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Abstract

Herein, a numerical model is developed for investigating the appropriate operating conditions
obtaining porous membranes from PVA/water system. The main interest of such novel polymeric
system lies in the use of water as solvent instead of classigahir solvent. In that context, the
membrane formation involves three coupled and interdependent phenomena: phase inversion,
crosslinking and solvent evaporation. Thass transfemodel involves thermodynamic descriptibg
FloryHuggins theory, specifaiffusion formalism for dilute system and external mass transfers in free
convection. Since the systeravolves from monophasic to diphasic region during membrane
formation, the diffusion formalisms weradjusted depending on the composition pdthsimulak the
solvent and catalyzer evaporatioifhe simulations exhibitthat due to mass transfers occurring
concomitantly to phase inversion and crosslinking, the operating conditions (final temperature,
catalyzer, initial solution thicknesg)ust be carefully hosen to ensure the formation of a porous

membrane with PVA/water system.



Keywords Membrane materials; Simulation, multiscale; Green engineering; Mass transfer

1. Introduction

Polymeric membranes are usually fabricated by phase inversion methdidsrmodyamic instability

is provokedfrom homogeneougolymeric systenby temperature and/or compositioshange thus
inducing the formation of a lean polymer phase (the pores of the membrane after solvent extraction)
and a rich polymer phasé®. Dry casting method which involves a polymer/solvent/nesolvent
systemwas the earlist methodused to prepare polymeric membras€elhe composition path of the
system is initiallyithin the monophasiaegion(homogeneous polymer solutiomnd thendifferent
evaporation rates between the solvent and the remlvent lead toa phase inversioronce the
composition path enters the diphasic region. Starting frorhirary polymer/solvent systemTIPS
(Thermally Induced Phase Separatisgnothemmethod based on rapittmperaturedecrease below

the UCST Wpper Critical Solution Temperature) of the systErfi’. Nowadays the most common
phase separation method for manufacturing polymeric membranes is NIPSs{ent Induced
Phase Separation) methoathich involvesion-solventintake into a polymer/solvent system. Water is
classically used as the nasolvent and NIPS can be divided in two processes: (i) wet process (or
immersion process) that consists of immersihg polymer solution (collodioninto a water batf§%1°

and (i) VIPS Vapor InducedPhase Separation) process where the collodion is exposdulinuid
vaporistt2, VIPS process allows preventing the formation of macrovoids sheenass transfers

occurringduring the processi.e. waterintake and solvent extraction, are strongly reduted*®.

As a consequence, phase separation using-swwvent coagulation of a polymer solutidreing the

most widespread industrial process tanmufacture membranes, large solvent quantity is then use that

it complicates the overall process and may lead to environmental and health problems. Knowing that
polymer concentration is usually in the range-2% % and coagulation and washing baths reqtore

be often renewed, large amounts of aqueous solutions must be treated. Recently, a novel generation



of membranes, based on an original phase inversion metnudl usingwater-soluble polymeras

been developed by ougroup'®. Our objective was to develop a novel process for membrane mass
production in agreement with the principles of green chemistry. The main technical and economic
output of using water instead organic solvents should consist in a simplification of the mamurg.c
process by lowering wastes and recycling. The aim is to prepare membranes using eithesoldiky
commercial polymer like PVA presenting a lower critical solution temperature (LCST). Consolidation of
the film structure is carried out by chemicalosslinkingto prevent the resolubilization in water.
Mastering this process is very appealing but needs to fully understand the interplay between phase
separation crosslinkingand mass transferas temperature is raised above the LCBiE membrane
formation mechanisms has proven to be even more complex than for classical membranes since three
phenomena take place concomitantly: phase separation, mass transfer due to evaporation and
chemical crosslinking. Understanding and controlling the coupling betweth phenomena is crucial

for determining the best operating conditions leading to the target membrane morphology. In a
previous paper dealing with the preparation of PVA/water membranes, our group exhibited that both
the final temperature and the naturef the catalyzer strongly affect the final membrane morphology
(either dense or porous). Indeed, the challenge was to ensure an efficient crosslinking after the
membrane structure was fixeout before the composition path leaves the diphasic region andeso

back to the monophasic regiomMA modeling approachcould thus be very usefulor better
understanding the link between the mass transfal® phase inversioand the chemical crosslinking

reaction involved during the membrane formation.

During the lastwenty years,severalmodels havebeen developedo simulate themass transfer
phenomena in polymer systesnand henceo predict the composition path followed by the system
during membrane formationThe simulation resulthave helpeda better understandingof the final
membrane morphology obtained in specific operating conditidxrelerson and Ulmapublished the
first paperdealing withmodeling approach fodry casting procedé The modehas been improved

year after yeato take into account more precisely the boundary conditi§rthento consider the gas



phase resistance to mass transfer and to introduce mutual diffusion coefficients rather than self
diffusion one$>?. Later, the coupling between mass and heat tran$faes been integrated in the
modd??2%, Hforts have beeralsomade aboutthe diffusion formalism used in such modéts predict
more precisely the mass transfer rates durthg phase separatiot??. Leeand coworkersntegrated

in their model a convective contribution to mass transfer due the density change in the s&latizh

in specific casedeat transfer within the solutionas solvedo obtain a nonuniform temperature
along the membranehicknes$??’. ConcerningVIPS processecent models have been developed
during the last decades, allowing to bettenderstandingthe relatiorship between the processing

conditions and the final membrane morphola§sp2°3122,

Herein we developed a numerical mebbasedor mass transfegnot onlyprior but alsoduring phase
inversion, in order to predict the composition path during LEHS process and to identify the best
operating conditionsfor obtaining a porous membrane at moderate temperatufidne numerial
modeltakesinto account both the solvent and catalyzeraporationduring the process andims at
simulating the composition path during the whole process, even after the phase separation started. In
the first part of the paper, the system will be preely defined and then the model will be described.

