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HIGHLY POROUS POLYV!NYUDENE DIFLUORIDE MEMBRANES 

. Backaround of the Invention 

1. Field of the Invention: 

The present invention ·Felates to the field of synthetic polymeric membrane materials fonned from cas~g 

5 polyvmyTidene difluorida IPVDF} polymer solutions andJor dispersions. MembranBS formed in accordance with the 

present invention are au highly porous. Both internally isotropic membranes and highly asymmetric PVDF membranes 

are disclosed. The membranes of the invention are useful in a variety of microf iltration applications. 

10 

z. BackgrDWHI at the Technology: 

Significant interest and efforts have been invested into the manufacture of PVDF polymer membranes. The 

basic reason for the interest in PVDF membranes as titers is ~hat PYDF is resistant to oxidizing environments 

including ozone which is used extensively in the sterD~ation of water. PVDF is also resistant to attack by most 

mineral and organic acids, a6phatic and aromatic hydrocarbons, alcohols, and halogenated solvents. It is soluble in 

certain aprotic solvents, such as dimethylformamide, N-methyl pyrroidone, and hot acetone. Further, PVDF has good 

15 physical properties over temparatur1s ranging from ·50 to 140°C. 

Grandine prepared what many consider tha first practical PVDF micropolCltls membrane. as daicribed in U.S. 

Patent Na. 4,203,848. The memllrane was prepared through .a wet-thermal type phase inversion process. In tha 

pr~ess. the PVDF was dissolved in acetone, at its boing point of 55°C. After casting, the membrane was 

quenched both thermaly and ii a waterlacetone (20/80 by volume) quench bath. Acetone is a good solvent for PVDF 

20 at 55°C but a poor one at room temparatura, so in effect Grandine used a combination of thermal and liquid quench. 

Benzinger cast PVDF uftrafilten from formulations that preferably used triathyl phosphate as solvent 111d 

a variety of hydroxy compounds as nonsolvants. See U.S. Patent No. 4,384,047. 

Josefiak disclosed PVDF as one of nveral •porous shaped bodies• that is cast utizing a thermal quenching 

process. See U.S. Patent No. 4,666,607. 

25 U.S. Patent No. 4,774, 132 to Joffee et aL disclosBS preparation of activated and modified PVDF structuras. 

Sini1arly. Dagen at al. in U.S. Patent No. 5,282,971 lfisclosed PVDF membranas modified to contain quatam1ry 

ammonium groups covalently bound to the mambrane. In U.S. P1tent No. 5,019,260 to Gsel et al, PVDF filtration 

media having low protein affinities ware disclosed. 

Costar Corporation in published Per App6cation No. WO 93122034, discloses the preparation of PVDF 

30 membranes that are aUeged to possess improved flow rates. The membranes, however, appear to possess an enthly 

isotropic structure containing a dense array of closely aligned and contiguous polymer particles. The pores ii the 

membrane appear structurally similar to a sintered metal 

Sasaki et •l lf11clos1d a PVDF formulation in U.S. Patent No. 4,933,081 and GB 22.199,7~A. published 

20 Jufy, 1988 (the •fuji patent .. ). The PVDF formulation of Example 1 had a relatively high polymer concentration 

35 '(20'1.) that was exposed to &D°C air with 30% relatiQ humidity. In add;ition, the Fuji t onnulatio111 mi:luded a high 

conuntration of polyYinylpyrrofidone, which is a co-solventlsweling agent. The surf ace pores in the Fu; PVOF 
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membrane appiar to be between about 0.45 µm and 0.65 µm, and the thicknesses of the membranes ranges from 

100 µm to 110 µm. 

With respect to structure, the membranes of the Sasaki patent are all disclosed to possess two degrees 

of asymmetry. In cross·section, the membranes have a microporous face and a coarse pore face. The diameter of 

5 the pores first decreases along a line from the microporous face to the coarse pore face, raaching a minimum pore 

size between the microporous face and the coarse pore face of the membrane. Thereafter, the pore sizes increase 

along a rma toward the coarse pore surface, but the incriase, and hence the asymmetry of the membrane, is not 

as dramatic as in a classic Wrasidlo (U.S. Patent No. 4,829,563) asymmetric membrane. 

Asynvnetric or anisotropic mambranes are well known in the an. For example, Wrasidlo in U.S. Patent Nos. 

10 4,629,563 and 4,774,039 and Zepf in U.S. Patent Nos. 5,188,734 and 5,171,445, each disclose asymmetric 

membranes and methods for their production. The Wrasidlo patent disclosed the first truly asymmetric microfiltration 

membrane. •Asymmetric• as usad in the context of the Wrasidlo p~ent refers to membranes that possess a 

progressive change in pore size across the. cross-section between the microporous skin and substructure. This stands 

in contrast to reverse osmosis and mast ultrafitration membranes which have abrupt discontinuities between a 

15 "nonmicroporous skin" and the membrane substructure. and which are also referred to in the art as asymmetrE. 

Each ef the Wrasidlo and Zipf patents discloses highly asymmetric, integraL microporously skinned 

membranes, having high flow rates and excelent retention properties. The membranes •• generally prepared from 

a modified •phase inversion· process using a metastable two-phase &quid dispersion of polymer in a 

solvent#nonsolvent system which is cast and subsequently contacted with a nonsolvent. The Zapf patent disclnes 

20 an improvament over the Wrasidle patent. 

25 

30 

35 

Phase inversion processes generally proceed through the steps of: h1 casting a solution or a mixture 

comprising a suitably high molecular weight polymer(s), a solvant(s), and a nonsolvant(s) into a thin fim, tuba, or 

holow fiber, and liD precipitating the polymer through one or more of the following mechanisms: 

(a) evaporation of the solvent and nonsolvent (dry process); 

lb) exposure to 1 nonsolvent vapor, such as water vapor, wbi:h absorbs on the exposed surtace 

(vapor phase-induced prqhation process}; 

(c) quenching in a nonsolvent liquid, generaUy water (Wet process); or 

Id) thermally quenching a hot film so that the solubi6ty of tha polymer is soddenly greatly reduced 

(thermal process). 

SchematicaDy, the inversion in phase from a solution to a gel proceeds as folows: 

SOL 1 ------> SOL 2 ------> Gel 

(solution) (dispersionl 

Essentially, SOL 1 is a homogenous solution, SOL 2 is a dispersion, and the Gel is the formed polymer 

mauix. The BYent(SJ that triggers SOL 2 formation depends on the phase inversion process used. Generaly, 
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however, the triggering event(s) revolves .around polymer solubility in the SOL. In lhe wet process, SOL 1 is cast 
and contacted with a nonsolvent for tha polymer which triggers the formation of SOL 2 which then "precipitates" 
to a Gel. In the vapor phase-Induced precipitation process, SOL 1 is cast and exposed to a gaseous atmosphere 
including a nonsolvant for the polymer which triggers the formation of ~.Ol 2 which then •precipitates• to 1 Gel 

5 In the thermal process, SOL 1 is cast and the temperaturnf the cast tum is radu• to produce SOL 2 which then 
•precipitates· to a Gel. In the dry process, SOL 1 is cast and contacted with a gaseous atmosphere, sucb as air, 
which aDows evaporation of one or more of the solvents which triggers the formation af SOL 2 which then 
•precipitates" to a Gel. 

The nonsolvent in the casting dope is not always completely inert toward .. the polymer; in fact it usuaUy 
1 O is not inan, and is often referred to as sweling agent. In the Wrasidlo-type formulatians, as discussed later, 

selection of both the type and the concentration af the nonsolvent is important in that it is the prinary factor in 
determining whether or not the dopa will exist in a phase separated condition. 

In general, the nonsolvent is the primary pore forming .~gent, end its concentration .in the dope greatly 
influences lhe pore size and pore size distribution in the final membrane. The polymer concentration also influences 

15 pore size, but not as significantly as does the nonsolvent. It daes, however, affect the ambrane's strength and 
porosity. In additi~n to the majDr components in the casting solution, or dope, there can be minor ingredients, such 
as, for example, surfactants or release agents. 

. Polysulfone is especially amenable to for1111tion of highly asymmetric membranes, particularly in the 
twa-phasa Wrasidlo formulations. Theie are not homogeneous solutions but consist of two uparate phases: one 

20 is a solvent-rich clear solution of lower molecular weight polymer at low concentrations (e.g., 7"); the other is a 
polymer-rich, turbid, colloidal solution of higher molecular weight polymer at tigh concentrations (e.g., 17%). The 
two phases contain the same three ingredients, that is, polymer, solvent, and nansolvant, but in very different 
concemrations and molecular weight distributions. Most importantly, the two phasas are insoluble in one another 
and, if aDowed to stand, wW separate. The mix therefore must be maintained as a dispersion, with constant 

25 agitation untH the time that it is cast as a film. Essentially, in Wrasfdlo type formulations. the casting dope is 
provided in a SOL 2 (dispersion) condition. Thus, the dispersion serves as the starting point for gel formation and 
not as the intermadlate step tabova), as foRows: 

30 

SOL 2 -----> Gal 

(diapersion) 

This process modification was largely responsa'bla for the higher degrees of asymmetry and unifonn consistency of 
the Wrasidlo Membranes as compared to the prior art. 

