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Improvement of a method for the characterization of ultrafiltration
membranes by measurements of tracers retention

C. CausserandS. Rouaix, A. Akbari, P. Aimar

Laboratoire de Génie Chimique, CNRSUPS/INP, UMR 5503, 118 route de Narbonne, 31062 Toulouse Cedex 04, France

Abstract

The aim of this study is to improve protocols for assessing accurate characteristic retention curve and cut-off of membranes, thus enabling
the manufacture and performance of the membrane to be monitored. Different data treatments are considered in order to determine membrane
retention for fractions of tracer filtered (PEGs in the molar mass range of 1-100 k§)minlthe most advanced method of treatment, the
observed retention is expressed as a combination of solute transfer coefficients in the boundaky, legiad (porous structure fk), and
the asymptotic retention (i), which is an intrinsic characteristic of the membrane to solute as it is independent of operating conditions.

The developed method has proved to be accurate and reproducible in two cases: (i) monitoring of UF membrane integrity during accelerated
aging; (i) for quantification of cut-off change due to UF membrane modification by UV grafting. We propose a simplified procedure that
allows a reduction in experimental workload, without loss of sensitivity, for the most advanced method.

Keywords: Ultrafiltration; Membrane; Characterization; PEG; Retention

1. Introduction draw here as the characterization method used by the man-
ufacturers is not exposed, making difficult an evaluation of
Amongst the existing methods of separation, membranesthe origin of the difference.
offer many advantages such as low energy consumption or  |fthe aim is a comparative characterization of membranes,
no added chemicals. In ultrafiltration, the selectivity is in the absolute values for the cut-off are of secondary impor-
part determined by the porous structure, which in turn is tance. However, in water treatment for example, Jacangelo
characterized by the sieving curves. These curves are obt al.[3] underline that quantification of an absolute cut-off
tained from a plot of retention of some selected solutes, is one critical factor in assessing whether a membrane has
called tracers, versus their molar mass. a potential to remove such particle or microorganism. In
Manufacturers generally specify for their membranes a the same way, in pharmaceutical industries where the ap-
nominal cut-off: molar mass of the solute that is (or would plication calls for the separation of molecules whose molar
be) 90% retained by the membrane. However, numerous aumasses are not greatly dissimilar, product quality requires
thors[1-5] have shown that the absolute membrane cut-off that the membranes have a consistent cut-off value and that
and the value quoted by the manufacturers may be very dif- any change in the cut-off of the membrane whilst in use, are
ferent because of differences in methodology and test condi-capable of being monitored].
tions. Platt et al[2] have investigated the difference between Recent works show that the cut-off obtained according to
membrane cut-offs measured via single solute experimentsmethods using dextrans as tracers is not modified by the cre-
and the values quoted by the manufacturers. For all mem-ation of few defects (1000-5000 times larger than the mean
branes investigated, the measured cut-off was different from pore radius) in the membrane struct{ég This underlines
the manufacturer’s one. However, a conclusion is difficult to the necessity to impro\/e the characterization method and
that cut-off values do not provide information on the sharp-
* Corresponding author. Tekt33-5-61558690; fax:-33-5-61556139.  Ness of the selectivity based on the breadth of the pore size
E-mail address: caussera@chimie.ups-tise.fr (C. Causserand). distribution[5,7].



In this paper, we propose an analysis of previous works coefficient”, Ry, [9]:
on UF membrane characterization by measurements of Cp
tracer retention, in order to underline critical points in Rm=1—Sa=1— — (2
previously reported techniques. We then suggest to adapt m
existing methods in order to improve both experimental con- By using this last description, the integration across the
ditions and data treatment. We then show two examples for membrane of mass transfer equation allows the link between
which the proposed method has proved to be accurate andRins and the membrane retention coeffici®at to be estab-

reproducible. lished:
1— Rinf) €X
R, =1— ( inf) Fxpepore) (3)
eXFxPepore) — Rint
2. Background
where
2.1. Models for membrane retention calculation Pepore = - 4)
pore
Due to its porosity, the selectivity of a filtration membrane q
is partly controlled by the steric effect, which depends on the an
shape and size of the solute and pores. Charge effects cap __ p & Ka (5)
. . . . ore — o0
also be taken into consideration in the case where solutes L K¢

and membrane surface are charged. This phenomenon Wilkl\lith D~ being the infinite dilution diffusion coefficient

be considered negligible in this paper as (i) tracers used are(mz s71), ¢ the porosity of the membrane ardthe pore

neutral, (ii) the der_lsity of _charge of the membrane being length (taken equal to skin thickness, n)the flux den-
low, the energy of interaction between neutral solutes and sity (e m—2s-1) kpore the transfer coefficient in the pores
the membrane can be assumed negligible compared to the(m s 1) and Peyore the Peclet number in the pores. The hin-

energy of interaction due to steric hindrance. This selectivity, drance factor(; and Kq are, respectively, the convective
combined to the convective and diffusive fluxes controls the and diffusive correction coéfficients that,reflect the addi-

overall traTsfer ofdsolute. descrintion of sol tional drag on the solute molecule due to the presence of
A complete and accurate description of solute transport y,o e \yalls. DeefiL0] has reviewed most of the experi-

(sf|evmg) during mgmhbrane filtration requires the ;_nowledge mental and theoretical works on hindered transport and gave
0 ht'Wr? zaramstersht € asymptotlc retggua_n coe Iﬁlﬁm | several analytical expressions for these hindrance factors.
which describes the convective contribution to the solute ™ onsideringEq. (3). we can see thiy is the asymp-

flux andhthe T’e_clet' nhumber in Te FO'B%OVG which de-_ﬁ totic value ofRy at infinite Pepore. Unfortunately,Rins and
scribes the relative importance of solute convection to diffu- ¢ “-nnot e 'in principle, determined directly by experi-

sion inside the membrari8]. Rr defined byEq. (1)isthe 1 onia) measurements due to concentration polarizéion
only intrinsic characteristic of the membrane/solute system Nevertheless, a direct estimation Rf, can be achieved in
since it only d_ependsi on geon_1etr|c dimensions pores with some particular operating conditions such that the effect of
regards to a given solute, and is not dependent on transport,,ncentration polarization is negligible (sBection 2.2.1).

