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Abstract

Membrane characterization and modeling of membrane processes are essential steps in the development and implementation of new
membrane filtration processes. The generalized Maxwell-Stefan equation is frequently used to describe these processes. However, predictive
modeling on the basis of characterization experiments using single solutes is still troublesome in a lot of cases. Consequently, a better
understanding of the effect of the interaction between different components on the membrane separation characteristics is required. In this
work, four well-known commercially available membranes, Desal 5DK, Desal 5DL, Desal G5, NTR-7450, and a hewly introduced membrane
NF have been characterized. The pore radii of these membranes determined from glucose retention experiments increase in the following
sequence: Desal 5DK NF < Desal 5DL< Desal G5< NTR-7450. The pore radii and effective membrane thickness determined on the
basis of glycerin experiments are within 6% of those determined using glucose. The presence of salt ions, especially of those for which the
membranes show low retention, leads to reduction of the retention of neutral components (glucose). The retention reduction, at maximum
10% (absolute) in this study, depends on the membrane selected. For NF and Desal 5DK a high glucose retention drop coincides with a high
concentration of the anion salt (Qlions in the permeate, independent of the cation salt ion used. This phenomenon can be explained by
several hypotheses. One of these, supported by generalized Maxwell-Stefan model calculations, is that the presence of a pore size distributior
leads to the observed shift in selectivity. In the presence of salt ions in the pores, the flux through small pores is reduced to a larger extent
than that in bigger pores. Consequently, the retention for glucose drops and a shift in the apparent pore radius is determined. Regardless
of the mechanism that causes the reduction of the glucose retention, it is essential that this effect is incorporated in predictive models for
nanofiltration to predict the loss of organic components to the permeate sufficiently accurately, since this loss may affect permeate disposal
costs or product yield.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction a nanofiltration membrane for industrial processes would
facilitate the development of new processes and the de-
Nanofiltration membranes are a relatively new class of sign of nanofiltration installations. Several (e.g. extended
membranes, with properties in between those of ultrafil- Nernst-Planck and Maxwell-Stefan) models have been
tration (UF) and reverse osmosis (RO) membranes. Theseor are being developed for this purpoge-10]. In these
membranes are amongst others used in the food industry fomodels generally steric hindrance (sieving effect), Donnan
the demineralization of whey and UF whey permedids exclusion[2,3], dielectric exclusiorj4,11] and/or increased
The availability of a fundamental mathematical model that solute solvation energy are assumed to be responsible for
would predict the separation efficiency and the capacity of the retention of solutes by nanofiltration membrajiey.
One of the most fundamental ways to predict the trans-
« Corresponding author. Tek:31 318 659565; fax:-31 318 650400, POt through a nanofiltration membrane is by means of a
E-mail address: gerrald.bargeman@akzonobel-chemicals.com model using the generalized Maxwell-Stefan (GMS) equa-
(G. Bargeman). tions [13]. In these equations, the diffusive movement of
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a species is described as a result of the friction of that strongly depends on the flow intensity along the membrane
species with all the other components in the system. Thisand membrane characteristics like porosity and roughness
generalized Maxwell-Stefan description attracted increased[17]. On the basis of the film model theof¥8], the thick-
attention[8—10] after several empirical relations to calculate ness can be calculated from:
all the friction coefficients in a multi-component system kL L
became available in the 19901-16] Sh= D s (@)
The parameters required in a Maxwell-Stefan (or ex- . )
tended Nernst-Planck) model to describe the sieving effect Many empirical correlations have been proposed to calculate
and Donnan exclusion are the mean pore radius, the effecthe Sherwood numberS() [19]. One of the most popular
tive membrane thickness, and the surface charge densitycorrelations for turbulent flow is described [9]:
[2,4,5] These parameters are usually obtained by fitting the g — g.023Re%85:0-33 (3)
model to solute retentions and membrane fluxes measured
in membrane characterization experiments using pure water,The concentration polarization layer thicknes ¢alculated
single salt, and single sugar solutioi®. When dielectric for the flat sheet membranes used in our experiments varied
exclusion or changes in solvent structure are taken into from 1 x 107> to 3 x 10->m. Because the exact flow char-
account as well, the number of model parameters involved acteristics of the membrane module used are insufficiently
will of course increas§l2]. known and would require a separate study to determine, we
With several models, e.g. the Maxwell-Stefan model as have used 10~°m as an estimate for the concentration
proposed by Straatsma et 48], the membrane perfor-  polarization layer thickness in the updated (GMS) model for
mance for processing a solution containing a mixture of all experiments described.
salts can be fitted well. However, generally the results can- As in the original Straatsma et al.’'s model the membrane
not be predicted on the basis of the parameters obtained inchargeQm has been calculated using the Freundlich isotherm
membrane characterization experiments with single com- [8]:
ponent solutions. Clearly, the interactions between different Ks
components and _thg membrang, an_d their effect on the sepy,. = ¢, (Z 1Zi] )W) ()
aration characteristics of nanofiltration membranes, are not ;
yet sufficiently understoogB]. In this study the membrane
characteristics and the interactions between different com-
ponents on the separation efficiency for five commercially 3. Experimental work
available nanofiltration membranes have been investigated
to get a better insight into these phenomena. Special atten-3.1. Membranes
tion has been paid to the effect of salt ions on the retention
of neutral components. To evaluate the experimental re- Retention experiments were carried out with five differ-
sults the Maxwell-Stefan model as proposed by Straatsmaent commercially available nanofiltration membranes (Desal
et al. [8] has been used. The description of concentration 5DK, Desal 5DL, Desal G5, NF, and NTR-7450). Desal 5DK
polarization, not used in the original Straatsma et al.'s and Desal 5DL (Osmonics, USA) are three-layer thin film
model[8], has now been implemented. polysulfone based membranes with a polyamide top layer.
Desal G5 (Osmonics, USA) is a two-layer thin film polysul-
fone based membrane with a polyamide top layer. NF (DOW
Chemicals, USA) is a three-layer polysulfone based mem-
The Maxwell-Stefan equation of a speciesvorked out _brane with a polypiperazine top layer. This membrane was
for one transport directiony] is: introduced recently and replaces the well known.NF—45 and
NF-70 membranes. NTR-7450 (Nitto Denko, Shiga, Japan)
is a sulfonated polyethersulfone membrane. The molecular
weight cut-offs (MWCO) of these membranes as reported
by the suppliers are listed ifable 1

