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1. Introduction

Nanofiltration (NF) membranes are a relatively recent development in the field of
pressure-driven membrane separations, and their properties lie between ultrafiltration (UF)
and reverse osmosis (RO). Due to its potential advantages, NF has gained a strong market
position, brought about a number of patents, industrial research projects and commercial
installations [1]. Starting in the late sixties, NF membrane processes have gradually found
their way into industrial applications in various fields such as water softening, dye recovery,
treatment of metal contained waste waters, oil-water separation, demineralization of whey,
recycle of nutrients in fermentation processes, purification of landfill leachate, removal of
sulphates from sea-water, bioproduct separation [2, 3].

NF systems are usually operated at medium pressures in the range of 10-50 bar, and
have much higher water fluxes compared to RO membranes. NF can be applied for separation
between ions with different valences and for separation of low- and high-molecular weight
components. Polymeric NF membranes show diversity in separation behaviour but they are
common in rejecting highly charged ions (such as SO4*, COs>, PO,>, Mg”") in a higher
degree, while in comparison, rejection of single charge ions (CI', Na', K") is much less. NF
also rejects uncharged, dissolved material and positively charged ions according to the size
and shape of the molecule in question [4].

The transportation of non-charged solutes through an NF membrane is usually
characterized by the term of molecular weight cut-off (MWCO), which is a number expressed
in Dalton indicating the molecular weight of a hypothetical non-charged solute that is in 90%
rejected. The MWCO of NF membranes is usually given by the manufacturers and typically in

the range of about 200-1500 Dalton. However, there are currently no standard methods for
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characterizing and reporting MWCO. The meaning of this information can vary between
different membrane manufactures, thus limiting its value. The applied experimental technique
has a significant impact on the measured MWCO. The experimental conditions, such as the
hydrodynamic flow conditions, the temperature, the applied pressure or the range of the
applied pressure-scan, the type of solute(s), are often not reported. Besides, the different
techniques for MWCO make membranes from different manufacturers hardly comparable
without further experimental investigations. Moreover, the concept of MWCO does not
address the question of how great the permeation of solutes smaller and larger than the
indicated MWCO can be.

Membranes have been historically characterized by MWCO rather than by membrane
pore size [5]. It should be noted that this concept is based on practical aspects and has no true
physical meaning. The molecular weight is not a straightforward measure of the size and it
ignores the shape of the permeating molecule, and thus, it gives only a rough estimation of the
membrane’s ability to remove dissolved uncharged components.

The term nanofiltration was introduced by the membrane manufacturer FilmTec
highlighting that such membranes are capable to retain uncharged molecules with the size of
about 1 nm, and which corresponded well with the early predictions of Sourirajan and
Matsuura about the membranes’ hypothetical capillary pore size [6]. However, it is still the
subject of scientific debates whether NF membranes can be considered as porous or
nonporous media. NF is a complex process lying between UF and RO, thus models from both
these areas and their combinations can be used to describe NF performance. These models
rely on fundamentally different concepts and can be divided into the following types:
irreversible thermodynamics models, nonporous or homogenous models, and pore models.

Several direct characterization methods are known for NF membranes such as
permporometry, gas adsorption-desorption and microscopy techniques. However, the pore
size determination of polymeric membranes seems to be still an unsolved problem.
Permporometry analysis requires pores larger than 2 nm [7], and the nitrogen adsorption-
desorption method only for inorganic membranes can be effectively applied. As far as
microscopy is concerned, Bowen et al. [8] analysed the structural parameters of NF
membranes with atomic force microscopy (AFM) and claimed that AFM images provide

direct confirmation of the presence of discrete pores of nanometre dimensions in such
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membranes. However, the authors reported that AFM can only give information of the surface
pore dimensions as the tip cannot probe into the depth of the pore. Singh et al. [9] also pointed
out that an important requirement for AFM pore size determination is a very low surface
roughness, hence it is difficult to distinguish between the pores and the depressions in the
membrane surface.