phenomena: Concentration polarization is modeled by the film rela-
Rint = 1— ¢Ke (1) tionship that relates the membrane retention coeffidrant
and the observed retention coefficiéys

with ¢ being the solute equilibrium partition coefficient be- 1 — Rops 1—Rnm J
tween the membrane phase and the adjacent liquid phase anlf (m) =In < m ) + (E) 6)
K¢ the hindrance factor for convection. The peculiarity of )
the asymptotic retention coefficient is that its value cannot Which can be noted
be measured directly as it would require very high filtration _ 1 7
fluxes, without concentration polarization (i.e. infinite mass ~°°*~ 1+ (1 — Rm)/Rm) exp(PesL) Q)
transfer coefficient)8].

Transport in porous membranes has been described b>yvhere
different approaches as summarized by Opong and Zyd- p o= 1— ﬁ 8)
ney[8]. In all these approaches the solute flux through the Cr
membrane is given by the sum of the convective and dif-
fusive contributions. The results are conveniently expressedPeg. = — (9)

in some studies in term of an “actual sieving coefficient BL

S, [8] defined as the ratio of the solute concentration in the and
permeate (g, kg m~3) to that at the membrane surface{C D

kgm~3) or in other works in term of “membrane retention kel = s (10)



with C; being the concentration in the retentate (kg Rm show the same evolution. In case of intermediate Peclet
kgL the mass transfer coefficient in the boundary layer numbers, there is a low polarization and a low dispersion in
(ms1), Peg, the Peclet number in the boundary laygr, the porous medium leading to large solute retentioghdR

the boundary layer thickness (m) abdthe average solute ~ maximum value). At higher Peclet numbers, convection in
diffusion coefficient in the mass transfer boundary layer the membrane becomes the mostimportant phenomenon due

(often taken equal to infinite dilution diffusion coefficient to a negligible dispersion by diffusion in the porous medium

Doo, M2 s 1), (Pepore > 2) but simultaneously the concentration polariza-
Eqg. (6) allows Ry, to be determined if a straight line is ~ tion is accentuatedPeg, > 1) that induces a low observed
obtained when plotting In(& Ropg)/Robs) Versus fluxJ [11]. retention,Rops decreases towards null retention dRd al-

For the purpose of the determination of an asymptotic ways increases up to its limiRins. The coordinates of the
retention coefficient, the combination &qgs. (3) and (7) maximum inRgps VersusPepore CUrve are given by the fol-
provides an adequate link betweBRp,s and Rins. Eq. (11) lowing equationg12]:
takes into account transfer in the pore and boundary layer

and selectivity: Peporemax = IN(B + 1) (13)
Rops = L R = = (14)

7 14 (1= Rir) exp(PesL))/(Rint (1 — €XP(—Pepore))) ObS.MaX= 3737 (1 — Rinf)/Rinf)((1 + B)B+1/B/B)

(11) Opong and Zydney8] have used such considerations to

For largePepore, E. (11)is equivalent taEq. (7)in which explain the maximum value found when plotting retention
Rm would substitute foRt. versus filtrate flux in bovine serum albumin filtration. They

In order to illustrate previous comments, we report Calculate the value of the membrane retention coefficient
in Fig. 1 the theoretical general evolution d%ps Rm at Rops, max @nd show that, even at the maximum Rgps,
and R as a function ofPeyere assuming thaPepore = Rm is equal toRs only if B > 1. Opong and Zydney

B Peg| . B is a constant characteristic of the membrane and mention that this situation is relatively easy to Satisfy with
of the filtered solute for fixed hydrodynamic conditions Mmost track-etched membrane sinceés very small (<0.01)

[12]: andL is of the order of 1qum (s/L ~ 1 x 10"3m™1).
The situation is very different for asymmetric membranes
ki L1K . . )
B = % = ki = _EK_C (12) due to a large porosity and the very small skin thickness
Pes. pore £ 0 fd (¢/L ~ 1x 10t8m~1). This constraint o is also difficult
This parameter has been taken equal to Eign 1. The dif- to meet in cross-flow membrane devices as it corresponds

ference betweeRyps andRy varies according to the values to low boundary layer thicknesé. Thus, they conclude

of PegL andPeyore [12—-14]. For low Peclet numbers (small that considerable care must be taken in interpreting pub-
solute with large diffusion or/and low convection), there is lished results for the retention coefficients of asymmetric
a negligible concentration polarizatigReg, < 0.1) but an ultrafiltration membranes, many of which may be above
important diffusion in the porous medium leads to a disper- Rinf due to the effects of solute diffusion and bulk mass
sion and then to a poor retention, as a consequBggsand transport.

R
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0.6
0.4 1
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0 F——" . . . : Pep;
0.001 0.01 0.1 1 10 100

Fig. 1. Retention coefficient evolution for neutral solutes Reyore, PepL .