2. Theoretical background

du; dr do "
——— = Vmi0— =i F— =) (x;¢ j(u; —uj)) 1
dy m dy dy /gl i€, j bi ( )

Straatsma et a[8] have applied the Maxwell-Stefan equa-

tions to the interfaces at both sides of the membrane bound-3.2. Model solutions

ary and the membrane layer itself. A fourth transport layer, a

stagnant layer where concentration polarization takes place, The neutral solutes used in the experiments were glu-

was described mathematically, but was not yet implementedcose (Brunschwig Chemie, The Netherlands) and glycerin

in the model8]. The common form of the Maxwell-Stefan  (Sigma, USA). The salts used were NaCl, KCI, and GacCl

Eg. (1) has now been implemented in Straatsma et al.’s (Merck, Germany). The properties of the neutral solutes and

model[8] to describe the transport through this layer. the salts are listed ifiable 2 All feeds used in the test were
For the calculation of the solute concentration at the mem- obtained by dissolving these components in RO permeate of

brane surface, the layer thickness is required. This thicknesstap water (se&ection 3.3.



G. Bargeman et al./Journal of Membrane Science 247 (2005) 11-20 13

Table 1 30 min. During pre-compaction at a temperature of @0
Molecular weight cut-off (MWCO) of nanofiltration membranes as re- RO permeate of tap water was used as feed.
ported by suppliers The temperature and cross-flow velocity during all expe-

Membrane MWCO (Da) riments were 20.0+ 0.5°C and 0.9ms!, respectively.
Desal 5DK 200 Since the combined permeate flow of the membranes was
Desal 5DL 400 always less than 5% of the retentate flow, the cross-flow
Desal G5 1000 velocity was practically equal for all membranes. The pre-
NF <200 ssure-drop along the module was below 0.1 MPa in all cases.
NTR-7450 1000

Pure water fluxes were measured using RO permeate of
tap water to determine the permeability of individual mem-
branes. The pressure was varied between 0.2 and 4.0 MPa.