It is the nonsolvent and its concentration in the casting mix that produces phase separation, and not every 
35 nonsolvent win do this. The two phases will separate from one another if iDowed to stand, but eath individual 

phase by itself is quite stable. If the temperature of the mix is changed, phase transfer occurs. Heating genarat~s 
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mare af the clear phase; coaling· does the reverse. Concentration changes have the same effect, but there is a 

critical concentration range, or window, .in which the phase separated system can exist. as discussed by Wrasidlo. 

Wrasidlo defines this region of instabftty on a phase diagram of thus dispersed polymerfsolventlnonsolvent at constant 

temperature, lying within the spinodal or between spinodal and binodal curves, wherein there exist two 

5 macroscopically separated layers. 

Because of the great hydrophobicity of the polymer and because of the tbermodynamicaly unstable condition 

of the casting mix, wherein there pre-exist two phases, one solvent-rich and the other polymer-rich (a condition that 

other systems must pass through when undergoing phase inversion), the unstable Wrasidlo mixes precipitate very 

rapidly when quenched so as to form a microporaus skin at the interface end consequently develop into highly 

1 D asymmetric membranes, a structure shared by· the membranes of each of the Wrisidlo and Zapf patents. 

The microporous skin is the fine pored side of the membrane that constitutes the air-solution interface ar 

the quench-solution intarf ace during casting. In the Wrasidla patent, and in this disclosure, it is undemood that ihe 

tirm "skin" does not indicate the relatively thick, nearly impervious layer of polymer tbat is present in some 

membranes. Herein, the microporous skin is a relatively thin, porous surface that owerli8S a microporous region of 

15 variable thickness. The pares af the underlying microporous ragiall may be the same size as,. or somewhat smaller 

than. the skin pores. In an asynnnatrlc membrane, tha pores of the microparaus region graduaUy increase in size 

as they lead from the skin to the opposite face of the membrane. Tha region of gradual pore size increase is 

sometimes referred to as the asymmetric region, and the opposite, non·skin face of the membrane is often referred 

to as the coarse pored surf ace. As a contrast to the coarse pared surface, the skin is also sometimes caled the 

20 microporous surface. 

In some formulations and casting conditions, a •skinning• affect can occur at the apposite surface of the 

membrane··the surface that is in contact with the casting support and that is not exposed directly to humid air or 

to the quench bath in tht casting process. Where such a layer of •apposite skin" exists, it is usueUy relatively thin, 

tYllically being less than about 10% of the thickness of the membrane. It is also usuaDy hvhly porous, although 

25 the porous network ar web may have a mare densely packed appearance in cross action than the internal region 

of the membrane between the two skins, if both are present. 

Polymeric membranes can also be cast from homoteneous solutions of polymer. The composition of these · 

formulations lies· autside of the spinodaUbinodal ragion af the phase diagram of Wrasidlo. Membranes cast from 

homogeneous solutions may also be asymmetric, although they are not usuaUy as highly asymmetriC as those cast 

30 from phase separated formulations. 

The Wrasidlo membranes have improved flow rates and permselactivity in relation to prior art membranes. 

Such inproved flow rates and pennselectivity arise from the structure of the mermranes. 

The Zepf patents disclose improved Wrasidlo-type polymer membranes having a substantiaDy greater number 

of microporous skin pares of more consistent size, and greatly increased flow rates, with reduced flow covariance 

35 for any given pore diameter. The improved Zepf membranes are achieved by modifications to the Wrasidlo process, 

comprising reduced casting and quenching tamperatll'H, and reduced environmental exposure between casting and 
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quenching. Zepf further teaches that reduced casting and quenching temperatures mininize the sensitivity of the 

membrane formation process to small changes in formulation and process parameters. 

The Wrasidlo patents also disclose the preparation of PVDF asymmetric membranes. Su U.S. Patent No. 

4.774,039, Example 6, Column 12, lines 20.34. However, the PVDF membranes prepared in accordance with the 

5 Wrasidlo patent do not appear to hava been microporous membranes. 

None of the microporous PVDF membranes of the prior art discussed herein possassas a highly asymmetric 

structure. Consequently au prior art PVDF membran!!S are limited in their flow rates as compared to highly 

asymmetric membranes. Therefore, as wil be appreciated to those of ordinary slcRI in the an, it would be desirable 

to provide a microporous PVDF membrane having a high degree of asymmetry and high flow rates. Further, it would 

10 be beneficial to provide ultrathin microporous PVDF membranes havin11 high flow rates, whether isotropic or 

asymmetric in structure. Further. it would further be beneficial to provide methods to enable the consistent 

production of each t1f such membranes. 

Summary of the !nyention 

15 In accordance with the presant innntion. we hue unexpectedly discovand that it is possible to prepare 

a microporous. highly asymmetric PVDF membrane that possesses exceptional flow rates. We hava further discovered 

that it is posslJle to prepare· microporous. internaUy isotropic PVDF membranes that. in cross-sactian. possess a 

lattice of filamentous webs of polymer material 

Thus, in a first aspect of the irnention there is disclosed a mi:roporaus PVDF polymer membrane having 

20 a microporous surf ace with minimum pores. and an oppositt surf ace with maxinum pores. The space batwaen the 

surfaces is a porous support formed from fiamantous webs at polymer material Tha membrane of this aspect of 

the invention may use as its PVDF HYLAR-461. and it may also contain from about 1% to about 301 by weight 

of polyvinylpyrro&dona (PVP). of which a preferred type is a PVP with an average molecular weight ol about 45,000 

daJtons. Alternatively, the membrane may contain PVP hni1g an averaga molecular weight of about 9,000 daltons. 

25 The •mllrane may be rendered hydropblic l'ly contactilg it with a wetting agent. such as hrdroxypropylr:elulose 

(HPCt, or the wetting agant may be e surfactant. Further. the membrane of this aspect of the ilvention may hne 

a supporting material laminatad to it, such as, for example. a nonwavan polymer fabric. The mambr• of this 

aspect of the invention need not he in the form of a planar sheet, but may also be prepared and used in the form 

of a hollow fiber. 

30 Jn a second aspect of the invention, the PVDF membrane again has a microporous surface with minimum 

pores, and an opposite surface with maxinum pores. tha space between the surfaces is a porous suppon formed 

from filamentous webs of polynier material The membrane of this aspect of tha invention may also haYB an integral 

asymmetric structure with the ra~io of the avwage diamet.ar of the maximum pores to tha average diameter of the 

minimum pores being from about 5 to abDUt 500. Malllbranes of this aspect of the invention may have a flow rate 

35 of water of from about 25 to about 500 cm/min at 10 psid. Thay may have a·thickness of less than about 140 pm 

and preferablr mav. hare a thickness of less than about 70 µm. Membranes of this aspect of the invention may 
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have a bubble point of water of from about 0.5 to about 50 psid. The porous support structure 11f the membranes 

of this aspect of the invention may consist of a gradient of gradually increasing pore sizes from the microporous 

surf ace to the opposite surface. 

In a third aspect of the invention, the PVDF membrane has a microporous surf ace with minmum pores, an 

5 opposite surf ace with maximum pores, and the space between the surfaces is a porous suppon formed from 

filamentous webs of polymer material. The membranes may have an isotropic structure through at least about 80% 

of the thickness of the membrane, and the thickness may be less than about 75 pm, and may be preferably less 

than about 30 pm. 

A founh aspect of the invention provides a method of preparing a PVDF membrane by providing a casting 

10 dope with between about 12'1!. and 201 by weight of PVDF and between about 01 and 30% by weight of a 

hydrophilic polymer, such as PVP, dissolved in a solvent, casting the dope to form e thin fh. exposing the thin r.m 
to a gaseous environment, coagulating the film ii a water bath, and recovering a formed mi:roporaus PVDF polymer 

membrane. The membrane made by this method may have a microporous surface with minimum pores, an opposite 

surface with maxinun pores, and a porous support between the surfaces, with tha porous suppon being formed from 

15 filamentous webs of polymer material In the method. the dope mix may have a temperature of between about 21°C 

and about 35°C during the casting step, and the gaseous enviromtent may have a relative humidity of water 
. . 

between about 501 and 100%. The exposing step may have a duration of about 2 seconds to about 120 seconds, 

and the quench water bath may have a temperature between about 2D°C and 80°C. The PVP in the dope mix may 

have an average molecular weight of about 4~;(100 daltons. The casting and quenching may be folowad lly 

20 contacting the formed membrane with a wettilg agent, such as HPC andlor a surfactant. to render the membrane 

hydrophilic. The method may also in~lude a step of laminating the formed membrane onto a ~oven or nonwoven 

polymer fabric for support. 