2.2. Characterization method by measurements of According to the previous discussion, we expect that the
tracers retention single sized solute filtration experiments are more accurate
and then more adequate than filtration of mixtures when a
The main characteristics of an UF membrane displayed precise characterization is searched for.
in commercial catalogues are its permeability)(and its
cut-off (classically noticed MWCO). The cut-off, directly 2.2.2. Experimental procedure and data treatment method
related to the properties of membrane retention, is deduced Manufacturers and a majority of membrane end-users usu-
from the characteristic retention curve at 90% retention. ally follow a simplified procedure that consists in a filtra-
This curve represents the evolution of the observed reten-tion of tracers at a defined (and sometimes non published)
tion coefficientRyps as a function of the solute molar mass. trans-membrane pressure and concentration polarization is
Numerous works have already been published reporting in- unavoidable. As a consequence, Schlichter efldlhave
vestigations on the choice of tracers’ solution, but also on shown that even a minor trans-membrane pressure increase
experimental procedure and data treatment method in or-of 0.2bar can result in the apparent cut-off being doubled.
der to obtain sieving curve and cut-off with the maximum This pressure dependence emphasizes the necessity to min-

accuracy. imize and even to cancel the effects of concentration po-
larization in the determination of a retention curve in order
2.2.1. Choice of tracers solution to be able to consider it as characteristic of the membrane

The choice of tracers has to consider multiple criteria, porous structure. For this reason numerous authors have fo-
such as: (i) well defined size; (ii) interactions with mem- cused part of their work on defining the conditions for re-
brane as low as possible so as to reduce fouling during thetention measurements in the absence or with a weak polar-
characterization procedure; (iii) they must be available in a ization effect.

large range of sizes; (iv) reasonable price. Platt et al. [2] have summarized previous studies
These are various types of tracers already used in ul-[11,15,19] on the evolution of the concentration polar-
trafiltration: dextrans (flexible polysaccharidds5—7,15]), ization modulusC»/C; as a function of the ratid/kg, .
poly(ethylene glycol)s (PEG2,16]), polyvinylpyrollidone These results show the range thiétg, should be within,
(PVP) and proteins (BSAx-lactalbumin,p-lactoglobulin, for concentration polarization not to alter the retention. In

etc.)[17]. In the case of polysulfone membranes (membrane these conditionsRy, can be assumed equal to the observed
material used in the present work), tracers usually used areretentionRyps.
dextrans and PEGs as they do not adsorb much on this type Other authorg11,18] suggest that at high concentration

of membrane$18,19]. polarization modulus, In((+ Rope9)/Robg) is plotted versus
The characterization tests can be performed according thethe trans-membrane pressure for each molar mass tracer and
French Standard NF X 45-103 ([20], partly basedD8i). extrapolated to zero pressure (or, what is the same thing,

It is based on retention measurements of dextran moleculeszero permeation flux) in order to obtain, according to the
prepared in mixture and filtered at various trans-membrane “concentration polarization model” (Eq. (6)), the membrane
pressures chosen in such a way that low concentration po-retention coefficienRy,. This allows a curveRy, = f(MM)
larization occurs. to be obtained and a cut-off determined.

In general, the tracer solution to be used for the ultrafil-  An explanation for the discrepancy between characteris-
tration experiments should be prepared with molecules cov-tic retention curves obtained by various researchers on a
ering a broad molar mass range, corresponding to retentionsame membrane can be the type of parameter used to refer
coefficients ranging from almost 0 to 100%8]. to a tracer. Meireles et glR1] have measured the transport

Some authorgl] mention that characterization experi- of different series of solutes (PEGs, dextrans and proteins)
ments with mixtures of one kind of polymer with a defined through UF membranes of various cut-off. These authors
composition and a wide molecular distribution like dextrans show that when the retention coefficients are plotted as a
are simpler because a single run is sufficient to obtain a full function of molar mass, a curve is obtained for each series
Robs = f(MM) curve. However, this advantage has to be of solute whereas when data are plotted versus the hydrody-
traded with the fact that samples analysis by gel permeationnamic radius, retention coefficients fall close to a single re-
chromatography and data treatment on the chromatogramgention curve for each membrane. This latter parameter then
are time consuming and less accurate than an analysis byprovides a good description of the actual volume occupied
spectrophotometry (for proteins) or by total organic carbon by a molecule traveling by convection in a pore. The hydro-
analysis (for single sized PEG). Also, one can speculate thatdynamic radius then seems to be more appropriate than the
larger tracer molecules, which accumulate in the boundary molar mass for a standard characterization of membranes,
layer, enhance the retention of smaller ones due to steric hin-since it should allow to predict the behavior of one class of
drance at the pore inl§t5,19]. Tam and Tremblal 9] men- solutes from the data collected with a different class. One
tion that the advantage offered by the mixed solute method can then also determine, rather than a cut-off expressed in
is then reduced due to the measured cut-off being underesmolar mass, the hydrodynamic radius of the molecule re-
timated. tained at 90% by the membrane (size cut-off).



3. Developed characterization method Table 1
Main characteristics of tracer solutions used in membrane characterization

According to the previous discussion, to minimize and MM (kgmol) Thyd (M) Do (M?s™) Supplier
even cancel the effects of concentration polarization in the pgg
determination of a sieving curve, two methods are available. 1 1.3 2.3x 10710 Aldrich
The first method involves successive filtrations at various 2 1.9 17x 10710 Aldrich
trans-membrane pressures (or various permeation fluxes) of 46 3.0 1.2x 10:13 Aldrich
the same solution in order to obtain, by extrapolation, the re- 20 g:? g:gi 18_10 E:ziz
tention at zero pressure (or zero flux) uskg (6). The sec- 35 9.2 0.5x 10-10 Fluka
ond one requires the choice of flux and cross-flow velocity 100 16.4 0.3x 10710 Aldrich
for each tracer used so that the calculaliég,_ values corre-

Dextran T10
spond to negligible concentration polarization. In this latter 19 3.6 0.9x 10710 Pharmacia

case, only one experimental permeation flux has to be stud-
ied. The two methods end up to a cuRg = f(MM) which
provides, in most cases, a satisfactory membrane character- ification stage such as the velocity of fibers in the UV
ization. However, as mentioned Bection 2.1and shown reactor.

in Fig. 1, Ry, cannot be considered as an intrinsic charac-

teristic of the membrane. As a consequence, the cut-off de- These studies require a characterization method suffi-
duced from the curv&y, = f(MM) might be more or less ciently sensitive to small structural changes of the mem-
“conditions” dependent, especially for small molecules and Prane. In a second step, we have adapted the method in
membrane of low permeability and therefore not adapted for order to reduce the experimental workload, without, hope-

a re”ab'e Study Of membrane structure evo|uti0n_ fu”y, IOSS Of SenSitiVity. Th|S pal’t Of the Study SpeCifica”y
concerns the monitoring of the integrity of a membrane that

involves numerous sample characterizations.