The properties of dry membranes are subject to changes in the presence of water. Thus,
during the filtration, a swollen polymeric network is obtained which likely does not contain
discrete pores. [6] In contrary to polymers, the morphology of inorganic membranes does not
change by contacting with water. Well established characterization methods prove that
inorganic NF membranes contain discrete pores in the order of 0.5 to 2 nm. Despite this
morphological difference, both type of membranes show very similar separation behaviours,
and their performance can be predicted with the same models assuming hypothetical pores in
the near- or sub-nanometre range. However, in the pore models, the terms ’pore’ or ’capillary’
refer to any connecting polymer material-free void space through which fluid transport can
take place under a driving force [10].

In this paper we investigate the separation behaviour of NF membranes using
experimental permeation data of six noncharged solutes. We use an indirect characterization
method employing two types of steric pore flow models which are described in Sect.2.2, and
we discuss possible concepts for solute size determination in Sect.2.3. We characterize five
NF and tight UF membranes with their hypothetical pore sizes and determine their MWCO

values with the different models.
2. Theory
2.1 Spiegler—Kedem model

The Spiegler—Kedem model (SK) [11] is based on the principles of irreversible
thermodynamics and has found a wide use for the description of RO and NF membrane
separations. This phenomenological approach treats the membrane as a black box, and no

insight is given into the membrane structure and morphology. The relation between the

rejection R and the solvent volume flux J, is given by the expression:
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where the two membrane parameters are the reflection coefficient o and the solute
permeability coefficient Ps.
The rejection is defined as

R=1-c¢,/c, @)
where ¢, and c; represent, respectively, the solute concentrations in the permeate and retentate

streams.
2.2 Models of hindered transport

The modelling of solute transport through the membrane is based on the extended
Nernst—Planck equation accounting for diffusion, convection and electromigration. For
uncharged species, when electrostatic effects are negligible, the transport equation for the

molar solute flux js is given as the sum of the diffusive and the convective terms as follows
dc
s = KoV — Dy—,
Jo = e P dx 3)
where V is the solvent velocity, K. is the convective hindrance factor and D, is the hindered
solute diffusivity in the membrane pores. This latter is given as the product of the bulk
diffusivity D, and the diffusive hindrance factor Ky, and corrected with the factor no/n, which

accounts for the solvent pore viscosity 1, versus the bulk viscosity ng. There it holds:

D, = KiDoo ™.
Tlp 4)

The Donnan-steric-pore-model (DSP) was originally developed by Bowen et al. [8].
They have introduced the following relationships between the ratio of solute to pore radius A

and the hindrance factors K. and Ky:

K, = (2= ®) (14 0.054A — 0.988)\7 + 0.441)%) . )
Kg=1—230x+ 1.154)% 4 0.224)°, 6)

where the steric partitioning coefficient ® (neglecting concentration polarisaton) is given as
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d = (1-N\)>. 7)
The model assumes a fully developed solute velocity inside the pores and assumes a
Hagen-Poiseuille type parabolic profile. The solvent velocity in cylindrical pores with
constant circular cross-sections can be obtained from the Hagen-Poiseuille law:
v 2 (AP — An)
81y (Az/Ay) (8)

where x/A4 k is the ratio of effective membrane thickness to membrane porosity, "y is the

solvent viscosity in the pore, AP is the applied pressure, and An is the osmotic pressure
difference across the pore.

The bulk solvent properties can significantly differ from the properties of thin liquid
layers present in narrow pores. In a recent study of Bowen et al. [12], the ratio of bulk solvent

viscosity 1, and pore viscosity 1 ) Was expressed as a function of pore size r, in the following

form:
T 1418 (d/r,) — 9(dfr,)?,
"o 9)
where d is the thickness of oriented solvent layer.
Eq.(8) can be introduced into Eq(3), and since the solute flux can be rewritten as

Jj SchV, the integration of the concentration gradient across the membrane thickness yields:

K. o
R=1-— ,
1 —(1—-K.P)exp(—Pep,) (10)
where the modified dimensionless Peclet number Pe,, is defined as
K. VA
Pe,, = el 2 )
KqDp Ay, (11)

and indicates the relative importance of convection over diffusion.
Thus, Eq. (10) allows us to determine the limiting rejection:
Rim = 1 — K. P. (12)
A similar approach to Bowen et al. [8] was used by Nakao et al. [13] to develop the
steric-hindrance pore (SHP) model, which was later applied by Wang et al. [14] to predict the

separation performance of NF membranes. In the SHP model, the phenomenological
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coefficient o obtained from the Spiegler—Kedem analysis is linked to the membrane
morphological parameter A as follows:

