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possi bl e twildp ahdS6ns BE, BIBNIOL470-85445-6). For practical applications, membranes are

generally not used in their cast form; rather they are incorporated into a membrane
module. The design of membrane modules is tailored to provide a relatively high surface
area of membrane per unit volume of feed solution to make a compact separation process.
Common membrane module formats are spiral wound modules for polymeric membranes
cast in sheet format, monoliths for ceramic membranes, hollow fibre modules for
polymeric membranes cast in tubular form, and other formats are known to those skilled
in the art. Other aspects of membrane modules that are important are that they provide a
means of (i) protecting the membrane from damage during transport and handling, and (ii)

directing the process flow(s) over the membrane surfaces.

Membrane modules contain several components, often fabricated from different materials,
which must be attached together. When the components are fabricated from similar
materials, techniques such as ultrasonic welding or hot melt welding can be used to join
and fuse the components together. However, it is often not possible to do this, as either
the materials are sufficiently chemically different that welding techniques do not work, or
there is insufficient space/access to successfully apply the technique. Thus, adhesives are

most commonly used to join together the components of a membrane module.



the materials are sufficiently chemcally different that wel ding techni ques
do not work, or there is insufficient space/access to successfully apply

t he t echrwvQue10/0Bbags, adhesi ves are nost comonly used t @CjraiBrotvagersher t he
conponents of a nmenbrane nodul e. A suitable adhesive for fabricating a
menbrane nodul e has to provide a nunber of properties: (1) it nust be
resistant to the chem cal environnent in which it wll be used once cured;
(2) it nust be of a viscosity that allows it to be dispensed easily when
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t hat contalns e r oxy ups an I'l Socyanat e conpound t hat
reacts w tdihtdines rydemobryhe godupdromionhe ¢pokyald fobyufahane tased hdirsvdsonds - each
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different polyol nolecules thus formng crosslinks. It is known to those
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ring and formation of bonds with other molecules in the adhesive (crosslinking). In the
case of polyurethanes, these are a polyol compound that contains multiple hydroxyl
groups and a diisocyanate compound that reacts with the hydroxyl groups on the polyol to
form urethane bonds — each isocyanate group on the diisocyante compound is capable of
reacting with different polyol molecules thus forming crosslinks. It is known to those
skilled in the art that other components can be added to epoxy and polyurethane
formulations to modify their properties, e.g. additives can be used to modify (i) rheology
of the uncured material; (ii) colour; (iii) electrical properties; (iv) optical properties; (v)
flexibility; and (vi) thermal conductivity (see for example “Epoxy Adhesive
Fomulations”, E.M. Petrie, McGraw-Hill, 2006, ISBN 0-07-145544-2). However, the
main factors influencing chemical resistance are (i) the choice of the two base components
of the adhesive (i.e. the specific epoxy compound and curing agent for epoxy adhesives,
and the choice of polyol and diisocyanate molecule for polyurethane adhesives), and (ii)
the extent to which the crosslinking reaction has completed. This is particularly important
for filtrations in organic solvents, where a membrane module may be used with a wide

range of types of organic solvents and solutions, and thus maximising chemical resistance
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m crowaves, though materials containing other polar noieties will be
temperature may have a detrimental effect on membrane performance, i.e. reduced flux or

altered separation properties.

In the field of membrane technology, a number of uses of microwaves have been reported.
Materials containing water or molecules containing hydroxyl groups are particularly
strongly affected by microwaves, though materials containing other polar moieties will be
affected to a lesser extent. Microwaves can be used to excite polarisable bonds, e.g.
carbon-oxygen and oxygen-hydrogen bonds, in chemical structures to promote the rate of
chemical reaction. This can be used as an alternative to thermal heating to drive chemical

reactions.

DE10333639, IT11809074, JP900088S, JP2005131177 and JP2006263600 all teach the
use of microwaves to dry solvent from cast membranes through microwave heating in a
reduced pressure or vacuum environment. This allows the membrane to be successfully
dried prior to further processing without introducing any thermal damage. JPS8088005
teaches a variation on this technique, wehreby a section of membrane is preferentially

dried so that adhesives used to form the module will adhere successfully to the membrane.



affected to a | esser extent. Mcrowaves can be used to excite pol arisable
bonds, e.g. carbon-oxygen and oxygen-hydrogen bonds, in chem cal structures
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teach the use of m crowaves g t he Propertl es of a
Polymer Journal, 39, pp. 247 254 (200 )) also teach the use of microwave assisted

reaction chemistry to form poly(amide-imide) materials.

US3864289 and US4776936 teach the use of microwaves to modify the properties of a
membrane after the memrbane is cast. US3864289 teaches the use of microwaves to
promote in situ crosslinking of a cellulosic membrane. US4776936 teaches the coating of
the active surface of a membrane with a polar activator, such that when the membrane is
irradiated with microwaves the localised heating on the active surface causes it to densify
and increase selectivity for gas separations. JP9241406 teaches the use of microwaves to

form a plasma. The plasma is then used to modify the active surface of a membrane.

Metal components can be incorporated into assemblies that are irradiated by microwaves.
However, the components have to be protected to prevent arcing due to the high frequency
electric field that is generated inside the microwave irradiation apparatus. Two main
techniques may be applied to eliminate arcing: (1) the metallic component is earthed with
a suitable wire to the wall of the processing cavity inside the microwave apparatus, as this
maintains the wall and the component at the same electric potential and thus there is no

potential difference to generate an electric arc (e.g. as used in JP58088005), and; (2) by



menbrane after the nenrbane is cast. US3864289 teaches the use of
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arise in tfi§ does not arise when curing or activating a surface that is already properly located.
Furthermore, the frequency and duration of the radiation must be chosen carefully or the

process will not work. This means that the method is not always reproducible.

Equally, existing methods of curing adhesive with a membrane are not without their
problems. Such processes are time consuming and require heating over a period of time.
The heating may adversely affect other parts of the membrane. There may be a problem
of insufficient or excess heating of the adhesive and/or the rest of the membrane
ensemble. There is thus a need to provide a process in which the adhesive can be heated
selectively in preference to surrounding parts of the membrane. There is also a need for a
process which is faster and more efficient than existing methods, thereby minimising
production time and cost. 'The present invention satisfies some or all of these aims and

overcomes problems with prior art processes.

According to one aspect of the present invention, there is provided a process for
manufacturing a membrane module comprising a polymeric membrane, a feed spacer, a

permeate spacer, a permeate tube, and end caps, the process comprising the steps of:



tradi tional nmethod involving slower heating of the parts and the adhesive.
The probl em al so does not arise when curing or activating a surface that is
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time and cost. The present invention satisfies sone or all of these ains
and overcones problenms with prior art processes. According to one aspect of
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positioning the polyneric menbrané in its desired location within the

menbr ane nsthonexygenmr oxigee hzdrggeadandrenbr ane nodul e ensenbl e; and (c¢)
applying mcrowave radiation to the green ensenble. In an enbodi nent, the
pol ari sabl e bond is one or nore of: a carbon-oxygen, carbonnitrogen,
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and the module is exposed to microwaves to cure the adhesives used to seal the module.

The radiation may be applied continuously, or in the form of pulses of radiation.

The energy of the radiation is calculated by reference to the nature and size of the
membrane and the nature of the adhesive. Similarly, the frequency of radiation is chosen
by reference to the nature of the adhesive. The duration of radiation exposure is
calculated and carefully controlled. The time period when the radiation is applied as a
pulse is between (.1 seconds and 10 minutes, and is preferably from 1 second to 5
minutes for individual pulses of radiation. Alternatively, when the radiation is applied

continuously, the radiation is applied for between 1 minute and 24 hours.

