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METHOD FOR FORMING A HIGH MOLECULAR WEIGHT

POLYARYLENE SULFIDE

Related Applications

[0001] The present application claims priority to U.S. Provisional Application

Serial Nos. 62/1 8,001 , filed on February 19, 2015; 62/197,637, filed on July 28,

2015; and 62/206,1 35 filed on August 17 , 201 5 , which are incorporated herein in

their entirety by reference thereto.

Background of the Invention

[0002] Polyarylene sulfides are high-performance polymers that may

withstand high thermal, chemical, and mechanical stresses and are beneficially

utilized in a wide variety of applications. Polyarylene sulfides are generally formed

via polymerization of a dihaloaromatic monomer with an alkali metal sulfide or an

alkali metal hydrosulfide in an organic amide solvent. During recovery of the high

molecular weight polyarylene sulfide product, a portion is also collected that

contains low molecular weight and cyclic arylene sulfide oligomers. This portion is

often referred to as "slime" due to its undesirable physical characteristics. As

such, a need currently exists for a technique of using this portion to form high

molecular weight polyarylene sulfides.

Summary of the Invention

[0003] In accordance with one embodiment of the present invention, a

method for forming a polyarylene sulfide is disclosed. The method comprises

supplying a waste composition to a vessel, the waste composition containing

arylene sulfide byproducts. The arylene sulfide byproducts are heated to a

temperature of from about 260°C to about 285°C in the presence of a sulfur

reactant, thereby forming a high molecular weight polyarylene sulfide having a

number average molecular weight of about 2,000 Daltons or more.

[0004] In accordance with another embodiment of the present invention, a

method for forming a polyarylene sulfide is disclosed. The method comprises

forming a SMAB-NaSH complex within a first vessel; supplying the SMAB-NaSH

complex and a dihaloaromatic monomer to a second vessel to form a prepolymer;

and supplying the prepolymer and a dihaloaromatic monomer to a third vessel. A



waste composition is also supplied to the third vessel that contains arylene sulfide

byproducts. The arylene sulfide byproducts are heated to a temperature of from

about 260°C to about 285°C, thereby forming a high molecular weight polyarylene

sulfide having a number average molecular weight of about 2,000 Daltons or more.

Brief Description of the Figures

[0005] The present disclosure may be better understood with reference to

the figures in which:

[0006] FIG. 1 illustrates the melt viscosity of polyarylene sulfide product

obtained for several different samples with respect to the molar ratio of reactants.

[0007] FIG. 2 illustrates the change in melt viscosity of polyarylene sulfide

product obtained with change in proportions of sulfur and sodium hydroxide

reactants.

[0008] FIG. 3 illustrates the melt viscosity of polyarylene sulfide product

obtained in two parallel sets of reactions; one set where S/S repeat unit x 100 =

0.62 and the on the other in which S/S repeat unit x 100 = 0.52 at different

NaOH/mol S repeat unit.

[0009] FIG. 4 illustrates the effect of reaction time and reactant

concentration on melt viscosity of product polyarylene sulfide.

Detailed Description

[00010] It is to be understood by one of ordinary skill in the art that the

present discussion is a description of exemplary embodiments only, and is not

intended as limiting the broader aspects of the present invention.

[0001 1] Generally speaking, the present invention is directed to a method for

forming a high molecular weight polyarylene sulfide from a waste composition,

which is a byproduct of a polymerization process for forming polyarylene sulfides.

For example, the waste composition may be a filter cake that is obtained after a

polyarylene sulfide is washed. The filter cake may be in the form of a slurry having

a solid phase and a liquid phase. The solid phase typically constitutes a relatively

high portion of the slurry, such as from about 30 wt.% to about 80 wt.%, in some

embodiments from about 35 wt.% to about 70 wt.%, and in some embodiments,

from about 40 wt.% to about 60 wt.%. The liquid phase may likewise constitute

from about 20 wt.% to about 70 wt.%, in some embodiments from about 30 wt.% to

about 65 wt.%, and in some embodiments, from about 40 wt.% to about 60 wt.% of



the slurry. The liquid phase generally contains a relatively high percentage of

water, such as from about 50 wt.% to about 99.999 wt.%, in some embodiments

from about 60 wt.% to about 99.99 wt.%, and in some embodiments, from about

70 wt.% to about 99.9 wt.% of the liquid phase. Volatile organic impurities may

also be present in the liquid phase, such as in an amount of from about 20 to about

10,000 parts per million ("ppm"), in some embodiments about 50 to about 5,000

ppm, and in some embodiments, from about 100 to about 3,500 ppm. Such

volatile impurities generally have a relatively high boiling point, such as greater

than about 100°C, in some embodiments about 120°C or more, and in some

embodiments, from about 150°C to about 500°C, as determined at atmospheric

pressure. Examples of such compounds may include, for instance, 2-pyrrolidone,

phenol, mesityl oxide, diacetyl acetone, p-dichlorobenzene, thiophenol,

methylthioanisole, etc. The term "impurities" is meant to exclude any specific

reactants or solvents employed during polymerization of the polyarylene sulfide,

such as N-methylpyrrolidone.