3.1. Experimental procedure

Here the properties of the studied membrane being a priori 3-2- Experimental data processing
unknown, a standard experimental procedure is used for its o o )
characterization: successive permeation at various fluxes of Th_e _procedure consists in adJL_JStlng parameters _(re_tennon
report on works on membrane characterization that has beersUm of the squared residuals between experimental and cal-

developed for two different projects: culated retentiomRops in EQ. (11). o
In this procedure we observed that many combinations

¢ The monitoring of the integrity of a membrane during an of parameters @ , kpore) could fit Eq. (11)to experimen-
accelerated ageing process specifically in water treatmenttal data. We then made the choice of using particular pa-
During normal operation in water production, membranes rameter values in the initialization stage of the mettRg.
periodically undergo chemical cleaning. The contact with andkg_ were initialized withRy, andkg, values obtained
these solutions certainly plays an important role on mem- by fitting Eq. (7)to experimental data. Initiddyore is calcu-
brane ageing and, as a result, on their lifetime; however lated usingD., (Table 1),s/L ratio (provided by the man-
the kinetics of this degradation and its consequences onufacturer) andk. and K4 for each PEG. These two last
membrane properties are still poorly understood. To study parameters are calculated from analytical expressions de-
the membrane structure evolution, accelerated ageing ofveloped for spherical solutes in cylindrical pores using the
the membrane is looked for by soaking it in chemical solu- centerline approximatiofiLl0]. These expressions are valid
tions. Membrane properties are then monitored as a func-for all values of the ratio of the soluten(f) to pore (pore)
tion of contact-time by means of various characterization radii (1). Tracer hydrodynamic radiugyq is calculated as a
methods including measurement of tracer’ retention. function of solute molar mass (s&ection 4.1). A pore ra-

¢ The characterization of membranes modified by UV graft- dius rpore is estimated for each molar mass tracer by using
ing. The development of a new composite UF membrane Ferry’s equation an&,. This procedure reduces the degree
less sensitive to fouling during treatment of dye effluents of freedom of the method and leads to consiskgsit. values
has been investigated in our laboratd®2]. This new (Eq. (5)). Tests have been conducted in order to evaluate the
membrane was obtained by photo-grafting a polymer on sensitivity ofRips best fit value tdkyore initialization. Vari-
the surface of a polysulfone ultrafiltration membrane. This ous values, corresponding to calculatggdre == 20%, have
grafting induces not only surface property modifications been used in initialization stage and we obtained the same
but also a decrease in cut-off from approximately 10 to Rixs.
around 2-5 kg mol* (deduced from PEG filtration). The We can then compare two retention curvies; (Eq. (7))
aim here is an accurate quantification of the cut-off change andRjys (Eq. (11)) versus tracer hydrodynamic radius, and
as a function of operating conditions chosen for the mod- consequently determine in each case a cut-off.



The experimental part includes the filtration of: 4. Materials and experimental set-up

e six single sized PEGs at 6 values of flux each for UF 4.1. Solutes and analytical eguipment
membrane (i.e. 36 experiments per characterization);

o three single sized PEGs at 5 values of flux each for A characteristic retention curve has been obtained by fil-
UF-grafted membrane (i.e. 15 experiments per character-tration of solutions at 1 gt* of monodispersed PEGs. This
ization). relatively small concentration ensures minimal solute—solute

interactions. PEGs used for the characterization of UF
For the purpose of monitoring the changes in the char- membranes range from 2 to 100 kg mal In the case of
acteristic retention curve of the UF membrane during its UF-grafted membranes PEGs 1, 4.6 and 10 kgrhdlave
accelerated ageing process, the previous method has to béeen used. All the solutions were prepared from RO-treated
periodically repeated, sometimes everyday. For this, it is water.

necessary to reduce the experimental workload as much as PEG samples were analyzed by a total organic carbon

possible. The idea here is to consider that during the ageinganalyzer (TOC-5050A, Shimadzu, Japan).

process the mass transfer coefficikgyre for a same tracer The filtration of a solution 0.5 gt* of polydispersed dex-

remains in the same range of value. Moreover, the sametran T10 has also been conducted in order to compare the

filtration module and hydrodynamic conditions are used so retention obtained with the two types of solutes. Sodium
askg| also remains constant. azide (Aldrich) was added at a concentration of 0.1 ¢ In

The full procedure previously presented is then only ap- dextran T10 to prevent bacterial growth, as these samples
plied to the virgin membrane to determikg. andkpore that have been stored in the fridge before analysis.

are assumed constant throughout further experiments, which Feed and permeate dextran samples were analyzed by gel

allows simplification of the procedure, as described below. permeation chromatography (GPC) using a TSK G4000 SW
From theRgyps versus] curves obtained for each PEG, we column coupled with a Waters refractive index detector.

select a tracer (of size around the virgin membrane cut-off)  The main characteristics of the tracer solutions filtered are

and a filtration fluxJ* that is a value within the range of the summarized infable 1.