Many adhesives, such as epoxy adhesives, contain polarisable bonds, e.g. the carbon-
oxygen bonds in the epoxy resin oxirane rings, and thus microwaves can be used to cure
the epoxy adhesive. However, non-reactive materials with polarisable bonds simply heat
up in the presence of microwaves. Therefore, when microwaves rather than thermal
heating are used to cure epoxy adhesives in membrane modules, the module components
(including the membrane) must contain a minimal content of polarisable bonds to prevent

substantial heating of any material apart from the adhesive.



wound nenbrane nodul es which are particularly suitable for use in organic
sol vents. The nenbrane nodul es are forned using conventional nenbrane
nodul e r oWDi2ng/@3e@hni ques and the nodul e is exposed to RCEGBONAS1IS6 cure

t he adhesi ves used to seal the nodule. The radiation may be applied
continuously, or in the formof pulses of radiation. The energy of the

radi ation is calculated by reference to the nature and size of the nenbrane
and the nature of the adhesive. Simlarly, the frequency of radiation is
chosen by reference to the nature of the adhesive. The duration of
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capabl e excess which would cause the problem of overheating. The number of polarisable bonds
chosen in a particular adhesive may vary depending upon the end application i.e. the
nature of the membrane assembly being produced, bearing in mind the above balance.
The adhesive must cure to a sufficient degree to guarantee the structural integrity of the
membrane assembly. In practice, this generally means that the adhesive cure was fully.
However, there may be cases when the adhesive is only, for example, 80% cured or 90%
cured but that degree of curing is sufficient to ensure the structural integrity of the
membrane assembly. It is also possible, in such circumstances, that curing continues have
to application of the microwave radiation has ceased due to residual heat etc. and Since
the membrane polymer material is not susceptible to microwave radiation, there is no
significant heating of this polymer material. The heating is thus localised in the adhesive
to permit curing of the adhesive without heating of the membrane assembly as a whole.
The invention can thus be used with a wide range of susceptible (to microwave radiation)
adhesives and non-susceptible polymer materials. The curing time and temperature for
the adhesive will vary depending on the adhesive and its specific application.
Temperatures less than 50 degrees will be typical for the curing process, with a

temperature of less than 40 degrees being preferred and in some cases the temperature



of being excited by mcrowave radiation wwth the effect that the adhesive
cures. It is therefore inportant that there is a sufficient nunber of

pol ari sabWe 2bmwvdso4or functi onal groups capabl e of bei ngPeXaiB2eeh/d5¥255

m crowave radiation to enable the adhesive to absorb enough heat to cure.
As stated above, the exact |evel of polarisable bonds is a bal ance between
providing sufficient to ensure adequate heating and ensuring that there are
not an excess which woul d cause the probl em of overheating. The nunber of
pol ari sabl gapends tﬁ&}pﬁﬁ&g&&s aspdlatly GHhfraBENE 3és¥ SalBYhoVA ord SR&MMBINY upon
the end application i.e. the nature of the menbrane assenbly being
produced, BwdhimgSihquig pideven desa thane). har B deursThey brndkgice radieveihe to a
sufficient, Qﬁ%@1£@oﬂﬂﬁﬁ?ntee the structural integrity of the nenbrane
assenbl y. T prac Ice s generally neans that the adhesive cure was
fully. However, there may be cases when the adhesive is only, for exanple,

80% cur ed r 90W cured but. t hat rin t 0 _ensure
the st r act TEARSHELER? PP ite P ites andle, BE Uiy Pt B8 sb8ufbre. i
such ci r cwokitianC@mprikingh selvEnt Agd Gieddled uelatela aEshb@ingpéiteaddl efjectibn bhe

m crowave radi ati on has ceased due to residual heat etc. and Since the

menbrane pBf JHEES samblepgiemperatygy b scapbrang modyls PrduscR e ragsssefiteh, t her e

is no si g%rfaéeﬁﬁmrenh@@tvﬂﬂgt Qi drlly SRRk YO Ry BRI h@knbmﬁe%mt!@@; inBghdSr t hus
| ocalised in the adhesive to pefmt curing of the adhesive without heati ng

of the mentuamel miegsih| Vheaguakitydheresatieg jomyerddtign teemmverigsalbebarded with a
w de range 8181?1%{%% I:tleP L€ 4 (rgsgltaﬂfgﬁoq%fﬁyrgfuﬁ agi LPmk RANES! ¥ESm

non- suscep e po mat er | e curing tine an enper a ure for the
adhesi ve mmbmﬂwamykﬂemandmmgammﬁmmmnadhasnmmmmndbuismsmexlf|c application.
Tenperatures | ess than 50 degrees will be typical for the curing process,
wth a tenperature of |ess than 40 degrees being preferred and in sone

cases the TiRMenBhb¢ aivayle ROmpa&S 4 P@lg»m&ﬁb HREbRAS . fesl AAd Pérnyate tspaBrsf r anes  of
| ess than 1 hour, nore preferably less than 0.5 hours, or even |ess than

0.2 or O. 1peﬁa%ﬁt%w%fn%éapétﬁnfl.aéheé% Ths aghsivevised wdombyd eddhagRRanGf

curing. module is cured using microwave radiation to render the specific adhesive composition

used as resistant to the organic solvent feed solution as possible. The adhesive must
include sufficient polarisable bonds to ensure adequate microwave heating. In one
embodiment, a minimum number of polarisable bonds can be characterised as 1 bond per

5000 molecular weight units and a maximum of 1 bond per 50 molecular weight units.

The present invention also relates to an adhesive susceptible to microwave radiation, as

described, which can be used to joint parts of a membrane ensemble.

Membrane module components for use in the process comprise feed spacers, permeate

spacers, permeate tube, and end caps.

Materials for membrane module components consist of polypropylene, polyethylene,
polyolefin blends, polyester, polyethylene terephthalate, polybutylene terephthalate,
polyetheretherketone, polyamide, polyphenylene sulphide, polyvinylidene diflouride,
polytetrafluoroethylene, ECTFE, FEP, PFA, carbon steel, stainless steel, and nickel alloys.



The invention also provides a nmenbrane nodule for the nanofiltration of a
feed stream sol ution, conprising a solvent and di ssol ved sol utes and
show ng pweferoenssi4al rejection of the solutes at anbi enPCraRerasesé. The
menbr ane nodul e produced by the process of the present invention, whilst
outwardly simlar to conventional nenbrane nodul es, has better structural
integrity. The quality of the resulting joints relative to conventionally
bonded nenbranes is better as a result of nore careful control of the
heating. The MRMAWAOS R RCA SRAND ARt B5HaBK L@t dehicarymace in
filtering feed solutions. The nmenbrane nodul e conprises a pol yneric

menbr ane, hdeechdhgrivedeimpgaion. spacers, permeate tube, end caps, and adhesive.
The adhesive used to formand seal the nenbrane nodule is cured using

m crowave radiation to render the specific adhesive conposition used as
resi stant the mibveavganire Bl eritvafigdd fre@lendy and ney hpossngedeo eMhi@nadhesi ve
must i ncl ude E@%f%%hent ﬁol%rhﬁ%ble bonds to ensure adequate n crowave
heat i ng. I'RO6hE 8 GBS 2N um nunber  of pol ari sabl e bonds can be
characterised as 1 bond per 5000 nol ecul ar weight units and a nmaxi mum of 1

bond per 50 nol ecul ar wei ght units. The present invention also relates to
an adhesi v nsthod dripmpiae # oy wWPHdeEnhrany medulsn comprisge8e e,  whi ch can be

used to j Odapéutﬂ%rﬁlén&ﬁn@d%m&g@ceﬁﬁﬁémls% thMesRI AM ARG 6 GOBRRAENt s f or
use in the process conprise feed spacers, perneate spacers, perneate tube,

and end caps.of Nembrangmpdflgr menbr ane nodul e conponents consi st of
pol ypr opyl : i | ends, pol yester, polyethylene
@?gl,amg%{hé @%%Ft% "Nhe oB%é%{lﬁguikgeb

t er epht hal ene tereph |'at e, pol yet heretherketone, polyan de,
pol yphenyl @nhatashihpthe gesmepelsyacenylthedeneeatk dbgur i de, pol yt etrafl uor oet hyl ene,
ECTFE, FEP,. PFA, carhon sheel,.stainless steel, and nickel alloys. The
nicromave(gbﬂﬁﬂgg%ﬁ%ﬂﬁﬁgyiﬁ?@?&%ﬁve radi ati on capabl e of exciting chenical

bonds in t@einadh@shy el Ofadd idbitRmenlhiend oSl OWRMBacHRURE MelBMndRaRE ivar i abl e
frequency and may be arranged to emt one or

the appropriate position on the permeate spacer;

(f) placing adhesive on the remaining glue lines;

(g) rolling the membrane and spacers on the rolling table to form the spiral wound

membrane module;

(h) cutting through the glue line on the membrane leaves to open the feed spacer flow path

whilst retaining an adhesive seal to the permeate side of the membrane leave;

(i) placing end caps over the end of the membrane leaves and attaching in place with

adhesive;

(j) inserting membrane module into microwave irradiation apparatus;

(k) applying microwave radiation to membrane module to fully cure the adhesive.