In the second part, the model will be validated using experimental data, and in a third part the model

will be used tdadentify the bestoperating conditiongo form a porous structure.

2. Material andmethods

2.1. Materials
APVA with a degree of hydrolygBH)of 72% and a dege of polymerizatiofDP)of 672 was chosen
for this study. PVAvassupplied by Synthomer. Aqueous glutaraldehyde solution (25%), hydrochloric

acid (37%) and sulfuric acid (95%) weuechased from Sigma Aldrieimd used as received



2.2. Preparation ofpolymer solutions

The a@ueous solution®f PVA 10wt% of polymer)were maintainedat 80 °C under stirring for 4 to
removethe crystalline structure of highly hydrolyz&¥ A2, before they werecooled down under the
LCST to dissolve the polym®rior tomembranepreparation andcharacterization, all PVA solutions

were kept for halfaday at room temperature to remove air bubbles.

2.3. Membranespreparation

The whole membrane preparation procedure has been detailed in a previous hap&tA/GA
solutions pepared at 10nt% of PVA and 0¥Wt% of G\ and using dilutedhydrochloricor sulfuricacid
were cast ono a glass platevith an automatic coater (K coater Erselm). The glass plate waapidly
put on a heating support the desired temperature (6@0 or 80°C)in an elaboratingchambe where
the relativehumidity was contrdled 60%RH in these experimentsfhe temperature ramp was fixed

at 35°C/min

2.4. NMR measurements

Pulsed field gradient NMR spectroscopgsused to measure setfiffusion ofwater in the polymer
solution By use of a gradient, molecules can be spatialigled i.e.marked on tkeir position in the

sample tube If they move during the following diffusion timé)( their new position can be decoded

by a second gradient. The measured signal is the integral over proton NMR peaks. The NMR signal
intensity isattenuated depending of the diffusion time Y and the gradient parameters (gk This

intensity change is described by:

+L YATELP S F Uouy;? (1)

2D-DOSY RiffusionOrdered Soectroscoy) NMR experiments were performed at different
temperatures with a Bruker Dual -gradient probe head capable of producing gradients in the z

direction with strength 55 G cta The DOSY spectra were acquired with the dstebpgp3s pulse program



(2D sequence fadiffusion measurement using double stimulated echo for convection compensation

and LED, using bipolar gradient pulses for diffusion and using 3 spoil grétents

All spectra were recorded with 8 Kome domain data points in the F2 Frequency axis and 16
experiments (F1). The gradient strength was logarithmically incremented in 64 steps from 2% up to
95% of the maximum gradient strength. All measurements were performed with a diffusion 'defay

50 ms in order to keep the relaxation contribution to the signal attenuation constant for all samples.
The gradient pulse lengti@&vas 2.2 ms in order to ensure full signal attenuation.

The diffusion dimension of the 2D DOSY spectra was processed by metesBifiker Topspin

software (version 2.1).

2.5. Model description

2.5.1. Position of the problem

The membrane formationmechanisms using th@VA/water systermare quite different as those
involved with classical polymer/solvent systesincethe phase separation isiduced by increasing
the temperature above thaower Gritical Solution Temperature of thePVAwater system(LCSITIPS
process)AsPVA is water soluble, crosslinkingtepis necessaryo prevent a solubilizébn in water
during further use A chemical crosslinking was performédre, using glutaraldehyde (GApRs
crosslinkerand chlorydricacid (HCI) as catalyzdtr.wasdemonstrated that thecrosslinking reaction
wasrapid andoccurredconconitantly with the phase inversidf Since thephase separation process
wasconducted in open conditiongolymer solution exposed to gjirmass transfers occred during
the process between the solution and the external environment,water and HCI evaporation.
Consequently, three phenomena are couplduring membrane formation: (i) phase inversion, (ii)

crosslinking, (iii) mass transtdrom solution to air.

The model presentetereinaims at better understanding the link between the process conditions and
the final membrane morphology obtained WZSTTIPS method, for the PYfater system. In this

respect, the mass transfeof both water and HCL evaporatiavill be describedand modeled



After a preliminary discussiaealing withthe modeling strategythe geometry of the model will be
presented andhe thermodynamic laws used in the model will be described for both components; the
mass transfer model withen be detailedthe continuity equatiorand thedimensionless analysithe
initial and boundary conditions, the diffusion formatisand finally the external mass transfer

correlations.

2.5.2. Modeling strategy

In order to control the operating conditiongnd hence the mass transfers between the casting
solution and the external environment, the LEBIPS process was performeato a fabri@tion
chamber were the relative humidity, the temperature ramp, the target temperature and the air flow

was controlled.

