This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Pt e STEVEN 4, CRANTR Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471

Analysis of the Salt Retention of Nanofiltration Membranes Using the
b et | Donnan-Steric Partitioning Pore Model
Johan Schaep?; Carlo Vandecasteele®; A. Wahab Mohammad®; W. Richard Bowen”
a DEPARTMENT OF CHEMICAL ENGINEERING, UNIVERSITY OF LEUVEN, HEVERLEE, BELGIUM
» DEPARTMENT OF CHEMICAL AND BIOLOGICAL PROCESS ENGINEERING, UNIVERSITY OF
WALES SWANSEA, SWANSEA, UNITED KINGDOM

Online publication date: 20 October 1999

To cite this Article Schaep, Johan , Vandecasteele, Carlo , Mohammad, A. Wahab and Bowen, W. Richard(1999) 'Analysis
of the Salt Retention of Nanofiltration Membranes Using the Donnan-Steric Partitioning Pore Model', Separation Science
and Technology, 34: 15, 3009 — 3030

To link to this Article: DOI: 10.1081/55-100100819
URL: http://dx.doi.org/10.1081/SS-100100819

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conmplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1081/SS-100100819
http://www.informaworld.com/terms-and-conditions-of-access.pdf

11: 04 25 January 2011

Downl oaded At:

SEPARATION SCIENCE AND TECHNOLOGY, 34(15), pp. 3009-3030, 1999

Analysis of the Salt Retention of Nanofiltration
Membranes Using the Donnan-Steric Partitioning
Pore Model
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ABSTRACT

The performance of four commercia nanofiltration membranes was analyzed by
the Donnan—steric partitioning pore model (DSPM) that describes solute transport
through amembrane using the extended Nernst—Planck equation. Retention measure-
mentswere carried out asafunction of the permeate flux for uncharged solutes, which
allowed characterization of the membranesin terms of an effective membrane porera-
dius and theratio of an effective membrane thickness to the porosity. Retention mea-
surements with single salt solutions of NaCl, Na,SO,4, MgCl,, and MgSO, clearly
showed the effect of ion concentration and ion valence on the retention. The DSPM
model was used to evaluate the effective membrane charge density by analyzing the
retention of single salt solutions. The analysis showed that the charge density is not
constant but depends very much on the salt and its concentration. Thisis attributed to
ion adsorption on the membrane material. For magnesium salts this could lead to a
positive membrane charge. This phenomenon was found for each of the membrane
materials.

Key Words. Nanofiltration; Nernst—Planck equation; Salt solutions; Mem-
brane charge; Retention
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3010 SCHAEP ET AL.

INTRODUCTION

Applications of nanofiltration are increasing rapidly in several aress, e.g.,
drinking water production, dairy industry, and the paper industry. Neverthe-
less, the mechanism of transport through these membranes has not yet been
fully understood (1).

Most authors agree that the pore size and the charge density of nanofiltra-
tion membranes are the main parametersthat determine the extent to which so-
lutes are rgjected. A third parameter, the membrane thickness, determines the
hydrodynamic resistance and consequently the flux through the membrane. If
these membrane characteristics are known and the effect on solute transport
can be described, the membrane performance can be quantified.

Most techniques used in ultrafiltration cannot be applied to determine the
pore size of nanofiltration membranes experimentally because of the small
pore dimensions. Atomic force microscopy (AFM) isauseful techniqueto an-
alyze the membrane surface, and hence to determine the pore size distribution.
However, the size determined in this way is not necessarily a useful parame-
ter to characterize filtration performance because not only are the surface
characteristics of a pore important but also the total pore shape from the feed
to the permeate side. The membrane charge density can be evaluated in anum-
ber of ways, of which electrokinetic measurements (determination of zeta po-
tential), membrane potential measurements, and measurements of ion-ex-
change capacities (to obtain the number of charged groups in the membrane)
are the most important. These methods can be used to give more insight into
the rejection performance of amembrane, but so far they give only qualitative
information. Electron microscopy can be used to determine the membrane
thickness, but the support layer can a so influence the transport to asignificant
extent (2). Another way to characterize a nanofiltration membraneis by solute
rejection measurements. A model is then applied to deduce the membrane
characteristics of interest.