[00012] The waste composition contains reaction arylene sulfide byproducts

of a polymerization process for forming a high molecular weight polyarylene

sulfides. Such components are typically present in the solid phase of the filter

cake. Examples of such byproducts include, for instance, low molecular weight

arylene sulfide oligomers, fine polyarylene sulfide particles, and/or cyclic

polyarylene sulfides. The arylene sulfide byproducts of the waste composition can

generally have a relatively low melt viscosity, for instance about 200 poise or less

or about 100 poise or less in some embodiments as determined in accordance

with ISO Test No. 11443 (technically equivalent to ASTM D3835) at a shear rate of

1200 s-1 and at a temperature of about 3 10°C using a Dynisco 7001 capillary

rheometer. The arylene sulfide byproducts can generally have a chlorine end

group content of from about 0.2 wt.% to about 0.7 wt.% of the weight of the arylene

sulfide byproducts. Other byproducts that may be present include unreacted

monomers, salts, side reaction byproducts, etc. Low molecular weight arylene

sulfide oligomers, fine polyarylene sulfide particles, and cyclic polyarylene sulfides

can, for instance, each constitute from about 0.1 wt.% to about 50 wt.% of the

composition.

[00013] As used herein, a "low molecular weight" oligomer typically refers to



an arylene sulfide having a number average molecular weight of less than about

2,000 Daltons, in some embodiments about 1,500 Daltons or less, and in some

embodiments, from about 100 to about 1,000 Daltons. The polydispersity index is

relatively high, such as above about 7 , in some embodiments about 9 or more, and

in some embodiments, from about 10 to about 20. The weight average molecular

weight may likewise be about less than about 20,000 Daltons, in some

embodiments about 15,000 Daltons or less, and in some embodiments, from about

1,000 to about 12,000 Daltons. Conversely, a "high molecular weight" polyarylene

sulfide typically refers to a polyarylene sulfide having a number average molecular

weight of from about 2,000 Daltons or more, in some embodiments about 3,000

Daltons or more, and in some embodiments, from about 5,000 to about 50,000

Daltons. While having a high molecular weight, the polydispersity index (weight

average molecular weight divided by the number average molecular weight) is

relatively low. For instance, the polydispersity index of the polyarylene sulfide may

be about 7 or less, in some embodiments about 6 or less, and in some

embodiments, from about 2 to about 5 . The weight average molecular weight may

likewise be about 20,000 Daltons or more, in some embodiments about 22,000

Daltons or more, and in some embodiments, from about 25,000 to about 100,000

Daltons.

[00014] Fine polyarylene sulfide particles may also be present in the waste

composition. Such particles typically have an average particle size (e.g., diameter)

of about 100 micrometers or less, in some embodiments about 50 micrometers or

less, and in some embodiments, about 20 micrometers or less. For instance,

particle sizes can range from about 15 micrometers or less to about 400

micrometers. In one embodiment, the particles can have a particle size distribution

D50 of about 20 micrometers or less (i.e., about 50% of the particles can have a

size of about 20 microns or less), a D of about 5 micrometers or less, a D2 5 of

about 10 micrometers or less, a D75 of about 90 micrometers or less, and a D90 of

about 160 micrometers or less.

[00015] Cyclic polyarylene sulfides may also be present, which typically have

the following general formula:



wherein,

n is from 4 to 30; and

R is independently hydrogen, alkyl, cycloalkyl, aryl, alkylaryl, or an arylalkyl radical

having from about 6 to about 24 carbon atoms.

[00016] The arylene sulfide byproducts can exhibit a multimodal molecular

weight distribution due to, e.g., significant portions of arylene sulfide oligomers and

cyclic polyarylene sulfides in the solids of the waste stream. In general, the waste

composition can vary depending upon the product formation process from which

the waste slurry is obtained. For instance, in those embodiments in which the

waste composition is obtained from a process in which a relatively low melt

viscosity polyarylene sulfide is being formed (e.g., a polyarylene sulfide product

having a melt viscosity of from about 200 poise to about 700 poise), the arylene

sulfide byproducts of the waste composition can exhibit a bimodal molecular

weight distribution with a higher proportion of high molecular weight arylene

sulfides in the waste composition. In comparison, when treating a waste

composition from a process designed to produce a higher melt viscosity

polyarylene sulfide (e.g., from about 2400 poise to about 2600 poise), the waste

composition can exhibit a bimodal molecular weight distribution with a relatively

higher proportion of low molecular weight arylene sulfides in the waste

composition. Of course, process conditions of the formation process can cause

variations in the waste composition as well.

[00017] In accordance with the present invention, these components can be

converted into a high molecular weight polyarylene sulfide through the use of a

unique process. More particularly, the waste composition may be supplied to a

vessel, such as a reactor vessel, column, etc. If desired, an organic amide solvent

may be mixed with the waste composition to reduce its viscosity, thereby creating

a composition that is more flowable. Exemplary organic amide solvents may



include, for instance, N-methyl-2-pyrrolidone ("NMP"), N-ethyl-2-pyrrolidone, N,N-

dimethylformamide, Ν,Ν-dimethylacetamide, N-methylcaprolactam,

tetramethylurea, dimethylimidazolidinone, hexamethyl phosphoric acid triamide,

etc., as well as mixtures thereof.