16 9 )

a:1—<1+§)\2)(1—>\) 2 (1= )] 13

Note that as far as neutral solutes are considered, Eq.(13) only differ from Eq.(12) in

the analytical expressions for K. and K4 described in Egs. (5). More detailed description of the

SHP model can be found in other studies [13, 14, 15].
It should be pointed out that these models assume a spherical solute transport in paralel
cylindrical membrane pores with identical and constant circular cross-sections. Pore size

distribution is not considered in this paper.
2.3 Molecular size

Several measures of the molecular size are known such as the Stokes radius, the
diameter derived from the hydrodynamic volume or from molar volume, the effective
diameter, and the molecular width [16]. Among them, the effective diameter was found by
Van der Bruggen et al. [17] to be the most suitable for describing filtration phenomena, as it
reflects the projection of the molecule on the membrane. An empirical correlation between the
effective radius rg and the molecular weight My, was determined as follows [16]:

re = 0.0325(Mw)**®. (14)

The Stokes radius rg for the uncharged molecules at a given molecular weight My, can be

determined by using the following empirical relation given by Bowan et. al. [18]:
logrg = —1.4854 + 0.461 log(Mw). (15)

Finally, the relation between the diffusivity and molecular size can be calculated with the
Stokes—Einstein equation:
kT

Dy = .
Orsmn (16)
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3. Experimental

Five commercial polymeric NF and tight UF membranes were employed in this study.

The membrane specifications given by the manufacturers are shown in Table 1.

Table 1
Membrane specifications given by the manufacturers
Name DK GE (G-5) GH (G-10) NP030  NPO10
Manufacturer GE W&P Technologies Microdyn-Nadir
Internet http://www.geawater.com hitp ://www.mlcrodyn-
nadir.com
Material of . permanently hydrophilic
separation layer proprictary PES
Retention of
uncharged  150-300' 1000° 2500° 70-90°  25-45°
solutes
P‘[lsh‘f;'f/f)i‘]“ 55+25% 12+25%  3.2+25% 118 5-10

Classification NF UF UF NF NF
"MWCO [Da] characterized on glucose and sucrose
2 MWCO [Da] characterized on polyethylene glycol
3 Lactose rejecton [%] (test conditions: 4% solution, 40 bar, stirred cell (700 rpm), 20°C)

Chemicals of analytical degree used in the experiments were purchased from Sigma—Aldrich

and Serva—Feinbiochemica. Their properties are shown in Table 3.

Table 2
Molecular weights, effective and Stokes radii, and diffusivities of neutral solutes in aqueous
solutions at 25°C

Solute Mw [g/mol] 7, '[nm] r[nm]  D_[10m%s]
n—Butanol 74.1 0.21 0.24 1.03
D-Ribose 150.1 0.29 0.33 0.74
D-Glucose 180.2 0.32 0.36 0.68
D-Lactose

Morohydrate 3603 0.43 0.49 0.50
Polyethylene 5, (30 0.54 0.62 0.39
glycol

Dextran ~900 0.64 0.75 0.33

" calculated with Eq.(14); ? calculated with Eq.(15); ° calculated with Eq.(16)
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Membrane filtration was performed using the experimental set-up shown in Fig.1.

retentate recycling

DDS-Lab20
$ plate&frame
600

permeate | _-----71
TP
504
pump
500 LYh 1
v 4 kW
WECouling-OUT WLCouling-IN

Fig.1. Schematic diagram of the lab-scale membrane system

The membrane unit is equipped with a DDS LAB20 plate-and-frame module. Membrane discs
with the effective membrane surface area of 350 cm” were placed in series and simultaneously
tested. Single-component solutions of 100 ppm concentration were used. Both permeate and
retentate streams were recycled into the feed tank. The cross-flow rate was set to 500 L/h
which ensures a negligible concentration polarisation effect [19]. During the filtration
experiments the applied trans-membrane pressure was changed between 0 and 40 bar. In all
runs, stabilization time of 30 minutes was used before taking samples. Permeate flux was
manually measured by using a calibrated cylinder and a stopwatch. Concentrations of solutes
were determined by total organic carbon analyzer (TOC 500, Shimadzu). All experiments

were carried out at 25°C.
4. Results and discussion

The measured permeate fluxes versus applied pressure for the five membranes are
shown in Fig.2. The slopes of the curves are equal to the hydraulic permeability of the

respective membranes, which indicates that the osmotic pressure effects of the solutes are

negligible due to the low feed concentrations.
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Fig.2. Measured fluxes of lactose solution (symbols) and predicted fluxes based on pure water
permeability (solid lines) for the 5 membranes.

