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COMPOSITE MEMBRANE AND METHOD OF MAKING

BACKGROUND

[0001] The present invention refates to composite membranes and methods of making
composite membrangs. The membranes provided by the present invention display

performance enhancements relative to conventional composite membranes.

{0002} A wide vanety of thin §im composite membranes are known and have bean
found vsefol in the purification of Hwds comprising solutes, for example the removal
of salt from sea water to provide potable water. Typically, such thin film composite
membranes are prepared by performing an interfacial polymerization of a polvacid
chlonide 1 a water imnuscible orgame solvent with a polvaming in an agueous
solutton on a surface of a porous base membrane.  The resultant polyvamide s
deposited as a thin film on one surface of the porous base membrane. Such
membranes are often referred {0 as compostie membranes because of the presence of
at least two layers i the membrane structure, which are the porous base membrane
and the interfaciallv prepared polvamide film layer.  Composite membrane
performance charactenistics have been shown to vary depending on the structure of
the polvamide faver and the presence of or absence of additives in the interfacial
polymerization reaction mixture. In addition, such thin fIlm composile membranes
are sensifive to the effects of water under pressure experienced as water s forced
through the membrane. For example, pressure induced compaction of the polvamide
film at the surface of the porous base membrane can lead to fower porosity over tume

and toss of membrane performance.

{0003] Despite the technical excellence of many recent advances i composiie
membrang technology, improvements are still being sought in light of the growing
demands on the world's water supplies. There is a need tor improved membranes that
have a combination of high selectivity, flux and chemical lolerance in addition 1o
being efficient and economucal. Forther there 18 8 need for new membrane

commpositions and methods that can provide membranes having sach superior

performance charactenstics.
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BRIEF DESCRIPTION

[0004] In one embodiment, the present invention provides a composite membrang
comprising a povous base membrane and a polvamide coating disposed on said porous
base membrane. said polvamide coating comprising a (-Cy¢ evdic carbonyl
compound and a {;-Cy anude compound, said anude compound comprising at least

one N-H moiety.

{0005] In another embodiment, the present invention provides a method of preparing
a composite membrane comprismyg contacting onder interfacial  polhvmenzation
conditions an organic solution comprising a polyvacid halide with an aqueous solution
comprising a polvamine, said contacting being carried out ot a surface of a porous
base membrane, said organic solution further comprising a Ca-Cyg cvelic carbonyi
compound, said aqueous solution comprising a C-Cy amide compound, said amide

compound comprising at least one N-H moiety.

{0006] In vet another embodiment, the present invention provides a method of
preparing  a composile membrane comprising contacting under interfacial
polvmerization conditions an organic solution comprising an organic triacid chionide,
an ahiphatic hvdrocarbon solvent and cyclohexanone, with an aqueous solution
comprising an aromatic diamine, water, and acetamide. simd contacting being carried
out on a surface of a porous polvsulfone membrane, said cvelohexanone baing present
m an amount corresponding 1o from about 0.1 to gbout 3.5 weight percent of a tolal
weight of the organic solulion. said acetamide being present m an amount
corresponding to from about 0.1 to about 3.5 weight percent of a total weight of the
agueous solution, said contacting being carned out at a temperature in & range from

about 0°C {0 about 805,
BRIEF DESCRIPTION OF THE DRAWINGS

{0007] These and other leatures, aspects, and advantages of the present invention will
become betier understood when the following detailed description is read with
reference to the accompanving drawings in which hike characters represent like parts

throughout the drawings, wherein:
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[0008] Fig. | iflustrales a converttional apparatus for the preparation of a composiie

meambrane; and
{0009] Fig. 2 lustrates an apparatus for the prepasation of a porous base membrane.
DETAILED DESCRIPTION

{0010} As noted, m one embodiment, the present invention provides a composite
membrane comprising a porous base membrane epon which s disposed a polvanude
coating, the polyvamide coating comprising a C-Cy cyclic carbonyl compound and a
Cs-Ce amide compound, said amide compound comprising at least one N-H moiety.
The membranes provided by the present mvention are referred to as “composite
membranes” since they represent a combination {or composiie) of a surface laver of a
polvamide on a supporting base structure, the porous base membrane. The polyanude
coating component provides the chemical functionality and bartier properties needed
for the selective tfransmission of water across the surface laver of the composite
membrang wlule inlibiting the transmission of solutes across the surface laver of the

composite membrane.

{0011] As will be appreciated by those of ordinary skill in the art, the porous base
membsrane is typically configurad as a film having two swlfaces.  The polvanude
coating component may be formed on one of the two swfaces of the porous base
membrane affording a composite membrane having a surface coated with the
polvamide and an untreated surface. Because the polvamide coating component
provides for selective transmission of water across the surface layver of the composite
membrane while inlubiting the transoussion of solute species across the surface laver
of the composite membrane, the surface of the composite membrane upon which the
polvamide is disposed is frequently referred o as the “active”™ suoriace of the
composite membrane. By analogy, the untrealed surface of the porous base
membrane retans the fransmission characteristics of the original base membrane and

is frequently referved to as the “passive” surface of the composite membrane,

{0012} While the polvamide component of the composite membrane is referred to as a

coating, those of ordinary skill 1n the art will wnderstand that the given the porous
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nature of the porous base membrane, the polvamide may penetrate at least a portion of
the internal volume of the porous base membrane and need not be confined strictly to
the surface of the porous base membrane. This is particularly true in embodiments in
which the composite membrane is prepared by contacting one surface of the porous
base membrang with the aqueous and orgamc solutions neaded to effect an mterfacial
polymenzation of a polvanune with a polvacid halide. As will be understood by those
of ordinary skill i the art, the interfacial polymerization zone may include at least a

portion of the internal volume of the porous base membrane.