Retention experiments were carried out at outlet pressures

Retention experiments were carried out using a DDS Lab '@nging from 0.2 to 3MPa. After each pressure adjustment,
20 unit as described by van der Horst et[@]. The experi- at least 30 min was allowed for equilibrium to be reached. At
ments were performed in batch circulation mode, recycling €aCh pressure, the temperature, permeate flux, and permeate

both the retentate and permeate to the feed tank. Four memSOMposition were determined. _ o

branes at maximum were placed in series, each membrane Retention experiments with solutions containing neutral
having a surface area of 0.036nFrom top to bottom in ~ components (glucose or glycerin) were carried out to de-
the module the following membranes were installed: Desal (€rmine, in combination with the results of the pure water
5DK. NF. Desal 5DL. and NTR-7450. Desal G5 was tested flUX experiments, the pore radius and the effective thickness
separately. The solute concentrations in the feed to the las©f the membrelmes. Feed solutions contained 1'5__6 -
membrane in the series, as determined on the basis of mas§°S€ or 3gkg- glycerin. The glucose concentrations of the

balance and solute balance calculations, differed by less tharP€Mmeates and retentate were measuredsegon 3.4 di-
29% from those of the feed to the first membrane in the series. "€Ctly and the samples were put back in the feed tank to keep

Furthermore the cross-flow velocity was practically constant the féed composition unchanged. To investigate whether the

throughout the module (s&ection 3.5. Therefore the posi- WO neutral solutes would affect each other’s retention, an
tion of the membrane in the module had no significant effect €xPeriment with 1.59g kg' glucose and 1.5gkg glycerin

on the results obtained. was carried out.
To investigate the influence of the presence of salts on the

glucose retention, experiments were carried out using feeds
with a glucose concentration of 1.5 gkgin combination

with NaCl, CaCj or KCI. The salt concentrations used in
these tests were 0.01-1.0, 0.005-0.05, and 0.1 M for Nacl,
CaCb, and KCI, respectively. During the entire set of ex-
periments only one flat sheet per membrane type was used.
Prior to the experiments with different solutions pure water
fluxes of the individual membranes were determined at 1 and
2MPa to evaluate whether the membrane had changed or
fouling had occurred during the previous experiment. Since
the variation in the pure water flux of the individual mem-
branes was 10% at maximum (and in most cases far less)

Prior to the_ experl_ments the membranes were pre during the entire experimental program, it is assumed that
compacted by increasing the pressure to 40 bar and main- o . C

- ) . ? : . the condition of the membranes did not change significantly.
taining circulation operation at this pressure, until the flux

of the individual membranes remained constant for at least Furthermore, the variation in the pure water flux of the in-
dividual membranes did not show a specific (e.g. reducing)

trend with progressing of the experimental program, apart
g"?‘ftf"e_z__ 4 Stokes radil of i . . from NTR-7450, for which a gradual reduction of the pure
fusivities and Stokes radii of ions and neutral solutes water flux with progressing of the run was observed.

3.3. Apparatus

3.4. Analyses

Glucose concentrations were measured with a polarime-
ter from Perkin-Elmer. Glycerin concentrations were ana-
lyzed by HPLC using a Carbohydrates-Pb column (Varian)
and refractive index detection. The salt concentrations were
analyzed by conductivity measurements with a Metrohm
conductometer.

3.5. Experimental conditions

lons/solutes AW or MW Do (M?s™1) x 1079 rs (nm)
(gmol1)

+ . .
K 39.1 1.95 0.125 4. Results and discussion
Na* 23 1.33 0.161
cr- 35.5 2.03 0.106 .
cat+ 40 0.78 0.233 4.1. Pure water permeabilities of the membranes
Glycerin 92 0.81 0.264
Glucose 180 0.60 0.360 On the basis of pure water flux measurements, the per-

AW: atomic weight, MW: molecular weight. meabilities determined for NTR-7450, Desal 5DL, NF, De-
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Fig. 1. Pure water flux as a function of the applied pressure.