Membrane modules of the invention can be produced following methods described in the
open literature and prior art, and production techniques are known to those skilled in the
art. Membrane modules are formed from a number of components that must be attached
together to form the membrane module product. The adhesive used in the formation
process, once cured, must be sufficiently chemically resistant to provide stability in the

end-use process.



nore different frequencies of radiation. A nmethod for formng a spiral
wound nenbrane nodul e, conprises the steps of: (a) cutting nenbrane | eaves
and spacewOrmatoa3s@ils to the correct dinensions for the eoDABEBE56f
menbrane nodul e; (b) placing the perneate tube on the rolling table; (c)
attaching the perneate spacer to the perneate tube; (d) placing adhesive on
the glue lines; (e) inserting the feed spacer into the nenbrane | eaves and
pl aci ng the nenbrane | eaves in the appropriate position on the perneate

spacer; (fyeRbAgd RSIALNEILNRIAL: e e SR INayIbiBadel VIR jan ﬁmesﬁv@tﬂat ng the
menbrane and spacers on the rolling table to formthe ;ﬁlra wound menbr ane

modul e; ( hoongist Poleyiseiple orvpgHs tthes fg@ uesqeplifde dp miseowhapradiatidnedeess arb open
the feed ﬁ%ﬁﬁngarﬁ% r{JaQé{y %le\eﬂuh no 951@90 B RORE S Bae® ﬁaden%é%te tﬁﬁehper meat e

side of t ane eave g end caps over the 'en
menbr ane Ithavi@snoarsdscapttb@:m mgormnavpl mélat\mm lkend dthss ihaie are (noy sustspitid ng
menbr ane nodul e owave irradia t@eﬁpar
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o owave Mt B ERbT SEh Ol EeEe RS pEL MG o ARBVER venbr ane
modul es ofirtadietidn VRS as@ﬁnlﬂécﬂlnhﬁthpl’r@dﬂﬁ@d nidalileOie M@Eniveind atlsludesenibped i n the
open literature and prior art, and production techni ques are known to those
skilled instifadiged wi HﬁFﬁﬁ@wﬁﬂﬂdW§§ﬂ§r@ﬂ?%YﬁﬁﬁjﬁﬂBﬁ@amﬁﬁWﬁéﬂjﬁmuébnponents
that nust hggattached together to formthe nmenbrane nodul e product. The
adhesive used in the formati on process, once cured, nust be sufficiently
chemcally resistant to provide stability in the end-use process. Menbrane

modul es 1 npAGERF HANEHcMetPadeRGstdMERL LB B De TRAE 145 Abe Pl ALNES! Ve that

not susceptible to microwave irradiation. These include by way of non-limiting example:
polypropylene, polyethylene, polyolefin blends, polyester, polyethylene terephthalate,
polybutylene terephthalate, polyetheretherketone, polyamide, polyphenylene sulphide,
polyvinylidene diflouride, polytetrafluoroethylene, ECTEE, FEP, and PFA.

The permeate tubes and end caps used in this invention may be made from materials that
are not susceptible to microwave irradiation. These include by way of non-limiting
example: polypropylene, polyethylene, polyolefin blends, polyester, polyethylene
terephthalate, polybutylene terephthalate, polyetheretherketone, polyamide, polyphenylene
sulphide, , polyvinylidene diflouride, polytetrafluoroethylene, ECTFE, FEP, and PFA.

In a second embodiment of the invention, the permeate tubes and end caps may be made
from metallic materials, which by way of non-limiting example include carbon steel,

stainless steel and nickel alloys.

When exposed to microwave radiation, these metallic components must be protected from
generating sparks which may irreversibly damage the microwave apparatus. In a preferred
embodiment of this aspect of the invention, arc minimisation may be achieved through
earthing the metallic component to the cavity wall of the microwave radiation apparatus,
or using a variable frequency microwave generator. In a further embodiment, the

microwave generator may be switched on and off at specified time intervals to minimise
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cont ai ns pol ari sabl e bonds that are susceptible to m crowave irradiation,
feed and perneate spacer materials that are not susceptible to m crowave

i rradi at iwo20paBsEat e tube that is not susceptible to mMPCTEBI®/051255
irradiation, end caps that are not susceptible to m crowave radiation, and
a polyneric nenbrane that is not susceptible to mcrowave irradiation. Once
assenbl ed into the nenbrane nodul e, the nenbrane nodul e assenbly is
irradiated with m crowaves to cure the adhesive and achi eve enhanced
chenical rgghstance. The feed and perneate spacers used in this invention
may be made frommaterials that are not susceptible to m crowave
irradiation. These include by way of non- Iiniting exanple: pol ypropyl ene,
pol yet hyl eé, RAlXAkGAHR mbéf%ﬂéi@vemhytﬁé hhbraROl( 50 4 AR LY falibaal ate,
pol ybut yl ene terepht ate yet her et et one, pol yam de, polyphenyl ene
sul phi de, momywnmybeded@ﬁﬁnﬁdnmmmdehmp@h@meumaﬂﬂmmwmenhwwen@pﬁECHBE FEP
and PFA. The g@rnE¢t§ tu eslang end .caps us&? igﬁghls |nyent|on %

from mat er V&I & PHEYIENE SREPPIE TR SEETHIE P R CRERAVE T PPAECAL MK These

i ncl ude bythiwayh @foctRes krioWint fonGoRXRMRH A (RO PicQidcefRse PObiyoh MY fekde,

pol yol ef i n bl ends, . polyester, polyethyl ene terephthalate pol ybut yl ene

t er epht hallﬁieérallbék‘%?%ésry&fq‘?é‘i‘%&e EANCS) OYF iRl TRcdal R?@f%ﬁ@?ﬂ‘?l &hé gi'dhi de,

pol yvi nyl i gdenss. Mrh&uﬁe ?ﬂymﬁ@luygthﬁferﬁl‘)fl)leﬁﬁfsgﬁ&&yb ?&11%14%@ F@ya!%@i%mtﬁfad PFA. In

a second enbodi nent of e invention, the perneate tubes and end caps nmay
be made f rroiverhstinide eolyganad¢-mhide), wind mlmyldm%%¢ mpeapbriresimaynbe exael e

i nclude c I i . i sed to
mcrowaveal%g1 %%%%Iuvﬁéégﬂkﬁgg1?fgﬁﬁoﬁggﬁgﬁfES#%E%E%%Q%H%$§%?§%R@Pom
generat|ngndpmngsomhgcﬁﬂnaymHMBeMeﬁmhbﬂyndmﬁﬁgépbhmnmmmomwmwmmappmratus In
a preferred enbodi t of this ect. of the inv i on, m ni m sation
may be. acrUEIBAT hEoaGH SR S R At B¢ BefoneAroBuTeREthET Ty val
of the m camavviardardivgtrboskagPRadiahis crosslinking after the membrane has been cast.

made

Suitable polyimide polymers include by way of non-limiting example P84 from HP
Polymers (Lenzing, Austria) or Matrimid 5218 from Huntsman Advanced Materials.
Suitable diamine crosslinking agents include by way of non-limiting example aliphatic
amines such as diaminoethane, diaminopropane, diaminobutane, diaminopentane,
diaminohexane, diaminoheptane, diaminooctane, diaminononane and diaminodecane, and
aliphatic amines such toluenediamine and xylenediamine. In a further aspect of the
invention, the membrane may incorporate either a conditioning agent that does not have
polarisable bonds such that it is not susceptible to microwave radiation or should not
include a conditioning agent at all. By way of non-limiting example, suitable conditioning
agents include low volatility hydrocarbon materials, lubricating oil, and mineral oil. The
membranes may also incorporate organic or inorganic fillers as discrete particles to

enhance the separation properties, or chemical and mechanical resistance.