Robs VersusJ curves for the selected tracers. If more than  Inthe case of PEGs, the hydrodynamic radius is calculated

one tracer were chosen, it may happen thaf'nfiux value by Eqg. (18) [21]:

common to all the curves is found. This is often due to the 1/3

low flux values obtained during filtration of the higher molar Fhyd = <M> (18)

mass tracers that are dissolved at the same concentration as AN

the smaller ones. The tracer concentration has then to b here

adjusted. Otherwise, the experimental part in the simplified

procedure is reduced to one experiment. 1] = 4.9 x 10 8(MMpgg)*672 (19)
Thanks to the knowledge &L andkgore deduced from

the full procedure on the virgin membrane and the fixed With [7] being the intrinsic viscosity of the solution fhg ™),

flux J*, constant parameters appeardig. (11)that can be  [1IMM peg the hydrodynamic volume (fmol™), & the

written as follows: constant proportionality between the radius of the equivalent
sphere and the radius of gyration of the polymer molecule
Rinf = A1Robs (15) (taken as equal to 1) ardthe Avogadro number (mot).
Int —

AlRobs - AZ(Robs - 1)
4.2. Membranes

with
. Hollow fibers UF membranes (inner skinned; =
A1 = exp( ) (16) 9.6x 10~*m) have been supplied by Aquasourc_g (Toulouse,
BL France). They are made of polysulfone modified by sur-
face grafting of hydrophilic groups. Nominal cut-off and
and estimatect/L provided by the supplier are 40 kg méland
1 x 10°m~1, respectively.
_J* .
Ap=1— exp( ) (17) UF-grafted membranes were manufactured in the lab-
pore oratory by UV-photopolymerization of sodium-styrene

sulfonate monomer on the surface of a polysulfone ul-
FromEq. (15)we can then deduce the asymptotic retention trafiltration hollow fiber with external skif22] (De =
coefficientRiy; from the experimental measuremenRafs 1.2x 10~3m). The estimated cut-off is around 10 kg mbl
Changes irRyps and hence irRiys of this molecule can before modification and between 2 and 5 kgmohfter
be monitored during the membrane modification (ageing, grafting. The ratios/L is estimated around & 10t4m~1
grafting, etc.). from data provided by the manufacturer (Akbari et al.).
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Fig. 2. Experimental set-up.

4.3. Filtration set-up and procedure The membrane water permeability was measured be-
fore each experiment. The UF membrane permeability is

Tracer solutions have been filtered on a cross-flow fil- 10-12m + 4% and the permeability after grafting is ap-

tration bench with hollow fiber modules (Fig. 2). Each proximately 101*m =+ 3%.

module tested contains 16 fibers in the case of UF mem- After filtration of a tracer solution, the rig is flushed with

branes (area- 1.5 x 1072m?) and 6 fibers in the case of 10L of RO-treated water and membrane permeability is

UF-grafted membranes (area 4.8 x 103 m?). The hy- again determined. The loss of permeability w6, which

drodynamic conditions correspond to laminar flow (Re= is in agreement with AFNOR standaf20].

180Q Reyr-grafted = 1280). The desired pressure, adjusted

by means of valve, was varied in the range of 0.3-0.8 bar

for UF membrane and 0.5-3bars for UF-grafted mem- 5. Experimental results and discussions

brane, giving fluxes in the range of 12—66 and 4p29s 1,

respectively. The permeate was recycled to maintain a con-5.1. UF membrane

stant volume (and concentration) in the tank. Once the flux

had stabilized (after a filtration period of 20 min), 10 mL Fig. 3shows the observed retention of various PEGs and

filtrate and retentate samples were collected for subsequenbne dextran versus filtration flux for the virgin UF mem-

analyzis. brane. We observe that in the same conditions of fRyxs
Experiments with UF-membrane were performed at the are higher for the PEG than for dextran of same nominal

temperature 1% 2°C, which is measured in the tank at the molar mass. Kim et al5] observed the same behavior and

beginning and end of the filtration. The evolution of this pa- report that the difference can be attributed to differences in

rameter has been taken into account by correcting solutionthe molar mass distribution of the two solutes: as already

viscosity (taken as equal to water viscosity) and then perme-mentioned PEGs are monodispersed tracers compared to

ation flux value by the use of empirical relationship derived dextrans that always show a more or less wide molar mass

from water viscosity measurements at different temperaturesdistribution. They also suggest that the differences in in-

[23]. For experiments with UF-grafted membrane, the tank teractions between the solute and the membrane can play

temperature was maintained at°Zn a role, even if these interactions are weak. However for
Rab.c
1.0
D\%‘ ~ 2 kg.mol

0.8 -~ 4.6 kgmol™" ||
—+ 10 kg.mol”!
- 20 kg.mol”!

0.6 > 35 kg.mol'1 —

\\\ e~ 100 kg.mol!
0.4 —— dextran T10
\

0.2 \\

A\Q J (m.s™)
0.0

“1.10° 2.10° 3.10° 4.10° 5.107

J*=22x10" m.s™

Fig. 3. ExperimentaRgps vs. permeation flux for various PEGs and one dextran (T10) filtered on UF membrane.
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Fig. 4. Characteristic retention curve of virgin UF membrane used to determine cut-off. Comparison between the curves obtained from fRgsplot of
(J* =22x107°ms™), Ry (Eq. (7)) andRir (Eq. (11)).

a same molar mass PEG has a larger hydrodynamic ra-membrane and solute transfer in the boundary layer what-

dius than dextran (Table 1), and this is probably the main ever the hydrodynamic radius of the PEG filtered (in the

explanation of such a difference. range of 1.3—16.4 nm; corresponding to molar masses from 2
For all PEGsFig. 3exhibits a more or less rapid decrease to 100 kg mot1). The range oPeg. thus obtained0.98 <

in retention as flux increases: our operating conditions cor- Peg; < 5.69) confirms a significant concentration polariza-

respond to situations where concentration polarization influ- tion as flux increases.

ences the solute transfer. This will be confirmed later in the  As for kg, evolution,kpore decreases with increasing mo-

discussion by the calculation &g range corresponding lar mass that is consistent with a decreasb dn andKqy/K¢

to flux (12—-66ums1) and molar mass (2—100 kg md) ratio as tracer molar mass and hence solute radius increase.