The invention, in a fifth aspect thereof, provides an asymmetric integral microporous PYDF polymer 

membrane with a microporous surface having mininum pores, an opposite surface having maximum pores, and a 

25 rqion between the surfaces. This region may be a porous support formed from Uamanto1,1s webs of polymw 

material, whDe the porous support may have flow channels whose diameters graduallf incr11sa ilong a gradient from 

the microporous surface to the opposite surface. 

A sixth aspect of the invention is an intamaly isotropic microparous PVDF polymer membrane with a 

mi:roporous surface having minimum pores of a given aver.age diameter a first average diameter, and an opposite 

30 uface having maximum pores of a different given average diameter. The space between the membrane surfaces 

may be a porous support fonned from filamentous webs of polymer matariaL and may have flow channels with 

relatively constant diameters. Thus in this aspect of the mention. the membrane mav have three regions. One 

region, near the microporous surface, may be lass than 10% of the ovaran_thlckness of the membrane and may have 

a pore size similar to the size of the skin pores on the microporous side. Another region may be near the opposite 

35 surface. may be less than 10% of the overaU thickness of 1ha·membrane, and may have 1 pore size sinl1ar to that 

· of the pores on the opposite surface. The middle region of the membrane may occupy up to 801 or more of the 
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thickness of the membrane, and may have flow channels that are substantially constant in diameter, and that are 

intermediate in size compared with the channels near either surface of tha membrane. 

· · A seventh aspect of the invention is· an inproved filtering device with a membrane for filtering aqueous 

solutions. The improvement is an ozone resistant micro porous PVDF polymer membr~ne with a microporous surf ace 

5 having minimum pores, an opposite surface b~ving maximum· pores, and a porous suppon between the surf aces. The . 

porous support may be formed from filamentous webs of polymer material, and the ozone resistant membrane may 

have a flow rate of water of from about 25 to about 500 cmfmin at 10 psid. 

Brief Dgcription of the Drawings 

10 Figure 1 is a series of scanning electron micrographs (SEMsl showing cross-sectional views of membranes 

15 

for comparison purposes: Figure 1a is an internally isotropic PVDF membrane in accordance with the invention 

CSODX); Figure lb is an asymmetric PVDF membrane in accordance with the invention (1,000)(); and Figures 1c and · 

1d are copies of SEMs from Costar· World Patent Applcation No. WO 93122034 showing the cross·sectional 

structures of its PVDF membranes (300DX~ 

Figure 2 is a series of SEMs showing various views of an internally isotropic membrane in accordance with 

the invention. Figura 2a is a cross-sectional viaw 1500X). figure 2b is a view of the microporous surface (1,5DOX). 

Figure 2c is a view of the coarse pored surface (500XJ. The membrane has microporous surface pore sizes of 

approximately 0.5 pm. 

Figure 3 is a series of SEMs showing various views of another internally isotropic membrane in accordance 

20 with the i11vention. Figure 3a is a cross-sectional view 1750XJ. Figure 3b is a view of the microporous surface 

(1,500X). Figure 3c is a view of the coarse pored surface (1,00DX). The membrane has microporaus surfaca pores 

of approximately 2 pm. 

figure 4 is a pair of SEMs showing views of an asymmetric membrane in accordance with the invention. 

f"19ure 4a is a cross-sectional view (1,000XJ. Figure 4b is a view of the microporous surface (5,00DX). The 

25 membrane has microporous surface pores of appro1inately 0.45 pm. 

Detded DescriDticJn of the Preferred Embodinant 

As mentioned above, the present invention relates to our unexpected discevary that it is possille to 11repare 

microporous PVDF membranes having 11captional flow rates it tw1 distinct farms: internally· isotropic and highly 

30 asynunetric. The commona&ty between the two distinct membrane structures les in the porous structure that is 

apparently formed by the manner in which the polymer gels. This commonalty is raadiy observed upon examination 

of cross-sectional SEMs of membranes in accordance with the invention in comparison to prior art membranes. 

For example, referring now ta Figura 1, four cross-sectional SEM views are provided for comparison 

purposes: Figure 1 a is an internally· isotropic PVDF membrane in accordance with the invention (5DOXt Figura 1 b 

· 35 is an 11sy111111tric PVOF membrane in accordance with the invention (1,000XJ; and Figures 1 c and 1 d are copies of · 

SEMs from Costar World Patent App6caiion Na. WO 93122034 showing the cross-sectional structures of its PVDF 
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membranes f3000X). As wHI be observed, the intemaDy isotropic membrane in accordance with the present invention 

(fig. 1 al possesses relatively fi~rous webs of polymer material. Sinilarty, the asymmetric membrane of the invention 

(Fig. 1b) has a region, from the microporous surface (or shortly below) to a point approxinately three.quarters of 

the way to the open pored surf ace, where the structure clearly includes interconnected strands or webs of polymer 

5 material In contrast, the Costar membrane (figs. le and 1d) do not appear to possess a strand or web structure 

that may be described as a f~amentous web. Rather." the polymer appears to have gelled in a globular or particulate 

manner, sinUar to a sintered metal structure. 

An additional common feature shared between the intemaly iso~ropic and highly asymmetric membranes 

prepared in accordance with the invention is the fact that both kinds of membranes possess a constricted pore region 

10 in or adjacent to the microporous surface. That is to say that the membranes in accordance with the inYBntion 

possess a inure open substructure than the area or region in or surrounding the microporous surface. This structure 

alows membranes of the invention to present significantly less resistance to a fluid stream when the coarse pores 

are ptaced in contact with the incoming feed. Selectivity of·thl mambrane is tied ta the constricted pores it or 

adjacent to the microporous surface. 

15 As used herein, the term "microporous• relates to membranes having microporous membrane surfaces, with . 

average pore diameters exceeding about 0.01 pm. Maxinum pore diameters in the microporous surface preferably 

do not exceed about 8 pm. As wDI be appreciated, membranes having average pore diamettrs that are less than 

D.01 µm are typically classified as ultrafitration. reverse osmosis, and gas separation membranes. 

•1ntemaly isotropic• as used herain refers to membranes that either possess a •bstantiaUy uniform pore 

20 size diameter through the bulk of the cross-section of the membrane, or to membranes that do not ·posseas any 

significant pore size gradient from the nicroporous mace to the opposite face. F~r example, an iltemally isotropic 

membrane may possess relatively smaller· pores in the microporous surface and relatively larger pores in tha porous 

polyiner substructure, however, the pore sizes generally do not gradually increase trom the microporolis surf ace into 

the polymer subsuucture. Rather. the microporous surface is a relatively thin, dense ragian possessing a higher. 

25 density of pores per unit of area than the porous substruttUrt, whidl is a relatively thicker, less dense region having 

a lower pore density. Accordingly, internally isotropic membranes in accordance with the present invention can 

display a relatively abrupt transition i\ pore size betwllfl the micraporaus surf ace and the opposite surface, which 

is in contrast to the gradiant of gradua~ increa.sing pore sizes from the microporous fact to the opposite face such 

as is found in Wrasidlo·type asymmetric membranes. 

30 Because the membranes of the present invei:ation may also have a relatively dense skin region near the 

opposite surf ate of the membrane. it is possible for ·~ internally isotropic membrane to have surface para diameters 

at both surfaces that are very sinffar to those of a hiQhly asymmetric membrane. Accordingly. one cannot conclude 

that a membrane of the present invention is i~ternaly isotropic or highly asymmetric based on surface pore data 

alone. The key f eatUre is the internal region; usualy at least about the mildle 80% of the 1hickness of the 

35 ·· membrane. In highly asymmetric membranes, this ittern~I region is characterized by pores or flow channels of 

graduaUy increasing diameters. In contrast, the internal region of internally isotropic membranes has pores or flow 
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channels of substantially constant diameter. The structural difference is generally very clear in SEMs, and is also 

usuaDy evident from data on the flow rates of membranes having the different internal structures. We have found, 

and disclose herein, a method for reproducibly controlting and manipulating this internal membrane structure. 