Much effort was devoted for several years to devel oping models appropri-
ate for nanofiltration. One such model was developed by Bowen et al. (3, 4).
The so-called Donnan—steric partitioning pore model (DSPM) is based on the
extended Nernst—Planck equation. It assumes the membrane is porous, and
size effects are taken into account by incorporating steric hindrance factors. In
contrast with a space-charge model (5), the radial distribution of the potential
over the membrane pore is considered constant. The model has been applied
to the PES 5 membrane (3, 4). After characterization of the membraneinterms
of an effective poreradius, theratio of an effective membrane thicknessto the
porosity, and an effective membrane charge density using uncharged solutes
and single salt solutions, the retention for a mixture of NaCl/Na,SO, was ad-
equately predicted. The model was also successful in predicting the perfor-
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SALT RETENTION OF NANOFILTRATION MEMBRANES 3011

mance of the CA30 nanofiltration membrane for a dye/salt solution (6).

In the present paper the DSPM model is used to analyze the performance of
four nanofiltration membranes, each with a different membrane structure and
with different salt retention properties. Besides the retention of NaCl and
Na,SO, solutions, the retention of MgCl, and MgSO, solutions is also
studied.

THEORETICAL BACKGROUND (3)

The transport of solutes inside the membranes can be described by the ex-
tended Nernst—Planck equation:

de,  zCDip _ dis
ip & — RT F & + Ki,CCiV (1)

ji=-D

where
Dip = KidDi (2

Ji istheflux of solutei, and the terms on the right hand side represent transport
due to diffusion, electric field gradient, and convection, respectively (see List
of Symbolsfor definitions). The hindered nature of diffusion and convection of
the ions inside the membrane are accounted for by the factorsK; 4 and K .

The hindrance factors, K; 4 and K; ¢, are afunction of A, the ratio of the so-
lute radiusto the pore radius, and are related to the hydrodynamic coefficients
K1, the enhanced drag, and G, the lag coefficient, of a spherical solute mov-
ing inside acylindrical pore of infinite length. The enhanced drag and the lag
coefficients were calculated using the finite-element technique and a center-
line approach (7):

K=\, 0) = 1.0 — 2.30\ + 1.154A% 4+ 0.224\3 (3)
G(\, 0) = 1.0 + 0.054\ — 0.988\2 + 0.441\3 (4

Assuming that the solute velocity is fully developed inside the pore and has a
parabolic profile of the Hagen—Poiseuille type, the hindrance factors become

(8):

Ki,d = K_l()\’ 0)’ Ki,c = (2 - (b) G()\, 0) (5)
where the steric term, ¢, isgiven by
b=(1-)N? (6)

and accounts for the finite size of the solute.
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3012 SCHAEP ET AL.

Uncharged Solutes

For uncharged solutes, only the diffusive and convective flows affect the
transport of solutes inside the membrane. The solute flux can thus be ex-
pressed as

dCi
i,p &
All variables are defined in terms of radially averaged quantities.

In order to obtain an expression for the rgjection of the solute, Eq. (7) isinte-
grated across the membrane. The solute concentrations in the membrane at the
upper (x = 0) and lower (x = AX) surfaces are expressed in terms of the exter-
nal concentrations (C; ,, and C; ;) using the equilibrium partition coefficient ¢:

ji=—D + KicGiV (7)

Cix=0 Cix=Ax
= : = 2 8
¢=cn Cin (8)
For purely steric interactions between the solute and the pore wall, ¢ is the
same as given in Eq. (6).
In terms of rejection, Eq. (7) becomes

Ro1— 2 g Rich 9
Cim 1 — exp(—Pem)[1 — ¢K; ]
where the Peclet number, Pe,,,, is defined as:
_ Ki,c 'J\/AX
Pem = m —Di,ooAk (10)

Thergection at agiven filtration flux J,, isthus afunction of two parameters,
\ and Ax/Ax. Equations (9) and (10) show that retention increases with thefil-
tration flux and that it reachesavaue of 1 — ¢K; ¢ a infinite filtration flux.