sal 5DK, and Desal G5 are 2.05 1071, 1.58x 10714,
1.53x 10711 1.42x 1071}, and 0.25x 10 ms i Pal,
respectively (sed-ig. 1 for pure water permeabilities of
NTR-7450, NF, and Desal G5). The pure water permeability
obtained for Desal 5DK is reasonably in line with those re-
ported by Bowen and Mohammd®&0] and Straatsma et al.
[8]. Hagmeyer and Gimbg#] presented permeabilities for
Desal 5DK that are more in line with those of Desal 5DL as
found by Bowen and Mohammd#0] and in this study (see
Table 3. The pure water permeability determined in this
study for NTR-7450 is around 30% lower than that reported
by Bowen and Mohammg@0]. Schaep et a[21] presented

a pure water permeability 2.5 times higher than that found
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Fig. 2. Glucose retention as a function of flux for Desal 5DK, Desal
5DL, Desal G5, and NTR-7450. Symbols are measured results; lines are
model fitted curves.
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Fig. 3. The retention of the NF membrane for glucose and glycerin as a

by Bowen and Mohammad. Possible explanations for thesefunction of the permeate flux. Uninterrupted lines are based on the fitted
differences in pure water permeabilities may be differences e 21dém. Dashed lines are model predictions based onrghand o

in pre-compaction procedures of the membranes (not always

fitted for the other component.

presented by the various authors), measurement of the pure
water permeability at only one pressure in other studies, theand NTR-7450 Figs. 2 and } as expected on the basis
module configuration used and the representativeness of thexf the MWCO values reported by the suppliers for these

small membrane sheets used.

4.2. Membrane characterization using uncharged solutes

The glucose retentions for Desal 5DK, NF, and De-
sal 5DL are significantly higher than those for Desal G5

Table 3
Pure water permeabilities reported for Desal 5DK, Desal 5DL, and
NTR-7450

Membrane Pure water Reference
permeability
(mstpPal)
Desal 5DK 1.4x 10°  Bowen and MohammafR0]

Desal 5DK (first batch) — 2.% 10711
Desal 5DK (second batch) 17 10711

Hagmeyer and GimbdH]
Hagmeyer and GimbdH]

Desal 5DK 1.3x 101! Straatsma et al8g]

Desal 5DK 1.5x 10711 This work

Desal 5DL 2.1x 10711 Bowen and Mohamma{R0]
Desal 5DL 1.6x 10711  This work

NTR-7450 2.6x 10711  Bowen and Mohamma{R0]
NTR-7450 6.4x 10711 Schaep et al[21]
NTR-7450 2.1x 10711 This work

membranes (se@able ). Surprisingly, there is a signifi-
cant difference in glucose retention between Desal G5 and
NTR-7450, despite the similar MWCO (1 kDa) as reported
by their suppliers.

The mean pore sized) and the effective membrane thick-
ness §m = dmt/e) for the membranes, calculated through
fitting of the experimental flux and glucose retention results
using the four layer (including concentration polarization)
GMS model, are listed ifiable 4 In this fitting procedure the
effect of the membrane charge and the electrical forces on
the transport of this neutral component are neglecteg Q

Table 4
Results of membrane characterization with uncharged solutes
Membrane Glucose Glycerin

rp (nm) dm (wm) rp (nm) 8m (nm)
NTR-7450 1.34 11.69 - -
Desal G5 0.84 40.54 - -
Desal 5DL 0.45 2.54 - -
NF 0.43 2.47 0.44 2.62
Desal 5DK 0.42 2.59 0.44 2.74




G. Bargeman et al./Journal of Membrane Science 247 (2005) 11-20 15

in Eqg. (4). Desal 5DK and NF have the smallest pore size, 100

whereas Desal 5DL appears to be slightly more open. The o
effective membrane thickness for these three membranes is 80 F

practically equal. The high flux of Desal 5DL as compared T ° .

to Desal 5DK and NF is therefore mainly due to the bigger Z 60 f T
main pore radius of Desal 5DL. The fitted mean pore ra- % E

dius and effective membrane thickness for Desal 5DK and = 40 @ Giycerin

NF as obtained from glycerin retention experiments devi- = # Glycerin (with glucose)

m Glucose (with glycerin)

ate by less than 6% from those determined on the basis of 20
/ A Glucose

glucose experiments (sé@@ble 4. The retention data for ]

:\IF using a §0_Iut|on contallnlng 1._59kbg|ucose an_d a so- 0 50 100 150 200

ution containing 3.0 gkg~ glycerin are shown irFig. 3. Flux (kg m= h')

The continuous lines are the fitted flux retention curves for ' _ '

egcerin and g|ucoSe resumng in ”"S andsn, as listed in llcilg. 4. Meas_ured (symbols) ar_1d predicted glycer_ln and glucose rete_ntlon