Dependingwhether the system is in the homogeneous or diphasic region during the membrane
preparation, differentstrategieswere chosen before phase separation.e. when the composition
path was still in the monophasic regionmass transfer irthe homogeneous polymer solution was
considered,thus involving both FlonHugginstheory for describing thethermodynamics of the
polymer/solvert system, anda mutual diffusion formalismFurthermore when the compositiorpath
wasin the diphasic regiorfloryHuggins theoryvasstill usedto determine the chemical potential of
water and PVAAssuming that the polymer concentration in the leanypoér phase was negligible,
simple diffusiorformalismfor water and HGOh pseudo homogeneousolutionwasused in this phase
Besides, lte small moleculewere assumed not to diffuse in the rich polymer phase because of very
high polymer concentratiorfzig.1 summarizeshis modeling strategy, depending on themposition

path in the phase diagramin the monophasic region, classical diffusion equations dedicated to
diffusion of small molecules in polymer solution were used; in diphasic regionevaonly interested

by the diffusion of small species in the lean phase mainly composed of water, assuming a good
connectivity between the pores in formatioWe assumed in this model that the impact of the

chemical crosslinking on the diffusion rate of the #irspecies was weak for two main reasons: first,



the phase inversion was reached quite rapidly (less thas)4md secondly, during this short period,
we ca expect that the crosslinking was not sufficient to strongly reduce the diffusion ability of éifie sm
species. Once the phase inversion began (after the composiéitim grossed the cloud point curve)

the diffusion occurred in the lean polymer phase, thus the crosslinking did not affect the diffusion rate.

The thin polymer solution (dhm thick)was paced onto a heating plate, which was sé¢the targeteal
temperature (60, 70 or 80C). The calculation of the Biot number in those operating conditions, with
free convection for air motion above the casting film, exhibited tiat Biot number was mucless

than 0.01. Fat temperature profiles were¢hus expectedin the casting film and wastherefore not
necessary to solve the heat transfer within the film. Nevertheless, a simulation of the temperature
ramp was included in the model, from the ambieattperature(20°C) to the final temperature. So,

the impact of the temperature on thewhole transfer parameters (thermodynamic parameters,
diffusionand u «+ 3@E ve( E } ((] ]takén ¥to Aco@int in the model. For instance, the

diffusion coeffigénts of water and HCI were correlated to the film temperatateach time step.

2.5.3. Geometry

The geometry for mass transfer in this syst@wmrresponds to the experimental conditions for
membrane formation ig.2): the polymer solutiorwasexperimentallycag onto a glass plate (thm
height) andthen placed onto a heating plate the fabrication chamber where the relative humidity
was controlled Onedirectional diffusion along the vertical axisasassumed in the model. The gas
phase next to the top side dahe polymer solutionwas characterized by its temperaturé’ (gas

temperature) andelative humidityRH

2.5.4. Thermodynamis
- Water

Athermodynamic model based drory Huggins theory was used to express the Gibbsefneegyof
mixingfor the polymer/solvent systemPreliminary experiments were performed to vertfyat the

additives(glutaraldehyde) il not affect the pltase diagranof PVA/water systenindeed, in a previous



study, using a PerkinElmet UV Lambda25 coupled with a Peftimperature programmerwe
demonstrated that the presence of GA in the polymer solution at such a low concentration (0.5 w%)
did not strongly affecthe cloud point temperaturéless than 2.86)°. The Gibbs freeenergyof-mixing

for PVA/water system can be expressesi

eKe

V X L‘5215E°62i6E\/‘5T6 (2)

Where «and 6are the number of moles angblume fractions of componentR and T the umersal
constant andthe temperature respectively Fis the solventpolymer interaction parameter

Subscripts 1 and 2 refer to tle®lventand thepolymer, respectively

The chemical potential of each component was calculated from the previous expression and is

expressed as follows:

| o ! 5K
B F & x Ay v (3)

For the solvenaind the polymerthe expressiosiof the chemical potentigdre thus:

L LHB,E@FFAIGEVS (4)

= L H3gF @ FsAos ET 68 (5)

&and &;are the solvent and polymer molar volumes, respectively.
- HCI

For modeling the mass transfer of HCI, the thermodynamic model used in this study involves
equilibrium data for water/HCI solutions at different temperataréhusneglectingn a first approach

the influence of the polymer on thequilibrium curve., v @& C [+ as tAer&fore used in this model.



2.5.5. Determination of the nteraction parameterbetween water and PVA
The interaction parameteFbetweenPVAand water depends on the tempmture andis classically
expressedisingthe following equation:

P L# E—I (6)

A and Bwere determined using experimental data obtained at the thermodynamic equilibrium at
different temperatures. In the system presented in this stydyre phase separatiois expected to
occur once he temperature exceeds the LCST. ejuilibrium, the chemical potential of each

compound in the lean and rich phadsgqual expressed hy

BEE LEBE%E ELsa (7)
El Rgda El 300

Replacing by the expressiof the water chemical potential (Edt) gives

H¥0s 06 £ @ Fr AV o0k | 1 sT06% L HIOs3us E @ FyAGeauoE 11 Veus®  (8)

At agiven temperature, the interaction parameter ctiverefore be deduced from E:

B &L Dp> @2L A% 5 06?% Xoii
i L -Xpiu C.