The Hagen—Poiseuille equation gives the rel ationship between the pure wa-
ter flux and the applied pressure across the membrane:

r5AP
v = s 7Ava
B (AX/AK)
If rp is known, the value for Ax/Ay can be calculated. This independently de-

termined value of Ax/A, can be compared to Ax/A obtained from the fitting
of the rgjection data.

(11)

Charged Solutes

The conditions for electroneutrality in the bulk solution and inside the
membranes are expressed respectively as

i ZiCiO =0, i zci = —X (12)
i=1 =1
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SALT RETENTION OF NANOFILTRATION MEMBRANES 3013

where C? isthe bulk concentration of ion i, ¢; is the concentration of ion i in-
side the membrane, and X is the effective volumetric membrane charge den-
sity. Xisassumed constant at all pointsin the active part of the membrane. The
zero current condition inside the membrane is expressed as

lc = Z F(zji)=0 (13)
i=1
Since the electric potential gradient is the same for every ion inside the
membrane, the electric potential and concentration gradients can be derived
from Eq. (1). By rearranging Eq. (1), the concentration gradient may be writ-
ten as

do g, zc _ s
x D (KicCi — Cip) — =T [ ax (14)
where the flux j; is expressed as
Ji = WCiplAx (15)
Similarly, the potential gradient term can be expressed as
nozJ,
@y DA (KicCi — Cip)
dx =L (16)

% i (zc)

Equations (14) and (16) can be solved by using the following boundary con-
ditions together with the equations for electroneutrality (12):

ax=0: C’=Cim
ax=Ax C’=Ci,

where C; ,, and C; , are the feed and permeate concentrations of ioni at thein-
terfaces of the membrane, respectively, i.e., the concentrationsjust outside the
membrane.

The concentration at the interface (i.e., just inside the membrane) can be de-
termined using the following equilibrium conditions which will be taken as a
combination of the Donnan and steric effects:

(17)

Ci
C?
Theterm ¢ isthe steric partitioning term which accounts for the steric effects

at the entrance of the membrane, and is given by Eq. (6). The equations were
solved numerically using the Runge—Kutta—Gill method.

F
= ¢ exp(— M) (18)
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All fluxes, concentrations, potentials, and velocities are defined in terms of
radially averaged quantities, so that no radial distributions are taken into ac-
count. Nonidealities of propertiesinside the membrane as aresult of coupling
between ions and ions, or ions and membrane, are assumed to be accounted
for by the effective membrane charge density. Also, the ion distribution be-
tween the bulk solution and the pore may be influenced by a change of the di-
electric constant of the solvent going from the solution to the membrane
phase. It has often been discussed in the literature that the dielectric constant
in narrow pores may be lower than in the bulk, but a quantitative description
isnot available (9, 10). Here, solvent dielectric effects on ion partitioning are
not taken into account.

EXPERIMENTAL

Membranes

Flat sheet samples of four commercially available nanofiltration mem-
branes were used. Some characteristics are given in Table 1. The NF40 and
UTC20 membranes have alow molecular weight cutoff (MWCO) value.