[0013] The polvamide coating conmprises a Ci-Cy cvelic carbonyl compound and a
C-Cs anude compound, said amide compound comprising at feast one N-H moiety.
As s demonstrated in detail hersin, the combunation of the carbonyl compound and
the amide compound provides enhanced performance of the composite membranes
provided by the present invention relative to composile membranes lacking this

combimnation of additives in the polvamde coating.

{0014] The Cs-Cy cvelie carbonvi compound may be a cvehic kelone having from
three to eight carbon atoms for example covcooctanone, cveloheptanone, 2-
methvicyclohexanone,  cvelohexanone,  ovelohexene-3-one,  cvclopentanone.
cvelobutanone, 3-ketoletrahyvdrofuran, 3-kelotetrahydrothiophene, and 3-ketoxetane: a
cvelic ester having from Uwee to eight carbon atoms, for example 2-methyi
caprolacone, caprolactone, valerolactone, butvrolactone, diketene, and propiolactone;
or & Ci-Cyg ovelic carbonate, for example ethvlene carbonate, propyviene carbonate,
1.2-butanediol carbonate, 1.2-penanediol carbonate, | 2-hexanediol carbonate, and

1.2-heptanediol carbonale.

{0015] In one embodiment, the cvelic carbonyl compound 18 ovelohexanone. In an
alternate embodiment, the cyelic carbonyl compound 1s butyrolactone, In vet another
embodiment, the cvelic carbonyl compound comprises a minture of cvelohexanone

and butyrelactone.

[0016] The C;-Cz amide compound comprising at least one N-H moiely may be

alipahtic amide. a cveloaliphatic annde, or an sromatic annde.  As defined herein, an
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amide compound comprises at least one N-H motety directly bonded to a carbonyt
group as in simple aliphatic amides such as formamide (HCONH»), acetamide
{CH:CONH,), propionamide (CH:CHCONH:), simple evcloaliphatic amides such as
cyclopropane carboxamide. cvelobutane carboxamide, cvelopentane carboxanude,
cyciohexane carboxamide, and cveloheptane carboxamide; simple lactams such as
caprolactam and valerolactam, and simple aromatic amides such as thiophene-2-

carboxamude, thiophene-3-carboxanude, benzamide. and 2-methy] benzamide.

{0017} The C)-C; anmude compound comprising at feast one N-H moiely wav bear a
substituent on the N-H moiety for example a methyl group as m N-methy! acetamide,
N-methyl cvclopropane carboxamide, and N-methyi benzamude. In one embodiment,
the ;-Cs anude compound bears a substituent on the N-H moiety which 15 an acvl
group as i N-acetyl acetamide (CAS No. 6235-77-4), N-acetyl formamide. N-acetyl
propionamide, N-propionyl formamide, N-propionyi propionamude, succinimide, N-
acelyl cvclopropane carboxamide, and N-acetyl thiophene 2-carboxannde. Those of
ordinary skill m the art will recognize that (;~C¢ amide compounds bearing a
substituent on the N-H moiety which is an acyl group may at times be referred to as
referred to as inudes. For example, succmimide listed above represents a cvclic
amide comprising an N-H motety to which 15 appended a second annular carbonyd

aroup.

{0018} In one embodiment, the C-Cy amide compound comprising at feast one N-H
moiety 15 acetamide. In another embodiment. the C-Cy amide compound comprising
at {east one N-H motety 15 formamide. In vet another embodiment, the Cy-Cy anmude

compound comprising al least one N-H moretv is sucomimide.

{0019] In the foregmng discussion related to the Cs-Cs ovelic carbonyvl compound and
a C-Cy amide compound which are components of the polvamide coating, 1t will be
understood by those of ordinary skill in the art that mixtures of such additives may
also be emploved to enhance the performance of the composite membranes provided
by the present invention relabive 1o composite membranes lacking these additives n

the polvamide coating.
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[0020] As noted, the composite membrane provided by the present mvention
comprises a polvamide comprising a Cs-Cy cyche carbonyl compound and a Ci-Cy
amide compound disposed upon a porons base membrane. A wide variety of suitable
porous base membranes are suitable and arve either available commercially or may be
prepared using techniques known to those of ordinary skill n the art. In one
embodiment, the porous base membrane 18 selected from the group consisting of
polvsuifone, polvethersulfone, polvester, polvphenylencoside, polyphenvienesullide.
polvvinyi chlonde, polvacrylonitrife. polvvinylidine fluoride, poly tetrafluoroethylene,

polvearbonate, polvimide, polvetheninude, polyetherketone, and polvetheretherketone.

{0021} In one embodiment, the compoesite membrane provided bv the present
invention comprises a porous base membrane which s a polyvsalfone film prepared as
disclosed herein. In another embodiment, the porous base membrane 18 a porous

polyethersulfone fGilm.

{0022] The thickness of the porous base membrane may vary but should be sufficient
to provide a composite membrane which can withstand the operation conditions
present i a fluid purification device. In one embodiment. the porous base membrane
has a thickness in a range from about 10 to about 500 nucrometers. In another
embodiment, the porous base membrane has a thicknass in a range from about 20 to
about 230 mucrometars. In vel another embodiment, the porous base membrane has a

thickness in a range from about 40 to about 100 micrometers.