[00018] Although not required, the waste composition may be optionally

subjected to a dehydration process in which it is heated in one or more steps to a

temperature that is greater than the boiling point of water in the composition, as

determined at the pressure of the vessel (e.g., atmospheric pressure). For

example, the composition may be heated to a temperature of from about 100°C to

about 220°C, in some embodiments, from about 120°C to about 2 15°C, and in

some embodiments, from about 150°C to about 2 10°C. The heating rate may

range from about 0.5°C to about 5.0°C per minute, and in some embodiments,

from about 1.0°C to about 3.0°C per minute. When heated in this manner, excess

water may be vaporized and extracted from the composition. Simultaneously, the

volatile organic impurities may also be co-distilled and removed with the extracted

water, which helps to purify the composition and enable it to be more readily

recycled back into a polymerization process. This co-distillation process may

leave a solids portion containing the arylene sulfide byproducts and other

impurities, such as described above.

[00019] Following any optional dehydration, the arylene sulfide byproducts

(e.g., low molecular weight oligomers, fines, and/or cyclic components) are reacted

with a sulfur reactant to form a high molecular weight polyarylene sulfide. The

sulfur reactant may already be present in the waste composition. Likewise, a

separate sulfur reactant may also be supplied to the vessel. Suitable sulfur

reactants may include alkali metal sulfides, alkali metal hydrogen sulfides, alkali

metal sulfide hydrates, complexes of the foregoing, etc. The alkali metal sulfide

may be, for example, lithium sulfide, sodium sulfide, potassium sulfide, rubidium

sulfide, cesium sulfide or a mixture thereof. The sulfur reactant may also be

generated in situ. For instance, an alkali metal sulfide hydrate (e.g., sodium sulfide

hydrate) may be formed within the vessel from an alkali metal hydrogen sulfide

(e.g., sodium hydrogen sulfide) and an alkali metal hydroxide (e.g., sodium

hydroxide). When a combination of alkali metal hydrogen sulfide and alkali metal

hydroxide are fed to the reactor to form the alkali metal sulfide, the molar ratio of



alkali metal hydroxide to alkali metal hydrogen sulfide may be between about 0.80

and about 1.50. For instance, the molar ratio of alkali metal hydroxide to sulfur

repeating units of the polyarylene sulfide formed can be about 1 or less, i.e., from 0

to about 1, or from 0 to about 0.5 in some embodiments.

[00020] Another suitable sulfur reactant is a complex known was "SMAB-

NaSH", which is formed from the reaction by reacting a sulfur source (e.g., sodium

sulfide, sodium hydrosulfide, etc.) and an organic amide solvent in the presence of

water. One example of a reaction scheme for forming a SMAB-NaSH complex by

reacting sodium sulfide with NMP in the presence of water is set forth below:

NMP SMAB-NaSH

[00021] If desired, the SMAB-NaSH complex may be pre-formed in an earlier

stage of the polymerization process. Alternatively, the complex may also be

formed in situ within the vessel by supplying the sulfur source (e.g., sodium

hydrosulfide), organic amide solvent, and water thereto. The molar ratio of organic

amide solvent to the sulfur source in the feed may, for instance, be from about 2 to

about 10 , or from about 3 to about 5 , and the molar ratio of water to the sulfur

source in the feed may be from about 0.5 to about 4 , or from about 1.5 to about 3 .

In this manner, the SMAB-NaSH complex within the vessel and can then react with

the low molecular weight oligomers and cyclic polyarylene sulfides within the waste

composition. In general, the molar ratio of the sulfur source to the sulfur repeating

units of the polyarylene sulfide can be about 1 or less, for instance from about 0 to

1 or from about 0.4 to about 0.7 in some embodiments, and the molar ratio of

water to the sulfur repeating units of the polyarylene sulfide can be from about 1.5

to about 3 .

[00022] The sulfur reactant can directly convert the low molecular

oligomers, fines, and cyclic polyarylene sulfides into the desired high molecular