ranges used in the characterization procedure. Furthermorekpore is from 10 to 3400 fold lower thakg, :
Treatment of data reported Fig. 3 allows the determi-  diffusion in the pore is low as compared to that in the bound-

nation of coefficientdR,; and Ry, that are reported versus ary layer transfer (se€able 2).

tracer hydrodynamic radius Ifig. 4. We observe that what- In Fig. 4we also reporRyps values obtained at fixed flux

ever the size of the PEG filtereB;, andRis are similar. J* of 2.2 x 10-°ms 1 in order to illustrate the overestima-

Mass transfer coefficients (Egs. (7) and (1B)and Peclet  tion of cut-off when the observed retention is used directly.
numbers, obtained from data reportedFig. 3, are sum-  The hydrodynamic radius of the PEG retained at 90% is
marized inTable 2. The first remark is that whatever the 5.3nm when deduced frolRi,; or Ry, and 16.4nm from
model usedkg_ coefficients decrease with increasing mo- Ryps The range oPeg corresponding to our operating con-
lar mass, which is consistent with a decrease in diffusion ditions with a fixed flux of 2 x 10-°ms™1 is higher than
coefficient with increasing molar magkl,24]. The second  the one recommended by Platt et [@]. These authors re-
observation is thatg_ best fit values obtained from the two  port thatPeg. should be in the range of 0.405-0.693 Ry
models are identical. This observation confirms the results to be considered as equal Rgps.
shown inFig. 4: concentration polarization model (Eq. (7)) In Fig. 5, we show the evolution of calculatéys all
provides satisfactory evaluation of intrinsic retention of the over the range oPeyore by usingEgs. (7) and (11and six

Table 2
Mass transfer coefficient of PEGs in the boundary layer and pore for a virgin UF membrane

MMpeg (kg mol™)

2 4.6 10 20 35 100

ks (x10"msL, Eq. (7)) 16.1 16.0 10.1 5.77 3.82 8.63

kgL (x10tmst, Eq. (11)) 16.1 16.0 10.1 5.77 3.82 8.63

kpore (Ms™2, Eq. (11)) 1.80x 1076 1.13x 1076 2.03x 107 8.66 x 107° 3.87 x 107° 2.55 x 10°°

B 9 14 50 666 989 3383

J (x10°ms™h) 215  6.57 157 3.63 143 3.72 1.22 265 1.29 217 135 217
Pep. 1.34  4.09 0.98 227 141 3.66 211 459 3.38  5.69 156 251
Pepore 11.9 36.5 139 322 70.8 184 1407 3056 3340 5622 5283 8503

Peclet number ranges used in the characterization procedurB pathmeter values,
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Fig. 5. CalculatedRops Vs. Pepore for the UF membrane, by using concentration polarization mogel (7)) or developed method (Eq. (11)).

series of experimental data (symbols) using the parametersconstraint orB is always satisfied aB is larger than 8.9 in

corresponding to PEGs 2, 4.6, 10, 20, 35 and 100 kg ol

all the cases. This is probably due to a smaller porosity of

The solid and dashed curves represent the calculated valuethe hollow fibers studied (¢/& 1 x 10t>m~1) compared

of Rops by using concentration polarization model (Eq. (7))
and full model (Eqg. (11)), respectively.

to the one of asymmetric membranes mentioned by Opong
and Zydney.

We first observe that experimental results correspond to The difference betweeRys values calculated by using

high Peclet number valug®eyore = 10). In this range of
Pepore, EQs. (7) and (11provide similar data and in these
conditions solute transfer is controlled by polarization con-
centration.

Fig. 5 also shows that increasing the solute size, that is
increasingx (from 0.24 for PEG 2kgmoi! to 0.93 for
PEG 100 kg mot?), causes the maximum Rops to shift to
a higherPeyore (EQ. (13)). The more rapid decreaseKg
compared td<; with increasingh induces an increase in the
ratioK./Kq and, as a consequence, an increa8y(g. (12))
from 9 to 3383. This induces a shift froRepore max = 2.3
for PEG 2 kgmot? to 8.1 for PEG 100 kg mott.

The maximum value oRyps increases as expected with
increasing.. However we observe iRig. 5that Ryps maxiS
smaller thanRys at A=0.24 whereas it approaché&%,; as
A — 1, which is confirmed by the calculation &ps,max

(Eg. (14)):
Robs,max(* = 0.24) = 0.13to be compared tBj,; = 0.18
Robs, max(* = 0.93) = 0.99to be compared Bjrs = 0.99

Thus, it would be possible to experimentally deterniiye

in the case of high molar mass tracer (20—-100 kghpin
conditions corresponding ®epore Values aroundPepore max-
This would require the use of filtration flux so low (5:6
10-8ms1 for PEG 20 kg mot!, 20x 108 ms1 for PEG
100 kg mot™1) that they cannot be considered in our charac-
terization procedure.

As already mentioned, Opong and Zydr&y calculate
the value of the membrane retention coefficienRgHs, max
and show that, even at the maximumRgys, Ry is equal
to Rps only if B > 1. In our operating conditions, this

the two models (Egs. (7) and (11)) is reporteéFig. 6versus
Peg, for various PEGs. The curves obtained confirm that
whatever solute size fdPeg. = 1 (that is always the case

in the experimental part) the difference between the models
is lower than 0.01%. FoPeg < 1 the difference rapidly
increases aBeg decreases. When increasing the tracer size
at constantPeg| , not only Do, decreases but alsidg/K.

due to the more rapid decline & thanK; with increasing
solute radiug10]. This induces an increase Bhand then in
Pepore. As a consequencé&g. (7)provides a more accurate
estimation ofRy,s in the cases of high molar mass tracers
(seeSection 2.1). This figure allows the choice of the model
used in data treatment as a function of operating conditions
and error range the user decides to work in.