To achieve maximum chemical resistance of the adhesive used in manufacturing the
membrane module, the components of the glue need to react to the maximum possible
extent. This is conventionally achieved through thermal heating of the entire membrane
module. However, the temperature required to achieve the maximum extent of reaction

may be too high for many membrane materials which leads to unwanted changes in the
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or using a variable frequency m crowave generator. In a further enbodinent,
the m crowave generator may be switched on and off at specified tine

i nt erval swoaorvassaitsearci ng. In a further enbodi nent of PC&B200051356N, t he
menbrane i ncorporated into the nenbrane nodul e may be nmade froma nateri al
that is not susceptible to m crowave radiation. By way of non-limting
exanpl e, the nenbrane nmay be nade froma polyneric material through
processes known to those skilled in the art including phase inversion to

form i nt egieghbate B MELpABYORREGHFant® BPHAMRSIbrAE, i i fidGb@he becomes
pol ynerisation, or a coating process. Mnbrane polyners i ncl ude

pol yet her Sistablg eat 49otlaz6upnsihom adhepige yeraratonirequitee Curr!ilﬂ yletWedqeni-dhen
pol y(am deg 18 hyax@Rch @%hb{éaif}egﬁtan e WE%RE%P% flcﬁ&%ﬁgaﬁi&l ng
% or ma % t er

various ru bery materi a be cg sing I aci al

pol yner i sathagges ta mhudlthﬁgmcmaltahmgxlw, tHerenm edheatfsfarmalatldrmr smclu hs by Way ns  of
pol yam des .on the .nenbrane gﬁ ‘% Hh r .enmbodi ¥ b e _nenbr anes
can be mad¥ 1POHIE S ETAH 8%0"5 @WFS an 36‘82? ety 8‘&“‘&&%? Kalipl e

di am ne criess! thokieg@reafl tigmitdheresipmiecang bastabegncgagt is Shiyt adagedpal yi m de
pol ymers include by way of non-limting exanple P84 from HP Pol yners
(Lenzi ng, ‘ﬁﬂg??W5§“b@“ﬁﬁﬂﬁﬂﬁ@Hq%%¥§‘PH6WPPUﬁ@§Wéﬁn$ﬂWHW%HH“&EF8 Al s.

Sui tabl e dimBeme rni%&ﬁllldn'i‘ KiB8 RGBE oMbl ihoWato Bloshiinddl ifiatd 40 exanpl e
aliphatic amnes such as diam noet hane, di am nopropane, di am nobutane,

di am nopenhaimelyngiris raghencs ne) b@b@mun%ﬁ@@@tdn@perwwmaﬁmGSa‘Hbdegéi ard nononane

and di am ng g,cp%?lﬁnerétﬁl%q@kdn@@écb&e %H&%ﬁ?&?ﬁ%&ﬁ r&tﬁjesul%r{ﬁéj{ ﬁ@ (ggdr%%e% 100

xyl enedi amn aspect o venti on rane my

i ncor por atdeg€i Nlaemhalessolﬂchset mnrpemglreeganwmblname dembranotbedvawe ypehbre iasabl e
bonds suc hat IS not susceptible to nlcroma e radi ation or should not
i ncl ude a%’ 16‘?1%1 A RGERE 8zElt“H’é‘fhl & DEVICRAL CROFY A ]hes Ve?ﬁ?‘t“ﬁ“ﬂadloéiﬁ%g

sui tabl e cangi Th@&bfa:gthagﬁmtcgudnnqlnud@whwyw@dhaiwé tdring Iy scodadcBanthigs eri al s,
lubricating oil, and mneral oil. The menbranes nay al so incorporate

organi ¢ orin¥eREPyaHeYS e |npagHsun ex @il TercHom 4y b Fephsd iy the adhesive without

generating excessive overall heat in the module and consequent damage to the membrane

material.

In one preferred embodiment of the invention, the adhesive used in fabricating the
membrane module is an epoxy adhesive. The epoxy adhesive may consist of two primary
components, an epoxy resin and a curing agent. It is known to those skilled in the art that
optional additives such as viscosity modifiers, fillers, flexibilisers, and diluents may be
added to the adhesive formulation to modify adhesive properties such as by way of non-
limiting example gel time, viscosity, tensile strength, bending strain, optical properties,
colour, thermal conductivity and electrical conductivity. The epoxy resin in the epoxy
adhesive formulation may by way of non-limiting example include the diglycidylether of
bis-phenol A (DGEBA), the diglycidylether of bis-phenol I, and glycidyl ethers of
phenolic novolac resins (novolac epoxy resins). The curing agent may include by way of
non-limiting example aliphatic amines, aromatic amines, amidoamine compounds,
polyamides, anhydrides, marcaptans, polysulphides, catalytic curing agents, and latent

curing agents.
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enhance the separation properties, or chem cal and nmechani cal resistance.
To achi eve maxi num chem cal resistance of the adhesive used in

manuf act woregioidsso4menbr ane nodul e, t he conmponents of thecCglaBomwaswsso react
to the maxi mum possi ble extent. This is conventionally achieved through
thermal heating of the entire nmenbrane nodul e. However, the tenperature
required to achi eve the nmaxi mum extent of reaction nay be too high for many
menbrane materials which | eads to unwanted changes in theperneate flux and

separ at i onpp@rd®oIRREEoOhe tHREn TR AGowdve QendrioPpORELY AR WRQEORBR: UNSt abl e
at 40 degC and an adhesive fornulation requires curing at 100 deg C then

obt ai ni ng e8¢ himml &hehr.cand inespreicand empodigeriihe ovdrpy2 atecnagoayTdni | | cause
unvant ed Cﬁf&%@e & @¢ (flléﬁuéngy H?@e rTEtHbLOa@ﬁz S Sowekr Qﬁ{ Gie 6 &egﬁ Sa Y8

formul ati ons, suc as non-limting exanple epoxy esives with
aromatic agmﬂetocunaynge et g9 iOth reanyl praﬁﬂmbtyhéoﬁ é&iuuor ddvchera dather

resi stance Qnut.. su ant is onl Initia t er at res in
xcess of RTUEEIE HAaueRhab iy MRah i detcaiiph paf oF dufn ETRSUBY RS 50" geg
for the neiieram axf@nt nely teeal tarkblet Req@Ey Thé tinieSfde NaMeh tHe ﬂhlélﬁﬁlﬁnés Killed
in the art that nmeri c menbranes can becone unstabl e at terrperatures as

| ow as 40 B 1Sa1ﬁr6g1ﬁt§ﬂ)}’yﬁB1PW?’?ScShﬁ’élﬁﬂ}ea}ﬁé§e @8O A GRS A B dhogfs. and

t enper at Urlﬁ@fefaﬂly lgglerrg@gqoggmg&gg@lgur;oo degC. Nevert hel ess, these
t enperatures at he menbrane becones unstabl e are bel ow t he ideal

tenperature at V\:hl ch a particul ar epoxy adhesive fornulation may be cured.