The term "asymmetric" as used herein relates to a .mQmbrane possessing a pore size gradient. That is, 

5 asymmetric membranes possess their smaDest or finest pores in or adjacent to the microporous surface. The incraase 

in pore size between the microporous surface and the opposite surface of the membrane is generally graduaL with 

the smallest pore size nearest. the microporous surf ace and the largest pores being found at or adjacent to the 

opposite, coarse pored surface. 

•1ntegrar as used herein refars to mambranes that are cast from a single polymar solution or dope. This 

10 is in contrast to non-integral or composite mmnbranes that are cast from more than one polymer solution or dope 

to form a layered or composite membrane. Composite membranes may also be assembled from two or more fully 

formed membranes after casting. 

Preferred ·membranes in accordance with the invention are integral, microporous membranes havilg 

microporous surfaces with pore sizes ranging from about 0.01 pm to about 8.0 pm. Examples are provided herein 

15 of membranes having microparous surface pores of 0.1. 0.3, 0.45. 0.5. 0.867, 0.8. 1.0, 2.0, 3.0, and 5.0 pm. The 

membranes also have an opposite surface. The microparous surface is generally the surface that is uposad directly 

to the environment or ta tile quench bath durilg casting. The opposite surface is generally the surface that is not 

thus exposed··the surf ace that is in contact with the support structure onto which the membrane is cast. Thus, the 

opposite surface is sometimes referred to hereil as the cast surface. 

20 The opposite surf ace of membranes in accordance with the mention also camprisa microporous pores that 

often can be larger in pare size than the paras on the microporous surface. Preferred membranes possess apposite 

surface pore sizes of from about 0.05 · to about 60 µrn. Examples are provided herein of mambranes passes~ 

opposite surface pore sizes of about 3, 4. 5. 6. 20. and 30 pm. 

Between the microporous surf ace and the opposite surface, membranes of the iaYentian possess a porous 

25 · substructure. Tha porous substructure can be either substantially isotropic or asymmetric. The type of structure 

achieved depends upon several factors, including: the type and concentration of the polymer, the solvent, and 1he 

nonsolvent; the casting conditions uch as the knife gap, and the dope temperature; environmntal factors such as 

the exposure time between casting and quenching, and the humidity of the exposure 1tmosphere: and the composition 

and temperature of the quench bath. 

30 One featu~ shared by both 1he internally isotropic and highly asymmetric membranes in accordance with 

35 

the invention is that preferred membranes possess fibrous webs of polymer material. See Figures la and lb. In 

contrast. as discussed above membranes prepared by prior art processes, such as the Costar membrane lfigs. 1i: 

and ld), do not appear to possess a fibrous structure of polymer material Rather, the polymer appears to have 

geled in a globular or particulate manner, sinilar to a sintered metal structure. 

As mentioned above, membranes in accordance with the ilvention possess certain pore size diffnncas 

between the microporous surf ace and the coarse pore surface. Certain membranes. however, are predominantly 
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isotropic in substructure, while others are predominantly asymmetric in substructure. In other words. membrane in 

accordance with the invention possess cons1ricted pore sizas in or adjacent to the microporous surface relati'fe to 

the substructure of the membrane. The thickness of the "skin" region at either surface. however, is relatively thin: 

generally less than l0%, and preferably less than 7%, of the overan thickness of the membrane. The constric1ed 

5 pore region in or adjacent to the microporous surface aDows· the membranes of the prasant invention to be very open 

in substructure, which aUows good flux, while maintaining good retention properties owing to the restricted pore 

region. 

The PVDF membranes of the invention, whether highly asymmetric or intemaDp isotropic, are characterized 

by a relatively large void volume. In same embodiments. the void volume is at least about 45%, 50%, or 55%. 

10 Other embodiments of the membranes of the invention have void volumes of at least about 60%, 65% or 70%. Still 

other embodiments of the invention have void volumes ~f at least about 75%, 80%, or 85%. Vaid volume may be 

determined by comparing the weight of a dry membrane and a wet membrane, or by calculating thi density of a dry 

membrane and comparing it to the density of a sofld mass of tbe polymer or mix of polymers of equal volum~ 

The membranes of the present invention are generally very •open" membranes, providing limited resistance 

15 to fluid flow, yet able to efficiently separate particles based on pri11:iplas of tortuGSity and milimum pore sizes. 

20 

26 

30 

Accordingly, as win be appreciated, membrane& in accordance with the inYention possess exceptional ftow rates. 

for example, the following Tabla sets forth microporous surface pore size, opposite surface pore size, and flow rate: 

TABLE I 

Internal Structure Microporous Opposite Surfaca Row Rate 
Surface Pore Size f.um) fcmlmin I 1 o psid) 

Pore Size (µm) 

Isotropic 0.1 3.0 7 

Asymmetric 0.1 3.0 40 

Isotropic 0.3 3.0 31 

Asymmetric 0.45 79 

Asymmerric 0.5 20.0 73 

Asymmetric ·0.687 81 

Asymmetric 0.8 20.0 84 

Isotropic · 1.0 4.0 38 

Isotropic 2.0 5.0 53 
.. 

Asymmattic 2.0 30.0 144 

Asymmetric 2.0 20.0 178 

Asymmetric 2.0 20.0 268 

Isotropic 3.0 5.0 72 
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It win be appreciated that membranes in accordance with the invention possess substantially inprovad flow 

rates over prior art membranes. for example in the Costar patent, Costar membranes are compared to PVDF 

membranes that are commercialy available from Millpore Corporation. See Costar Table I, page t t. In the foDowing 

Table. flow rates of membranes of the present inYBntion are compared with Costar and Mllipore membranes: 

TABLE II 

Microporaus Present Present Costar MUHpore MDlipore 
Surface Invention Invention Patent Flow Mean Flow 

Pore Size Flow Rate Mean Flow Flow Rate Rate Pare Size 
Pore Size 

0.1 7-40 - 3.6-4 2.9 .228 

0.22 .. - 8-10 6.5 .424 

0.3 31 - - .. -
0.45 79 - 20-60 16 .. 
D.5 73 0.85 .. - -
0.65 - - 40-50 38 1.15 

0.667 81 - .. - -
2.0 144-288 1.9 125·190 .. -

20 Note: In the foregoing Table, au pore sizes are given in µtn, and 18 flow rates are given in cm/min I 1 O psid. 

For comparison purposes, the mean fl_ow ·pore size is given where avalable~ h is important to note that 

the mean flow pore sizes for the membranes of the present invention' are closer to the actual skin pore sizes than 

25 is the case for the Millipore membranes tested. To assess differences in flow rate betwaen different membranes, 

a comparison of membranes with siniar skin pore sizes is typicaly done. However, the mare maaningfld comparison 

is between membranes having similar mean flow pore sizes. Such a comparison shows tha dramatic inprovement 

in the flow rate of the membranes of the present invention. as compared ta the prior an membranes avalable, 

Membranes in accordance with the innntian are relatively thin. For example. internally isotropic membranes 

30 in accordance with the inventitn can ba prepared as thin as about 20-25 µm. and prefera•lv are from about 25 to 

about 50 pm in thickness. Asymmetric membranes in accordance with the invention are generaly slightly thicker 

than their lnternaDy isotropi: counterpans. For example. prefened asymmetric membranes are between about 80 

and about 125 pm in thickness. 

Membranas in acconlanca with the invention are prepared with relatively high polymer concentrations, from 

35 about 12% up to 201 or more. The temperature of tha dope is preferably between 21°C and 35°C for highly 

asymmetric membranes, and either below 21°C or above 35°C for internally isotropi: membranes. Further. in 

preferred embodiments, folowing casting of the polymer dope or film, the film is exposed to humid air. Exposure 
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tines are preferably relatively long, from about 5 or 1 O seconds to about- 1 or 2 minutes or longer; humidity is 

preferably relatively high, from about 60% to about 100% relative humidity. As wiH be appnu:iated, highm humidities 

or longer exposure tines can be utftized with a generaly corresponding or commensurate dacrease in the other to 

obtain similar results. Following exposure the film is quanched in a quench bath containing relatively high 

5 concentrations of nonsolvant for the polymer. The quench temperature is preferably between about 45°C. and 70°C. 

By the above process PVDF membranes with exceptional flux properties are produced. Indeed, we have 

prepared membranes that possess flux rates that are comparable to asymmetric potysuffone membranes and having 

bubble points as low as 5 pounds per square inch differential (psid). Pounds per square inch differential is the 

difference in pressure existing on opposite Hies of a membrane; the bubble poilt of a membrane correlates with tbe 

10 membrane's parmeabi&ty, wherein a low bubble point indicates that a relatively sllial pressure clfferenlial is requirld 

to force air through a pr8-wetted membrane. The bubble points of the PVDF membranes of the invention are 

comparable 10 the bubble points of llighly asymmetric _Wrasidlo-type sulfone polymer membranes having sinilar mean 

flow pore sizes. This is not tht· case with prior art PVDF membranes, which indicates that the membranes af the 

present invention have porosity and flow ratei that are superior to prior art PVDf ·membranes. 