(9)

% spiy 7 % ¥ o

Formonodispersepolymer, the interaction parameter is easy to determine from the binadale

(which is also the cloud point curve) because the composition of the lean and rich polymer phases can
be directly deduced from the curvéif3). However for a polydispersepolymer, such asPVA the

cloud point curve does not represent the compasit of both phases; in this case, different curves
must be determined depending dnitial polymer concentration (coexistena# binodalcurves) ig

3). The phase diagram of the PVA/water system has been studied pre¥ipasigt the data of the

phase conposition depending of the initial polymer concentration were used in this study. Indeed, the
interaction parameter was calculated using Bdor different initial polymer concentratiosn kb, , £,

and different temperaturs. Anexpression of the interdion parameterwas obtained for each initial



concentration, therefore different couples A and B were obtained and the final expression of the

interaction parameter was thus given:by

i L #kOgy , QE——r0ub (10)

With WVi/V2=1/N. Finally, using the data of the PVA phase diagram, the parameter B was shown to
weaklydepend on the initial concentration, therefore the final expression of the interaction parameter

was given by:

iL d:réi[suHHlan')'esmjé)BEsawxgj:%413 (11)

Where &g, , I5, theinitial volume fraction of PVA andidthe temperature.

2.5.6. Mass transfer

In this mass transfer modalithin the polymer matrixseveral assumptions wemeade (i) no transfer
of polymer in the air, (ii) ideal gdehaviorin the gas phasdjii) gasliquid equilibrium at the film/air
interface (iv) the excess of volume due to mixing was negledtéaen the system is in the monophasic
region, a diffusion formalismspecific of diffusion irthe polymer matrixwas usé. In the diphasic
region, the diffusion coefficientsvere determined based on the assumptisrof (i) pseude
homogeneous lean polymer phaagad (ii) a good connectivity allowintiffusingup to the air/solution
interface Based on these assumptions, the ssdransfer model equatiorfer the solvent diffusion in

the polymer solutiorwere derived as follows:
P! Lo

Where &is themutual diffusion coefficient between the solvent and the polymer agi the mass

concentration of component i, defined by:

S RLs)
eyl (13)

&js the partial specific volume of component i.



Due to solvent evaporation, thenass of the solution decreaseduring time thus leading to a
displacement ofthe upper boundary A coordinate transform was therefore performed to fix the

boundaries between 0 and 1:

. é
L (14)

Using this coordinate transform, EQR hecomes:
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2.5.7. Initial and boundary conditions

The initial conditions for this systeare written as follows:

éjréa; L éyaEL s& (16)
*ir; L ¥y, (17)
At the substrate/solution interface, impermeabt®undary conditionsvere considered:
 Lr&#F—CLraEL sa (18)

At the air/solution interface, Bumann conditions were considered to take into accosotvent

evaporation:

L s&

“% Lod G @hke'oF &lyi6" A (19)

A:c N

62 k6'%is the water mass concentratioin the gas phase at thair/solution interface (at the

temperature of tie solution T) anddly: 6" ;is the water mass concentration gas phasat infinity

(at temperatureT’). Gjis the mass transfer coefficierfor solvent transfer which will be discussed

later in the model description



Thewater concentration in gas phadaulk : él;;can be deducedrom the relative lumidity (RH)n

the bulk The water concentration at the air/solution interfac&d;;; depends on the wateactivity

=
0 Ll O EKQDE

eSyk6to L === (20)
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g6t L— (21)

24is the vapor pressure of componerand M is the molar mass of wateThe activity is expressed

from the chemical potential by:
=L $3BC (22)

The HCI concentration in the bulk gas phase is atiithe air/solution interfacet is deduced from

thermodynamic dat#.

The position of theair/solution boundarycan be determined by the following expression:

RS KgR0 (23)
xXc o)

where is thepolymersolutiondensity.

2.5.8. Diffusion formalism

In the monophasiaegion, i.e. before the composition path engeintothe diphasic regiofT< T, Te

the cloud point temperaturepnd after it leaveghe diphasic regiorio go back to themonophasic
region(at higher polymer concentratignthe small moleculewill diffuse in aconcentratedpolymeiic
matrix. In the last decadesgveralformalisms have been proposed to express the mutual diffusion
coefficient involved in Eq.2land 15 as a function of the selfiffusioncoefficients.Vrentas and Duda
have proposd the first diffusion formalisméor binary solution¥*8, and the formalisms have been

extended to ternary systens*%4%4L, For binary systems, Vrentas and Duda propoaeaquation



relating the mutual diffusion coefficientd) to the selfdiffusion coefficientof water (Dy) and to the

thermodynamic propertie ofthe polymetrsolvent systerf?:

gLt % (24)

521 oyl
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In eq. 26,4;and M; are the chemical potentiaper moleand the molecular weight of the solvent
respectively R is the gas constant per mol&gsis a frictioncoefficient, Tis temperature, and Nis
Avogadro's numbemewertheless, he relationship between D and;vasshown to be onlyalid for
very low solvent concentrationfnear w =0); thisis a stong limitation for our systemswhose
polymer concentratiorare about 10/20 wt%. Consequentlgnother model was used ithis work
whichextendsthe validity domairto a widerrange of polymer concentratid This modebubstitutes

the denominator of Eq.2by the following expression:
HESIGEUSE" 1§ (27)

A, B, C, anttare constantand theycan bedeterminedfrom restrictionson &50&5Uand onD®. Finally

the equation of the mutual diffusion coefficient related to the sdiffusion coefficient is given by:

Ev
&L T:>:5?1_;:5761 _; (28)
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&'and & jare the speific volumesof the pure solvenandthe partial specific volume of the polymer
at wi =1 (pure solvent) respectively.D, and D are the seMdiffusion coefficiens of solvent and
polymer atw; =1, respectively. Since the whole parameters were not available for PVA/water system,

RMN data were used to determine the sdiffusion coefficient of water at different temperatusend



different PVA volume fractiond, (w1 =1) was estimated by weknown results for diffusional

behavior in infinitely dilute polymer solutioffs?®.