{0023] Tn one aspect the present invention provides a method of prepaning a
composite membrane. In one embodiment, the method comprises contacting under
interfacial polymenization conditions an organic solution comprising a polyacid halide
with an agqueous solution comprising a polvamine, sad contacting being camiad out
on a surface of a porous base membrane, said organic solution further comprising a
Cy-Cy cvelic carboryl compound, said aqueous solution conmprising a €-Cy amide
compound, said amide compound comprising at least one N-H moiety. The
interfacial polymerization reaction 1s typically carried out at a temperature I a range
from about O°C to about 80°C. In one embodiment, the interfacigl polymerization

reaclion 1s carried owd at & lemperature m a range {rom about 5°C to about 60°C. In

&
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another embodiment, the merfacial polvmerization reaction is camied out at a
temperatyre in a range from aboul 10°C 1o about 40°C. The Experimental Part of this
drsclosure provides additional detaled examples of the practice of this and other

aspects of the practice of the invention.

{0024] In one embodiment, the organic solution comprises an crganic solvent selected
from the group consisting of hydrocarbon solvents, alcohol solvents, ketone solvents,
ester solvents, ether solvenis, amide solvents and mixtures thereof. In one

embodiment, the organic solution comprises a hydrocarbon solvent.

[0025] As noted, the orgame solution comprises a C~Cx cyvehie carbony! compound,
In one embodiment. the organic solution comprises the C~Cy covelic carbonyl
compound in an amount corresponding to from abowt 0.1 0 about 3.5 weight percent
of the tolal weight of the organic solwtion. In another embodiment, the organic
solution comprises the C:-Cy eyvclic carbonyvl compound in an amount corresponding
to from aboul 0.3 to about 2.5 weight percent of the total weight of the organic
solution. In vet another embodiment, the organie solution comprises the Us-Cy evehic
carbonyl compound in an amount corresponding to from about 1 Lo about 1.5 weight

percent of the total weight of the organic solution.

[0026] As noted, the agueous solution comprises a €~Cy amide compound. In one
embodiment, the aqueous sclution comprises the (-Cs amide compound in an
amount corresponding to from aboul 11 to aboul 3.5 weight percent of the toial
weight of the aquecus solution.  In another embodiment. the agueous solution
comprises the -Cg amide compound i an amount corresponding to from about 0.5
1o about 2.5 weizht percent of the total weight of the aqueous solution. In vet another
embodiment, the aqueous sohution comprises the Cly amude compound i an
amount corresponding to from about 1 to abowt 1.5 weight percent of the tolal weight

ol the agueous solution.

[0027] Ag noted, the organic solution comprises a polyvacid halide which on contact
with the agueous solution comprising a polvanune reacts on the surface of the porous

base membrane with the polyamine in an interfacial polymerization reaction to afford

)
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a polvamide disposed on the surface of the porous base membrane. Swuitable polvacid
chlondes include wimesoyt chloride, lerephthalovi chionde, 1sophthalovl chionde,
succinic acid diacid chloride. glutaric acid diacid chioride, adipic acid diacid chionde,
trans  cvelohexane-1 d-diarboxvlic  acid  diacid  chloride, ¢ig-cvclohexane-1 4~
drarboxyhic acid diactd chlonde, the tnaaid chionde of Kenp's trniacid. and mixtures

comprising two or more of these polyacid chlorides.

{0028] Suitable polvamunes include para-phenvlene diamine (ppd). meta-phenvilene
diamine (mpd), 4.4 -diaminobiphenvl. ethvilene diamine, 1 3-propane diamine. 1.6-
hexanedianune, 1, 10-decanedigmine, 4.4 -diaminodiphenvl  sulfone,  1,3.5-
trianunobenzene, piperazine, cis-1.3.5-cvclohexanetiaming, and mixtures comprising

two or more of these polvamines.

{0029] Turning now to the figures, FIG. 1 illustrates a conventional apparatus and
method for the preparation of a composite membrane.  The apparatus represented in
FI1G. | compnises a feed roll 10 which delivers a membrane substrate film 20 10 a
membrang coating line 2 having a coating zone 30 in which an agueous sohution
comprising a polvamine and an organic solution comprising a polyacid chloride are
applied to one surface of the membrane substrate film 20, Zone 32 represents an
mterfacial polymenzation zone wherein the polvamine and polvacid chlonde are
converted mto a polvamide.  Zones 34 represent drving stages of the membrane
coating line. Zone 36 represents a wash zone in which the polvamide (nol shown)
disposed on a surface of membrane substrate film is washed with water to remove
water soluble components remaining  following the preceding interfacial
polymenzation and drving stages. Following the wash stage in Zone 36 the coated
filim is again dried in a drving stage 34 to provide a coated membrane substrate film

22 which is wound on receiving roli 100.

[0030] Sull referring to FIG 1. the coated membrane substrate [Hm 22 15 then
subjected to chemucal modification on a membrane post treatment line 4 in order to
ephance the performance characteristics, for example membrane A value™, of the
composite membrane. Thus coated membrane substrate film 22 is fed from feed roll

14 into the membrane post {reatment line 4 whuch comprises a chemical treatiment
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zone 38, a wash zone 36 and a drving rone 34 to provide a product composite

membrane 24 which is stored on receiving roll 100

{0031] Relerring now 1o FIG. 2, the lgwre illustrates an apparatus and a method for
the preparation of a porous base membrane supporled on a membrane backing
material 200, Thus, membrane backing material is fed from feed roll 10 via rollers 21
1o 3 membrane casting solution 32 which is dispersed onto the membrane backing
material 200 via metering knife 3. In one embodiment, membrane casting solution
52 1% a solution of a polyvsulfone m a water soluble solvent such as dimethyl
formamide. The membrane backing matertal coated with the membrane casting
solution is then fed through a coagulation bath 56 contaimng water. The waler-
soluble solvent praseni in the membrane casting solution 15 dispersed nio the
coagulation bath and the porous base membrane precipilates onto the membrane
backing material. The membrane backing material on which 15 deposited the porous
base membrane is then passed through a ringe bath 38 o remove traces of solvent and
1s then stored on receiving roll 100, The membrane backing material 200 mav be
separated from the porous base membrane prior to use of the porous base membrane
to prepare 3 composite membrane.  Alternatively, the membrane backing matenal
may be {eft i contact with the porous base membrane during the preparation of the
composite membrane and removed therealier. In mstances in which the porosity and
strength of the membrane backing material are suitable, the membrane backing
material mav be left as an integral component of both the porous base membrane and

the composite membrang.