weight polyarylene sulfide without the need for any ongoing active

polymerization. Of course, this is by no means required. In fact, in certain

embodiments, it may be desired to supply a dihaloaromatic reactant to the vessel



so that the desired conversion occurs simultaneously with an active

polymerization process. The dihaloaromatic reactant may be, without limitation,

an o-dihalobenzene, m-dihalobenzene, p-dihalobenzene, dihalotoluene,

dihalonaphthalene, methoxy-dihalobenzene, dihalobiphenyl, dihalobenzoic acid,

dihalodiphenyl ether, dihalodiphenyl sulfone, dihalodiphenyl sulfoxide or

dihalodiphenyl ketone. Dihaloaromatic reactants may be used either singly or in

any combination thereof. Specific examples of such dihaloaromatic compounds

may include p-dichlorobenzene ("pDCB"), m-dichlorobenzene, o-

dichlorobenzene, 2,5-dichlorotoluene, 1,4-dibromobenzene, 1,4-

dichloronaphthalene, 1-methoxy-2,5-dichlorobenzene, 4,4'-dichlorobiphenyl, 3,5-

dichlorobenzoic acid, 4,4'-dichlorodiphenyl ether, 4,4'-dichlorodiphenylsulfone,

4,4'-dichlorodiphenylsulfoxide, 4,4'-dichlorodiphenyl ketone, etc. The halogen

atom may be fluorine, chlorine, bromine or iodine, and two halogen atoms in the

same dihaloaromatic reactant may be the same or different from each other. In

one embodiment, o-dichlorobenzene, m-dichlorobenzene, p-dichlorobenzene or a

mixture of two or more compounds thereof may be employed. As is known in the

art, it is also possible to use a monohalo compound (not necessarily an aromatic

compound) in combination with the dihaloaromatic compound in order to form

end groups of the polyarylene sulfide or to regulate the polymerization reaction

and/or the molecular weight of the polyarylene sulfide. The amount of the

dihaloaromatic reactant per mole of the effective amount of the sulfur reactant may

generally be from about 0.8 to about 2.0 moles, in some embodiments from about

1.0 to about 1.8 moles, and in some embodiments, from about 1. 1 to about 1.6

moles.

[00023] Regardless of the particular reactants that are employed, the reaction

mixture, which includes the sulfur reactant (e.g., SMAB-NaSH, NaSH, etc.),

optional dihaloaromatic reactant (e.g., pDCB), and other optional components

(e.g., alkali metal hydroxide), is subjected to a heating process. Heating may

occur at a temperature of from about 260°C to about 285°C, in some embodiments

from about 265°C to about 285°C, and in some embodiments, from about 270°C to

about 280°C, and at a rate of from about 0.5°C to about 8.0°C per minute, in some

embodiments from about 1°C to about 7°C per minute, and in some embodiments,

from about 1°C to about 5°C per minute. If desired, water may also be added to



facilitate phase separation. The pressure within the vessel may vary, but is

typically held at or near atmospheric pressure. To help maintain the desired

pressure conditions, vapor may be removed from the reactor, which can include

water and a hydrogen sulfide by-product.

[00024] Heating may be conducted in a single stage or in multiple stages. In

one embodiment, for instance, a multi-stage heating process is employed. During

a first stage of the heating process, for instance, the reaction mixture may be

heated to a temperature that is sufficient to convert any cyclic polyarylene sulfides

into linear oligomers, which may have the following general structure:

wherein,

p is from 1 to 50; and

X and Y are independently end-groups occurring as by-products of the

polymerization, such as hydrogen, halogen, halogenated phenyl, thiol, phenoxy,

hydroxyl, mercaptan group, cyclic amide, amine, or a salt of any of the foregoing.

[00025] When employed, the dihaloaromatic reactant (e.g., pDCB) may also

be converted into a low molecular weight oligomer during this stage and any fines

may increase in molecular weight and particle size. In any event, during the first

heating stage, the reaction mixture is typically heated to a temperature of from

about 235°C to about 260°C, in some embodiments from about 235°C to about

265°C, in some embodiments from about 240°C to about 260°C, and in some

embodiments, from about 245°C to about 265°C, and at a rate of from about 0.1 °C

to about 3.0°C per minute, in some embodiments from about 0.2°C to about 1.5°C

per minute, and in some embodiments, from about 0.5°C to about 1°C per minute.

Once the first stage is complete, the reaction mixture is subjected to a second

heating stage, such as within the ranges described above. During this stage, the

reaction mixture is heated for a period of time and held a temperature that is

sufficient such that the oligomers are converted into a high molecular weight

polyarylene sulfide. For instance, the reaction mixture is held at a temperature for

a period of time of about one hour or greater in some embodiments, about 10

hours or less in some embodiments, or from about two hours to about five hours in



some embodiments.

[00026] Once formed, the high molecular weight polyarylene sulfide may be

cooled to precipitate the polymer into a granular form. Cooling may occur within

the vessel or in a separate vessel, and may occur in one or multiple stages. In one

embodiment, the polymer is cooled to a temperature of from about 50°C to about

100°C, in some embodiments from about 60°C to about 95°C, and in some

embodiments, from about 70°C to about 90°C. The cooled polymer may also be

washed with one or more washing solutions and thereafter dried to form the final

product. The washing solution(s) typically contain a solvent, which may be water

and/or an organic solvent. Particularly suitable organic solvents include, for

instance, halogen-containing solvents (e.g., methylene chloride, 1-chlorobutane,

chlorobenzene, 1,1-dichloroethane, 1,2-dichloroethane, chloroform, and 1,1,2,2-

tetrachloroethane); ether solvents (e.g., diethyl ether, tetrahydrofuran, and 1,4-

dioxane); ketone solvents (e.g., acetone and cyclohexanone); ester solvents

(e.g., ethyl acetate); lactone solvents (e.g., butyrolactone); carbonate solvents