Using FlonHuggins theory to describe the thermodynamics of the polymeric system, Eq. 25 can be

expressed as:
3L:sFlig;isFtilg; EdgoU (30)

UL / &0/ & (31)
i isthe interaction parameter between polymer and solvent.

The values of the parameters used in the diffusion formalism are report€dtlel. The sekldiffusion

coefficient of pure solvent as a function eperature was found iliterature*®,

2.5.9. External mass transfer

The external mass transfer coefficientgere calculated by mpirical correlationgderived in fee or
forced convetion. Free convectignwhichinvolvesair motionthat isinduced by a density change in
the vicinity of the air/solution interfacewas chosen for these simulations since the experiments are

commonly performed in such conditions.

The following correlatio was used to express the mass transfer coefficlemersus the Grashof

numberGr347:

—poﬁilifci’*‘z’L r&sx )N5g*® (32)
ZoYo)

The Grashof numberGf) allows calculatingree convection due to density difference caused by

composition gradients and/or temperature gradiemsar the air/solution interface:

yNL A9 L ioili gUF 6T 4 (33)

®oyl

And the Schmidt number (5¢) is expressed a:



57L -2 (34)

Y00

Kjs the viscosity of the air at the interfacétand 6" are the temperaturs at the interfaceand in
the bulk, respectively. ¢ ds the diffusion coefficient of water or HCI in gas phasg;gnd O 4are the
dynamic viscosity and the density of the air at the bulk temperatuggs thecharacteristidength of
the system (half théengthof the casting solution in this case}is the dilatation coefficient odir, and

> g4k IS the mean log of miar fraction of air between the air and the interface.

The whole physmchemical properties used in the model were taken from handbook tablestand
model takes into account the fact that thghysicachemical propertieg J 4,0 4, depend on the
temperature.

The diffusion coefficients in gas phase were deduced form the following eqéfation

58754381
&bk ————F——— (35)
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2.5.10. Numericalalgorithm

The system of partial differential equations that described the mass transfer phenomena were
numerically solved in ordimension (xaxis) using finitelement software: COMSOL Multiphysics® 5.1.
The meshwas refined in the vicinity of the air/solution interface, i.e. in the region where the
concentration gradients were expected to be the highest (X = 1). A variable time step was used in order

to improvethe numerical resolution.



3. Results and Discussion

3.1. Model validation

3.1.1. Characteristic time scales

Before using the modeto predict the composition path according to the operating conditians
shouldbefirst validated usingxperimental dataSince it was quite impossible for this systenolxain

local measurements during membrane formation, the model validation was performed uspegific
experiment.Indeed two characteristic time scales can be deducedhysuabbservation:(i) the time

at which the composition path enters the diphasic region because the phase separation induced a
whitenessof the film, andlater (ii) the time at which the system leaves the diphasigion if the
crosslinking was not completedhdeed.,if the system leaves the diphasic region and go back to the
monophasicregion before the end of the crosslinking, the whiteness should disappear because of
phase inversionreversibility. In this case, theesidence timein the diphasic regioncan be
experimentally deducedif the crosslinking is efficient enough to fix the membrane morphology when
the system is still in the diphasic region, the whiteness will be maintained even after the system crossed

the cloud point curve to go back to tmeonophasiaegion.

For most of the experiments, therosslinking waschievedwhen the composition path leaved the
diphasic regionand hence the whiteness was observable until the end ofekgeriment. The SEM
data obtained at various temperatures (8G, 70 °C and 8C) and for two different catalyzers (HCI
and HSQ) confirm this assd¢ion (Fig. 4)SEM photographs reported in Fig. 4b to 4f exhibit porous

structuresfor these operating conditions

Howeverthe disappearing of theolutionwhitenessvas observed foone spedic operating condition
tested, i.e.the experiments conducted at 6Cwith a temperature ramp of 38C/min,under 50% RH
and usng HCI as the acidic catalyz€ig.4a confirms this visual observation, since a dense membrane

structure was obserd for those specificexperimental conditionsMoreover,the residence timen



the diphasic regiorouldbe estimated(time between the appearance of the solution whiteness and
its disappearance this particular casén parallel, the model can preditte composition pathn the
same operating conditions (Fi§) and hence both experimental and numericzdults were compared

to validate themass transfer mod€lTable?). With regardgo the time needed to cross the cloudipt
curvefor the first time, i.e. the time necessary to ent@rthe diphasic region, the modalas shown

to bein good agreement with the experimental results €6r experiments and6s for simulation
data). Visually, the disappearing of the whiteness was obseffeedhe aforementioned operating
conditions afterabout 580s. Concerninghe numerical resultsbecause of the solvent evaporation
underlying the creation of concentration gradiedifferent time scales could be obtained depending
on the height in the lution. Asthe composition paths are different at>0 (bottom) and X=1
(air/solution interface)the residenceimesinto the diphasicregionare different toa Table 3 reports
that at X=0, thenumerical resultpredictsthat the systenreachedthe cloud point curve afteb73s