{0032] In one embodiment, the membranes provided by the present mvention are
prepared as follows. A substrate film (also referved to as a porvous base membrane) 18
fed through an agueous coating hath compricing water, a polyamine, and a C-Cy
amide compound comprising at least one N-H mwietv. The amide compound is
present in an amount corresponding to from about 0.1 to about 3.5 weight percent
based on the fotal weight of the aqueous coating bath solution.  The porous base
membrane coated on one stde with the agueous solution of polvamine and amide
compound is passed through a device such as a rubber mip roller or an air stream lo

remove excess fluid. The costed porous base membrane 18 then fed through an

9
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orgamic coating bath comprising a water-imuniscible solvent, a polvacid halide, and a
C5-Cy cvclic carbonyl compound. The C3-Cy eychic carbonyvl compound is present in
an amount corresponding to from about 0.1 10 about 3.5 waight percent of the totat
weight of the organic ceating bath solution. Following passage through the organic
coating solulion, the porous base membrane is passed through g drver to remove

solvent and water provide the product composite membrane.
EXPERIMENTAL PART
GENERAL METHODS

{0033] Membrane Fabrication Using Web Coating Apparatus:  Membranes were
fabncated by depositing a polvamide thin film laver over a porous polysullone
ultrafiltration (UF) support (the porous base membrane} using polyamide interfacial
polvimenization chenustrv. A wet polvsulfone UF support web configwed on a
standard web coating apparatus was drawn through a first dip-coating tank contaiming
an aquecus solution of meta-pheneylene diamine (mPD) solution (Solution A). In
gxperiments in which embodiments of the present invention were produced, this
agueous solulion comprised, in addition to the mPD, an effective amount of a C-Cy
amude. Excess aqueous solution on top of the supporl web was removed by a rubber
nip rotler assembly and an asr-knife. Therealler, the web was dragwn through a second
dip-coating tank comprising an organie sofution (Schution B} of trimesoyl chioride
{TMC) i Isopar G solvent. In experiments i which embodiments of the present
invention were produced, this organic solution comprised. in addition to the TMC, an
effective amount of & C:-Cy cvelic carbonyl compound. Contact on the porous base
membrane (the support web) between the Solution A and Solution B resuited in
wterfacial polvmerization of the mPD and TMC components to provide a polvanude
coating disposed on the porous base membrane. The product composite membrane

was then dried in a drying oven and therealter wound upon a spool until needed.

[0034] Porous hase membranes were prepared using a phase inversion method (R, E,
Kesting, 1971, Synthetic Polymeric Membranes, McGraw-Hill} in which a thin film

of a polysulfone solution is solidified by inunersion in a bath containing water, which

10
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acls as a nongolvent for the polymier.  Thus, 3 casting solutton comprising
ULTRASAN S 6014 polvsulfone (BASF} was prepared by dissolution of the polymer
it a nuxtare comprising  dimethvt  formamide (DMF) and  elhvieneglveol
monomethylether.  The casting solution comprnised about 16.3 percent by weight
{wi) polysullone polvmer and 8 percent by weaight ethyvleneglveol monomethviether
with the balance being DMF. The casting solution was metered out onto a reinforcing
non~woven polvester fabric support web and the coated support was immersed in a
water hath to provide a porous polvsulfone film. Residual selvent was removed from
the porous polysulfong [iim by washing the porous polvsulfene film with water. The
porous polvsulfone [ilms, also veferred to as polvsalfone uliraliftration (UF)
membranes, were kept wel until used. The porous potysitfone films prepared in this
mamer were uselul as the porous base membrane component of the composite

membranes provided by the present mvention.

[0033] Membrane Peslormance Testing: Membrane fests were carmned out on
composite membranes configured as a Qat sheet in a cross-flow test cell apparatus
{Sterlitech Corp., Kent WA} (model CF042) with an effective membrang area of
35.6% em’. The test cells were plumbed two in series in each of 6 parallel test lines.
Each hne of cells was equipped with a valve to tun feed Bow on/off and regulate
concentrate flow rate, which was set to 1 gpm {gallon per minute) in all tests. The fest
apparatus was equipped with a temperature control system that included & temperature
measurement probe, a heal exchanger configured to remove excess heat caused by
pumping, and an air-cooled chiller configured {0 reduce the temparatre of the coolant

circulated through the heat exchanger.