Table 4 The dashed lines show the model predictions for or NF. Pred!cted values.for .smgle'sugar (glycerin or. glucose) solutlon§
. presented with dashed lines; predicted values for mixed sugar (glycerin

the unCharged solutes on the basis of rtpeandam deter- and glucose) solutions presented with full lines.

mined using the other uncharged solute. As can be seen from

Fig. 3 the solute retention can be predicted sufficiently ac-

curately, even when a pore radius and effective membrane4 3. Prediction of retention for a solution containing

thickness determined for the other neutral solute are used.glycerin and glucose

The marginal difference in the membrane characteristics

found from the glucose and glycerin characterization may be  The glucose and glycerin retention for NF and Desal 5DK
due to a slight deviation of the actual Stokes radius for glu- predicted for a 1.5gkg' glucose solution, a 3.0gkg
cose and/or glycerin from the theoretical values as given in glycerin solution, and a solution containing 1.5 gkgylu-
Table 2 cose and 1.5gkg glycerin on the basis of average pore
The mean pore radius determined for Desal 5DK is radius and effective membrane thickness as determined us-
slightly lower (0.42nm versus 0.46nm) than previously jng a 3.0 gkg? glycerin solution are shown iRigs. 4 and
reported by Straatsma et B], using their three-layer 5 respectively. For both membranes the measured glucose
model. The current result is considered to be more accurate yetention with or without glycerin being present in the so-
since more experimental data points were used, especiallylytion is predicted well by the model. This retention is
at relatively low fluxes, and concentration polarization is hardly influenced by the presence of glycerin (§égs. 4
now taken into account. Bowen and Mohamniad] re- and 5. The glycerin retention appears to be higher when
ported pore radii for Desal 5DK and Desal 5DL in excess part Of the glycerin iS rep'aced by glucose_ The mode| pre_
of 0.5nm. In their estimation the pore size was based on angicts a higher glycerin retention, since the friction between
assumed MWCO for these membranes of 225 Da. Further-glycerin and glucose in the solution and in the membrane
more, concentration polarization was not taken into account pores is higher than the friction between individual glycerin

in their calculation. molecules, but the observed difference is higher than pre-
Desal G5 and NTR'7450, bOth reported by the manu- d|cted by the mode|, especia"y for NF.

facturers to have a MWCO of 1kDa, are the most open
membranes. Desal G5 has a very low permeate flux com-
pared to NTR-7450. This is partly caused by a lower mean

pore size, but mainly by a much higher effective mem- 10 c

brane thickness (se®ble 4. The mean pore radius for 80 |

NTR-7450 is slightly lower than that reported by Bowen 5

and Mohammadrf = 1.41 nm[20]). Schaep et a[21] re- = 60

ported mean pore radii for NTR-7450 of 0.55, 0.71, and % :

0.80 nm for solutions containing galactose, maltose, and raf- £ 40 . GcherTn .

finose, respectively. Timmer et al. reported a lower pore ra- T :g:zzi;: x :: g:“ggfli;
dius for NTR-7450 (0.76 nri22] and 0.82nn{23]) on the 20 PR

basis of Paselli MD6 (glucose polymers with a sugar ra- Y PENEW I s o w5 A
dius between 0.5 and 1.2 nm) solution experiments and us- 0 50 100 150 200
ing the well-known Ferry equation. Also Wang et gl4] Flux (kg m? h™)

reported a pore radius (0.70nm) more in line with that _ . . .
f . | h h Fig. 5. Measured (symbols) and predicted glycerin and glucose retention
ound by Timmer et a [22] and Sc aep et a[21]' The for Desal 5DK. Predicted values for single sugar (glycerin or glucose)

reason for the large spread in reported pore radii is not solutions presented with dashed lines; predicted values for mixed sugar
known. (glycerin and glucose) solutions presented with full lines.
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Fig. 6. NaCl retention for NF as a function of flux at different NaCl Fig. 7. Glucose retention for NF as function of the flux for feeds contain-
concentrations in the presence of 0.15% glucose, u€ing= —1.9 x ing glucose and NaCl with different NaCl concentrations (see legends).
10 mol m—3, andKs = 0.17. Lines represent model predictions. Continuous lines are model predictions usigg= 0.43nm,Qp = —1.9 x

10*molm=3, andKs = 0.17.

