver-amine-oxalate solution. The 

Mn(NO3)2 solution is complexed with (NH4)2EDTA prior to its addition to silver- 

amine-oxalate solution. The impregnation, draining and 	roasting steps for this 

second impregnation are carried out analogously to the first impregnation. The 
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composition of Catalyst 1 calculated based on silver uptake and amounts of added 

promoter solutions and after draining and roasting, is given in Table 2. 

[0084] Catalyst 2 (inventive) is prepared with an identical target formulation as 

Catalyst 1, the only difference from Catalyst 1 being that the manganese promoter 

after complexation with (NH4)2EDTA was added along with silver during the first Ag 

impregnation. 	All 	the 	other 	promoters 	were 	added 	during 	the 	second 	Ag 

impregnation. The final composition of Catalyst 2 calculated based on silver uptake 

and amounts of added promoter solutions is given in Table 2 below. 

[0085] Figure 1 above shows a comparison of the performance of Catalyst 1 and 

Catalyst 2 in the ethylene epoxidation reaction. The catalysts were tested in 1/4  inch 

(outer diameter) stainless steel reactor tubes (once-through operation). An amount 

of 0.7 g of crushed catalysts (30/50 mesh sized) are thoroughly mixed with 1:1 by 

weight Denstone (inert from Norton Inc, USA) of the same particle size fraction and 

loaded in the reactor tubes. The feed compositions are: 30 mole-% ethylene, 8 mole- 

% oxygen, 1.5 mole-% carbon dioxide, 0.7 mole-% ethane and various ppmv levels of 

ethyl chloride. The total inlet gas flow rate is adjusted to give a gas hourly space 

velocity of 10000 h-1 as calculated for uncrushed catalyst. Reactor pressures are 

about 1950 KPa-gauge. The catalysts were operated at the same feed composition 

and a constant temperature of 240 "C. Z* was varied by varying the ethyl chloride 

(ECL) concentration in the feed; the plot in Figure 1 shows the change in outlet ED 

concentration and oxygen efficiency with variation in r,. The maximum (peak) 

oxygen efficiency obtained with the inventive catalyst (Catalyst 2) is about 1% higher 

than that obtained with the comparative catalyst (Catalyst 1). 

[0086] Example 2 

[0087] Catalyst 3 (inventive) was prepared with an identical target formulation as 

Catalyst 1, the only difference from Catalyst 1 being that the sodium promoter was 

added to the Ag solution during the first silver impregnation. All the other promoters 

were added during the second Ag impregnation. The amounts of promoter solutions 
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added to the silver-amine-oxalate solution during the impregnation steps and the 

final calculated composition of the catalyst based on silver uptake and added 

promoter solutions is given in Table 2. 

[0088] Figure 2 shows a comparison of the performance of Catalyst 1 and Catalyst 3 

in the ethylene epoxidation reaction. The feed Z* was varied as described in Example 

1 and the response is observed. The maximum oxygen efficiency obtained with the 

inventive catalyst 	(Catalyst 3) 	is 0.5-0.6% higher 	than that obtained with 	the 

comparative catalyst (Catalyst 1). 

[0089] Example 3 

[0090] Catalyst 4 (comparative) was prepared with an identical target formulation as 

Catalyst 1, the only difference from Catalyst 1 being that the sodium promoter as 

well as the manganese promoter (complexed with (NH4)2EDTA )were added to the 

Ag solution during the first silver impregnation. The rest of the promoters were 

added to the silver-amine-oxalate solution during the second Ag impregnation. The 

amounts of promoter solutions added to the silver-amine-oxalate solution during the 

impregnation steps and the final calculated composition of the catalyst based on 

sliver uptake and added promoter solutions is given in Table 2. 

[0091] Figure 3 shows a comparison of the performance of Catalyst 1 and Catalyst 4 

in the ethylene epoxidation reaction. The feed r was varied as described in Example 

1 and the response is observed. The maximum oxygen efficiency obtained with 

Catalyst 4 is surprisingly 1.3% lower than that obtained for Catalyst 1. 

[0092] Addition of either Mn or Na in the first Ag impregnation provides an 

improvement in the efficiency as illustrated in examples 1 and 2; however, as shown 

in example 3, addition of Mn and Na together in the first Ag impregnation is 

detrimental to efficiency. 
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[0093] Example 4 

[0094] Catalyst 5 (comparative) was prepared with all the promoters being added 

during the second silver impregnation The amounts of promoter solutions added to 

the silver-amine-oxalate solution 	during 	the second impregnation 	and the final 

composition of the catalyst calculated based on the silver uptake and amounts of 

promoter solutions added is given in Table 2. 