Information about the charge of nanofiltration membranes is not aways
available but is an important characteristic in interpretation of salt retention.
Sulfonated polyethersulfone membranes (such as NTR7450) carry a negative
charge. Membranes made from cellul ose acetate (such as CA 30) are supposed
to be negatively charged (11). The charge of polyamide membranes can be &i-
ther negative or positive. For NF40 the membrane is negatively charged ac-
cording to some publications (1, 12—14). For the UTC20 membrane the infor-
mation in the literature is contradictory: Raman et a. (1) state the membrane
IS negative, Simons (12) states the membrane is amphoteric and negatively
charged at neutral pH, and according to information from the manufacturer

TABLE1
Membranes Used
MWCO Charge
Membrane Manufacturer Membrane materia (estimate) (at neutral pH)
NTR7450 Nitto Denko Sulfonated 600-800 Negative
polyethersulfone

CA30 Hoechst Cellulose acetate 1000 Negative
NF40 Dow Polypiperazine amide 180 Negative
UTC20 Toray Industries Polypiperazine amide 350 ?
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UTC20ispositively charged. The charge density can also be determined from
measurements of the membrane potential: the charge of the UTC20 membrane
Is found to be positive while NTR7450, CA30, and NF40 are negatively
charged membranes (15).

M easurements of the membrane charge density are not directly used in the
model as the values obtained for the fixed charge density of the membranes
are only qualitative in general (11).

Equipment

Experiments were carried out in alaboratory-scale test cell (Amafilter). A
schematic diagram of the apparatus is presented in Ref. 16. All experiments
were carried out at a cross-flow velocity of 6 m/s and at a constant tempera-
ture of 25°C, using a cross-flow filtration cell with arectangular flow channel
(equivalent hydraulic diameter d,, = 4.2 mm, total length of flow channel =
293 mm) and an effective membrane area of 44 cm?.

Concentration polarization was taken into account for all experimental re-
sults. The correlation of Dittus and Boelter for turbulent flow in channels was
used to calculate the mass transfer coefficient k in the boundary layer, related
to the Sherwood number (17):

kdn,

Sh = — = 0.023Re85c%33 (19)
Dert
where D for asalt is calculated as (18)
. D+D_(Z+ - Z_)
Derr = ZD. —zD_ (20)

The real solute retention, i.e., the retention corrected for concentration po-
larization, was calculated by using the film model (2), and will be used fur-
ther in the text.

Membrane Characterization

Ultrapure water (Milli-Q system of Millipore) was used to measure the pure
water flux at different transmembrane pressures to determine the pure water
permeability of the membranes.

Solutions of galactose (molar mass = 180 g/mol), maltose (342 g/mal), and
raffinose (504 g/mol) at a concentration of 500 mg/L werefiltered. Retentions
were measured as a function of the permeate flux by varying the transmem-
brane pressure from 3.5 to 20 bar. The experiments were carried out at pH
5.5-6. For the analysis of the saccharide solutions a colorimetric method
based on a treatment with phenol and sulfuric acid was used (19).
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Single Salt Solutions

The retention of single salt solutions (NaCl, Na,SO,4, MgCl,, and MgSO,)
was determined as a function of the permeate flux at different feed concentra-
tions. For the CA30 membrane the concentration range was 0.010-0.200
eg/L; for the other membranes 0.050-0.750 eg/L. Feed and permeate samples
were analyzed by conductivity measurements. All solutes were prepared us-
ing Milli-Q water and analytical grade salts. The experiments were carried out
at pH 5.5-6.

RESULTS AND DISCUSSION

Membrane Characterization

Table 2 gives the pure water permeability for four nanofiltration mem-
branes. For both NTR7450 and UTC20 the permeabilities are rather high,
while for CA30 and NF40 values common for nanofiltration membranes
[1.4-12 L /(hm?-bar)] were obtained (2). The last column of Table 2 givesthe
value for r3/(Ax/Ay), calculated from the Hagen—Poiseuille equation
(Eq. 11).

Experimental data for uncharged solutes are shown for the CA30 and
NTR7450 membranesin Figs. 1 and 2, respectively. The retention of the sac-
charides increases as the flux increases. Much higher retentions were found
for NF40 and UTC20: galactose was retained to about 95% by both mem-
branes, maltose and raffinose were completely retained. The experimental
points were fitted well by Egs. (9) and (10), as shown by the full linesin Figs.
1 and 2. Two membrane characteristics were deduced from these curves: the
effective membrane pore radius and the ratio of the effective membrane thick-
ness to the porosity. The criteria for the best fit was a minimization of the
least-squares deviation. The results are shown in Table 3.