(e.g., ethylene carbonate and propylene carbonate); amine solvents (e.g.,

triethylamine and pyridine); nitrile solvents (e.g., acetonitrile and succinonitrile);

amide solvents (e.g., Ν,Ν'-dimethylformamide, N,N'-dimethylacetamide,

tetramethylurea and N-methylpyrrolidone); nitro-containing solvents (e.g.,

nitromethane and nitrobenzene); sulfide solvents (e.g., dimethylsulfoxide and

sulfolane); and so forth. The temperature of the washing solution(s) may be from

about 10°C to about 150°C, in some embodiments from about 15°C to about

120°C, in some embodiments from about 20°C to about 100°C. The manner in

which the polyarylene sulfide is contacted with the washing solution may vary as

desired. In one embodiment, for instance, a system may be employed in which the

polyarylene sulfide is contacted with the washing solution within a vessel, such as

a bath, sedimentation column, etc.

[00027] The resulting high molecular weight polyarylene sulfide generally

has repeating units of the formula:

-[(Ar ^n-Xlm- A i i-Y i- A r -Z Ar o- lp-

wherein,

A r , Ar2, A r3, and Ar4 are independently arylene units of 6 to 18 carbon atoms;

W , X , Y, and Z are independently bivalent linking groups selected from



-SO2- -S-, -SO- -CO- -O-, -C(O)O- or alkylene or alkylidene groups of 1 to

6 carbon atoms, wherein at least one of the linking groups is -S-; and

n , m , i , j , k , I , o, and p are independently 0 , 1, 2 , 3 , or 4 , subject to the proviso

that their sum total is not less than 2 .

[00028] The arylene units Ar , Ar2, Ar3, and Ar4 may be selectively

substituted or unsubstituted. Advantageous arylene units are phenylene,

biphenylene, naphthylene, anthracene and phenanthrene. The polyarylene

sulfide typically includes more than about 30 mol%, more than about 50 mol%, or

more than about 70 mol% arylene sulfide (-S-) units. For example, the

polyarylene sulfide may include at least 85 mol% sulfide linkages attached

directly to two aromatic rings. In one particular embodiment, the polyarylene

sulfide is a polyphenylene sulfide, defined herein as containing the phenylene

sulfide structure -(C6H 4-S) n- (wherein n is an integer of 1 or more) as a

component thereof.

[00029] The polyarylene sulfide may be a homopolymer or copolymer. For

instance, selective combination of dihaloaromatic compounds may result in a

polyarylene sulfide copolymer containing not less than two different units. For

instance, when p-dichlorobenzene is used in combination with m-

dichlorobenzene or 4,4'-dichlorodiphenylsulfone, a polyarylene sulfide copolymer

may be formed containing segments having the structure of formula:

and segments having the structure of formula:

or segments having the structure of formula:

[00030] The polyarylene sulfide(s) may be linear, semi-linear, branched or

crosslinked. Linear polyarylene sulfides typically contain 80 mol% or more of the



repeating unit -(Ar-S)-. Such linear polymers may also include a small amount

of a branching unit or a cross-linking unit, but the amount of branching or cross-

linking units is typically less than about 1 mol% of the total monomer units of the

polyarylene sulfide. A linear polyarylene sulfide polymer may be a random

copolymer or a block copolymer containing the above-mentioned repeating unit.

Semi-linear polyarylene sulfides may likewise have a cross-linking structure or a

branched structure introduced into the polymer a small amount of one or more

monomers having three or more reactive functional groups.

[00031] The high molecular weight polyarylene sulfide can exhibit other

beneficial characteristics as well. For instance, the melt viscosity of the neat

polymer (i.e., no additives) as determined according to ISO Test No. 11443 at

3 10°C and 1,200/seconds can be about 6000 poise or less, for instance about

2000 poise or less, or about 1500 poise or less in some embodiments. In one

embodiment, the polyarylene sulfide can have a relatively low melt viscosity, for

instance a melt viscosity of about 1000 poise or less or about 750 poise or less in

some embodiments. For instance, the polyarylene sulfide can have a melt

viscosity of from about 50 poise to about 700 poise, from about 100 poise to about

650 poise, or from about 200 poise to about 500 poise in some embodiments.

[00032] The waste composition can be converted into a high molecular

weight using a process that is either separate from a polymerization process or

integrated into the polymerization process, such as by being recycled back into

the process and converted in situ. Although by no means required, one such

polymerization process may be a multi-stage process that includes at least two

separate formation stages, one or more of which may include the waste

composition as a feed for conversion into a higher molecular weight product.