but after only421s at X=1. To compare to the experimental observations, the highest value should
be kept since as long adayer of the solution is in the diphasic region, the whiteness should be visible.
Consequently, ta model predictd that the residence timen the diphasic region isqualto 527's, in

very good agreement witthe experimental observations

3.1.2. Concentration profiles

Fig.5 exhibits that the composition paths are very different at the bottom and at the upper interface
of the casting solution. This result arose from the creation of concentration gradients in the vicinity of
the air/solution interface due to solvent evaporatiolndeed, the solvent evaporatioted to an
increase of the polymer concentratiorearthe upper interfacesince the diffusion within the solution
isvery slow (diffusion in homogeneous polymer solutiahg diffusion rate of solvent from thieottom

of the solution to the upper interface was not as rapid as its evaporation to the air. In this context, the
composition path at the upper interface €4) is deviated on the right sida Fig.5 until the cloud

point curveis reached at the bottom of the sotion. Then, due to phase inversion, the diffusion of

solvent was easiebecause water can diffuse easily within the lean polymer domuaiitisin the



polymer matrix and the concentration gradients tend to decrease, thus deviating the composition path

at X=1 on the left sidebefore crossing the cloud point curve.

Fig6. reports the simulated concentration profiles of polymer at increasing time scales (before and
after the phase separation began), which allow illustrating this phenomenon: concentratioempadi
areformed in the vicinity of the upper interface before phase inversions(1ZDs, 40s) and then once

the phase inversion started, the concentration gradients were reduced because of faster difffision
water toward thetop of the casthg polymerfilm (60s, 100s, 200s, 300s). It should be noted that the
concentration profiles formed in the homogeneous solution (prior phase inversion) are localized in a
small region near the upper interfacthus validating the fact that the composition at thettom of

the cast solution was chosen for validating the modietieed,the nearly whole filmvaswhite and

homogeneous

Fig7. representshe variation of the weight fractions of PVA atR, X=1 and the average weight
fraction versus time. This figure confirms that before phase inversion the curves relativea@dd
relative to themean weight fraction are almost identicathich arises from the formation of strong
concentration gradientocalizedin the vicinity ofthe upper interface During this period, the polymer
concentrationat X=1is expected to rapidly increasecause of solvent evaporati@mnd slow diffusion
within the polymer matrix(0 t 46s). After phase separation and due to an increase of the diffusion
coefficient, thesolventdiffusion is easier in the polymer matfixom the bottom to the upper surface)
and therefore the PVA concentration is expected to increasigaénvhole casting solution (46421s).
Once the composition path at the upper interfacaches thecloud point curve (around2Ds), the
solution is expected to change from diphasic to homogeneous due to phase inversion reversibility. So,
the diffusionof solvent is reducednly locally firstbut it is enough to create a barrieand the PVA
concentration is expected to strongly increase again bec#luseolvent evaporations now faster
than its diffusion in the polymer solutiorSince the cloud poirturve is expected to be reached at

different time scales depending on the depth in the casting solution, a front of phase separatien fade



out will occur until 53, time at which the whole solution is expected to be homogendmersause
the cloud point caveiscrossed in the whole solutiofit corresponds to a polymer volume fraction of

0.175in Fig5 and Table).

The reliabilityof the model developed in this workas thus demonstratedqllowing us to use it as a
predictive tool for better understanding the relationship between the operating conditions and the

membrane formation mechanisms.

3.2. Influence of the final temperature on the composition path

Our group previously demonstrated usiag experimental approach thahe final temperaturecould
strongly affect the membrane morphology, théher parameters being identicdl Using HCI as the
catalyzer, 870 °Cand 80°C, porous membranes were obtained whereas at®0a dense membrane
was obtained, suggesting that the composition path went olihe diphasic region before the end of
the crosslinking, i.e. before the membrane morphology vetabilized A goalof this modeling
approachwas to explain thse results using quantitative data m mass transferoccurringduring the

membrane preparation and the influencé external parametersn the final membrane morphology.

So, fmulations werecarried outfor two other target temperatures 70°C and 80°C. Forthese
simulations,in agreement with the experimental conditions of membrane formatitime initial
solution thickness wasot modified (Imm)and the external parameters were kept constéexternal
temperature, relative humidityair flow conditions)Fig.8 represents thecomposition paths for final
temperaturesof 70°C and 80Cand the two positiosin the system (%0 and X=1). Table3 reports

the characteristics time scales obtained frahre simulation resultsFig.8 demonstratesthat the
composition patls exhibit similartrends for the two different target temperatureg\t the bottom of

the systenthe composition path is exactly the same for both final temperatures since the composition
did not changeuntil the final temperature was reached (due to low diffusidhe effect of the
evaporation at the upper boundary did not affect the bottom boundget). At the air/solution

interface the water evaporation affest the composition pathand induces the formation of



concentration gradients, as for #nal temperature of 60°C. The composition path at the upper
interfaceisthereforedeviated on the rightsideprior to phase inversion and once the cloud point curve
isreached at the bottom (% 0), the simulations exhibit thatoncentration gradients arexpected to

weaken, thus leading the composition path to enitethe diphasic regiomat X=1.