The deduced effective membrane pore radiuswas 0.94 + 0.01 nm (mean =
standard deviation for the three saccharides) for CA30 and 0.69 = 0.13 nm for

TABLE 2
Pure Water Permeability Data of the Membranes Used

Pure water permeability r3(AX/A)
Membrane [L/(hm?-bar)] (1072 m)
NTR7450 23.2 4.6
CA30 6.5 13
NF40 9.4 19
UTC20 25.0 5.0
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FIG. 1 The retention of three saccharides as a function of the permeate flux for the CA30
membrane. The full lines are the result of abest fit using Egs. (9) and (10).
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FIG. 2 Theretention of three saccharides as a function of the permeate flux for the NTR7450

membrane. The full lines are the result of abest fit using Egs. (9) and (10). Marcer Dexxer, Inc.
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NTR7450. For NF40 and UTC20 only the data for galactose were used to de-
termine the pore radius, giving a value of 0.42 nm for NF 40 and of 0.41 nm
for UTC20. Because of the high saccharide retentions, these pore radii for
NF40 and for UTC20 should only be considered as approximate.

A single value of Ax/A could not be determined for CA30 and NTR7450.
Table 3 shows that no constant values were obtained by the model, but for the
CA30 membrane it appearsthat the values for Ax/A, decrease with increasing
solute size. This phenomenon has been found before (3, 20-22) and seems to
be caused by a too simple representation of the membrane structure. It was
postulated (21) that the structure of this type of membrane consists of pores
which areinterconnected, so that small solutes have greater Ax/Ax valuesthan
larger solutes because of their longer transport paths due to the ability to
permeate through the smaller pores of the network. In this paper the influence
of the size of the solute on the value for Ax/A, will not be taken into account.
Instead, the value for Ax/A« that will be used to analyze salt rejection data
is calculated using the Hagen—Poiseuille equation; this means that the solute
size is neglected in calculation of Ax/Ay. The values for Ax/A are calculated
from the last column of Table 2, using the average pore radii obtained
from uncharged solutes experiments. These values for the pore radius and
for the ratio of the membrane thickness to the porosity will be used to
analyze salt rejection data and are summarized in Table 4 for the four
membranes.

Single Salt Solutions

The retention of single salt solutions was determined for the four nanofil-
tration membranes. A complete set of experiments was carried out for NaCl,
Na,SO,4, MgCl,, and MgSO,. Retention was measured as a function of the
flux at different salt concentrations.

TABLE 3
Result of Best Fit for Uncharged Solutes Using the DSPM Model. The Pore Radius and the
Ratio of the Membrane Thickness to the Porosity Were Fitted |ndependently

CA30 NTR7450 NF40 UTC20
Mo AXIA Mo AXIA Mo AXIA o AXIA
Solute (nm) (wm) (nm)  (um) (nm) (nm) (nm) (wm)
Galactose 0.95 5.75 0.55 0.03 0.42 0.82 0.41 0.08

Maltose 0.94 2.99 0.71 0.09
Raffinose 0.93 0.89 0.80 0.08
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TABLE 4
Membrane Characteristics Used to Analyze Salt
Rejection Data. The Effective Pore Radius Is
Determined from Uncharged Solutes Experiments
(average value), and the Ratio of the Effective
Thickness to the Porosity is Calculated from Pure
Water Permeability Data Using This Effective

Pore Radius
Membrane o (NM) AXIA, (um)
CA30 0.94 6.8
NTR7450 0.69 1.0
NF40 0.42 0.95
UTC20 0.41 0.34

For each set of experiments the retention versus flux was fitted by the
DSPM model. Besides physical data of the ions (such as diffusion coefficient
and ion radius), three input parameters are needed: the pore radius, the ratio of
the membrane thickness to the porosity, and the membrane charge density.
Vauesfor the effective pore radius and for the ratio of the effective thickness
to the porosity were taken from Table 4. The model then eval uates the mem-
brane charge density in order to obtain abest fit of the experimental retentions.
The experimental results and the modeling results will be discussed for each
membrane separately.