15 Highs polymer concentrations in the formulations of the invention inpart strength and Improve elongation 

properties of the membranes. Further, we observe a reduction in macrovaid formation in the substructure. Exposure 

of the cast fim to humid air appe•rs to be responsible for the creation of die open pores, in a manner sinilar to 

work that we have dona with suffone polymers that is descriled in copending U.S. Patent Application Serial No. 

· 081208, 114, filed March 4, 1994. 

20 Interestingly, however, we observe that humid air exposure in connection with the preparatian of the present 

membranes re.suits in a significantly different structure than that obtained using sulfone polymers. Sulf one polymer 

membranes which are cast with a similar environmerital exposure possess a two-tiered structure: a microporous 

Mface, overlying an isotropic rqiiln, which ovaries an asymmetric region. It appears that the is1Jtropic region of 

1he membranes of the innntio~ is created by or is at least initiated by the •vapor·phase induced precipitation 

26 pracass• interaction betwaan the water vapor in the air and the polymer film, which causes honigeneous or isotropic 

pare formation. This is anaktgous to membranes of celulose mixed esters or cenulose nitrate. However, it appears 

that there is negligible evaporation of solvent or nonsolvent, so that, in the quench bath, the 11uanch iquid rushes 

in and fixes the iso1ropic region and creates and fixes the asymmetric ~ion. 

Further, with sulf one polymer membranes prepared in accordance with this process we observe, in cenain 

30 instances, an apparent constriction in pure size distribution below the microporous skin. Sach a structure would · 

assist in explaining the tighter pores ebserved in porometry analyses. such as. for example, our observation of a 

membrane having a 1.0 pm maximum pore size and 0.8 µm mean pore size. This may be avidence of a process of 

irtemal "skinnint• akin to the skin formation in Wrasidlo and Zepf membranes. Support for this possibility is given 

by Michaels i'I U.S. Patent No. 3,615,024, Col 5, ines 43-54, where it is disclosed that a gradient pore structure 

35 occurs when water permeation into a cast fih is restricted by a tightened skin, which is formed by the water in 

tbe first instance. Or, alternatively, it is passible that while the membranes in the isotropi: region appear to be 
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isotropic on visual inspection, they actually have a pore distribution that accounts for the porometry data and higher 

bubble point than one night anticipate in-view of the large pore sizes. 

Membranes in accordance with the present invention are preferably cast containing a quantity of water, 

which is strictly a nonsolvent. By balancing solids concentration, humidity, and exposure time, we have synthesized 

5 highly porous membranes that have sufficient strength to qualify them for appfications requiring ultrathin membranes. 

In the accompanying tables and SEM photos we provide comparisons of formulations, pore sizes and other featll'es 

and conditions. As mentioned, because of the improved strengths of the membranes in accordance with t~e 

invention, the PVDF membranes can be synthesized as highly porous ultrathin membranes, even without fabric 

reinforcement. However, past experience has shown that PVDF is very amenable to being cast on fabrics, if that 

1 D is deemed necessary. Thus, in accordance with the inv~ntion, we also provide cenain preferred lamination and 

reinforcement techniques. 

To improve stringth and handBng characteristics of membranes of the inYBntion, membranes can be 

laminated with or to various fabrics. for example. suitable lamination materials include wovan and nonwoven 

matarials. malt blown materials, polyesters, and polyolafins. As examples. polyester, polypropylene, nylon, 

15 polyethylene terephthalate, and polyethylene are among many polymers useful as woven or nonwovan fabric supports 

for the membranes of the invention. Choice of the particular lamination material to be used is made according to 

the panicular app&cation. In order to laminate membranes of the invention, one can utilize heat or adhesive 

processes or techniques, as wiB be appreciated by those of ordinary sknl in the art. 

In connection with the production of commercial quantities of PVDF membranes in accordance with the 
.• 

20 present invention. it will be understood that the casting or production line preferably has an area in which the film 

is subjected to humid conditions and to controlled air flow between the point of casting, such as, for example, a 

knife blade or slot coater, and the quench water. The same is true for the large pore sulfone ~olymer membranes 

mentioned above. However, because of differences in gelation and curing times, PVDF often requires much longer 

air exposure tines. Accordingly, either the line speed must be slower or the humidity tunnel longer for PVDF 

25 membranes. H, for example, a PVDF membrane is cast at 20 feet per minute and requires one minute of humid air 

treatment, then the exposure distanca •st be 20 feat. 

Membranes of the invention may be hydrophobic or hydrophilic. A membrane that is hydrophobic after 

casting may be post-treated with a wetting agent to render it hydrophilic. Suitable witting agents incklde 

surfactants and hydrophil"lc polymers. Examples of useful surfactants are ZONYL (DuPont, Bloomington, DE) and 

30 TRITON X-100 (Rohm & Haas. Phiadelphia, PA). An example of a hydrophilic polymer is hydroxypropylcellulosa 

(HPCI. A preferred HPC treatment is to soak iha membrane in a bath containing an aqueous HPC solution; tha bath 

may also contail one or more surfactants, alone or in combination with HPC. The wetting agents may also ba added 

to the quench bath, so that the membrane is rendered hydrophilic as part of the quenching step. 

Membranes in accordanca with the invention are suitable for tha complete range of mii:roporous filtration 

35 applications, incklding electronic water filtration whare ozone is present. A very imponant use of membranes in 

accordance with the invention is in batteries. wherein a membrane may be used as a separator between different 



W097/26134 PCT/US97/0J496 

·14-

-
cells of a battery, or to house an alkaline gel. This app&cation requires a highly porous uhrathin membrane, about 

30 pm in thickness, resistant to propylene carbonate containing 1-molar potassium hydroxide fKDH). In water, this 

concentration would correspond to a pH of approximately 14. Although propylene carbonate is a latent solvent tor 
PVDF at 80°C and there was soma concern that propylene carbonate might he a strong sweUing agent even at room 

5 tem)lerature, we have discovered that the PVDF membranes of the invention are resistant to attack by propylene 

carbonate, even at temperatures slightly above room temperature. Indeed, in immersion tests that we have conducted 

on membranes in accordance with the invention the membranes successfully withstood the save re conditions imposed 

by propylene carbonate containing 1-molar potassium hydroxide tKOH). Moreover, a sample of PVDF membrane in 

accordance with the present iwention that was cast onto nonwoven nyk>n also withstood propylene carbonate/KOH. 

to In each of these inmersion tests, membranes prepared in accordance with the inflntion exhibited go_od chemical 

resistance, with no curling of the membranes and no eviden1 weakening of the membranes. 

The dopa mix of the membrane may contain, in addition to PVOF, a hydrophiic polymer such as, for 

example, polyvlnylpyrro&done or polyethylene glycol These polymers may enhance the viscosity of tha dope mix, 

and may also affect the porosity and pore structure. Such hydrophic pofvmers will, of course, interact with the 

15 other factor affecting the structure of the membrane, such as castllg temperature, quench temperature, time of 

exposure to humid air, temperature and relative humidity of the air to which the membrane is exposed, and the Ike. 

The membranes of the invention may be cast without a hydropbJic polymar, or with a hydrophic polymer having 

a final concentration in the dope mix of up to about 301. often haviag at least 1 %, 2%. 3%. or 5% of the dope 

mix (by waight). 

20 Because many of the PVDF membrana formulations in accordance with tbe presant invention possess bigh 

concentrations of polymer, and thus have high viscosities, formulations in accordance with the invention are waif 

adapted ta spinning microporous hollow fibers. In one embodimen_t of PVDF holaw fiber mambranes in accordance 

with the invention, either air or a nonsolvent such as water, containing solveitt or other chemicals such as a 

nonsolvent, is used as the lumen fluid and the outer surface is exposed to various environments. such as humid air, 

25 dry ai', or other environments. prior to quenching in a liquid. such as water. The resulting membrane possesses 

tighter pores on the outside of the membrane since the solvent and nonsolvent would migrate outw•d as the 

external environmental water migrated inward. We han found thal the viscosity of formulations in accordance with 

the invention can be made high enough to hold the forming holow fiber membrane ittact during its descent through 

the humid air gap. 

30 There are seYBral sources of PVDF, and it is avaDable in several classes ba~d on averaga molecular weighL 

35 

Wa hava found HYLAR-461 lavaUable from Ausimont Co .. Morristown. NJ), and KYNAR-761 (available from Atochem 

Co., Philadelphia, PA), to be panicularly suitable for casting the membranes of the invention. 