[00033] In one embodiment, a first vessel may be employed for a first stage

of the process during which an organic amide solvent and sulfur source react to

form a SMAB-NaSH complex as described above. For instance, the feed to the

first reactor may include sodium sulfide (Na2S) (which may be in the hydrate form),

N-methyl-2-pyrrolidone (NMP) and water. Once formed, the SMAB-NaSH complex

may then be fed to a second reactor in combination with a dihaloaromatic

monomer (e.g., pDCB) and optionally an organic solvent (e.g., NMP) to form a

prepolymer mixture as a second stage of the process, which may include the



prepolymer, the solvent, and one or more salts that are formed as a by-product of

the polymerization reaction. If desired, at least a portion of the salts in the

prepolymer mixture may be removed, such as with a screen, sieve, or other

suitable filter. In any event, the prepolymer is fed to a third reactor where

additional polymerization may occur. This may be accomplished by adding a

dihaloaromatic monomer (e.g., pDCB), sulfur source, and optionally an organic

solvent (e.g., NMP) to the third reactor in combination with the prepolymer. The

sulfur source may be a monomer (e.g., alkali metal sulfide) or it may include a

portion of the SMAB-NaSH complex formed in the first reactor. If desired, the

waste composition (e.g., filter cake) obtained after washing may also be recycled

back into the third vessel so that it can be converted into a high molecular weight

polyarylene sulfide in accordance with the process of the present invention. More

particularly, the waste composition may be subjected to an optional dehydration

step, and thereafter optionally heated during a first stage to a temperature of from

about 235°C to about 260°C and ultimately heated to a temperature of from about

260°C to about 285°C in the presence of a sulfur reactant, thereby forming a high

molecular weight polyarylene sulfide. Following any desired post-formation

processing, the polyarylene sulfide may be discharged, typically through an

extrusion orifice fitted with a die of desired configuration, cooled, washed, and

collected.

[00034] The present invention may be better understood with reference to the

following example.

Test Methods

[00035] Molecular Weight: A sample of PPS may be initially converted to

PPSO by oxidation with a mixture of cold HNO3 (50%) in a trifluoroacetic acid

mixture. The resulting PPSO may be dissolved in warm hexafluoroisopropanol

(HFIP) for 1 hour and then analyzed for molecular weight by GPC equipped with

PSS-hexafluoroisopropanol (HFIP) gel columns. The gel columns may be fitted

with an HFIP-gel guard column using HFIP as mobile phase and refractive index

(Rl) as detector.

[00036] Melt Viscosity: The melt viscosity may be determined as scanning

shear rate viscosity and determined in accordance with ISO Test No. 11443

(technically equivalent to ASTM D3835) at a shear rate of 1200 s and at a



temperature of about 3 10°C using a Dynisco 7001 capillary rheometer. The

rheometer orifice (die) may have a diameter of 1 mm, a length of 20 mm, an L/D

ratio of 20. 1, and an entrance angle of 180°. The diameter of the barrel may be

9.55 mm + 0.005 mm and the length of the rod was 233.4 mm. Prior to

measurement, samples are dried in a vacuum oven for 1.5 hours at 150°C.

[00037] Crystallization Temperature: The crystallization temperature may

be determined by differential scanning calorimetry ("DSC") as is known in the art.

Under the DSC procedure, samples are heated during a first heating cycle at a

rate of 20°C per minute to a temperature of 340°C, cooled at a rate of 20°C per

minute to a temperature of 50°C, and then heated during a second heating cycle

at a rate of 20°C per minute to a temperature of 340°C, and cooled again at a

rate of 20°C per minute to a temperature of 50°C as stated in ISO Standard

10350 using DSC measurements conducted on a TA Q2000 Instrument. The

temperature at the highest point of the exothermic curve obtained during the

second heating cycle is generally referred to herein as the "crystallization

temperature."

[00038] Oligomer Content The oligomer content of a sample may be

determined by contacting the sample with an extraction solution that contains 100

wt.% chloroform at a temperature of 60°C and pressure of 1,500 psi. The sample

is rinsed twice with the extraction solution, and thereafter the extracted solvent is

dried and the weight of the extractables is measured. The oligomer content is

determined by dividing the weight of the extractables by the weight of the original

sample, and then multiplying by 100.

[00039] Volatile Content The content of volatile organic impurities can be

determined by extractive gas chromatographic analysis. More particularly, 3

grams of a sample may be extracted with 10 milliliters acetonitrile and then

analyzed by gas chromatography using biphenyl as the internal standard.

EXAMPLE 1

[00040] Polyphenylene sulfide ("PPS") is polymerized from NaSH and pDCB

and separated from the fines by a 100-micrometer screen filter. The portion

having a size larger than 100 micrometers ("Granular PPS") is washed with

acetone, water, and 0.5% acetic acid, washed again in water, dried in an oven,

and then analyzed for molecular weight as described above. The portion having a



size less than 100 micrometers ("PPS Fines") is washed with acetone, water,

filtered through a paper filter to create a wet waste composition (solids content of

46%), and then measured for molecular weight as described above. Several

batches are formed in this manner until about 200 grams of this portion are

collected. The results are set forth below.