CA30

At concentrations of 10-200 meq/L, the experimental pointsof Fig. 3 show
that very little NaCl is retained by the CA30 membrane. The retention is al-
most independent of the NaCl concentration and increaseswith increasing wa-
ter flux. For Nax,SO, the retentions are higher and a decrease is found with in-
creasing concentrations. At concentrations above 50 meg/L the retention is
almost independent of the concentration but increases with the flux to ca. 40%
at the highest measured flux value (at 20 bar). The MgCl, retention is some-
what higher than for NaCl and is also nearly independent of the feed concen-
tration. Theretention for MgSO, is higher than for MgCl,, and MgSO, is 60%
retained at the highest measured flux.

The idea of a weakly negative membrane charge in the case of a cellulose
acetate material is in accordance with the experimental findings: salt reten-
tions are rather low, and sulfate salts are better retained than chloride salts.
However, no explanation is found for the fact that MgCl, is better retained
than NaCl. On the basis of Donnan exclusion, the opposite is expected in the
case of a negative membrane charge (16).
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NacCl
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© 10 meq/!
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® 601 |%100meq/!
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FIG.3 Theretention of single salt solutions as afunction of the permeate flux at different salt
concentrations for the CA30 membrane.

Salt retentions were fitted by the DSPM model. The full lines of Fig. 3 are
the model predictions. It can be seen from Fig. 3 that the experimental data
could befitted very well. The valuesfor the membrane charge density thus ob-
tained are givenin Fig. 4. It appearsthat the charge density is not constant but
depends very much on the salt and on the salt concentration, and can be de-
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FIG.3 Continued

scribed by linear isotherms. This phenomenon was found before, and it was
ascribed to ion adsorption (3, 23, 24) on the membrane materia. In the case
of, e.g., NaCl, adsorption of chloride ionswould then lead to a more negative
membrane charge at higher electrolyte concentrations.

Figure 4 a so showsthat the membrane charge becomes positive for the two
magnesium salts. This suggests that each individual ion could make its indi-
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CA 30

1000

X MgS0O4 A MgCI2
W Na2S04 & NaCl
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Concentration / meq I

FIG.4 Effectivecharge density asafunction of the salt concentration for the CA30 membrane.
Linear isotherms for 10-200 meg/L:

NaCl X = -2.23C° - 584
NaSO, X = —1.08C° - 15.83
MgCl, X = 0.45C° + 1.60
MgSO, X = 1.53C° + 1.85

vidual contribution to the membrane charge by means of adsorption. In that
way the presence of magnesium could alter the sign of the membrane charge
so that the membranes become positively charged. This could explain the fact
that MgCl, is better retained than NaCl: magnesium is the co-ion (= ion with
the same charge sign as the membrane charge) in the case of MgCl, and hasa
higher valence than chloride, which is the co-ion in the case of NaCl. On the
basis of Donnan exclusion, a higher co-ion valence causes a higher salt
retention.

Some additional calculations were made to study the mechanism of mem-
brane charging. It could be suggested that for a membrane in contact with a
single salt solution, each ion makes its own contribution to the membrane
charge and that the overall membrane charge density could be represented by
oneisotherm for the salt. For CA 30 the membrane charge density for solutions
of MgSO, was calculated by adding the values for Na;SO, to the values for
MgCl, and subtracting the values for NaCl. The calculated values for the
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membrane charge density show very good agreement with the values directly
obtained through evaluation of rejection data for the whole concentration
range (see Table 5). This shows that for the CA30 membrane the membrane
charge density can be calculated by adding the contributions of individual
ions, which should be very promising for the prediction of the membrane per-
formance for salt mixtures.