[0095] Catalyst 6 (inventive) was prepared with an identical target formulation as 

Catalyst 5, the only difference from Catalyst 5 being that the sodium promoter 	was 

added to the Ag solution during the first silver impregnation. All the other promoters 

were added during the second Ag impregnation. The final calculated composition of 

catalyst 6 is given in Table 2. 

[D096] Figure 4 shows a comparison of the performance of Catalyst 5 and Catalyst 6 

in the ethylene epoxidation reaction. The feed r was varied as described in Example 

1 and the response is observed. The maximum oxygen efficiency obtained with the 

inventive 	catalyst 	(Catalyst 	5) 	is 	0.5-0.6% 	higher 	than 	that 	obtained 	with 	the 

comparative catalyst (Catalyst 5). 

[0097] Example 5 

[0098] Catalyst 7 (inventive) was prepared with an identical target formulation as 

Catalyst 1, the only difference from Catalyst 1 being that the sodium and lithium 

promoters were added to the Ag solution during the first silver impregnation. The 

other promoters were added during the second Ag impregnation. The amounts of 

promoter 	solutions 	added 	to 	the 	silver-amine-oxalate 	solution 	during 	the 

impregnation steps and the final calculated composition of catalyst 7 based on silver 

uptake and added promoter solutions is given in Table 2. 

[0099] Figure 5 shows a comparison of the performance of Catalyst 1 and Catalyst 7 

in the ethylene epoxidation reaction. The feed Z.  was varied as described in Example 
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1 and the response is observed. The maximum oxygen efficiency obtained with 

Catalyst 7 is about 1.4% higher than that obtained for Catalyst 1. 

[001001 	Addition of Li and Na in the first Ag impregnation, with Mn being added in 

a separate second step provides an improvement in the efficiency as illustrated in 

examples 5. However, as shown in example 3, addition of Mn and Na together in the 

first Ag impregnation is detrimental to efficiency. 

[00101] 	Example 6 

[00102] 	Catalyst 8 (inventive) is prepared with an identical target formulation as 

Catalyst 1, the only difference from Catalyst 1 being that the manganese promoter 

was added to the bare carrier prior to impregnation of the Ag solution. The catalyst 

preparation consisted of the following steps. A Mn solution was prepared by adding 

0.0348 g of manganous nitrate solution (0.1552 g Mn/g solution) to 30 g of deionized 

water. 10.13 g of the carrier (Support No. A) was vacuum impregnated using the 

above solution. After draining the excess solution the carrier was roasted. A second 

vacuum impregnation was then performed using a silver-amine-oxalate solution 

containing 25.60 wt.% Ag. The weight of the catalyst after the Ag impregnation was 

13.16 g, an Ag loading of 23.07%. Another impregnation of the roasted catalyst pills 

is then performed using a solution prepared by adding 0.0902 g of CsOH solution 

(0.4564 g Cs/g solution), 0.0944 g of lithium acetate solution (0.023 g Li/g solution), 

0.0375 g of sodium acetate solution (0.071 g Na/g solution), 0.8042 g of ammonium 

perrhenate solution (0.0359 g Re/g solution), 0.0366 g of ammonium sulfate solution 

(0.2789 g SO4/g solution), 0.0357 g of manganous nitrate solution (0.1552 g Mn/g 

solution) to 42.3 g of silver-amine-oxalate solution. The impregnation, draining and 

roasting steps for this impregnation step are carried out analogously to the earlier 

impregnations. After draining and roasting, the final catalyst weight was 15.79 g. The 

composition of Catalyst 8 calculated based on silver uptake and amounts of added 

promoter solutions was Ag: 35.71 wt%, Cs: 627 ppm, Li: 33 ppm, Na: 41 ppm, Re: 439 

ppm, 504: 155 ppm, Mn: 82 ppm.  
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100103] 	Figure 6 shows a comparison of the performance of Catalyst 1 and Catalyst 