Therefore, pf.hg rﬁﬁ%é ﬁ&dlé’s” gcf,nb%h GOQWRLE De MQeﬁﬁPﬁﬁﬂaf‘ﬁraﬁ&{ bﬂgangﬂltﬁ&&or dance

with the |nven on a maxl mum extent of reaction to be reached in
t he adheS|operammstmutrg@mﬁﬂ@msn@h@mmssoweredugﬂﬁbﬂlenh@alty redistdnn @dimsided e and

t t f d enbodi t of
NIRRT R T R R A R G A A A

epoxy adheginggnicrbR@v@pOxiapeiBahug dRYcmOngioss] drmiMArifg.i mary conponents,
an epoxy resin and a curing agent. It is known to those skilled in the art

t hat
By the term “nanofiltration” it is meant a membrane process which will allow the passage

of solvents while retarding the passage of larger solute molecules, when a pressure
gradient is applied across the membrane. It is well understood by those skilled in the art
that nanofiltration is a process in which at least one solute molecule i with a molecular
weight in the range 100-2,000 g mol™ is retained at the surface of the membrane over at
least one solvent, so that R; > 0. Typical applied pressures in nanofiltration range from 5
bar to 50 bar. Membrane rejection R;, is a common measure of membrane performance

and is defined as:

13

R {p%} x 100% 1)

Ri

where Cp; = concentration of species i in the permeate, permeate being the liquid which
has passed through the membrane, and Cr; = concentration of species i in the retentate,
retentate being the liquid which has not passed through the membrane. It will be

appreciated that a membrane is selectively permeable for a species i if R; > 0.
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optional additives such as viscosity nodifiers, fillers, flexibilisers, and
diluents may be added to the adhesive fornulation to nodify adhesive
properti esoxomn3asiby way of nonlimting exanpl e gel ti ®eT/GB28@SI115F,
tensile strength, bending strain, optical properties, colour, therm
conductivity and electrical conductivity. The epoxy resin in the epoxy
adhesive fornul ation may by way of non-limting exanple include the

di gl yci dyl ether of bis-phenol A (DGEBA), the diglycidylether of bis-phenol

F, and gl ygj g¥lerBit-hf$ilRkioR e nahdbi Bﬁl\é%ﬁﬁe Pl%§és@§1h(cﬂ%ﬁ lhBGw BRDPAYsakESI NS) .
The curing agent may include by way of non- |n1t|n& exanpl e aliphatic

am nes, ardniyeatsayiffesetarding diat BRieecc ook deluteppioleg %é@len%ﬁwwfdes
mar capt ans racH&lthggdpﬂQd g§§s]'§ R BYLhE IP*éer/eﬂqlnﬂ&%B&b ok Ligh@nh afkUd N9

agents.ln n emnbo e 1 nvention the m crowave generator provides
m cr owavesthatrulttrdrfétrattmnge aJprcDO@sstONI@Hz at leasd onensqitutp nefleenicedvidnbodiarelat t he

m cr onwave oA 1 Crowaves i.n fr el to 10 GHz.
The power SurBt tgreftia tofBohEE BB EFurBsd iy HERT R ATyt

pref er abl yat 166t JAetsolvEdWo that Fa >fol rItyblem BpiAdireseuts intlAfofOUAt D tradk ffone

m cr owave generat or may be pul sed at specified tine intervals and/or it may
be of vari®bb¥ ?Pééfuency The time for which the nenbrane nodule is

irradi ated by m crowaves should be in the range 1 mnute to 24 hours, and
preferably in the range 10 mnutes to 6 hours. The nenbrane nodul es

descri bed Hisgven celvehie Wil éd W&andﬁrﬁtﬁ%f by the ateir@ﬁ@ skrlledh zgaddriang inglydgnan

operations, 195@%@5%3%%[11‘6%1&% ?99%: %ﬁtl sslt an%oq%eﬁfog@ 1Vis CRGHGR | Y

resistant aghesive s rane, and thus
altering nhmtm@mamaﬂhmnﬂprmpmd@uﬁﬁmahyﬁuSwmgsnlcromaves is a mjor
advant age over conventional thermal curing. By the term"nanofiltration” it
is meant a nenbrane process which wll allow the passage of solvents while
retardi ng gevagasts ageliffiingakaailes Gbitas Mg bRmhaithglrodarbéBs alkagesgr adi ent
is applied across the nenbrane. It is well understood by those skilled in
the art ketones, glycols, chlorinated solvents, esters, ethers, amines, nitriles, aldehydes, phenols,

amides, carboxylic acids, alcohols, furans, dipolar aprotic solvents, water, and mixtures

thereof.

By way of non-limiting example, specific examples of solvents include toluene, xylene,
benzene, styrene, anisole, chlorobenzene, dichlorobenzene, chloroform, dichloromethane,
dichloroethane, methyl acetate, ethyl acetate, butyl acetate, methyl ether ketone (MEK),
methyl iso butyl ketone (MIBK), acetone, ethylene glycols, ethanol, methanol, propanol,
butanol, hexane, cyclohexane, dimethoxyethane, methyl tert butyl ether (MTBE), diethyl
ether, adiponitrile, N,N dimethylformamide, dimethylsulfoxide, N,N dimethylacetamide,
dioxane, nitromethane, nitrobenzene, pyridine, carbon disulfide, tetrahydrofuran,

methyltetrahydrofuran, N-methyl pyrrolidone, acetonitrile, water, and mixtures thereof.

The term “solute” will be well understood by the average skilled reader and includes an
organic molecule present in a liquid solution comprising a solvent and at least one solute
molecule such that the weight fraction of the solute in the liquid is less than the weight
fraction of the solvent, and where the molecular weight of the solute is at least 20 g mol™

higher than that of the solvent.

14



that nanofiltration is a process in which at | east one solute nol ecul e
with a nol ecular weight in the range 100-2,000 g nol 1 is retained at the
surface ovothw/asewr ane over at | east one sol vent, so tratr/dBRe0IN5126§pi cal
applied pressures in nanofiltration range from5 bar to 50 bar. Menbrane
rejection RL, is a comon neasure of menbrane performance and is defined

as: where Cp 1 = concentration of species i in the perneate, perneate being
the liquid which has passed through the nmenbrane, and CR 1 = concentration
of species i inthe retentate, retentate being the liquid which has not

passed through the nenbrane. It will be appreciated that a nenbrane is
sel ect i vel Yheparembepe engdyle gf él}f‘eéie%lt iinyentiqy selgespyo spigal t wouyd membrane

ul traf il traii@nhodel & TRAR IR0, BHOCERRnRAGM 1 hlsodkhiid he

passage of vent's e retar |ng e passage 0 arger sol ute nol ecul es,
when a prebsmmémgmadeaﬂmmk@gapphs@ﬂﬂamimbsanméﬂnemhﬂkmgnsmtmv& wel |
understood by those skilled in the art that ultrafiltration is a process in
whi ch at | east one solute nolecule i with a nolecular weight in the range
2, 000- 200, DGogowibg exaniptesi@isahid @ iddentile surface of the menbrane over at

| east one solvent, so that R1> 0. Typical applied pressures in
nanofiltration range fromO0.5 bar to 5 bar. The term"solvent” wll be well
under st oodpRxpphesaver age skilled reader and includes an organi c or aqueous
liquid with nolecul ar weight | ess than 300 Daltons. It is understood that
the termsolvent also includes a m xture of solvents. By way of

o e LR S VB LG e VTGRSR Bl %
aldehydes1nhhemmh§madhndms, car boxylic aC|ds, al cohol s, furans, dipolar
aprotic solvents, water, and m xtures thereof.
In the following example, test sections were made from an epoxy formulation consisting
of 1 molar epoxy equivalent of a bis-phenol A resin (for example Epon 828 from Hexion
Speciality Chemicals) to 1 molar amine equivalent of xylenediamine (from Sigma- Aldrich
Chemical Company). The epoxy resin and xylenediamine were blended together using an
electric mixer and syringed into lengths of 4™ external diameter PTTE tube. These epoxy-
filled sections of PTFE tube were then either placed into a conventional oven or
microwave oven and cured at the conditions specified in Table 1. Once the test sections
had completed their curing schedule they were allowed to cool and were then cut into
pieces weighing approximately 0.5 g each. Each of these pieces were weighed accurately
to the nearest 0.0001 g on a 4 d.p. balance and immersed into methanol in separate bottles.
After 10 and 28 days, the samples were taken out of the methanol, their surfaces dried by
wiping with paper tissues, and re-weighed to the nearest 0.0001 g. The increase or
decrease in weight after 10 days and 28 days was used to determine the percentage weight
change of each sample. The weight change is a measure of chemical resistance — the lower
the weight change the more resistant the material. The weight change at these time

intervals is presented below in Table 1.
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By way of non-limting exanple, specific exanples of solvents include

tol uene, xylene, benzene, styrene, anisole, chlorobenzene, dichlorobenzene,
chl or of orwp 2diogisb@n onmet hane, di chl or oet hane, net hyl acetraraB2ewdsi2sacet at e,
butyl acetate, nethyl ether ketone (MEK), nethyl iso butyl ketone (M BK),
acetone, ethylene glycols, ethanol, nethanol, propanol, butanol, hexane,
cycl ohexane, di nethoxyethane, nethyl tert butyl ether (MIBE), diethyl
ether, adiponitrile, N, N dinethylformam de, dinmethylsulfoxide, N N