NTR7450

The NTR7450 membrane is composed of a sulfonated polyethersulfone
layer, with a high negative charge at neutral pH. Salt retentions are high for
NaCl and for Na,SO4 but decrease substantially with increasing feed concen-
tration (Fig. 5). The lowest retention is found for MgCl,. Evaluation of the
membrane charge density shows that for this membrane the charge also de-
pends on the salt and its concentration (Fig. 6). The charge density can be de-
scribed by linear isotherms.

It has to be mentioned that ion adsorption is not expected to be the major
charging mechanism here as the membrane carries a strong inherent negative
charge. Nevertheless, a positive membrane charge is again found with solu-
tions of MgSO,4 while the membrane appears to be more or less neutral with
solutions of MgCl,. This seems to be caused by adsorption of magnesium
ions.

Calculationswere madein order to predict the membrane charge density for
MgSO, by adding values for Na,SO, to values for MgCl, and subtracting the
valuesfor NaCl, but the charge density was overpredicted (see Table 6). Thus,
addition of theindividual contributions of each ion to obtain the overall mem-
brane charge density cannot be applied to this membrane.

TABLES
Comparison of the Charge Density of the CA30 Membrane for Solutions of MgSO,
Concentration XNaCl? XNa,SO,2 XMgCl,? XMgSO42 XMgSO,°
(meg/L) (meg/L) (meg/L) (meg/L) (meg/L) (meg/L)

10 274 —23.6 4.1 194 7.9

25 —65.8 —40.3 132 37.3 38.7

50 -113.1 —63.6 24.1 7.7 73.6
100 —228.1 —-1215 49.7 156.2 156.3
200 —451.5 —234.2 90.0 307.3 307.3

@ Directly obtained from rejection data with DSPM.
b Calculated by adding the values for Na,SO, to the values for MgCl, and subtracting the val-
uesfor NaCl.
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FIG.5 Theretention of single salt solutions as a function of the permeate flux at different salt
concentrations for the NTR7450 membrane.

NF40

Salt retentions at a transmembrane pressure of 20 bar for the NF40 mem-
brane, aregivenin Table 7 at different feed concentrations. A salt retention be-
tween 64 and 28% is found for NaCl but all other salts are dmost completely
retained, even at high concentrations. At increasing concentrations the perme-
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FIG.5 Continued

ate flux at 20 bar decreased very much due to ahigher osmotic pressure at the
membrane. The high retention of multivalent ionsisatypical characteristic of
nanofiltration membranes. Due to the very small pore radius, the retention is
mainly determined by the steric hindrance of theion at the entrance of amem-
brane pore, especially for magnesium (Stokes radius of 0.35 nm) and for sul-
fate (0.23 nm) and to a lesser extent for sodium (0.18 nm) and for chloride

(0.12 nm) (15).
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FIG. 6 Effective charge density as a function of salt concentration for the NTR7450 mem-
brane. Linear isotherms for 50—750 meq/L:

NaCl

N 3QSO4
M gCI 2
M 9804

X = —1.76C° — 832.79
X = —0.98C° — 312.60
X = —0.06C° + 40.79
X =0.76C° — 9.27

TABLE 6
Comparison of the Charge Density of the NTR7450 Membrane for Solutions of MgSO,

Concentration

XNaCl? XNa,SO,2 XMgCl,2 XMgSO,2 XMgSO,°

@Directly obtained from rejection datawith DSPM.
b Calculated by adding the values for Na,SO, to the values for MgCl, and subtracting the val-

(meg/L) (meg/L) (meg/L) (meg/L) (meg/L) (meg/L)
50 —967.0 —240.0 136 36.9 740.6 £
100 —1092.0 —400.0 20.6 746 7126 2
200 —1119.0 —598.0 48.1 135.1 569.1 g
300 —1228.0 —760.2 79.8 208.5 547.6 g
500 —1759.0 —705.7 -21.3 362.3 1032.0 3
750 —2184.0 —1042.0 -16 570.7 1140.4 3
9

uesfor NaCl.
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TABLE 7
Salt Retention (%) at 20 bar for the NF40 Membrane