8 in the ethylene epoxidation reaction. The feed Z* was varied as described in 

Example 1 and the response is observed. The maximum oxygen efficiency obtained 

with Catalyst 8 is 1% higher than that obtained for Catalyst L 

[00104] 	Example 7 

[00105] 	Catalyst 9 (comparative) was prepared with Ag impregnation being carried 

out only once. 10.34 g of carrier pills (Support No. A) was impregnated using a 

solution prepared by adding 0.0541 g of CsOH solution (0.4564 g Cs/g solution), 

0.0605 g of lithium acetate solution (0.023 g Li/g solution), 0.0245 g of sodium 

acetate solution (0.071 g Na/g solution), 0.4823 g of ammonium perrhenate solution 

(0.0359 g Re/g solution), 0.0212 g of ammonium sulfate solution (0.2789 g 504/g 

solution), 0.0238 g of manganous nitrate solution (0.1552 g Mn/g solution) and 

0.0947 g of diammonium EDTA solution (0.4128 g EDTA/g solution) to 42.0 g of 

silver-amine-oxalate solution containing 18.76 wt.% Ag. The impregnation, draining 

and roasting steps are carried out analogously to the earlier preparations. After 

draining and roasting, the final catalyst weight was 12.30 g. The composition of 

Catalyst 9 calculated based on silver uptake and amounts of added promoter 

solutions was Ag: 15.94 wt%, Cs: 499 ppm, Li: 28 ppm, Na: 35 ppm, Re: 350 ppm, 

504: 120 ppm, Mn: 75 ppm. 

[001061 	Catalyst 10 (inventive) was prepared with an identical formulation as Catalyst 

9, the only different from Catalyst 9 being that the manganese promoter 

was added to the carrier before the impregnation of Ag and other promoters. The 

catalyst preparation consisted of the following steps. 	A Mn solution was prepared by 

adding 0.0334 g of manganous nitrate solution (0.1652 g Mn/g solution) to 30 g of 

deionized water.10.26 g of the carrier (Support No. A) was vacuum impregnated using 

the above solution, the excess solution drained and the pills roasted. Subsequently 

another impregnation is carried out using a solution prepared by adding 0.0503 g of 

CsOH solution (0.4564 g Cs/g solution), 0.0560 g of lithium 
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acetate solution (0.023 g Li/1g solution), 0.0227 g of sodium acetate solution (0.071 g 

Na/g solution), 0.4477 g of ammonium perrhenate solution (0.0359 g Re/g solution), 

0.0200 g of ammonium sulfate solution (0.2789 g SO4/g solution) to 42.0 g of silver-

amine-oxalate solution containing 18.76 wt.% Ag. The impregnation, draining and 

roasting steps are carried out analogously to the earlier preparations. After draining 

and roasting, the final catalyst weight was 12.23 g. The composition of Catalyst 10 

calculated based on silver uptake and amounts of added promoter solutions was Ag: 

16.13 wt%, Cs: 499 ppm, Li: 28 ppm, Na: 35 ppm, Re: 349 ppm, 504: 121 ppm, Mn: 

113 ppm. 

[00107] 	Figure 7 shows that the inventive example catalyst 10 provides 0.6 - 0.7% 

higher initial efficiency than the comparative catalyst 9. 

[00108] 

[00109] 	Table 2 

Catalyst number 

2 3 4 	1  5 	6 	 7 

lst  
Impregnation 

Support No. 	A A A A 	' B 	B A 

Support (g) 	10.30 10.20 10.31 10.15 	10.25 	j 10.53 10.04 

Silver-Amine- 
Oxalate 

solution (g) 

40.1 43.5 43.3 43.6 	42.6 	41.3 

Ag content of 

solution 
(Wt.%) 

26.6 26.6 26.6 26.6 	26.6 26.6 26.55 

Promoter Soln. 

A, Mn(NO3}2 
0.1552 g Mn/g, 

(g) 

0.0375 0.0375  

Chelating 
Agent, 
(N H4)2EDTA 

0.4128 	g 
EDTA/g, 

1 0.1474 0.1475  
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(g) 
Promoter SoIn. 

B, Na2(O2C2F1 3) 
0.0710 g Na/g, 

(g) 

0.0440 0.0430 0.0777 0.0405 

Promoter SoIn. 