di et hyl acefran deyrreeli @%aRRy reBintd AMESiINBAG 01 RichbAPRAZRMRnediiihdhdh8sivEar bon

di sul fide, tetrahydrofuran, nethyltetrahydrofuran, N nethyl pyrrolidone,
acet oni t r i foenulgizancon weaghy 23 ¥peiyigunaryielr @dfcthample t erm "sol ute” will be wel |
under st ood gy hdre Taverage skitted Teader and Tyctudes) an or gani ¢ nol ecul e
present i niempkla@kéild sol utnomb&enpPri si ng Namsélovient and| at | east one sol ute
nol ecul e Suotcrévead Héwsngvei gieys f riadetMeght (of ddyhe |SoMidigbt fn the liquid is |ess
t han t he veikper f gimet(bayrs) dfmerkas |sobaient| im@erdedahewaint he nol ecul ar wei ght  of
the solute is%at lleagt 20 g 9ol 1 Higher t3%an t ha#t0 of | t he sol vent. The

menbr ane rodd¥% of thk prlesdft inveétion 3 aties 4% spiral wound nenbrane
nmodul es, hHowd¥er the #ret Hod 1®an [be 2fpplli ek8 o jot e desi gns known to those

skilled inth®Cart thht uytilPse ladi®esi vies 28such ak8 shel| and tube, and

derivativedé¥Cons thareaf  "he If 013%wilng Bxanpl ek’ il ustrate the

i i ESERNPL S B5 19 28 ity B ey i i

i nventi on.|-EXANVPLES Exanple Y - St i | Hty o apc»%z—pem n formul ati ons cured

wi th ther rrad Zgg%&ti ng—and lm c1zgov veé.‘grr dh V:gg- onl. !4..;‘11 he fol | owi ng exanpl e,

test sectieRs—were .mz*.ué,e.fro.a. ah ep\é,\f' for..‘é! ati-en-tonsi sting of 1 nolar

epoxy equi valdQit of 35 g phgno! ATFesHr—(For x&ple Epon 828 from Hexi on
DAl P00 4y 14 | -7 &, 1 4.3.¢ i amni

Speci al i t y-Chem-eal-s)—to-L—rolar—amne-equi-valent—of—xyl enedi am ne (from

Si gne- Al drich Chem cal Conpany). The epoxy resin and xyl enedi am ne were
bl ended t opRt &Rk US iHEAMn8 | Bicfowabe QISR isaREwS YA ITABR . i APpRihERGLASy Of 1A

external dianeter PTFE tube. These epoxyfilled
regime at near-ambient temperature (30 degC) shows the largest weight change. Whereas,
the effect of curing is seen as a lower weight gain relative to 30 degC. This is due to the
further extent of reaction in the epoxy adhesive when it is cured at temperatures above 30
degC or microwave irradiated, which leads to additional crosslinking and a more

chemically resistant material. Table 1 demonstrates that microwave and thermal curing

generate materials of very similar properties.

Example 2 — Effect of microwave and thermal curing on polyimide nanofiltration

membranes and their separation properties.

Table 2 describes the effect of exposing a series of polyimide-based asymmetric
nanofiltration membranes to microwave irradiation during the cure cycle of a bis-phenol
A-based epoxy adhesive. A variable power 2.45 GHz microwave oven was used for this
experiment, and the glue plus membrane samples were irradiated for 2 hours at 600W.
The polyimide membranes, MET-1, were formed from P84 polyimide (HP Polymers,
Lenzing, Austria) and exhibit the properties of a nanofiltration membrane. A portion of
the MET-1 membrane was further processed with an alkyl diamine to form the

crosslinked membrane MET-1-X which also exhibits nanofiltration properties. Both
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sections of PTFE tube were then either placed into a conventional oven or
m crowave oven and cured at the conditions specified in Table 1. Once the
test sectwonsidasosconpl eted their curing schedul e they wer&BhdstzsSt 0 cool
and were then cut into pieces weighing approximately 0.5 g each. Each of

t hese pieces were wei ghed accurately to the nearest 0.0001 g on a 4 d.p.

bal ance and immersed into nethanol in separate bottles. After 10 and 28
days, the sanples were taken out of the nethanol, their surfaces dried by
W ping W tReRBRRS tybdsSHLE Sonditfhed il SEHadiOe, tdg- V@ﬁﬁfees%&:l@ @00} in6ral The

i ncrease or decrease in weight after 10 days and 28 days was used to

det er ni ne ¥healigecesding arpe GRRIPYH t(tﬁléwgéh%fne@é@ﬁe darpgl dicd ARd m@nght itthange i s
a nmeasure &hoﬁlﬁgﬁgncsﬁjuft{n%‘rh%fngﬁ 10n Bﬂ&ch ﬁl\éﬁlrbratng @/ay\f%'tag&yd aﬁ@&%i}ﬂ&ﬁt or €
resistant the material. ange at these time Intervals iIs

pr esent ed theladditipmoiTapl eonditibaink eagdnt AEfohmmEtrcidet@rmein% m@gﬁrm w:ﬁs @so
bis-phenolt ‘f XY, & %s%p/x¥lene ne ad §% The eff ct of t rmal and
m crowave €UF ﬁ% SUdhowd T Faec ?ﬂeyat g'& ¢uprs ﬁ{f t %r&r?Pé’rS n

near - anbi epdbid 2nper ature (30 degC) shoms the | argest wei ght change.

Whereas, the effect of curing is seen as a | ower weight gain relative to 30
degC. This is due to the further extent of reaction in the epoxy adhesive
when it i syyeUied- Bhnd OITET-]L HEESaRRAVidod0a G&mﬁ&ﬁngmgeﬁtogﬂao&@d hé LREIAL ed,

whi ch | eads to additional crosslinking and a nore chem cally resistant

mat eri al . Taibdtwn]olderspakangest due tihdke migpwarey aradiigon halspaltheceammegcigener at e
material s L, r f f owave and

t her mal cdg%hﬁﬁg% §1@L%%%d§&ﬁgﬁb?hf¢ra ion %%ﬁb?gﬁ§?L&PBWthgg%&gé%gratlon
propert|esﬂmWabmeWﬂbmemmmghﬂgrmhmgeffect of exposing a series of

pol yi m de-based asymetric nanofiltrati on nmenbranes to m crowave
irradiation during the cure cycle of a bis-phenol A-based epoxy adhesive. A
vari abl e ppwes2 2 Efbet Gelidb ©HQWaN Sy BVEBIpAREcAUSaGh S SHenblnh fesmXpesd gperft , and

the glue plus nmenbrane sanples were irradiated for 2 hours at 600W
adhesive on polyimide nanofiltration membranes preserved with various conditioning

agents.

Membrane | Before curing | After microwave curing
Non-crosslinked polyimide membranes:

MET - 1 (no conditioning agent) | Pale yellow, shinny surface No change

Starmem 122% Yellow, shinny surface No change

Starmem 240* Yellow, shinny surface No change

Crosslinked membranes:
MET-1-X (no conditioning agent) | Pale yellow, shinny surface, brittle | No change
MET-1-X (with mineral oil | Yellow, shinny surface, brittle No change
conditioning agent)

- Starmem ' is a trademark of WR Grace & Co. -Conn. Starmem contains a long-chain

hydrocarbon conditioning agent.