Preferred membranes in accordance with the invention, and their process of manufacture, wll now tie 

described in accordance with the folowing Examples and with ref arenca to the accompanying figures. 
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EXAMPLE 1 

Effect of Exposure Time 

We prepared a casting dope containing, by weight, 15.9% PVDF polymer HYLAR-461, D.9% lithium chloride, 

3.7% water, 2.3% polyyinylpyrroDdane (PVP K·17 MW -9,000, available from BASF, Mt Olive, NJ), and 77.2% 

5 dinathylacetamide (DMAC) as the solvent. Several membrane samples were cast onto a moving bait of. polyethylene 

coated paper using a casting knife with a knife gap of 7 mils (178 µml. Preferably the dope mix is below about 

32ac when cast. FoDowing casting, the nascent membranes were exposed to air at 25·27°C and 100% or 80% 

relative humility for various times, as shown in Table Ill. Thereafter, the membranes were quenched in a water bath 

having a temperature of about 6<l°C. 

10 After coagulation, the membranes were washed with deionized water and then treated for 10.1"5 setonds 

with a 0.1 % aqueous llydroxypropytceUulose lHPC) solution to make the membranes hydrophilic, then· air dried. The 

recovered membranes had thicknesses of between 25 µm and 30 µm. Each of the membranes was tested for water 

permeabDity at 10-psid on a 47 mm diameter disk (approxinately 35 mm affective diameter, 9.5 cm2 area). Mean 

flow pore sizes of tha membranes were determined with a Coulter poromater, and the surfaces and crass-sections 

15 were exanined by scanning electron microscopy (SEM~ 

A repmantative SEM for the membrane of Sample 1 ·b is provided as Figures 21·2c. As wiR be olJserved 

from the cross-sectional view of the membrane (fig. 2al, the membrane· has a porous substructure that is 

substantialy isotropic. However, the pores in the substructure are generaDy larger than the pores in and adjacent 

to the microporous su~aca. The difference in pore sizes as between the microporous surface and the coarse pored 

20 surface is raatlly observable when the SEM · of the microporous surface (Fig. 2b) is compared with the SEM of tba 

coarse pored mface (fig. 2c). 

Exposure conditions, water flux data, and pore sizes are shown it Table Ill. 

TABLE HI 

Sample Exposure. Water Mean Flow Surface Surface 
25 ID T1111JHumidity Flow Pore Size~ Pare Size Pore Size 

(open side) (tight side) 

1·a 8 seconds 377 - 3µrn 0.1 pm 
100% 

1·b 10 seconds 694 0.85 20µm D.5pm 
100% 

1-c 30 seconds 800 1.0 2011111 0.Bpm 
1001 

1-d 20 secends 94 - NA NA 
80% 

.. 

30 l-e 120 nconds 1364 1.9 30,µm 2.0pm 
80% 

Note: water flow units are mUminf9.5 cm2 I 10 psid 
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EXAMPLE 11 

Effact of Humidity and Solvent 

P<:l'/US97/01496 

We prepared a casting dope containing, by weight, 16% PVDF HYLAR-461, 8.0'li water. 3.0% PVP K·17, 

and 73% N-methylpyrrolidone INMP) as the solvent. Two membrane samples were cast onto a mo'liiig belt of 

5 polyethylene coated paper using a casting knit a with a knife gap of 7 mils. Following casting, the nascent 

membranes were exposed to air at 25-27°C and 70% relative humidity for 11'1fferent tines, as shown in Table IV. 

Thereafter, the membranes were quenched in a water bath having a temperatll'a of about 60°C. 

After coagulation, the membranes ware washed with deionized water and than treated with a 0. t % aqueous 

HPC solution to make the membranes hydrophilic, then air dried. The recovered membranes had thicknesses between 

1 D 25 pm and 30 µrn. The membranes were tested for water permeability at 1 [).psid on a 47·mm diameter disk. The 

surfaces and cross-sections of the membranes were examined by SEM. SEMs of the membrann demonstrated a 

sinHar structures to those shown in Figures 2a ·2c. However, the cross-sectional SEMs indicated soma macrovoid 

formation. This factor ildicates that NMP may not be as good a solYent for PVOF as is DMAC, although higher· 

polymer concentrations might remedy this problem. 

15 Exposure conditions, water flux dita, and pore sizes are shown in Tabla IV. 

TABLE IV 

Sample Exposure Water Surface Surface 
ID T ima/Humid"rty Flow Pore Size Pore Size 

(open side) (tight side) 

20 2·a 10 seconds 66 3 J.1111 0.1 Jllll 
701 

2·b 120 seconds 344 4 J.1111 t.Oµm 
701 

Note: water flow units are mUminJ9.5 cm2 .@ 10 psid 

25 

HAMPLE Ill 

Effect Df Pelvmar Cencentmiu 

In view of the presence of macrovoids in tha membranes prepared in accordance with Example II, wa 
30 conducted the folowing exparinents to determine the effects of polymer concentration on membrane structure. 

· We prepared a casting dope containing, by weight, 20% PVDF HYLAR-461, 5.01 water, 1.51 PVP K·17, 

and 73.5% NMP as the solvent Two membrane samples ware cast ont• a moving belt of polyethylene coated paper 

using a casting knife with a knife gap of 1 nils. Folowing casting, the nascent membranes were exposed to air 

at 25·27°C and 701 relative humid"ity for different tines, as shown in Tabla V. Thereafter, the membranes were 

, 35 quenched in a wats bath having a temperature of about 55°C. 
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After coagulation, the membranes were washed with deionized water and than treated with a 0.1 % aqueous 
HPC solution to make the membranes hydrophilic, then air dried. The recovered membranes had thicknesses of 
between 25 µm and 30 µm. The membranes were tested for water permeabiJity·at 10·psid on a 47·mm diameter 

disk. The surfaces and cross-sections of the membranes were examined by SEM. The membranes thus prepared 
5 had a structure virtually identical to those shown in connection with Example I and did not possess the macrovoids 

seen in connection with Example II. 

Exposure conditions, water flux data, and pore sizes are shown in Table V. 

TABLE V 

10 Sample Exposure Tmel Water Flow S_urface Pore Surfice Pare 
ID Humidity Size Size 

(open sideJ (tight sideJ . 

3·8 60 .ands 297 3µm D.3µm 
70% 

3·b 120 seconds 2542 20µm 2.0µm 
701 

15 Note: water flow units are ml/min/9.5 cm2 (I 10 psid 

EXAMPLE IV 

Effect Df Humility and Exposure Tm 

In view of the d"lffarence in flow rate and pore size in the membranes prepared in accordance with Example 
20 Ill, we conduCted the folowing uperiments to determine the effects of h1111idity and exposure tine. 

We prepared a casting dope containing, by we~bt, 16% PYDf HYLAR-461, 8.0% water, 3.01 f'YP K·17, 
and 73% NMP as the solvent. Four membrane samples were cast onto a moving belt of polyethylana coated paper 
using a casting knife with a knife gap of 1 mBs. FoDowing casting, the nascent m_embranes were uposad to air 
at 25·27°C and 701 or 100% relative humidity for various tines, as shown in Table VI. Thereafter, the mambranes 

25 were quenched in a water bath having a temperature of about 55°C. 

After coagulation, the membranes were washed with deionized water and then treated with a 0.1 % aquaous 
HPC solution to make the membranes hydrophilic, then ai" dried. The recovered membranes had thicknesses bttwean 
25 pm and 30 µm. The membranes were tested for water permeability at 10-psid on a 47-mm·diameter disk. The 
surfaces and cross-sections of the membranes were examined by SEM. 

30 The results of a rapresentative membrane are presented in Figures 3a-3c, which is a series of SEMs of the 
membrane prepared in connection with Saq>le 4-c below. Figure 4a shows that in cross-section, the membrane is 
even more open than the membrane shown in connection with Example I (Figu~ 2a). Again, the membrane has a 
porous substructure that is substantialy isotropic. However, tha pores in the substructure are generally larger than 
the pores in and adiacent to the microporous surface. The difference in pore sizes as between the microporous 
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surface and the coarse pored surf ace is raadUy observable when the SEM of the microporous surface (fig. 3b) is 

compared with the SEM of the coarse pored surface (fig. 3c). 

Exposure conditions, water flux data, and pore sizes are shown in Table VI. 