[00041] 434 grams of the PPS fines slurry (containing 200 grams of fines) is

formed and found to contain between 10 to 10,000 ppm of volatile organic

impurities. The slurry is charged into a 2-L titanium reactor followed with 743.0

grams of NMP and an additive as set forth in the table below. The reactor is

sealed then heated to 100°C at 3°C/min and then to 200 °C at 1°C/min. At around

110 to 115°C, dehydration commences until the reactor temperature reaches

200°C. The distillate is analyzed for water and found to contain all the water

present in the starting slurry (quantitative dehydration). The content of the volatile

organic impurities remaining in the reactor is less than 5 ppm.

[00042] Water is then added to the fines and heated to 265°C for a period of

time as indicated in the table below.

[00043] The reactor is cooled to 240°C within 15 minutes, cooled to 200°C

within 80 minutes, and then cooled to 50°C within 30 minutes. The slurry is

recovered by shaking on a 106 micron screen and by washing ( 1 :6, 2 minutes then

drain) in the following sequence: acetone (4 times), water (4 times), 0.5% acetic

acid (once), and water (twice). The resulting flakes are dried in vacuum oven at



105°C for at least 9 hours. The flakes are analyzed for melt viscosity. The results

are set forth below.

EXAMPLE 2

[00044] A 2 liter titanium pressure reactor was charged with NMP and PPS

fines waste. The reactor was sealed and heated to 100°C at 1-2°C/min then to

200°C at 0.5 to 2°C /min to achieve a dehydrated mixture of PPS fines in NMP. A

distillate containing about 22% NMP was collected and discarded. The reactor

was cooled to room temperature and charged with additional NMP such that g

NMP/ mole repeat unit was equal to 375, water such that H20/mol repeat unit was

equal to 3 and a pre-determined amount of sulfide in the form of Na2S-9H2O and

pre-determined amount of NaOH. The reactor was sealed, purged with nitrogen

and heated to 265°C ( 1-2 °C /min) and held at that temperature for a pre

determined time (2-5 hours as shown in FIG. 4). When the reaction time had been

completed the temperature was allowed to cool down to room temperature at an

average cooling rate of 0.5 to 1.5 °C /min. The PPS was then recovered by

screening through 100 micron, washing with acetone (2 x 600 ml), with water (5 x

600 ml), with 0.5% acetic acid ( 1 x 600 ml) and water (2 x 600 ml). The flakes

were dried in a vacuum oven for at least 12 hours at 105C.

[00045] FIG. 1 illustrates the melt viscosity obtained for several different

samples with respect to the molar ratio of reactants in the sample. 100S/RU refers

to mole Na2S-9H 20/mole repeat unit x 100 and NaOH/RU is mole NaOH/mole

repeat unit.

[00046] Both the addition of sulfide and NaOH were shown to increase the

melt viscosity of the PPS fines. If only NaOH was added to the reaction mixture a

slight increase in MV was observed but not substantial. When only sulfide was

added, an MV of 261 poise was observed. It appeared that sulfide was acting as a



chain extension agent by reacting with the chlorine end group. However, by

combining sulfide and NaOH to increase the melt viscosity, a higher MV was

achieved as indicated in FIG. 2 .

[00047] As shown, at mol NaOH/mol S repeat unit of 0.02, the melt viscosity

increases with NaOH/mol S repeat unit of up to 0.5 and the MV drops beyond that.

This observation can mean that beyond 0.5, the sulfide level may be higher than

available reactive chloride and that the excess sulfide can react with the chain to

affect a chain chopping reaction that result to lowering of MV.

[00048] The synergistic effect of sulfide and NaOH was demonstrated by

conducting two parallel sets of reactions. One set where S/S repeat unit x 100 =

0.62 and the on the other in which S/S repeat unit x 100 = 0.52 at different

NaOH/mol S repeat unit. As shown in FIG. 3 , at 0.62, the MV increased with

increasing NaOH/mol S repeat unit, while at 0.52, MV dropped after achieving a

maximum MV at NaOH/mol S repeat unit of around 0.03.

[00049] The effect of reaction time was also examined. As illustrated in FIG.

4 , at higher NaOH level, higher MV is possible for a shorter reaction time. At lower

NaOH level, increasing the reaction time has little effect on MV. It is possible to

use a lower sulfide level when NaOH level is high and achieve high MV with short

time.

[00050] Particle size analysis of recovered PPS having MV=504 poise is

shown in the table below. Results showed that the particle size distribution of the

recovered fines was different than the initial PSD of the starting fines.

[00051] While particular embodiments of the present disclosure have been

illustrated and described, it would be obvious to those skilled in the art that various

other changes and modifications may be made without departing from the spirit

and scope of the disclosure. It is therefore intended to cover in the appended

claims all such changes and modifications that are within the scope of this

disclosure.



WHAT IS CLAIMED IS:

1. A method for forming a polyarylene sulfide, the method comprising:

supplying a waste composition that contains arylene sulfide byproducts to a

vessel; and

heating the arylene sulfide byproducts to a temperature of from about 260°C

to about 285°C in the presence of a sulfur reactant, thereby forming a high

molecular weight polyarylene sulfide having a number average molecular weight of

about 2,000 Daltons or more.

2 . The method of claim 1, further comprising subjecting the waste

composition to a dehydration step prior to heating to a temperature of from about

260°C to about 285°C.