The mineral oil and long-chain hydrocarbon conditioning agents do not contain any
polarisable bonds and thus are not excited by microwaves. This leads to no significant
temperature rise in the membrane and hence damage during the epoxy adhesive curing
cycle. Le. Mineral oil and hydrocarbon conditioning agents are suitable for use as a
conditioning agent if the adhesive in a membrane module is to be cured using microwave
technology. In general, any non-volatile compound with a minimal content of polarisable
bonds will be suitable for use as a conditioning agent if the adhesive in a membrane

module is to be cured using microwave technology.
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The pol yi m de menbranes, MET-1, were formed from P84 polyimde (HP

Pol ymers, Lenzing, Austria) and exhibit the properties of a nanofiltration
menbr ane.wO 2pwv3s@m of the MET-1 nenbrane was further pPoTASRe®/0MISH an

al kyl diamne to formthe crosslinked menbrane MET-1-X which also exhibits
nanofiltration properties. Bothnmenbrane types were conditioned with a
non-reactive, non-volatile species (i.e. mneral oil) after casting was
conplete to allow the nmenbrane to be dried and naintain its nanofiltration
structure. A small portion of each nenbrane was retained and dried w thout
the addition of any conditioning agent. A conmercial Starmen(t menbr ane
was al so t Bt pegmentth 8uy jand) sipaghem ehasciesinics ol Teeneiianee siposerboatheranal apd cur i ng
cycle are rane out a
condi t | oni e aEeEtulkoABRR BN ik, Aol b B R ISRt Co. the
m crowave lejeri@o a¢asanameib sore e usmgtaréattroraaxbry Scadﬂ cress(itay nameﬁmaamesmand t he

MET-1-X ne e conditi wed no visible

Mrter curi WY Tamte Tov. e leabbri TR e PR aiinet Srek Ao

bi s- phenol shéets @8d Dok atlo @POX Y4 afbhe Slowecells cpmievtbﬁnud@eﬁbanaf febd Kaluii®@N
menbranes preserved wi th various conditioning * - romemis a trademark of

WR Grace &O8ysingebmh Wistod foteinltentatichaey lrl'@r?gS ke feaft ﬁanh%c} Becdicpgied ata
condi ti oni Mgy AYERtL.5 ThRn %ﬁg@hlaﬁﬁ& n@péhp ARGrLOa1, "Wmﬁ&f P85 henseefndi ti oni ng

agents do not contain an arlsab e bonds and thus are not excited by
m cr owav esthe THisgvas @apsateousmg ashagkirgssera megutasarydreht wiasdogategelopvi-strpgn aenbr ane

and hence g?gg i i ral oi
and hydroca H ? %QgU%QR n%%ggggcéﬁi?H%F&g?%g&ﬁggegéﬁg(g%ﬁﬁltioning
agent if the wddms]aumg iliquid wmﬂaemrre 300d ubye ai lgat exdhengeurbﬁhm bpfgati’dncr owave

t echnol ogy non-.vol atil e conpound m ni nt ent of
ol ar | s EEEHESTE e e P ERBPR Puve e CBRE et s ehr iy daerir T 1 he
adhesi ve i4hdahdeFta@R8mple was taken from the feed tank. All data was collected after 4 hours

operation at the specified temperature and pressure.

Table 3: Toluene flux across Starmem122 and MET-1 membranes at 30bar and 30°C after
they have been subjected to a thermal or microwave cure cycle.

Entry | Membrane Curing conditions Flux (L.m
Temperature | Time | >.h™)
“C)or (Hrs
Power (W)* )
1 Starmem122 No curing - 83
2 Starmem122 No curing - 69
3 Starmem122 75°C 19 75
4 Starmem122 100°C 2.5 41
5 Starmem122 120°C 0.7 51
6 Starmem122 600 W 3 80
7 Starmem122 600W 4 82
8 MET-1 (mineral oil | No curing - 59
conditioning agent)
9 MET-1 (mineral oil | 100°C 2.5 31
conditioning agent)

* - Irradiation power of a 2.45 GHz microwave source.

The solvent flux N, was calculated from the equation:
1%

N, =—- @)
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nodule is to be cured using m crowave technol ogy. The perneate flux and
separation characteristics of nenbranes exposed to thernmal and m crowave
cure condwoi2ors3am4e outl i ned bel ow in Table 3 and Fi gur @CT/GBEh@/05i25%8 and
rejection nmeasurenents were nmade using a |l aboratory scale cross-flow
nanofiltration unit wth 1-4 cross flow cells. Menbrane discs, of active
area 14 cm, were cut out fromflat sheets and placed into up to 4 cross
flow cells connected in series. A feed solution consisting of < 1 wt % of

test sol utgsewas=GRRNEES al INfuRl Anpldcolieqd Hafkn Efe Ghdamul atigd &br a flow
rate of 1.5 L min 1 using a diaphragm punp (Hydra-Cell, Wanner, USA).

Pressure |Wh1€1?1@1€élévlﬂ§amﬁglsgéﬁ%ﬂ}“a’tédmﬁéﬁhﬁ@ear%ackpressure r egul ator whi ch
was | ocat ed down-stream of a pressure gauge. The pressure drop across the
cells was neasured to be |l ess than 0.5 bar. The re-circulating |iquid was
kept at 300@ibyl-aithEatie &xivathgeffect Dia thegnd pe madroveave cpe‘mgwtafatee)nsmrfblh)es wer e

|l ected f nd f h f |l and th
ot ent at e LaRbPLTEl EAREmORREHY £ Bkl ¢ Jine" M FERE S thEfuedcd after

4 hours opgeal Félendles tiEakin®T) thé a6k Is&i@ﬁ@ﬁ@bl@!1ﬁdlaﬂd1gﬂheﬁ$1$atfn§-at Tabé® 3 :
Tol uene flux across Starnenl 22 and MET-1I nenbranes at 30bar and 300C after
* - |rradidd '??H“’bo‘?](/e‘?’lﬂbf'1 249 G migowAVE SoaY 2% 8oy retact omBedBEHRIARS 'S | ux Nv

was cal cul at,gdd IOMHRRs a%atsuﬁdlca(maﬁleymg Maby Ak Pio Cifavd g nsamml e
collected fromthe perneate stream t = tinme over F% the liquid sanple

i s col | ectadget gn=thappanrbagne p&rferananﬁmtnrtﬁ@@ af-gluppe ﬂla<blEetr@s Shod/Stshewdhd ect of a

thermal or.q cg }‘}@{ﬁl S‘Hﬁl @é’ Fe- PHBHB&nQ '\%Hé? BSndStEb%eﬁﬁthrﬁ%H%lrzoigﬁWT ane,

whi ch contains ong ¢ rocarbon con ronin ent ies 1-3
and 6-7, tdae afsbix séem, mmndaﬁtabh@nlzantﬁatmamomgg@ Iaaxﬁngtsfa]blsrgglfmntliy&ediEgSC and
bel ow, or tpntr] a 2.45 GI-% m ronaye érce has no effect on é‘Ee rane's
permeat e f OO TR I ghesq W&‘? CHh A0 (RS HgCHPeTHBES 4RAVC120 degC
have a negaCyRavefdf Reitivenmbie oA MiRan ARG G8d tRank&y RBir ﬁfopélﬁlasuene
flux. Entries 8 and 9 show the effect of thermal curing of the MET-1

menbr ane vis&ERdes vl ivhrorRgolGonditipgiperesnt iguped. Afso, 1rrad1at10n of these polyimide

membranes with 2.45 GHz microwaves at 600 W power does not have a significant

impact on the membranes’ permeate flux properties.

Iigure 1 shows the separation performance of the Starmem™122 membranes described in
Table 3, Entries 1-7. The separation performance was characterised in terms of rejection,
as defined previously in equation 1. The rejections were determined by equation (1) using
a solution of polystyrene oligomers in the named solvent, following the method described
by See-Toh YH, Loh XX, Li K, Bismarck A, Livingston AG, “In search of a standard
method for the characterisation of organic solvent nanofiltration membranes”, Journal of
Membrane Science 2007, Volume 291, pages 120-125. It can be seen in Iigure 1 that the
rejection performance of the membranes is consistent across all thermal and microwave
curing cycles. Le. Subjecting the membrane to a curing cycle does not have a negative

impact on rejection performance.
Overall, this shows that using microwaves to attain maximum chemical resistance of an

epoxy adhesive system can be successfully applied without affecting the flux and rejection

performance of polyimide-based membranes.
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can al so be seen, as with Starnmem 22, that a 100 degC curing cycle
significantly reduces the toluene perneate flux. These results indicate