Fig.9 represents the PVA concentration profiles at increasing time scales for final temperatures of
70°C and 80C: before phase inversion (2@nd 45) for oth conditions andvhen the composition

path wasin the diphasic regiofior each point in the solution, i.e. at the upper interface and at the
bottom (20s to 350s for 70°C and 2@ to 260s for 80°C). Those curves exhibit similar results as
obtained at 60°C with stronger concentration gradients near the upper interfate higher
temperatures The final time scales for plotting the profile350s and260s at 70°C and 80C,
respectively) correspond to thtemesjust before the exitime from diphasiaegion.The profiles show

that the higher the final temperaturethe stronger the polymer concentration gradient, whiishdue

to the fact that the evaporation rate increases with increastamperature, as shown in Fit0. At
80°C, the evaporation ratis two times higher than at 70C and three timghigher than at 60C at

the plateau.The time to reach the plateau corresponds to the time needed to reach the target
temperature, i.e. 68.6 at 60°C, 85.F at 70°C and 102.8 at80°C. At the end ofhte plateau, the
evaporation flux decreasmnce the composition path at the upper interface reaches the cloud point
curve because the upper part of the polymer solution will become homogeneous due to phase
inversion reversibility, thus strongly reducinget diffusion coefficient of small molecules in the
polymer matrixDue to faster evaporation rate, this characteristic time scale is reached earlier at high

temperature, i.e. 8GC in this case.

Finally, tose curves demonstrate that tHenal temperatureclearly affects the composition path and
especially theesidencetime in the diphasic regiorlhe model exhibited that mperatureincrease

of 10°Cinduced a decrease ofhe residencetime in the diphasic region b§5% between 60Cand



70°C and by gproximately33% between 70C and 80C. This resuttonfirmed that the evaporation

rate, and hence the solvent loss rate, is not proportional totdrgettemperature.

3.3. Influence of the catalyzer on the composition path and the membrane morphology

In the same time our groupdemonstratedin a previous paper that the final membrane morphology
was directly linked to the choice of the catalyzer: usin§® porous membranes were obtained
whatever the final temperature (68C, 70°C, 8C°C) whereas using Hdlfferent morphologies were
obtained at 66°Ccomparedto 70°C andB0°C a 70°C and 8 °C, a porous membrane was obtained
as demonstrated by SEM observations, but at@@he final membrane morphology was dengere
precisely, a whiteness of the jymner solution was observed but after several minutes, the whiteness
disappeared, suggesting the loss of porous structure, which was confirmed by SEM analysis. The
following operating conditions were used for those experiments: initial temperature ofC20
temperature ramp of 35C/min, relative humidity of 50% and casting thicknessrofil. Since porous
membranes were obtained using$0 as a catalyzer, the evaporation of HCI was suspected to be
responsible of this loss of porous structuhedeed, 4 80 °C, the systerwas shown to stay shorter
time in the diphasic regiothan at 60°C butat the same timehe crosslinking reactiois expected to

be much fasterwhich could explaithat the structure wastabilized faster

On the contraryat 60°Cand using HCkhe crosslinkingeactionwasexpected to be slower than at
80°C, and probablyoo slow to fix the morphology before the systemeturns to the monophasic
region.Fig. 1 presents thesimulatedloss of HClluring membrane formation due to its evaporation.
These curves exhibit that thiessrate of HCI is rapid, sinaaore than20% of HCI is expected to
evaporate after less than two minuteshe slope change observed during the firstrb is due to fact

that the composition path crosses the cloud point cuatethis moment thus inducing the phase
inversion. In this case, the diffusion coefficients of small species (water and HCI) in the lean polymer
phase are much higher than in a homogeneous polymer imolutbefore phase separation). The

characteristic time scales reported in Taldendicate that the system was expected to leave the



diphasic regiorat X=0 after 573s at 60°C430s at 70°C and309s at 80°C. At such time scales, the
loss of HCI waabout 88% for the three temperaturesthus confirming that its evaporation should
have a strong effect on the crosslinkipgogress These results allow better understandingof the
difficulty to maintain a porous structure during the membrane preparatiwhen using HCI as
catalyzer at 60°C, the crosslinking reaction stower than at 70C and 80C,implying areduced
crosslinking efficiencyAt higher temperaturs, the residence time in the diphasic regiosisallerbut
the crosslinking reaction is p&cted to be fasterwhich could explain whihe porous structure was

preservedat 70°C and 80C using HCI as the catalyzer.

Using HSQ as the catalyzethe reduction of crosslinking efficiency was no more a problem since this
catalyzer is not as vdile as HCI. In this case, porous structures were obtained for all final

temperatures tested (from 60C to 80°C).

3.4. Influence of the solution thickness on the composition path

Starting from arinitial solution thickness of tiim, the numericalresultsexhibitedthat concentration
gradients could appear, especially in the vicinity of the air/solution interface because of solvent
evaporation.By affecting the ratio surface/volume in the systetime initial solution thickness also

expected to have an fluence of the mass transfers and hence on gf@balsolvent loss