[0036] Composile membranes were first tested with a fluorescent red dve (rhodamine
WT from Cole-Parnmer) to detect defects. A dve solution comprising 1% rhodamine
red dve was spraved on the polvamide surface of the composite membrane and
atlowed to stand for 1 munute, after which time the red dve was rinsed off. Since
rhodamine ved dve does not stain polvamide. but stains polvsalfone strongly, a defect~
free membrane should show no dve stain after thorough rinse. On the other hand, dve
stam pattemns {e.g. red spots or other nregular dve staming patierns) mdicate defects

in the composite membranes.  The membranes were cul into 2 mch x 6 nch

i1
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rectangular coupons, and loaded mnto cross flow test cells. Three coupons (3
replicates) from each tvpe of membrane were tested under the same conditions and
the results obtained were averaged to oblain nean performance values and standard
deviations. The membrane coupons were first cleaned by crculating water across the
membrane in the test cells for 30 minutes to remove any residual chemicals and dyes.
Then, synthetic brackish water containing 300 ppm magnesium sulfate was circulated
across membrane at 63 psi and 25 °C. The pH of the water was controlled in a range
of from pH 6.5 1o pH 7.5 After one howr of operation. permeate samples were

collected for 10 minutes and analyzed.

[0037] After the initial test period, test coupons were exposed to 70 ppm of sodium
hyvpochlorite at 25%C for 30 minutes. The lest coupons weare then rinsed with
deionized water for 1 how. Following this “chlermation™ procedure the test coupons
ware again tested for reverse osmosis membrane performance with the synthetic feed
solution contmning 300 ppm magnesiwm sulfate as described herein.  Solution
conductivibies and temperatares were measured with a CON 11 conductivity meter
{Oakion Instruments).  Conductivites were compensated to measurement at 23 °C.
The pH was measurad with a Russell RLOGOP portable pH meter (Thermo Electron

Compl

[0038] Permeale was collected in a graduated oviinder. The weight of the pevmeate
collected was determined on a Navigator balance and time intervals were recorded
with a Fisher Scenufic stopwatch. Membrane permeability. expressed in terms of
“A value”, was calculated mn each case. The A values obtained represent the
permeability of water through the membrane and were measured at standard
temperature (77°F (25°C)). A values reported herein have units of 107 ems-cor’™

abm,

[0039] A values were calculated from permeate weight, collection time, membrane
area, and transmembrane pressure. Sali concentrations in the permeate and the feed

solutions weare measured by conductivity to give salt rgjection values,
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[0040] In cerlain instances, the prodoct composite membrane was rinsed with hot
deronized waler and stored m a refrigerator before until testing or element fabrication.
In one embodiment, the product composite membrane was freated with a solution
containing polyvinyl alcohol solution and then dried before storage, testing, or

element fabrication.
Comparative Example 1:

{0041] A polvanmude coated thin film conypostie RO membrane was fabricated using a
laboratory membrane coater. An aqueous coating solution (Selution A, nonunaily
91.2 wi% watery was prepared and conlained 2.0 wite meta-phenyiene diamine
(PD). 6.6 wiYe inethylammomom camphorsuifonate (TEACSA), and 0.2 wi¥e
sodium larvl sulfate {CAS # 151-21-3) (SLS). An organic coaling solution {Solution
B} was prepared and contamed 011 wi%h  trimesoy] chloride {TMC) in Isopar G
Using g pilot scale membrane coater, and following the General Polvmerization
Procedure deseribed in the General Methods Section, a wet polyvsullone porous
support film was first coated with the agqueous solution containing the m-
phenvienediaming (Solation A} and then coated with the organie solution comprising
the tnimesovl chloride (Solution By to effect an interfacial polymerization reaction
between the dimmnine and the tnacid chioride at one surface of the polvsulfone porous
support film, thereby producing a thin [ilm composife reverse osmosts membrane,
The product membrane was tested in triplicate as described i this sechion using a
solution of magnesiont sulfate (300 ppm MgaSQy) at an apphed operating pressure of
63 pounds per square inch (pst) and operating crossilow rate of 1.0 gram per numute

{grams per mole), at pH 7 ¢ The test results are shown in Table 1.



WO 2010/135033 PCT/US2010/029631
Table |
Enny Merahrane & 5 Saht Passage Memnlwane A Value 45 Salt Passage
Yalue {hefure After chborination)
cllorinaticn) {Before chlornation {Adter chlovination)
Cowmparative L7 149 14 108
Example }

[0042] Following the test, the membrane was contacted with an aqueous solution
containing 70 parts per million {ppm) of sodium hypochlorite at 23 “C for 30 minutes.
The membrane was then rinsed with water for | hour, and then tested again with the
magnesium sulfate solutton under the same conditions used previously (300 ppm
MpSQy, operating pressurg 63 {pst) and operating crossflow rate of 1.0 (gpmy), pH 7.0,
ambient temperature) to provide the data in Table 1 labeled “Membrane A Value

(After chlorination)” and ™% Salt Passage (After chiorination)™.
Comparative Examples 3-4

[0043] Polvamide thin film composite RO membranes were fabricated as in
Conparative Example 1 with the exception that the aquecus coating solution
{(Solution A) hather comprized from 1.5 wi% 1o 3.3wi% acetamide. The prodact
composite membranes were tested and membrane A-values and sall passage
properties were measured.  Data are gathered in Table 2. The data show that when the
aquenys coaling solution containg dissolved acetamude performance is enhanced
relative to a control (Comparative Example 1) Comparative Examples 2-4 suggest
that al higher concentrations of acelamide, the porous base membrane mav be
sensitive to the amount of acetamide present in solution A and at 3.5 weight percent
acetamide for the particular porous base membrane used in these Comparative

Examples 2-4, resalt in a poor quality product composite membrane.