In the objective of monitoring the evolution of retention
properties of the membrane during its accelerated ageing
process, the simplified procedure develope8eaation 3has
been applied.

Regarding the curves reportedhigs. 3 and 4, a unique
PEG (10kgmotfl) has been selectedy(n = 3.0nm) and
filtered at constant filtration flug* of 2.2 x 10°>ms~1 on
samples of membranes taken every other day.

The virgin membrane is first characterized using the full
method andRipns (namedRint 1), ks andkpore are obtained.
Robsis then determined on aged sampReg (namedRint s)
is calculated byEq. (15)andkgL andkyere previously de-
termined. The values deduced from the two procedures are
very close to each otheRjy ¢ = 0.85 andRjn s = 0.86.

The simplified procedure has then been used to monitor
the evolution of the retention properties of the membrane
during its accelerated ageing process. In the example shown
here the membrane has been soaked in a solution of sodium
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Fig. 6. Difference betweeRqps values calculated by using the two modei§. (7) and (11)) vsPeg. for UF membrane.

hypochlorite 400 ppm at pH 8. The virgin membrane has  We observe that whatever the tracer molar mBRggs co-

been characterized by the full procedure. After 4 and 18 daysefficients obtained correspond to retention around the max-
in the solution of NaHCIO, the membrane has been againimum. This behavior is characteristic of situations where
characterized by using the simplified method. The results concentration polarization still influences the solute trans-

reported below show a decrease in PEG 10 kgrthobten-

fer with, in the same time, a non negligible contribution of

tion which suggests a significant loss in membrane selectiv- transfer in the pore.

ity efficiency: Rint,s (0day = 0.86; Rt s (4 days)= 0.82;
Rinf.s (18 days)= 0.79.

5.2. UF-grafted membrane

In a first step the fitting procedure has been applied to
experimental data reported Fig. 7 in order to determine
Rm andkg, by using the concentration polarization model
(Eq. (7)). In a second step, by using the full model (Eqg. (11)),
we obtain values oRinf, ks andkpore for each PEG used

The first UF-grafted membrane characterized has beenin the characterization. As iBection 5.1, results obtained

measured by the use of a linear speed= 4mmin?! of
the hollow fiber in the photo-reactor. Fig. 7 we report ob-

are compared.
Best fit values oRy, andRy; are reported versus tracer

served retention coefficients for three PEGs versus filtration radius inFig. 8. The other parameters deduced from data
flux. As expected, the filtration fluxes are slightly smaller treatment are summarized Trable 3. As for UF membrane

than the ones measured with the UF membrane Kggpe3)

as the grafting process reduces the apparent pore size and/c#.0 x 10°ms

pore density (pores/f.

Ross
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A A4
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o
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Fig. 7. ExperimentaRyps Vs. permeation flux for various PEGs filtered
on UF-grafted membrane.

we also report inFig. 8, Ryps obtained at fixed fluxd* of

1. The comparison betweeRy, and Ri
show a difference of 12% for PEG 1kgmal when for
higher molar mass PEG%,, andRj,; are similar. Moreover
we observe only a slight difference betweR and Ryps
(J* =2.0x 10 °ms™1). If we calculatePeg, range corre-
sponding to our operating conditions (Table 3) with a fixed
flux of 2.0 x 10->ms~1, we obtainPeg. < 0.3 (except for
PEG 10kg mott). According to works reported by Platt
et al.[2], these conditions correspond to a low concentration
polarization modulu<C,/C;, and this explains thaRgps at
J* =20 x 10°mstis only slightly smaller thamRy,.

As a consequence of previous observations, the hydrody-
namic radius of the PEG retained at 90% is 3.9 nm when
deduced fronRixs or Ry and 4.2 nm fromRgps.

If we now consider the best fit values of mass transfer
coefficients, we can notice a discrepancy betwkgnob-
tained with the two models (Egs. (7) and (11)) for low molar
mass tracer (PEG 1kgmdl). This shows that taking into
account only boundary layer effect in the description of so-
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Fig. 8. Characteristic retention curve of UF-grafted membrane used to determine cut-off. Comparison between the curves obtained fromRhg plot of
(J*=20x105ms1), Ry (Eq. (7)) andRys (EQ. (11)).

lute transfer is not sufficient in the case of low molar mass or Eq. (11). Symbols represent the experimental observed
tracer. Moreover, as already mentionedSaction 5.1, we retention versu®epore.
observe: Trends are similar to those describedHig. 5. Moreover,
if we compare hydrodynamic parameters of a same PEG
(i.e. 4.6 kgmot?) calculated for UF and UF-grafted mem-
branes, we observe in this last case an important decrease
in Kq althoughKc is almost constant. As a consequence
for UF-grafted membrane the decreasecih goes with
ThePeg, corresponding to fluxes and molar masses used an increase irK¢/Kq that induces @ increase far beyond
in the characterization procedure lead$6a, < 0.36 (ex- 1. In these conditionsRyps at the maximum (andRy, [8])
cept for PEG 10 kg mol', seeTable 3). The consequence approachesRiy. Previous comments are validated by the
is experimentaRyps coefficients corresponding to retention ~ calculation Peporemax (Ed. (13)) andRops max (EQ. (14))
around the maximum (Fig. 7). This is verified even if the for PEG 1lkgmot! (A=0.41) and PEG 4.6kgmot*
mass transfer coefficients in the pore are much lower than (1=0.63):
the ones in the boundary laydg,ore values are from 13-fold Peporemax (. = 0.41) = 2.6
(for PEG 1kgmot?) to 262-fold (for PEG 4.6 kg mol!)
lower thankg ones. Peporemax (A = 0.63) = 5.6
As previously done for the UF membrane, these experi-
mental observations can be compared to simulation (Fig. 9) Robs max(% = 0.41) = 0.42 to be compared inf = 0.49
(same assump'_tions as 8ection 5.1). Three se_zries of data Robs.max( = 0.63) = 0.74to be compared ®Bin; = 0.75
are reported using the parameters corresponding to the PEGs
used: 1, 4.6 and 10 kg not. The solid and dashed curves Finally, whatever the tracer sizEjg. 9 confirms that oper-
represent the calculated valuedgfs by using eitheEq. (7) ating conditions used lead to experimeriRghs values near

e a decrease ikRg. with increasing molar mass (except for
PEG 10 kg mot! for which no satisfactory convergence
has been obtained froqgs. (7) and (11));

¢ a decrease iRpore With increasing molar mass.