With Hinit = 1 mm, the simulation resultshowedthat the system leaved the diphasic region afibout
570s and310s (at the bottom of the casting solution) for final temperatures of°6@and 80°C,
respectively. At 80C, this time was sufficient to perform the crosslinking reacéierproved by the
formation of a porous structure after complete membrane solidificatibecreasing the solution
thickness would affect the composition fatthe surface/volume ratidoeingall the highersince the
thickness is lowTable4 summarizes those results and exhibitstthéathe bottom of the solutiorthe
residencetime in the diphasic region isxpected to bereduced by 2% 46% and 8% with initial
thicknesgs of 750um, 500um and 25Qum, respectively With an initial thickness of 25@m, the

systemstays aboutone minute anda half in the diphasic regioifand even less at the air/solution



interface) meaning that the time to perform an efficientrosslinking is strongly reduced. Besides,
experimental resultperformed with thin solution (25@um) confirmedthat it was not possible to
obtain a porous structure even &igh temperature §0°Q andhigh tempeature ramp(35°C/min)

becauseof atoo rapidevaporation rate

At the same timeyeducing thesolution thicknessill reduce theconcentration gradiergalong the
vertical axis. Fidl2 reports the PVA concentration gradients obtainegldecreasing initl solution
thickneses (i) just before thecomposition path enters the diphasic regjone. 45s in all cases
(Fig.12a) and(ii) just beforethe compositiorreacheghe cloud point curve, i.e. before coming baok
the monophasiaegion (Fig.12b). Clearly, significant concentration gradients are credietbre the
system enters the diphasic region since the mass transfer by diffusion into a polymeric soluéipn is
slow. The higher the initial solution thicknesshe higher the concentration geient: for initial
thicknesses of inm, 750um and 50Qum, the concentration gradiers are located only nearthe

air/solution interface whereasat 250um they are located on a depth 40% of thewhole thickness

Latr in the diphasic region, the conceation gradients areveakersince the systerwvas separated

in two phasesallowing faster diffusion of water ilean polymer phaseNevertheless, concentration
gradients were formed because of rapid evaporation, which were all the more marked sincdiiie ini
thickness was high. For an initial thickness ahri, the numerical results exhibit that PVA
concentration is 50% higher at the air/solution interfdban atthe solution/casting support interface.
For an initial thickness of 250n, the difference btween both locations is onljlose t06%, suggesting

the formation of a more homogeneous final structure after membrane solidification.

4. Conclusion

Herein, a numerical model was developedllowing abetter understandingof the formation
mechanism®f porous membranefrom PVA/water systerby LCSTIPS proces3he main objective

was to explairio what extert the mass transfers involved during the membrane formation caused the



disappearing of the porous structure observed in previous experiments coediat60°Cand using

HCI as the catalyzer. The numerical simulations presented in this paper demonstrateldethadter
evaporationand the catalyzer evaporation (HCI) waesponsibleof this result, by diverting the
composition path on the one hand ary reducing the crosslinking efficiency on the other hand.
Indeed, the simulationgxhibited that the residence time within the diphasic region was strongly
linked to the final temperature targeted (60, 70 or 8D) The highethe final temperaturethe lower

the residence time, which decreased from 52{®0°C) to 263% (80°C) at the bottom of the solution
and from 375 (60°C) to 216 (80°C) at the upper interface, whethe solvent evaporation occurs.
Furthermore the simulations demonstrated thatore than 80% athe initial amount of hydrochloride

acid was expected to evaporate when the system went back to the monophasic region. Those two
results provide a thoroughunderstanding why dense membranes were obtained using HCI as the
catalyzer when th final temperature was onlpf 60°C. At higher temperatures, the chemical
crosslinkingvasexpected to be faster, thus leading to the formatiorpofous membranes. Additional
simulations showed that the initial solution thickness cotlave a significaninfluence onthe
membrane formation dynamic®educing the initial solution thickness enhattkee surfaceareato

volume ratd and consequentlyhe impact of the mass transfers on the whole process.

As a consequendbese simulations showed that using a volatile catalyzer ash#hfluence of the
evaporation phenomena could dramatically limit the possibility to obtain a porous membrane.
Moreover this works showthat for such complex formation mechanisms invodyphase inversion,
crosslinking and solvent (and potentially HCI) evaporation, the operating conditions should be chosen
carefully to ensure the formation of a porous structure that lead to stable porous membfdne.
framework of simulation has then agqutictive character which will be usedd¢boose the appropriate
operating conditions for preparing PVA membranes, to optimize the crosslinking redryion

maintaining the system enough time in the diphasic region while limiting the HCI evaporation.
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6. Nomenclature

Subscriptg 1 (water), 2(PVA)
DH PVA degree diiydrolysis
DP PVA degree of polymerization
LCST Lower Critical Solution Temperature
TIPS Temperature Induced Phase Separation
GA glutaraldehyde
é Kk Gibbs freeenergyof-mixing
U number of moleof component i
(oJ§} volume fractions of component i
Sy mass fractions of component i
F PVA/water interaction parameter
ay chemical potential of component i
8 molar volume of component i
T temperature
Tf femperature in gas phase (bulk)
T temperature in gas phase (air/solution interface)




ély

&y

0o

M1

Y

mass concentration of componenin polymer solution

mass concentration oivater in gas phase (bulk)

mass concentration oivater in gas phaseif/solution interfacé

mutual diffusion coefficient in polymeric system

partial specific volume of component i

spatial coordinate in vertical axis

spatial coordinate in vertical axis after coordinate transform

height of the casting solution

mass transfer coefficient of water

activity of component in polymer solution

flux of component i in gas phase

densityof component i

density of air

solvent seHdiffusion coefficient in polymer/solvent system

polymer sekdiffusion coefficient in polymer/solvent system

friction coefficient

Avogadro number

Molar mass of solvent

spedfic volumes of the pure solvent

partial specific volume of the polymer at w1 (pure solvent)

characteristic length of the system




W tma mean log ofmolar fraction of air between the air and the interface

&y Schmidt number in gas phase at the air/solution interface

U dilatation coefficient ofair
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