{4
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Table 2 Comparative Examples 2-4 Showing the Elfects of a Single Additive in Solution A
(acetamidey on Membrane Performance

Before Tresiment of Membrane with Adter Treatment of Membrane with
Hypochiorite Hypochlodie
Entey  Aoelsmidel Membrane A | A valie | % Salt Passage Membrane A 1 A valoe Yy Salt
cope. | Value (hefow | inorease {Before Value inerease Passage
fwta) | chlunnation) iver chlotnation} Vet
corol corrol
Comparative - 117 149 101 103
L3 W SO S N S S A N
IR 1.3 133 3.8 1.2% P37 5.6 1.29
Exampde 2
Comparative] 23 163 4.8 08 16.4 6.3 }8
Lxample 3
Comparativel 3.3 Poasr qradity composite membrans™*
BT O

¥ A poor quality membrane wag defined as a membrane having an A value <7 and %
salt passage »10% (ypically i the range of 10-40% salt passage). The poor RO film
quality was also evident by excessive and irregular dve staining patterns when fested
with rhodamine red dve as described herein.

Comparative Examples 5-7

{0044] Polyamide thin film composite RO membranes were fabricated as in
Comparative BExample 1 with the exception that the organic coating sotution (Schution
B) further comprised from 1.5 wifvol% (2 wiwt®o) 2.5wtfvol% (3.3 witwt%) or 3
wifvel% (4 wiywtdo) evelohexanone {chex). The product composite membranes were
tested and membrane A-values and salt passage properties were measured. Data are
gathered in Table 3. The data show that when the organic coating solufion contans
dissolved cyclohexanone performance of the producl composite membrane is
ephanced relative to a control (Comparagtive Example 1),  The data show that
composite membrane performance 1s enhanced by cvelohexanone but that the porous
support membrane is damaged by as little as 4 weight percent cvelohexanone as an

additive i the organie coating solution (Solution B},

h
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Table 3 Comparative Examples 5-7 Showing the Effects of a Single Additive in Solation B
(cyclohexanone) on Membrane Performance

Before Tresiment of Membrane with Adter Treatment of Membrane with
Hypochiorite Hypochlodie
Entey Membrane A | A cvalue T % Salt Passage Membrane A 1 A valoe Yy Salt
Value {hefove | inorease {Before Value tnerease Passage
chlonnation) ver uhlonnatinm Ve
corol corrol
Comparative - 117 - 149 101 - 103
be 4 %
rpReave 20 6.7 1% 1.38 262 16.5 0.7}
Exampde 3
Comparative] 33 3.7 19 217 32 219 1,36
Lxample 6

Comparaivel 4.8 o quality membrane **
Example 7

¥ A poor quality membrane wag defined as a membrane having an A value <7 and %
salt passage »10% (ypically i the range of 10-40% salt passage). The poor RO film
quality was also evident by excessive and irregular dve staining patterns when fested
with rhodamine red dve as described herein.

Exampie |

{0045] Polyamide thin film composite RO membranes were {abricated as in
Comparative Fxample 1 with the exception that the agueous coating solution
(Solulton A) further comprised 1.5 wi% acetamide and the ovganic coating solution
{Solution B) further comprised 2. 5wi% (Example 2) cvclohexanone {chex) The
product composite membranes were tested and membrane A-values and salt passage
properties were measurad. Data are gathered in Table 4. The data show that when
both the aqueous and the organic coating solutions contain a performance enhancing
addinive, performance of the product composite membrane is enhanced relative to the
controls (Comparative Examples 2 and 6} contaming only one performance enhancing
additive i erther the aqueous of the orgamic solation. Comparative Examples 1, 2 and

6 are included in Table 4 for converience.

{6
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Table 4 Example 1 and Comparative Examples 1, 2 and 6 Showing the Bffects of Additives
in Both Solution A {acetamide) and Solution B {evclohexanone: on Membrane Performance

Hefore Treatment of Membrane with After Treatmrent of Membrane with
Hypochiodte Hypochlonis
Entry Chex | Membrane A | Avalne | % Sali Passage | Membmne A | A value T Salf
cone. | Value thefore | incrense {Betore Yalne e Fassage
{otiwitdrt chlonnationd over chiornation) Qver
ciadrol coirol
Comparative - 117 - {4 11N - [FA)
Example 1
Comparative ¥ 135 38 124 137 KKl A
Examgde 2
Comparativ 33 3057 115 2017 a2 219 128
Example 6
Example 1¥ 3 49.6 375 266 44 .37 3427 243

B3

Comparative Example 1 contained no membrane performance enhancing additives
* Agqueous coaling solution (Solution A) confained 1.5 wifwt% acetamide as a
membrane performance enhancing additive.

{0046] Comparative Example 1 (Table 4) illustrates the effect of acetamide as
coating Solution A, Thus, when coating Solution A further compnised 1.5%
acelamide a 3.8 A-value enhancement was observed relative to the control
{Comparative Example 1) before chlormation. Comparative Example 6 (Table 4)
showed that when the orgamic coating solution further comprised 3 3wiiwit¥
cvelohexanone a 19 point increase of A-value was observed relative to the conirol
containing no additive in either Solution A or Solution B, In Example 1, however, an
A-value enhancement of 37 9 was achieved when the agueous coating solution further
comprised 1.3% acetanmde additive (refative to Comparative Example 1) and the
organic coaling solution further comprised 3.3wt/wi% cvclohexanone (relative lo
Comparative Example 1), This effect of the two additives together 1s far in excess of
the solated effects of either acetamide alone or cvclohexanone alone. A clear, and
surprising svnergistic effect is observed when the two additives are emploved
together. The combined effect (+37.9) on membrane A value of the two performance
ephancing components 1s significantly higher than the sum (+22.8=19+3.8) of the
effect of each alone. This synergistic effect of the combination of g cyclic carbonyd
compound in the organic coating solution and a solid anude comprising the N-H
motaly 1y 1he agueous coating sohution 15 unespected given the relatively minor fux
enhancements observed when only one additive 15 emploved m either the agueous
coating solution or the arganic coating solution, Tt is also noteworthy that whereas a

single membrane performance enbancing additive m either of the agueous coaling

17
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solution {Solution A) or the organic coating solution (Solution B) i excess of 3.3
weight percent will damage the porous membrane support used in this Example 1 and
Comparative Examples, no damage o the membrane was observed in Example |
despite the fact that the coated composite membrane of Example 1 comprised an
amount of total membrane performance enhancing additives comesponding to more

than thal used in either of Comparative Examples 4 and 7.
Fxamples 2-8 and Comparative Examples 3-16