Table 3
Mass transfer coefficient of PEGs in the boundary layer and in the pore for an UF membrane modified by UV-grafting at linear=sgeradnin!
of the hollow fiber in the photo-reactor

MM peg (kg mol™)

1 4.6 10

ki (x10ms, Eq. (7)) 26.3 8.31 91.8

kel (x10t°ms™, Eq. (11)) 8.26 8.01 0.24

koore (Ms™2, Eq. (11)) 6.58 x 1076 3.06 x 107 242 x 1078

B 12.6 262 98

J (x10t°ms1) 0.61 2.92 1.10 2.92 0.40 1.95
PepL 0.07 0.35 0.14 0.36 1.69 8.19
Pepore 0.92 4.44 35.9 95.4 166 805

Peclet number ranges used in the characterization procedurB pachmeter values.
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Fig. 10. Difference betweeR,ps values calculated by using the two moddiy$. (7) and (11)) vsPeg, for UF-grafted membrane.
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Fig. 11. Evolution of characteristic retention curve of UF membrane as a function of linear speed of the fiber in the photo-reactor during UV-grafting.



the maximum retention that approacH&g: as previously
mentioned.
The difference betweelRyps values calculated by us-
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in Fig. 10 versusPeg. for each molar mass PEGs. The
curves obtained confirm that fdPeg. > 0.04 and high

tracer molar mass (that is the case in experimental part| Nomenclature
for PEGs 4.6 and 10 kg mot) the difference between the o ]
models is lower than 0.001%. For0# < Peg, < 1 and B constant characterls'qc of the studied _
low tracer molar mass, the difference rapidly increases as membrane and the filtered solute for fixed
Pep. decreases corresponding to experiments with PEG hydrodynamic conditionsepore = B PesL
1 kg molL. Cm solute concentration at the membrane

In order to illustrate the use of the developed method surface (kgm?®) o
to quantify cut-off change as a function of operating con- | Cp solute concentration in the permeate
ditions chosen for the UV-grafting stage, two selectivity (kgm~3) o
curves are compared iig. 11. These curves correspond | Cr solute concentration in the retentate
to two different grafting conditions (linear velocityof the (kgm~3)
hollow fiber in the photo-reactor). We observe an increase| D average solute diffusion coefficient in the
in cut-off from 2.6 to 3.9 nm as only increases from 3.5 to boundary layer (fs™)
4mminL. This result is consistent with a decrease in level | De external diameter of hollow fibers UF
of grafting with the fiber residence time in the photo-reactor. membranes (m)
This second example illustrates that the developed characq Di inner diameter of hollow fibers UF-grafted
terization method is sensitive to small structural changes in membranes (m)
the membrane structure. Do infinite dilution diffusion coefficient

(m?s™h)
J permeation flux density (fm—2s1)
6. Conclusion ksL mass transfer coefficient in the boundary
layer (ms ™)

In this work, the characterization tests are performed | Kpore mass transfer coefficient in the pores
with single sized PEGs that are filtered at various values of (ms™)
flux for a given molecular weight. We expect that the single | K¢ hindrance factor for convection
sized solute filtration experiments are more accurate than| Kg hindrance factor for diffusion
filtration mixtures. L pore length (m)

The various data treatments investigated show that in a| MM molar mass (kg moit)
first approximation, the concentration polarization model | N Avogadro number (mof)
provides accurate results in terms of transfer and retention| Peg_ Peclet number in the boundary layer
coefficients whatever tracer size except for low PEG molar | Peyore Peclet number in the pores
mass filtered on UF-grafted membrane. On the other hand| Peporemax Pepore at the maximum irRyps Versus
the curves folRyys fitted to the full model (Eq. (11)) are in Pepore curve
good agreement with the experimental data over the entire| rnpyq solute hydrodynamic radius (m)
range of filtrate flux (Pgore) Whatever tracer size. In that I'pore pore radius (m)
case, the fitting procedure should be initialized using data| Rt asymptotic retention coefficient
obtained from the concentration polarization model. This | Rp membrane retention coefficient
provides accurate intrinsic characteristics for the membrane| Rgps observed retention coefficient
selectivity. Robs.max Observed retention coefficient at the

In the conditions used in the paper, the characterization maximum inRyps VersusPepore CUrve
method used has proved to be accurate and reproducible S, actual sieving coefficient
whatever the value dPeg| used in experimental measure-
ments and the method thus allows one to account for solute] Greek symbols
diffusion in pores, when necessary. 8 boundary layer thickness (m)

Finally, provided that a virgin membrane has been thor- | ¢ porosity of the membrane
oughly characterized, the so-called “simplified” procedure | [r] intrinsic viscosity of the solution (fhg~?1)
allows us to characterize the membrane changes in a sim{ [y]MM  hydrodynamic volume (FAmol~1)
plified, but accurate way. This procedure consists of a quick | A ratio of solute radius to pore radius
filtration, at one flux, with reduced number of monodis-
persed PEGs.



& constant proportionality between the radius
of the equivalent sphere and the radius of
gyration of the polymer molecule

¢ solute equilibrium partition coefficient
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