For each sets of measured data of flux J, and the rejection R, Eq.(1) was used to
compute the values of the membrane parameters ¢ and Py with nonlinear two-parameter fitting
in a least-squares sense. The o corresponds to the maximum rejection at infinite volume flux.

The results of the SK analysis are illustrated in Fig.3 using the permeation data of lactose as

an example.

[ = DK

* GE

ﬂ.ﬂ irm. ®  GH
i v NPO3O
= 0.6 | NEDI

2 4 6 8
|H:m1ﬂl'l: s |imE] x Iu"

Fig.3. Experimental data (symbols) of lactose rejection as function of flux for the 5
membranes. Solid lines were fitted using the SK model.
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Prior to the steric pore model analysis, two main steps were performed. First, the
reflection coefficients of the 6 solutes were determined for the 5 membranes using the SK
model. Second, the Stokes radii rs and the effective radii rg of all solutes were calculated from
Eq.(15) and Eq.(14), respectively. Thus, using the solute radius and the respective reflection
coefficient allow us to determine the hypothetical pore size for each membrane. The DSP
model using Eq.(10) or alternatively, the SHP model using Eq.(13) can be fitted to the
reflection coefficient of each uncharged solute individually in order to estimate the pore size.
This would result in slightly different estimated pore size values for each solute and an
average value could be calculated to characterize each membrane. Nevertheless, in this study,
the reflection coefficients of all solutes were considered to compute the pore size of each
membrane, which gives the overall best-fitting solution in a least-squares sense.

The predictions of the DSP and the SHP models compared with the experimental data

are shown in Fig.4 and Fig.5, respectively.

1}IE - . /
06
= DK
0.4} GE |
GH
NPO30
0.2 NPO10
D L 1 1
0 0.2 0.4 0.8 08 1

Slokes radies [nm]

Fig.4. Relationship between reflection coefficient (e.g. limiting rejection) and Stokes radii of
solutes. The optimal estimates for the pore radii of the five membranes were provided from
the model proposed by Bowen et al. using Eq.(12). Solid lines illustrate model predictions
with the best fitting r, values.
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Fig.5. Relationship between reflection coefficient (e.g. limiting rejection) and effective radii
of solutes. The optimal estimates for the pore radii of the five membranes were provided from
the SHP model using Eq.(13). Solid lines illustrate model predictions with the best fitting 1,
values.

The quality of the fit can be described with the coefficient of determination R defined as

RP=1-> (0;—0o}) /ZUZ—O'
i (16)

where o, o* and g‘ are the experimental, the modelled, and the mean of the experimental
values, respectively. Using the determined pore sizes in the models allows us to compute the
size of the molecule that has a limiting rejection of 90% and thus, the empirical relations
described in Sect.2.3 can be used to calculate the MWCO from the solute radius. The obtained
data of r,, MWCO and R? are listed in Table 4 for three different approaches.

Table 3
Estimated hypothetical pore sizes of the five membranes obtained from SHP and DSP models
using experimental data of neutral solutes.

SHP model DSP model

using effective radius using Stokes radius using Stokes radius
membrane rp[nm] MWCO R? rp[nm] MWCO R? rp[nm] MWCO R?
GE 0.46 290 0.954 0.52 280 0.951 0.70 380 0912
DK 0.39 200 0.940 0.44 200 0.925 0.55 230 0.807
GH 0.73 840 0.980 0.85 820 0.976 1.14 1100 0.923
NP030 0.59 520 0915 0.68 500 0.917 0.93 700 0.934
NPO10 0.80 1040 0.973 093 1010 0.976 1.29 1400 0.949
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Overall, very good approximates of the measured data are given by both models.
However, the pore sizes estimated by the DSP model are considerably bigger than the SHP
model predictions. There is also a significant difference in the estimated pore size values
depending on which measure of the solute size was employed in the SHP model.