{0047] Membrane Fabrication Using Handframe Coating Apparatus: Composite
membranes were also prepared using a handframe coating apparatus consisting of a
matched pair of franmes in which the porous base membrane could be fixed and
subsequently coated with a polvamide coating comprising a Cs-Cy ¢velic carbonyt
compound and a (-Cy amude compound.  The following procedure was used. The
porous base membrane was {irst sogked in deionized water for at least 30 nunutes.
The wet porous base membrane was fixed between two 8 inch by 11 inch plastic
frames and kept covered with waler untit further processed. Excess water was
removed from the porous base membrane and one surface of the porous base
membrane was treated with 200 grams of an aqueous solution comprising meta-
phenvienadiamine (2% by weight), tiethvlamine (2% by weight), camphorsutfonic
acid € 4.6% by weighl) and the a C-Cy amide compound, the upper portion of the
frame confining the aqueous solution o the surface of the porous base membrane,
Afler a period of 30 seconds, the agueous solution wag removed from the surface of
the porous base membrane by tilting the assembly comprising the frame and the
trealed porous base membrane until only 1solated drops of the agueous solution could
be observed on the surface of the treated porous base membrane. The treated surface
was further {reated by exposure to a gentle stream of air to remove solated drops of
the aqueous solution. The ireated surface of the porous base membrane was then
contacted with 100 grams of an organic solution comprising frimesoyl chioride
{0.11% by weaight) and a Ci-Cs cyvehic carbonyl compound in fsopar G solvent.
Excess organic solution was then removed by tilting a commer of the frame and
coltecting the excess organic sofution in a suitable collection vessel. The frame was

then retumed to a hovizoutal position and the remaiung film of organic solution on

i8
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the treated surface of the porous base membrane was alfowed 1o stand for about 1
minute. The remaining organic solution was drained from the treated surface of the
porous base membrane with the aid of a gentle air stream.  The treated assembly wag
then placed m a diving oven and maintained at a temperature of 10°C for a penod of
about & minutes after which the composite membrane was tested. Composite
membranes provided by the presentinvention and composite membranes constituting
Comparative Examples were prepared using the loregoing handframe procedure and

performance data for these membranes 1s provided m Table 5 below.

Ci-Cy , Cs-Cy ovelic carbonyl , A
2 - » 2
Entry _ wi% wi%
armide compound Vaiue
PSS o BOUL o 1E3S
Comparaive ) . .
formanmide 3 3 e 13.75
Example 2
Comparalive _ )
_ - acetanude 3 HOE o F4,40
Lxample 10
Comparative . o
) snechumide & TOnE e 1207
Lxample 11
Comparative _ _ . )
proprsnamde 3 RO e FGIS
Bxample 12
Comparative .
fnons —n evelohexanone 25 1768
Example 13
Comparative .
noe e v-hutvrolactone 3 887
N fie 14 o
Inaraphe 1
Comparative
. 15 TEOTHE e y-bubvrolactone 1.3 JEIR
Fxamaple 13
Comparaiive .
p fo 1€ TV . y-butvrolactone 0.3 19.87
Example TG
Example-2 formmnide 3 evelolexanons 2.5 2184
Exmnple-3 acetamide 3 evelohexanone 25 2372
xample~d formanide 3 w-huivrolactone 13 2T
Evample-3 acetamide 3 ybutyrolactone
succiniraide b eyelohevanones
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Fapmple-7

propiotamide 5

cyelolenanone

S

nple-8

batyranide

avelohe

NERGNS

* Weight percentage of the amude

organic and agueous soluttons respectively.

and cyche carbonyl co

mpound additives mn the

[0048] The data for Examples 2, 3, 5 and 6 wn Table 5 are consistent with the

svnergistic effect of the amide and ¢yelic carbonyl compound additives observed in

Example 1. Unaccountably, no synergistic effect was observed in Examples 4 and 7.

The magnitude of svnergistic effect of the two additives can be ascerfained by

comparing the effect of each additive singly on the “A value™ performance of an

untreated control (Comparative Example 8 (11.36)) versus the combined effect of the

two additives. This set of comparisons 1s provided in Table 6 below which clearly

shows svnergistic effects tn sach of Examples 2, 3, S and 6.

Table 6 Svnergistic Effect of Amide and Cvelic Carbonyl Compound Additives

24-Cy ovohe

A Value

Bynergistic

Formannde

Eotry C5-Cy nmde carbonyl . -
Inhancement Erihastcerne
cosupomd

Compamtive o

_ none Heng 000 e

Lxample 8
Comparative 3%

N 239 -

Bxample 16

butvrekictone

B ) 346 acetamide none 304 -
Example 10
Comparalive St ‘

) o nofe (.72

Example 1 sucehtimide
Comparaiive 5%

N ) ] ) TOTH 4832

Example (2 propionamide
Comparative 3%

N ) none ) 6.32 ---
Example 13 evelohexanone
Clommparative oy -
. o0 8351 e
Example 14 butyrolactone
Comparative £3 %y s
. . nong S.82 ---
Example 13 batyrolacions
Comparative 0.53% y- o
Pty 851 .