t hat curiwg 2ato/a3smper at ures above 75 degC, have a negat iPc@/dBep@oIsS1238 t he
pol yi m de nmenbranes and changes their properties regardl ess of what type of
conditioning agent is used. Al so, irradiation of these polyimde nmenbranes
wth 2.45 GHz m crowaves at 600 W power does not have a significant inpact
on the menbranes' perneate flux properties. Figure 1 shows the separation
per f or mancer Qfvig he Starnmen(tn) 122 nenbranes described in Table 3, Entries
1-7. The separation performance was characterised in terns of rejection, as
defined previously in equation 1. The rejections were determ ned by

equation (41) u t nol i QO . e

ol vent . 511 o nacfrS byhBRrGheBe; KA AMETRRGE, WSadipTRE

Bi smar ck A;ontalmmm@atcmnal\@xodpb rt:apzéxkr oh hefngae)@ttahdtarrdicmahcﬁd af enfurctehef
characterisation of organic vent. nof i trat Jour nal of
Verbr ane. SHRENGReS 85 gRr GrERGER i ARREn bk ok BY BREORER auti®H R oo o
1 that theandejd@@tion@n nRaibfae Maode ebmphien@emlr aRe ol Sf&@ASHE trgitlowaed 0ss al |
thermal and m crowave curing cycles. Le. Subjecting the nenbrane to a
curing cycPéaide gler%‘iceﬁé\?@%“%ﬁlétsﬁ% af i‘l’rh’b’é%& migppwaxs Ediatigh logbs #Etisnce.

Overal I, tigk sheM& dBRtmdhHrie iGlpvaves to attain maxi num cheni cal
resi stance of "an epoxy adhesive system can be successfully applied w thout

af fecting the flux and rejection performance of polyi m de-based

menbr anes. £ aP]ro e B 058 %Ea [T IRl 3Gt H{ah‘gr?ctﬂi? ra&%mﬁ&qy';fié%; gompri sing

an adhe5|ve con I ni ng unc I onal groups capa bel ng exci
N Cr owayv e Sqongrisiag a@elynknﬂhmmbmmw edeedaspaeniarpanacanedpader, al petriwate tilse, and

substantial Iy un ffect ed b éowave radi ati on, and additi onal nenbrane
modul e conep?g Pﬁ)ﬁ'fssﬁ?%‘ %‘Eg ¢ $8%%d by nicrowave radiation, the process

conpri si ng the (gt epagflyiaP Rh YidAGivEl EnOWaNE oh@di aﬁdr@@otaﬁsauatheb@ﬂb&@lwee
polymeric membrane;
(b) positioning the polymeric membrane in its desired location within the
membrane module to produce a green membrane module ensemble; and

© applying microwave radiation to the green ensemble to cure the adhesive.
3. A process according to claim 1 or 2 wherein the adhesive requires heating at
temperatures above 40 deg.C to fully cure.

4. A process according to claim 1, 2 or 3 wherein the adhesive contains functional

groups capable of being excited by microwave radiation.

5. A process according to any of claims 1 to 4 wherein the adhesive contains epoxy

functional groups.
6. A process according to the preceding claims wherein the adhesive contains epoxy

resins based on the diglycidylether of bis-phenol A (DGEBA) or diglycidylether of bis-
phenol F (DGEBF) or glycidyl ether of a phenolic novolac resin (novolac epoxy resins).
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in the presence of the nenbrane material. 2. A process as clained in claim
1 for manufacturing a nmenbrane nodul e conprising a polyneric nenbrane, a
feed spacwo,20/(3804meat e spacer, a perneate tube, and ena@Crag00%dse25pr ocess
conprising the steps of: (a) applying an adhesive contai ning one or nore
pol ari sabl e bonds to the pol yneric nmenbrane; (b) positioning the polyneric
menbrane in its desired |ocation within the nenbrane nodul e to produce a
green nmenbrane nodul e ensenbl e; and (c) applying mcrowave radiation to the
green ensenble to cure the adhesive. 3. A process according to claim1l or 2
wherein the adhesive requires heating at tenperatures above 40 deg.C to
fully curel 4. APioeese aecordir@ragy v the praspdingielaimspvhgyeigthgrpdhasivg reqyeresadhesi ve

contains f i S, C : ; [ fl b di ati on.
oA pr occh SRy HERMIE A ARE S Bine WPUR AL e (REVBE: {F
cont ai ns eporyanfidnatd oeradptgraupslys@phide proleesiscuacsg agedi orgintaohydnde praacedi ng
clains wherein. the adh% iWﬁ gﬂptains epoxy resins based on the
di gl yci dy| GHhaF cpng1esn §P|re ofVDEEBA) or digl yci dyl ether of bi sphenol F
(DGEBF) or glycidyl ether of a phenolic novolac resin (novol ac epoxy
resins).7. A process according to any of the precedi ng clains wherein the
adhesi ve riequi reBrosess dfoHNGBGeY Piss! GHmaphessip grAdneSi e Frgared B8t ar omat i ¢
am ne or anRpPd.y afirderdly @R, am noam de or a mercaptan or a pol ysul phide or a
| at ent curing agent or an anhydride or a catalytic curing agent for the
adhesive to cure. 8. A process according to any preceding claimwherein the
adnesi ve requi reg,QLEaLelahilal G Lhloling QabWiehlE: mlnbAnPTARSHP
according to any preceding | ai mwWherel i The Nerbrane materral

consists of an organic polymer material.

10. A process according to claim 9 wherein the organic polymer contains imide bonds.

11. A process according to claim 9 wherein the organic polymer comprises the

following formulation:

O O
+ OO
H2
O o) O
- 0 0 CH3_
L O o) 0 _

12. A process according to any of claims 1 to 11 in which the microwave radiation is

in the frequency range 1 to 100 GHz.
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consists of an organic polynmer material. 10. A process according to claim?9
wherein the organic polyner contains imde bonds. 11. A process according
to cl ai mWwowhevmssi#1t he organi c pol ymer conprises the folPCowiBrgoYostasal ati on:
12. A process according to any of clainms 1 to 11 in which the m crowave
radiation is in the frequency range 1 to 100 GHz.13. A process according to
any of clains 1 to 12 in which the power of the m crowave source is in the
range 50 Wto 5 kW 14. A process according to any of clains 1 to 13 in

whi ch the mcrowave radiation is switched so that it is applied in discrete
time intervals. 15. A process according to claim 14, wherein the discrete
tinme interlial ispioeesprosinedadny of domml el whie: thapprgce 8y miewsrd ng t o
claim114 o r is applied for a single tinme interval.

17. A proé%gééggggg g 95P§Gh?gkﬁ?l4 or 15, wherein radiation is applied in
a plurality of pulses. 18. A process according to any of claims 1 to 17 in
whi ch the requency Ccro d A menbr ane
modul e prodced: Bytenacfutledg Tl o drif el FEmEsR Rkt on N or vent
st abl e nendwirn&l syakkliGs gPNbainrdiReP@hy intrags. based ul trafiltration or
nanofiltration menbranes. 20. A nenbrane material for use in the process
according to any of the preceding clains that is capable of nanofiltration
or ultrafijqraty gpcbR LLGEREGo %pdllﬂ{em vheiin (hA TRAR 8RR iMRKI i@kohor use in
the process according to any of the preceding clains that incorporates a
condi t i onissgerddeh mimids. does not contai n bonds polarisable in

16. A process according to claim 14 or 15, wherein radiation is applied for a single

time interval.

17. A process according to claim 14 or 15, wherein radiation is applied in a plurality
of pulses.
18. A process according to any of claims 1 to 17 in which the frequency of the

microwave radiation is modulated.
19. A membrane module produced by the process of any of claims 1 to 18 that is a
solvent stable membrane module containing polyimide-based ultrafiltration or

nanofiltration membranes.

20). A membrane material for use in the process according to any of the preceding

claims that is capable of nanofiltration or ultrafiltration in organic solvents.
21. A membrane material for use in the process according to any of the preceding
claims that incorporates a conditioning agent that does not contain bonds polarisable in

the presence of microwave radiation.

22. A membrane material for use in the process according to any of the preceding
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the presence of mcrowave radiation. 22. A nenbrane material for use in the
process according to any of the precedingclains that does not require the
i ncor por awopaentoaf3s@1condi ti oni ng agent. PCT/GB2009/051255

claims that does not require the incorporation of a conditioning agent.
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