4.4. The effect of salt on glucose retention ) ) )
membrane. This results in a lower flux. On the basis of the

The effect of the presence of salt in the feed solution model predictions it is expected that an increase in NaCl con-
on the membrane characteristics for NF. Desal 5 DK and Centration would cause a slight increase of the glucose re-
NTR-7450 was determined by measuring glucose retentionst€ntion (see-ig. 7). However, the experimental results show
in the presence of different salts and using different salt @ Opposite effect. Not only the salt retention, but also the
concentrations. The salt retentions were measured as wel|glucose retention gradually decreases with increasing NaCl
to determine the charge characteristics of the membrane concentration. For a feed solution containing 1.0M NaCl,
required for the prediction of the glucose retention in the the decrease in glucose retention, as compared to a solution
presence of salt. Generally, the NaCl retention decreasesVithout NaCl, is as high as 10%. _ _
with increasing salt concentration (see, erig. 6). The The decrease in glucose retention at increasing NaCl con-
Freundlich parametei®, andKs (seeSection 2 fitted for centration can only be described accurately by adjusting the
each membrane using the mean pore size obtained fromvalue of the mean pore size of the membranes in the model.

glucose experiments without saltaple 4 are summarized The fitted valges for the mean pore size and the effe_ctive
in Table 5 The measured NaCl retentions could be fitted membrane thickness for the different membranes at differ-

well (seeFig. 6 for the fit results for NF). ent NaCl concentrations are shownTiable 7 For all three

The measured glucose retentions for NF using a 1.5 kg membranes tested the fitted pore sizes increase when the
glucose feed solution with different NaCl concentrations are NaCl concentration is increased. For NTR-7450 this increase

compared with model predictions (using = 0.43 nm, s in pore s@ze is rela_tively Iargef whereas for Desal 5DI_< only
—2.47um, Qo = —1.9x 10*molm-3, andKs = 0.17) in a minor increase is found, since the glucose retention for
Fig. 7. The model predicts the observed flux decrease whenthe latter membrane is less dependent on the salt content of
higher salt concentrations are used (Sable §: however,  the feed. Vellenga and Tragaf25] also studied the effect
calculated fluxes still deviate by up to around 20% from of combined sugar and sal_t solutions on the sugar retention
measured flux values. An increase in salt concentration in- for Desal 5 (DS5). They did not observe any effect of the
creases the membrane charge density and consequently therésence of NaCl on the sugar retention for Desal 5. This

friction between the components (including water) in the May seem to contradict with the results found in this study,
however it should be noted that they used sucrose/NaCl mix-

tures in their study. Sucrose has a higher molecular weight
than glucose and therefore shows much higher retention. Itis
therefore expected that a slight increase in mean pore size as

Table 5
Freundlich parameters used in the model

Membrane Salt Qo (molm3) Ks
Desal 5DK NaCl -35x 10 03 Table 6
KCl —-4.1x 10 0.3 Measured and predicted (using = 0.43nm,Qo = —1.9x 10* molm~3
CaChp 55 x 10° 0.6 andKs = 0.17) fluxes for NF aP = 30 bar
NF NacCl -1.9 x 10* 0.17 NaCl concentration Predicted flux ~ Measured flux  Deviation
kel 2110 017 (v) (kgm2h?)  (kgm2hh) (%)
Cach 1ex1 06 0 163 141 ~16
NTR-7450 NaCl —-19x 103 0.16 0.01 140 143 2
KCl -1.5x 10° 0.16 0.1 108 124 13

CaCb -1.3x 10° 0.16 1.0 55.2 71.9 23
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Table 7
Results of membrane characterization with 1.5gkglucose in the presence of different NaCl concentrations
NaCl concentration (M) NTR-7450 NF Desal 5DK
rp (nm) b (wm) rp (Nm) 8 (wm) rp (nm) 8 (wm)
0 1.34 11.7 0.43 247 0.42 2.59
0.01 1.70 18.4 0.45 2.62 0.43 2.66
0.1 2.30 33.0 0.46 2.69 0.43 2.66
1.0 2.25 317 0.48 2.84 0.44 2.74
100 ¢ 25 ¢ ° o 0 Msalt
r o o —_ F [m]

— F ° . S r m + 0.1 MNaCl

B‘g 95 L . .-‘ [N ] = ‘é_:/ 20 C [ ] D

TF %y A < : ® +0.05 MCaCl2

S Zi5F ¥ = s Yo lar01MKC

Al g S

3 |1 s 10fgn *

o 85 | o0M P F .o,

g " ® 0.05 MCaCl2 2 E

S 2 5%

Sgf = 0.1 M NaCl 5] F A

[ORa A 0.1 MKCI 0 r .