20
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2.5%
Example-2 3% formarmide 10.48 137
evelohexanone
2.3%%
Example-3 3% acetamide 11.36 200
evelohexanons
) o € 3% ¢~
Exaraplo-4 3% formanide 1034 (0.3
butyrolacions
. _ £.5% - )
Examypde-3 3% acelamnde 1273 s
bribvrofactone
) 5% 2.5%, )
Exanaple- o _ EREE 2.67
shceinimide cyelohexanone
- 5% 253%
Exanple-7? H {34

[0049] This written description uses examples {o disclose the mvention, includmyg the

best mode. and also to enable any person skitled in the art (o practice the inveution,

including making and using any devices or systems and performing any incorporated

methods. The patentable scope of the invention is defined by the claims, and may

mciude other examples that occur o those skilled in the arl. Soch other examples are

intended to be witlun the scope of the clanms if they have structural elements that do

not differ from the literal language of the claims, or if they include equivalent

siructural elements with insubstantial differences from the literal fanpuages of the

claims.
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What 1s claimed is:

I, A composife membrane conymising a porous base membrane and a
polvamide coating disposed on said porous base membrane, said polvamide coating
comprising a C-Cy ovelic carbonvl compound and a C~Cy anude compound, sad

amide compound comprising at feast one N-H moiety.

2, The composite membrane according to clatm 1, wherem the porous base
membrane 15 selected from the group consisting of polvsulfone, polvethersulfone,
polvester,  polyphenyleneoxide,  polyphenyvlenesulfide, polvvinvl  chionde,
polvacrylonitnie, polvvinvhidine fluoride. polvtetralluoroethyviene.,  polycarbonate,

polvimide, polvetherimide, polvetherketone, and polvetheretherketone.

[

3. The composite membrane aecording to claim 1, whergin the porous base

membrane is & porous polvsulfone film.

4. The composie membrane according to clamm 1, wherein the ovclic
carbony! compound s selected from the group consisting of cvclobutanone,
cyclohexanone, cyvclopentanone, butvrolactone, valerclactone, ethvlene carbonate,

and propylene carbonate.

5. The composite membrane according to claim 1, wherein the cvelic

carbonvl compound is evelohexanone.

6. The composite membvane according o claim 1, wherain the anude
compound is selected from the group consisting of  {ormanude, acetamide.

propionanude, butyranude, and succiinude.

7. The composite membrane according to clanm 1, wherein the anude

compound 18 acetannude.
8 Amethod of preparing a composite menmbrane comprising:

contacting under inlerfacial polvmenzation conditions an organic solution
comprising a polvacid halide with an aqueouns solution comprising a polvamine, said

contacting being carried out on a surface of a porous base membrane, sard organic

3
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solutton further comprising a Cx-Cy evelic carbonyl compound, said aqueous solution
comprising a C-Cy amide compound, said amide compoond comprising at least one

N-H moiety.

4. The method according to claim 8, wherein the porous base membrane is
selected from the group consisting of polvsulfone, polvethersulfone, polvester,
polyphevivleneoxide, polvphenyvienesulfide, polvvinyl chioride, polvacrvlonitrile,
polvvinylidine fluoride, polvtetrafluoroethvlens, polvearbonate, polvetherketone, and

polvetheretherketone.

10, The method according to claim 8, wherein the porous base membrane 1s

a porous polysulfong membrane.

11, The method according to claim 8, wherein the cvclic carbonel compound
15 selected from the group consisting of cvclobwtanone, cyclobexanone,
cvclopentanone, butyrolactone, valerolactone, ethyvlene carbonate. and propylene

carhonate.

12, The method according to claim &, wherem the cychic carbonyl compound

1s evelohexanone.

13, The method according to claim 8, wherein the amide compound is
selecled from the groep consisting of  formamude, acetavude, propionamide,

butvranude, and succinimmide.

14, The method according to claim 8. wherein the amide compound 18

acetamide.

i

L

The method according o claim 8, wheremn said C3-Cy cyelic carbonyl
compound 1s present in an anmounl corresponding to [rom about 0.1 to about 3.3

weight percent of a total yeight of the organic solation,

16, The method according to claim 8, whesrewn said C-Ce amide compound
16 present i an amount covresponding to from about 0.1 to about 3.5 weight percent

Lol

of a total weight of the aquecus solution,

3]
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17. The mwethod according to claim 8, wheremn said organic solution

comprises an aliphatic hvdrocarbon solvent.

18, The method according lo clum & wherem said polvacid halide

comprises tnmesovl chlonde

19 The method according fo claim 8, wherem sard polvanune comprises

meta-phenylene diamine.
20, A method of preparing a composite membrane compnsing:

contacting under interfacial polvmerization conditions an organic solution
comprising an organie tnacid chlonde, an aliphatic hydrocarbon solvenl, and
cyciohexanone, with an aqueous solution comprising an aromatic diamine, water, and
acelamide, said contacting being carrted out on a swiace of 8 porous polvsullone
membrane, said cyelohexanone being present in an amount corresponding to from
about 0.1 to about 3.5 weight percent of a total weaight of the organic solulion, said
acetarmide being present in an amount corresponding to from about 0.1 1o about 3.5
weight percent of a total weight of the aqueous solution, sad contacting bemng carried

out at a lemperature in a range from abowt 0°C to about 80°C .