TABLE VI 

Sample Exposure Tine/ Water Flow Surface Pore Surface~ 
ID Humidity Size Size 

(open side) (tight side, 

4-a 10 seconds 66 3pm 0.1 pm 
70% 

4-b 120 seconds 344 4pm 1.0pm 
70% 

4-c 10 seconds 1690 20µm . 2.0µm 
100" 

4-d 60 seconds 502 Sµm 2.0pm 
100% 

Ni:rte: water flow units are mUminl9.5 cm2 Iii 10 psid 

15 A comparison of the properties of membrane 4-a with those of membrane 4-c shows the dramatic lftfference 

in the effect of 701 humidity versus 100% humidity at this temperature. Likewise, a comparison of the propertias 

of the properties of membrane 4-a with those· of membrane 4c demonstrates that increased exposure time can 

compensate so•what for the lower humidity. However. membrane 4·d showed a decreased flow rate and smaler 

pore size on the open side of tha membrane, as compared with the membrane of Exnpla 4-c. This damonstratas 

20 that. at 1001 humidity, a membrane mav be oYerexposed, and that the interaction of relative humidity and axposura 

time ii not synergistic in al cases. 

25 

EXAMPLE V 

Effect If S•!mt 

We prepared a casting dope containing, by weight. 13.8% PVDF HYLAR-461, 6.91 glycerine, 1.71 water, 
. . 

2.0~ PVP K-17, and 75.61 dimethylformamide IDMF) as the solvent. Two membrane samples were cast ont11 a 

moving belt of polyethylene coated paper usilg a casting knife with a knffe gap of 7 mDs. Folowing casting, the 

nascent membranes were exposed to air at 25-27°C and 100% ralative humidity for different times. as shown in 

Table VIL Thereafter, the membranes were quenched in a water batll having a temperature of about 60°C. 

30 After coagulation, the membranes were washed with deionized water and then treated with a 0.1 % aqueous 

HPC solution ta maka the membranes hydrophiic, then air dried. All of the resultilg membranes had thiclcnesses 

of between 25 pm and 30 pm. The recovered membranes were tested far water parmaability at 1 Q.psid on a 

• -·- .. _..,,.? -.~ ... ---··------·----···--·--··· •.•.... -~ ----.~-·--. ---------· 
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47-mm diameter disk. The surfaces and cross-sectiDns of the membranes were examined by SEM. The structures 

observed 1hrough the SEMs possessed a &inilar appearance to those shown in connection with Examples I and IV. 

Exposure conditions, water flux data, and pore sizes are Shown in Table VIL 

TABLE·y11 

Sample Exposure Time/- Water Aow Surface Pore Surface Pore 
ID Humidity Size Size 

(open side) (tight side) 

5·a 10 seconds 682 5µm 3µm 
100% 

5·b 60 seconds 199 &µm 5µm 
1DD% 

Note: water flow units are mUmin/9.5 cm1 8 10 psid 

EXAMPLE VI 

Preparation pf SuppDf1ed Membrane 

We prepared a casting dope containing, by weight. 15.4% PVDF HYLAR-461, 7.4!. water, and 772% DMF 

as the solvent. Two membrane samplas were cast onto a non-woven nylon support using a casting knife with a 

knife gap of 7 mils. foDDWing casting. the nascent membranes ware exposed to air at 25-27°C and 10D% relative 

humidity for either 10 seconds or 60 seconds. Thereafter, the membranes were quenched in a wat• bath havllg 

20 I temperature Of about 60°C. 

After coagulation, the membranes ware washed with deionized water Ind then treated with a 0.1 % aqueous 

HPC stJlution to make the mnbranes bydrophic, than air dried. 

The recovered nanbranas were immersed into solutions of propylene carbonate containing 1-molar KOH (pH 

approximately 14). Upon recovery of the mambranas from inmersion, sinilar to tha folowing Example, there was 

25 no evidence of any deterioration or loss of strength of the membranes. No significant change of tensBa strength 

and elongation was observed. 

30 

EXAMPLE VII 

TMSile Strenath and B1pg1tion at Bnall 

We prepared a casting dope containing, by weight. 15.4% PVDF HYLAR-481, 7.4% water, and n.2% DMF 
. . 

as the solvent. Two mambrana samples were cast onto a mowing bait of polyethylene coated paper using a casting 

knife with a knife gap of 7 mils. Folowing casting, the nascent membranes were exposed to air at 25·27°C and 

1001 ralative humidity for either 10 seconds or 60 seconds. Thereafter, the membranes wera quenched in a water 

bath having a temperature of about 60°C. 
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After coagulation, the membranes were washad with deionized water and then treated with a D.1% aqueous 

HPC solution to make the membranes hydiophilic, then air dried. 

The recovered membranes ware immersed into solutions of propylene carbonate containing 1 ·molar KOH (pH 

approximately 14). Upon recovery of the membranes from immersion, there was no evidence of any deterioration 

5 or loss of strength of the membranes. No substantial change of tensHe strength and elongation was obssved, as 

shown in Table VIII. 

TABLE Vlll 

Exposure rime Membrane Tensile Strength Elongation at 
10 !Days) Thickness {l.nnl (g/cm21 Break(%) 

1 30 725 77 

7 30 700 85.7 

14 30 748 69.2 

22 30 793 64 
15 

EXAMPLE VIII 

Pnpnitian of Aununetric PVDF Membrw 

We prepared a highly asymmetric PVDF membrane from a casting dope containing, by weight. 14.8% PVDF 

20 HYLAR-481, 18.BI t·amyl alcoho~ 4.8% PVP K-30 (average U.W. -45,000). 2.3% water, and 59.5% DMF as the 

solvent. The sample was cast onto a movilg bait of polylthylena coated paper using a casting knife with a knife 

gap of 12 mils. The temperature of the dopa mix was kept between 21°C and 35°C at al times. Following 

casting, the nascent membrane was exposed to air at 25-27°C and 80% relativa humidity for 25 seconds. 

Thereafter, the membrane was quenched in a water bath having a temperature of about 58°C. 

25 After coagulation, tha membrane was washed with deionized water and then treated with a 0.1% aqueous 

HPC solution to make the membrane hydrophi6c. Thereafrer, the membrane was oven driad at about 70°C and 

tested for water permeabiity at 10·psid 01 a 47-mm diameter disk. The resulting membrane had a thickntaas of 

about 70 pm to 100 µm. The surface and cross-section of the membrane were examited by SEM. Figures 4a and 

4b show microporous surface and cross-sectional views of the membrane. As wll be observed from the cross-

30 sectional view (fig. 4a),. the membrane possesses a grade• p&re structure from the nicroporous surf ace itto and 

through a substantial portim of the substructure of the membrane. Such graded pore stnlctura shows classic 

asymmetric structure wherein there is a gradual increase in pore size from the microporous surface mo the 

substructure of the membrane. 

Water flux and pore size are shown in Table IX. 

35 
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TABLE IX 

. 
Sample Water flow (ml/min/9.5 cm2 @ 10 Membrane Pore Size 

ID psidt 

B 750 . 0.45 µm 

5 

EXAMPLE IX 

Preaaration of Asymmetric PVDF Membrane 

10 We prepared a highly asymmetric l'iDF membrane from a casting dope containing. by weight, 14.6% PVPF 

HYLAR-461, 18% t·amyl alcohoL 4.8% PVP K·3D, 2.3' water, and 60.3% DMF as the solvent. The sample was 

cast onto a moving belt of polyethylene coated paper usitg a casting knife with a knife gap of 9.5 mils. Following 

casting, thli nascent membrane was exposed to air at 25·27°C and 100% relative hunidity for 25 sacoads. 

Thereafter, the membrane was quenched in a water bath having a temperature of about 50°C. 

15 After coagulation, the membrane was washed with deionized water and then _treated with a 0.1 % aqueous 

20 

25 

HPC solution to make the membrane hydrophilic. Thereafter, the membrane was ai' dried and tested for water 

permeability at 10-psid on a 47-mm diameter disk. Mean flow para size was also determined with a Coulter 

parameter. The resulting membrane had a thicknass ·af between 50 µm and 75 pm. 

Water flux and para size are shown in Table X. 