=3 S B S S S| 0 100 200 300
0 50 100 150 200 Flux (kg m?h™)

Flux (kgm?h™
Fig. 9. Glucose retention for feeds containing, apart from 0.15% glucose,
Fig. 8. Glucose retention for feeds containing, apart from 0.15% glucose, different salts (see legends) as function of the flux for NTR-7450.
different salts (see legends) as function of the flux for NF.

conseguence of an increased amount of NaCl in the feed (asany salt. The mean pore size and the effective membrane
found for Desal 5DK in this study) affects the glucose reten- thickness, fitted on the basis of glucose retention in the
tion to a larger extend than the sucrose retention. Since thepresence of different salts at equal chloride concentration
glucose retention for Desal 5DK only changed little when in the feed, are summarized Trable 8

1.0 M NaCl was added to the solution, an unchanged sucrose For all three membranes addition of salts result in an in-
retention would not be unexpected. Vellenga and Tragard crease in the fitted mean pore sizg)(as compared to the
[25] also reported that the observed high retention of sucrosemean pore size fitted with only glucose. The smallest effect

could have hidden influences on transport phenomena.
When glucose solutions containing CaGir KCI are

is seen in the presence of CaCFor Desal 5DK only a mi-
nor increase is observed for all three salts. Simultaneously

used, a reduction of the glucose retention as compared to aneasured salt retentions for NF using solutions containing

situation where salt is absent is also observed Egs. 8

1.5gkg? glucose and 0.1 M Cl are shown irFig. 10 The

and 9for NF and NTR-7450, respectively). In the presence CaCb retention for NF is considerably higher than that for

of 0.05M CacC;} this reduction is small for NF, whereas for

NaCl and KCI. Since the glucose retention reduction, when

0.1 M KCI the decline in glucose retention (approximately CaCb is added to the solution, is relatively low as com-
5%) is only marginally higher than that found for a glucose pared to addition of NaCl and KCI, apparently there is a

solution containing 0.1 M NaCl. For NTR-7450 a similar
pattern is observed. The presence of 0.05M Gaglthe

positive correlation between the glucose and salt retention
(Figs. 8 and 1pat similar CI~ concentration in the feed.

0.15% glucose solution hardly affects the glucose retention, Independent of the Cl concentration in the feed and the
whereas the presence of 0.1 M KCl in the 0.15% glucose so-type of cation used, for NF and Desal 5DK the decline in
lution reduces the glucose retention to 50% of the retention glucose retention (and consequently the fitted mean pore ra-
found for the 0.15% glucose solution that does not contain dius) appears to correlate well with the"Ctoncentration

Table 8
Results of membrane characterization with 1.5gkglucose in the presence of different salts
Salt NTR-7450 NF Desal 5DK

rp (nm) 5m (nm) rp (nm) 8m (nm) rp (nm) 8m (wm)
0.1M NacCl 2.30 33.0 0.46 2.69 0.43 2.66
0.05M CaCj 1.45 13.6 0.44 2.54 0.43 2.66
0.1M KCI >3 >55 0.47 2.77 0.44 2.74
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Fig. 10. The salt retention for different salts as a function of the flux for

NF using feeds containing salt and 0.15% glucose.
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Fig. 11. Glucose retention as a function of the chloride concentration in
the permeate for NF al = 75 + 5kgm2h~! using feeds containing
either glucose, glucose with KCI, glucose with NaCl or glucose with

CaChb (see legends).

in the permeate (sefeig. 11for NF andFig. 12 for Desal
5DK, where glucose retentions at a permeate flux o7/
kgm~2h~1 are shown as a function of the Ctoncentra-

and CI~ concentration in the permeate, as found for NF and
Desal 5DK, is less evident. The Clconcentration in the
permeate increases when KCl is used instead of NaCl, giv-
ing lower glucose retention (sé&ég. 9), as for the other two
membranes (seEigs. 10 and 1}l However, for a glucose
solution containing 0.05 M Cagh relatively low CI~ con-
centration in the permeate, as compared to those for 0.1 M
NaCl and 0.1 M KCI containing solutions, is found at low
flux only. At high flux operation relatively low Caglre-
tention and consequently relatively high Gtoncentrations

in permeate (as compared to those for NaCl and KCI) are
found. Despite these high Clconcentrations in permeate
the glucose retention is hardly different from that found for
the glucose feed without salt added ($ag. 9).