The overall fittings of the studied two models are shown in Fig. 6 and Fig. 7. The
estimated pore radii of the membranes listed in Table 4 and the Stokes radii as the measure of
solute size were used to compute ¢ for each solute and for each membrane. Then, ¢ was
plotted as a function of A. As shown in Fig. 6 and Fig. 7, the experimental values of & are in
good agreement with the estimated o values irrespective of which solute and membrane was

applied.

R=0.0613 .

Fig.6. Reflection coefficients of all solutes as a function of ratio of Stokes radii of the solutes
to the pore radii of the five membranes. The curve was calculated from the SHP model with
Eq.(13) using the pore radii r,, reported in Table 4.

It is important to note that combining Eq. 8, Eq. 10 and Eq. 11 provides a direct

estimation of the pore size without the necessity of a prior SK analysis. The pore size can be

obtained by fitting to the experimentally determined set of applied pressure and rejection data,
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Fig.7. Reflection coefficients of all solutes as a function of ratio of Stokes radii to the pore
radii of the five membranes. The curve was calculated from the DSP model with Eq.(12)
using the pore radii r, reported in Table.4.

or vice versa, the rejection of a noncharged solute for a given applied pressure can be
calculated if the pore size of the membrane is known. This latter concept was applied to
estimate the R of the different solutes as a function of AP using the prior determined pore
radius listed in Table 4. The model prediction is plotted together with the experimental data in

Fig. 8 for the membrane GE as a representative membrane.

o jaciote @ glcote ¥ nbose O butanol

Fig.8. Rejection of solutes as a function of permeate flux for the membrane GE. The curves
were computed using Eq.(10) and assuming membrane pore radius r,=0.70 nm.
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5. Conclusions

The hypothetical pore radii of five commercial NF membranes (DK, GE, GH, NP030, NP010)
were evaluated from permeation experiments using different noncharged solutes.
Thermodynamical analysis of experimental data was performed in order to obtain the
reflection coefficients of each solute. This phenomenological parameter was linked to the
membrane structural parameter using two steric pore flow models. The overall best-fitting
solution in a least-squares sense was computed for each membrane by fitting the pore size
radii to the sets of experimental data of reflection coefficients and solute radii. Predictions of
both DSP and SHP models were found to be in a good agreement with the experimental data.
However, there is a significant difference in the estimated pore size values depending on
which model is used and also on which measure of the solute size is employed. The provided
values of membrane pore size can be applied to predict the rejection of any noncharged solute

for a given applied pressure.
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Hirek, tall6zé

Az lllinois-i Egyetem (USA) kutatdoi olyan 1j generacids, un.
biomimetikus (természetet utanzo) membrant fejlesztettek ki, amely joval
nagyobb viztranszportot teszt lehetdvé, mint a mostani forditott ozmdzis
membranok. Ezt a hatékony viztranszportot egy funkciondlis vizcsatorna
protein biztositja. Egy harom blokkbdl 4116 kopolimer strukturaba illesztették be
a kutatok az Gn. Aquaporin Z fehérjét. Igy a biologiai membranoktdl eltéréen
igen stabil €s nyomasalld6 membrant nyertek, amely nagy permedbilitast és
szelektivitasu vizre nézve. Az Otletet a vese vizkivalasztd rendszere adta, ahol
az Aquaporin Z fehérje tulajdonképpen egy lyukat képez a membréanon,
amelyen at kizarélag a viz molekulék képesek keresztiil hatolni.

(Filtration & Separation, Desalination, 3/2008)
L I T T T T TR TR R R TR T B T I R T T T R R

Ultravékony, 50 atomnyi vastagsagt (15 nm) porusos membrant hoztak
létre sziliciumbol a Rochester Egyetem kutatdi, amely meglepden nagy nyomast
képes elviselni, és szdmos orvosi €s ipari teriileten kulcs szerephez juthat a
szeparacios feladatok megoldasandl. Az emberi hajszal vastagsagdnak
mindossze négy ezredét kitevO membran ezerszer vékonyabb, mint a ma
hasznalatos  legvékonyabb  membranok, tulajdonképpen  vastagsaguk
0sszemérhetd a szeparalandd molekulak méretével, s bar ,lyukacsos” (pérusos)
szerkezetli, mégis képes olyan nyomasokat elviselni, hogy a sziirés hatékonyan
elvégezhetd vele.