Concentration

(meg/L) NaCl NaxSO4 MgCl, MgSO,
50 64 99 99 100
100 57 99 99 100
200 49 99 99 100
300 43 99 98 97
500 35 99 100
750 28

Application of the DSPM model to fit the experimental resultswasonly car-
ried out for NaCl and showed alinear isotherm for concentrations between 50
and 750 meg/L: X = —5.84C° — 488.61. For the other three salt solutions, no
best fit calculations were carried out.

uTCcz2o

Salt retentions at a transmembrane pressure of 20 bar for the UTC20 mem-
brane, are given in Table 8 at different feed concentrations. A retention be-
tween 75 and 26% is found for NaCl; all other salts are almost completely re-
tained at concentrations below 200 meg/L. The salt retentions are more
concentration dependent than for the NF40 membrane. The permeate flux at
20 bar also decreased very much at increasing concentration due to the os-
motic pressure effect.

Application of the DSPM model to fit the experimental resultswasonly car-
ried out for NaCl and showed alinear isotherm for concentrations between 50
and 750 meg/L: X = —3.79C° — 860.82.

TABLE8
Salt Retention (%) at 20 bar for the UTC20 Membrane

Concentration

(meg/L) NaCl NaxSO4 MgCl, MgSO,4
50 75 99 97 98
100 64 99 96 98
200 54 95 94 97
300 45 96 91 97
500 35 96 74 97
750 26 84 51 96
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CONCLUSIONS

The DSPM model was used to characterize four commercia nanofiltration
membranes in terms of an effective pore radius and the ratio of an effective
membrane thickness to the porosity. For membranes with a small pore radius
(0.42 nm for NF40 and 0.41 nm for UTC20), the salt retention was found to
be very high for Na,SO,4, MgCl,, and MgSO,, and moderate for NaCl, atyp-
ical characteristic of nanofiltration membranes. For CA30 and NTR7450,
membranes which were found to have larger pore radii, the salt retention was
much lower. The salt retention can be explained in terms of charge and steric
interactions between ion and membrane.

The retention of single salt solutions was analyzed by the DSPM model to
evaluate the membrane charge density. The genera patterns were similar for
al four membranes. The charge density was very much dependent on the salt
and on its concentration and could even change its sign. A possible explana-
tion isthat thisis caused by interactions between free ionsin solution and the
membrane, where each individual ion makesits contribution to the membrane
charge by means of adsorption. More insight into the adsorption mechanism
is required in order to take these interactions into account and to alow pre-
dictions of the membrane performance.

LIST OF SYMBOLS

Ax porosity of the membrane

G concentration in the membrane (mol-m~3)

Cim concentration on the feed side of the membrane (mol-m™—3)
Cip concentration in the permeate (mol-m—3)

CO bulk solution concentration (mol-m~3)

dn equivaent hydraulic diameter (m)

Dip hindered diffusivity (m?-s™%)

oo bulk diffusivity (m?-s™1)

Faraday constant (C-mol ~%)

hydrodynamic lag coefficient

current density (A-m~?2)

ion flux (mol-m~2-s7 1)

volume flux (based on membrane area) (m-s )
water flux (based on membrane area) (m-s™ 1)
mass transfer coefficient (m-s™?)
hydrodynamic enhanced drag coefficient
hindrance factor for convection

hindrance factor for diffusion

Peclet number

applied pressure difference (bar)
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Mo effective pore radius (m)

R gas constant (J-mol ~1-K 1)

Rrea real rejection

Re Reynolds number

Sc Schmidt number

Sh Sherwood number

T absolute temperature (K)

\Y; solute velocity (m-s?)

X distance normal to membrane (m)

Ax effective membrane thickness (m)

X effective membrane charge density (mol-m—3)
Z vaence of ion

) steric partitioning term

A ratio of ionic or solute radius to pore radius
u viscosity of solution (Pa:s)

P electric potential in axial direction (V)

Ayp Donnan potential (V)
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