3 . The method of claim 1, wherein the sulfur reactant is an alkali metal

sulfide, alkali metal hydrogen sulfide, alkali sulfide hydrate, or a combination

thereof.

4 . The method of claim 1, wherein the sulfur reactant is a SMAB-NaSH

complex.

5 . The method of claim 1, wherein the heating also occurs in the presence

of a dihaloaromatic reactant.

6 . The method of claim 5 , wherein the dihaloaromatic reactant is p-

dichlorobenzene.

7 . The method of claim 1, wherein the heating also occurs in the presence

of an alkali metal hydroxide.

8 . The method of claim 7 , wherein the alkali metal hydroxide is added to

the arylene sulfide byproducts in an amount such that the molar ratio of alkali

metal hydroxide to sulfur repeating units of the polyarylene sulfide is about 1 or

less.

9 . The method of claim 1, wherein the sulfur reactant is present in the

waste composition, generated in situ, supplied to the vessel, or a combination

thereof.

10 . The method of claim 1, wherein the molar ratio of the sulfur reactant to

the sulfur repeating units of the polyarylene sulfide is about 1 or less.

11. The method of claim 1, further comprising supplying water to the vessel

prior to heating to a temperature of from about 260°C to about 285°C.



12. The method of claim 11, wherein the water is added such that the molar

ratio of added water to the sulfur repeating units of the polyarylene sulfide is from

about 1.5 to about 3 .

13 . The method of claim 1, wherein the waste composition contains an

arylene sulfide oligomer, cyclic polyarylene sulfide, fine polyarylene sulfide

particles, or a combination thereof.

14. The method of claim 13 , wherein the cyclic polyarylene sulfide has the

following general formula:

wherein,

n is from 4 to 30; and

R is independently hydrogen, alkyl, cycloalkyl, aryl, alkylaryl, or an arylalkyl

radical having from about 6 to about 24 carbon atoms.

15 . The method of claim 13 , wherein the oligomer has a number average

molecular weight of less than about 2,000 Daltons.

16. The method of claim 15 , wherein the oligomer has a polydispersity

index above about 7 and/or a weight average molecular weight of less than about

20,000 Daltons.

17 . The method of claim 13 , wherein the fine polyarylene sulfide particles

have an average size of about 100 micrometers or less.

18 . The method of claim 13 , wherein the fine polyarylene sulfide particles

have a D50 of about 20 micrometers or less.

19 . The method of claim 1, wherein the arylene sulfide byproducts exhibit a

multimodal molecular weight distribution.

20. The method of claim 1, wherein the method comprises heating the

arylene sulfide byproducts during a first stage to a temperature of from about

235°C to about 260°C and then heating during a second stage to a temperature of

from about 260°C to about 285°C.



2 1. The method of claim 20, in which the first stage heating is carried out at

a rate of from about 0.1 °C to about 3.0°C.

22. The method of claim 20, in which the second stage heating is carried

out at a rate of from about 0.5°C to about 8.0°C.

23. The method of claim 20, wherein the first stage of heating converts the

cyclic polyarylene sulfide into a linear oligomer having the following general

formula:

wherein,

p is from 1 to 50; and

X and Y are independently hydrogen, halogen, halogenated phenyl, thiol,

phenoxy, hydroxyl, mercaptan group, cyclic amide, amine, or a salt of any of the

foregoing.

24. The method of claim 23, wherein the second stage of heating converts

the linear oligomer to the high molecular weight polyarylene sulfide.

25. The method of claim 1, further comprising cooling and thereafter

washing the high molecular weight polyarylene sulfide.

26. The method of claim 1, wherein the waste composition is mixed with an

organic amide solvent prior to being supplied to the vessel.

27. The method of claim 1, wherein the high molecular weight polyarylene

sulfide has a polydispersity index of about 7 or less and/or a weight average

molecular weight of about 20,000 Daltons or more.

28. The method of claim 1, wherein the polyarylene sulfide has a melt

viscosity of about 1000 poise or less as determined according to ISO Test No.

11443 at 3 10°C and 1,200/second.

29. The method of claim 1, wherein the waste composition is a filter cake

that is a byproduct of a polymerization process.

30. The method of claim 29, wherein the vessel is employed in the

polymerization process.

3 1 . The method of claim 1, wherein the high molecular weight polyarylene

sulfide is a polyphenylene sulfide.



32. A method for forming a polyarylene sulfide, the method comprising:

forming a SMAB-NaSH complex within a first vessel;

supplying the SMAB-NaSH complex and a dihaloaromatic monomer to a

second vessel to form a prepolymer; and

supplying the prepolymer and a dihaloaromatic monomer to a third vessel,

wherein a waste composition that contains arylene sulfide byproducts is also

supplied to the third vessel, wherein the arylene sulfide byproducts are heated

within the third vessel to a temperature of from about 260°C to about 285°C,

thereby forming a high molecular weight polyarylene sulfide having a number

average molecular weight of about 2,000 Daltons or more.
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