(Elet és Tudomadny, 10/2007)
LI TR TR T B BT Y NN T TR T I I R Y N N B R R

Afrika legnagyobb tengerviz-sotalanitd telepét adtdk at nemrégiben
Algirban, amelynek koszonhetden jelentdsen csokkent az allandd ivovizhiany.
A 250 millié dollaros beruhazassal épitett {izem naponta akar 200 ezer kobméter
tengerviz megtisztitasara képes. A létesitményben a GE korszerii forditott
0zmozisos membranjait alkalmazzak friss vizet biztositva kommunalis, ipari €s
mezOgazdasagi felhasznalasra.

(Elet és Tudomadny, 10/2008)
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Membrane Filtration Innovations and Applications

2008. majus 20., Runcorn, Nagy Britannia

Tovabbi informacio:  The Filtration Society
Coalville
Leicestershire LE67 9PP, UK
www.filtsoc.com

Engineering with Membranes 2008

2008. majus 25-28, Algarve, Portugalia

Tovabbi informdcio: Dr. Susana Luque
E-mail: sluque@uniovi.es
E-mail: EWM2008@eng.ox.ac.uk
www.uniovi.es/EWM2008
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35th International Conference of Slovak Society of Chemical Engineering
2008. majus 26-30, Tatranske Matliare, Szlovakia
Tovabbi informdcio: Zuzana Letkova

E-mail: sschi@stuba.sk

http://sschi.chtf.stuba.sk

7th Scientific Conference: Membranes and Membrane Processes in
Environmental Protection
2008. junius 5-7, Ustron, Lengyelorszag
Tovabbi informacio:  Prof. Krystyne Konieczny
E-mail: membrany@pols.pl
www.ise.polsl.pl/membrany.html

International Congress on Membranes and Membrane Processes

(ICOM 2008)

2008. julius 12-18, Honolulu, Hawaii, USA

Tovabbi informacio:  Ingo Pinnau, Chairman
Membrane Technology and Research, Inc. (USA)
E-mail:_ipin@mtrinc.com
http://www.icom2008.org

Summer School on Modelling Membrane Bioreactor Processes
2008. julius 15-17, Gent, Belgium
Tovabbi informacio: ~ BIOMATH Dep. of Ghent University
Dr. Ingmar Nopens
summerschool@mbr-train.org
MBR-TRAIN
RWTH Aachen University
Ms Rita Hochstrat
info@mbr-train.org
www.mbr-train.org/summerschool
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XXV EMS Summer School: Solvent resistant membranes

2008. szeptember 7-11, Leuven, Belgium

Tovabbi informdcio: Chris Laermans
Centre for Surface Chemistry and Catalysis (COK)
Department of Microbial and Molecular Systems
Faculty of Bioscience Engineering
Katholieke Universiteit Leuven
Kasteelpark Arenberg 23, box 2461
B-3001 Leuven, Belgium
E-mail: EMS-SS@biw.kuleuven.be
http://www.biw.kuleuven.be/emsss2008

CHISA 2008
2008. augusztus 24-28, Praga, Csehorszag
Tovabbi informacio: CHISA 2008
Novotného lavka 5, 116 68 Praha 1
Czech Republic
Fax: +420 221 082 366 or +420 233 335 529
E-mail: org@chisa.cz,

Paper administration: paper@chisa.cz
www.chisa.cz/2008

12. Aachener Membran Kollogium

2008, oktober 28-30, Aachen, Németorszag

Tovabbi informacio: Jozef Kochan
Phone: +49 (0) 2 41 - 8 09 39 96
E-mail: amk@avt.rwth-aachen.de
www.amk.rwth-aachen.de

EuroMembrane’09

2009. szeptember 6-10, Montpellier, Franciaorszag

Tovabbi informacio: Gérald POURCELLY
(IEM, France)
E-mail: euromembrane2009@iemm.univ-montp2.fr
http://www.euromembrane2009.com
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