C, Li2(02C2h13) 
0.0230 g Li/g, 

(g) 

0.1016 

Ag 	loading 	in 
1st 

impregnation 

(Wt.%) 

20.20 20.66 20.55 22.13 20.87 20.01 22.60 

2nd 

impregnation 

Weight of First 

dip catalyst (g) 

12.90 12.86 12.98 13.04 12.96 13.16 

Silver- 

Amine_Oxalate 

solution (g) 

40.7 	43.5 43.5 43.6 42.1 41.3 

Promoter SoIn. 

A, Mn(NO3) 2  

0.1552 g Mn/g, 

(g) 

0.0357 0.0374 0.0682 0.0698 0.0358 

Chelating 

Agent, 

(NR4)2EDTA 

0.4128 	g 
EDTA/g, 

(g) 

0.1402 0.1479 0.2697 0.2734 0.1411  

Promoter SoIn. 

B, Na2(02C2H3) 
0.0710 g Na/g, 

(g) 

0.0412 0.0428 0.0836 

Promoter SoIn. 

C, Li2(02C2H3) 
0.0230 g Li/g, 

(g)  

0.1021 0.1069 0.1076 0.1013 0.2073 0.2104 

Promoter soln.i 

D, CsOH 

0.4564 g Cs/g, 

(g) 

0.0982 0.1028 0.1032 0.0974 0 6 6 0.1649 0.0986 

Promoter soln. 

E, NH4Re04  

0.8744 0.9174 0.9210 0.8683 1.4412 1.4642 0.8780 
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0.0359 g Re/g 

(g) 
Promoter soln. 

F, (N1-14)2S0I 
0.2789 g SO4/g 

(g) 

0.0399 0.0418 0.0419 0.0396 0.0656 0.0670 0.0401 

Final 	Catalyst 

Weight (g) 

15.31 15.22 15.48 15.39 15.56 15.7 15.76 

Ag 	content 

(Wt.%) 

32.58 32.84 33.22 33.88 33.86 32.67 36.13 

Final Promoter 

Levels 

Promoter 	A, 

Mn (ppm) 

80 77 80 86 156 157 85 

Promoter 	B, 

Na (ppm) 

42 40 43 45 87 80 44 

Promoter C, Li 

(ppm) 

34 33 34 30 70 70 36 

Promoter D, Cs 

(PP(n) 

644 624 651 580 1086 1088 691 

Promoter E, Re 

(PPrn) 

451 438 457 406 762 760 484 

Promoter 

F,SO4  (ppm) 

160 155 161 144 269 269 172 

[00110] 	The data presented demonstrate that the selection of promoters to be 

added in the first Ag impregnation is not trivial. Selection of promoters that need to 

added together in the same step, and promoters that should not be mixed together 

and be added in separate steps is also not trivial. 
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WE CLAIM: 

1. A method for making an epoxidation 

and sodium, comprising: 

catalyst comprising a support, silver, manganese 

impregnating the support with manganese prior o impregnating the support with sodium; 

impregnating the support with silver prior to, 

manganese. 

at the same time as or after impregnation with 

2. The method of claim 1, wherein the 

same time as at least a portion of the silver. 

manganese is impregnated into the support at the 

3. The method of claim 1, wherein 

sulfate or combinations of these. 

the catalyst further comprises rhenium, cesium, 

4. The method of claim 1, wherein the manganese comprises Mn-EDTA complex. 
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5. The method of claim 1, wherein the catalyst is exposed to an elevated temperature 

ranging from 200°C to 600°C between impregnating the support with manganese and 

impregnating the support with sodium. 

6. The method of claim 5, wherein the elevated temperature ranges from 300°C to 400°C. 

7. The method of claim 3, wherein the manganese and at least a portion of the silver are 

deposited in a first impregnation and the sodium, cesium, lithium, rhenium, sulfate and a second 

portion of silver are deposited in a second impregnation. 

8. A method for making an epoxidation catalyst comprising a support, silver, manganese 

and sodium, comprising: 

a first step of impregnating the support with manganese and exposing the catalyst to an elevated 

temperature ranging from 200°C to 600°C; and 

a second step of impregnating the support with sodium after the first step. 

9. The method of claim 8, wherein the elevated temperature ranges from 300°C to 400°C. 

10. The method of claim 8, wherein the silver is impregnated into the support prior o, at the 

same time as, or after the impregnation of manganese. 

11. The method of claim 8, wherein the manganese is impregnated into the support at the 

same time as at a portion of the silver. 

12. The method of claim 11, wherein the catalyst further comprises cesium, rhenium, lithiun, 

sulfate or combinations of these. 

36 