TABLE X 

Sample_ Water flow lmllminl9.5 cm2 ti 1 O Membrane Pore· Size 
ID psidt 

7 769 0.667 µm 

EXAMPLE X 

PrPratiDll ef Hmpbohii; PVDF Membrane 

We prepared a PVDF membrane according ta the formulation and procedure of Example VIII, the only 

difference being no post-treatment of the membrane with HPC. The water flow and membrane pore size were 

30 identit:al to those given in Tabte IX. However. the membrane required prawetting with a 50% aqueous solution of 

isopropyl alcohol Other prawetting solutions suitable for hydrophobic membranes of the invention include glycerine, 

ZonyL Triton, PVP. and HPC. 
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EXAMPLE XI 

PreparatiOR of lnternaQy Isotropic PVDF MemlJnne 

We prepared an internally isotropic PVDF membrane from a casting dope fonnulation identical to that of 

Example VIII,· but cast the membrane with the temperature of the dope mix above 35°C. Figure 3a shows the 

.5 membrane in cross section; and Figures 3b and 3c show the microporous surf ace and the opposite surface, 

respectively. As wiU be observed from the cross-sectional view (fig. 3a), the membrane possesses a substantiaRy 

constant pore structure in a central region between a dense region adjacent to the nicroporous surface and an 

•opposite skin" region adjacent to the opposite surface of the membrane. This substantially constant pore structure 

is a preferred embodiment of the intemaHy isotropic PVDF membrane of the inventioD. 

10 

EXAMPLE XII 

Prnerties of HYLAR-481 and KYNAR-781 

A preferred form of PVDF is available under the brand name HYLAR-461. Another preferred form of PVDF 

is avaDable imder the brand name KYNAR-761. The present invention contemplates membranes cast usi119 any 

15 suitable form of PVDF. The ·invention preferably employs HYlAR-461. KYNAR-761, or a substantially sinlar material 

that has properties similar to those provided in the foBowing Table XL 

TABLE XI 

Proparty HYLAR-481 KYIAR-781 
20 Specific Gravity 1.75-1.77 1.78 

Specific Volume 0.56-0.57 cclg 0.56 ccfg 
Refractive Index 1A2 .. 
Melting Point 311·320°F 352°F 

Mold Shrinkage 2-3% -
25 Water Absorption 0.04% < OJ>4'1t t24h, 

Tensle Strength at 4000.BOOO psi at 77°F .. 
Yield 2000·3000 psi at 212°F 

Tensile Strength at 4500.7500 psi at 77°F 7800 psi 
Braak 2500·3500 psi at 212°F 

30 Thermal Conductivity 0.70-0.87 BTU 1.32 BTU 
inlhr ft2 Of in/hf ftZ Of 

Specific Heat 0.30.0.34 BTU11b/0 f 0.23 BTUllbl°f 
Melt Viscosity 25,500-30,000 poise at -

1 DDlsec and 450°F 

35 
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1. A microporous polyvinylidene difluoride polymer membrane, the membrane havil11 a microporous 

surface camprising minimum pores. an opposite surface comprising maximum pores, and a thickness therebetwean, 

the thickness comprising a porous support formed from filamentous webs of polymer material. 

5 2. The membrane of dain 1, wherein the polyvinylidene difluoride is HYLAR-461. 

3. The membrane of claim 1, further comprising from about 1 % to about 30% by weight 

polyvinylpyrrolidone. 

4. The membrane oJ claim 3. wherein the polyvinylpyrroidone has an average molecular weight of 

about 45,000 daltons. 

10 5. The membrane of claim 3, wherein the polyvinylpyrrofidone has an average molecular weight of 

15 

about 9,000 daltons. 

6. The membrane of claim 1. rendered hydrophilic by contacting the membrane with a wetting agent. 

7. The membrane of claim 6, ·wherein the wetting agent comprises hydroxypropylceDulose. 

8. 

9. 

The membrane of claim 6, wherein the wetting agent comprises a surfactant. 

The membrane of claim 1, further comprising a supponing material laminated thereto. 

10. The membrane of clain 9, wherein the supporting material is a nonwoven polymer fabric. 

11. The membrane of claim 1, wherein the membrane is a hoftow fiber. 

12. The membrane of claim 1, the membrane having an integral asymmetric structure, the mininum • 

pores of the micraporous surf ace having a first BYerage diameter, and the maximum pores of the opposite surface 

20 having a second average diameier, wherein a ratiO .of the second average diameter to the first average diameter is 

trom about 5 to about 500. 

25 

13. 

at 10 psid. 

14. 

15. 

The membrane of claim 12. having a flaw rate of water of from about 25 to about 500 an/min 

The membrane of claim 1 Z wherein the thickness is lass than about 140 pm. 

The membrane of clain 14. wherein the thickness is less than about 70 pm. · 

16. The membrane at claim 12. having a bubble point of water of from about 0.5 to about 50 pskl. 

17. The membrane of claim 12. the porous support comprising a gradient of graduaDy increasing pore 

sizes from the aicraporous surface to the opposite surface. 

18. The membrane of clain 1. the membrane having an isotropic structure through at least about 80% 

30 ef the thickness of the membrane. 

19. The membrane of claim 18, wherein the thickness is less than about 75 pm. 

20. The membrane of clain 19, wherein the thickness is less than about 30 pm. 

21. A method of preparing a polyvinylidene difluoride membrane comprising the. steps of: 

providing a .casting dope conaprising between about 12% and 20% by weight of polyviny6dene 

difluoride and between about 0% and 30% by weight of a hydrophilic polymer, dissolved ii a solvent; 

casting the dope to fonn a thin film; 
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exposing the thin film to a gaseous environment; 

coagulating the film in 11 water bath; and 

THIS SHEET HAS BEEN 
REPLACED 

PCT/Us,.._ 

recovering a formed microporous polyvinylidene difluoride polymer membrane. the membrane having 

a microporous surface comprising minimum pores, an opposite surf ace comprising maximum pores, and a 

thickness therebetween. the thickness comprising a porous support formed from filamentous webs of 

polymer material 

22. The method of claiiil 21, wherein the dope has a ·temperature· of bet~een about 21°C and about 

35°C during the casting step. 

23. The method of claim 21, wherein 1he gaseous environment has a relative humidity of water 

1 D between about 50% and 100%. 

24. The method of claim 21, wherein the exposing step has a duration of about 2 seconds to about 

120 seconds. 

25. The method of claim 21, wherein the water bath has a temperature between about 20°C and 

· eo0 c. 
15 26. The method of claim 21, wherein the hydrophilic pDlymer comprises polyvinylpyrrolidone. 

27. The method of claim 28, wherein the polyvinylpyrrolidona has an average molecular weight of 

about 45,000 daltons. 

28. The method of claim 21, comprising the additional step of contacting the formed membrane with 

a wetting agent to render tbe membrane hydraphilic. 

20 29. The method If clain 28, wherein the wetting agen1 comprises hydroxypropylcdulose. 

25 

30. The method of clain 28. wherein the wattilg agent comprises a surfactant. 

31. The method of (lain 21, comprising the additional step of laminating to the formed membrane a 

support material 

32. The methad of clain 31, wherein the suppon material is a nom~owen polymer fabric. 

33. An asymmetri: integral microporous polyvinylidene difluoride polymer membrane, the membrane 

having a microporous surface comprising mininum pores, an opposite surface comprising maximum pores, and a 

thickness tharabetween, the thiclcness comprising a porous support formed from fUamentous webs of polymer 

materiaL wherein the paraus support comprises flow channels having diameters, and wherein t-e diameters af the 

flow channels gradually increase along a gradient from the microporous surface to the opposite surface. 

30 34. An internaly isotropic micraporous polyvinyliden_e. difluoride polymer membrane. the membrane 

having a microporous surface comprising mininum pores. the minimn pores having a fnt average diameter. an 

oppasita surface comprising maxinum pores, the maximum pores having a secand·nerage diameter, and a thickness 

tharabatween, the thickness comprising a porous support formed from fDamentous webs of polymer material, wherein 
. . 

the porous suppon comprises flow cha111als having diameters, and wherein the diameters of the flow channels 

35 substantialy correspond to the first average diameter within a first region of the por~us support, the first region of 

the porous support being adjacent the micraporous surf ace. and wherein the diameters of the flow channels 
-------·---
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• substantiallV correspond to the second average diameter within a second region of the porous support, the second 

region of the porous support being adjacent the opposite surface, and wherein the diameters of the flow channels 

between the first regjon of the porous suppon and the second region of the porous suppon have a substantialy 

constant diameter. 

5 35. The membrane of claii:n 34, wherein the first region of the porous support occupies less than about 

10% ·of the thickness of the porous suppon. 

38. The membrane of claim 34, wherein the second region of the porous support occupies less than 

about 10% of the thickness of the porous support. 

37. An inpraved filtering device having a membrane far filtering aqueous solutions, characterized by 

1 O comprising an ozone resistant nicroporous polyvinyldene difluoride polymer membrane, the membrane shaving a 

microporous surface comprising mininum pores, an opposite surface comprising maxinum pores, and a thickness 

tberabetween. the thicknes.s comprising a porous support farmed from filamentous webs of polymer material 

38. The inproved.fdtering device of claim 37. wherein the ozone resistant membrane has a flow rate 

of water of from about 25 to about 500 cm/min at 1 D psid. 

----------------···-