Several hypothetical explanations can be given for the ob-
served effect of salt on glucose retention. Two of these will
be discussed in more detail. The presence of high salt con-
centrations in the pores of the membrane generally results
in a higher surface charge in the membrane pores, as pre-
dicted by the model. Furthermore, a higher concentration of
counter-ions will be present in the electrical double layer
in the pores. The higher repulsion forces, due to the pres-
ence of these charges, may result in swelling of the pores
(higher pore radii) and consequently lead to reduced reten-
tion of neutral components. An exception in swelling be-
havior may be NTR-7450. Schaep et [@] found that the
charge of this membrane was very low and practically inde-
pendent of the concentration of the di-valent cation, using
feed solutions with MgGl concentrations ranging between
25 and 375 mol m3. The membrane was charged and this
charge depended on the concentration when a feed solution
containing a monovalent cation (50-750 moltiNaCl) was
used. Provided that the use of CaGhows the same be-
havior as MgQd, the relatively low membrane charge and
consequently similar swelling behavior as for glucose solu-

tion in the permeate). For both NF and Desal 5 DK the pres- tions without salt added, may explain the unchanged glucose

ence of relatively low Ct concentrations in the permeate

retention when CagGlis added to the glucose solution and

already leads to a significant decrease of the glucose retenthe relatively large change in glucose retention when KClI
tion. For NTR-7450, the relation between glucose retention or NaCl are added to the glucose solution.

100 m only glucose
= I ® + NaCl
< Y ® + CaCl2
s ) Py A +KCl
5
@ 95 *
@
(2]
o
o
=)
[0}

90 1 L 1 1 L L 1 L L 1 s 1 ]
0 0.2 0.4 0.6 0.8

CI concentration in permeate (M)

Fig. 12. Glucose retention as a function of the chloride concentration
in the permeate for Desal 5DK at= 75 + 5kgm2h~! using feeds

Another hypothetical explanation is that the observed phe-
nomenon is caused by the presence of a pore size distribu-
tion in the membrane. When salt is added to the feed, the
flux of the membrane is reduced. The effect of the addition
of 1.0 M NacCl on the reduction of the flux as compared to
a situation where no NacCl is present in the feed is shown
in Figs. 13 and 14or NF with varying pore radius. One
case (se€ig. 13 represents a situation where the membrane
charge per volum&)y was assumed to be independent of
the pore radius, whereas the other (more likely) case (see
Fig. 14 assumes that the membrane charge per surface area
of the pore Q0 = rpQo/2) is independent of the pore ra-
dius. As can be seen froRigs. 13 and 14this flux decrease
as a consequence of salt addition is relatively high for low
pore radii. Consequently, the larger pores contribute more to

containing either glucose, glucose with KCI, glucose with NaCl or glucose the permeate flux when a feedstock containing salt is used.

with CaCb (see legends).

Since these larger pores have lower glucose retention than
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50 e 4 100 5. Conclusions
_________ — 1"
40 <« > ] 895’;3 For nanofiltration membranes the addition of saltions to a
& 30 ] 60 g glucose solution can result in reduction of the glucose reten-
-% 18 tion. This reduction is membrane specific and furthermore
x 20 Flux (with NaCl/Flux | ] 40 é erends on the retentlon gf the salt ion added. A low salt
T (w ithout NaCl) 1 o ion retention results in a higher decrease in glucose reten-
10 —— R{without NaCl 20% tion. For addition of NaCl, CaG) and KCI, the retention
N ] 0 drop is a function of the Ci concentration in the perme-
0.35 0.40 0.45 0.50 ate for Desal 5DK and NF. This function is independent of
Pore radius rp (nm) the cation used. The observed effect is important for pre-

Fig. 13. The calculated effect of the pore radius on the flux ratio (the QICtlon of membran-e performance QU_rmg the demlnergllza-

qux. in the presence of 1.0M NacCl over the flux without the presence of tion of su_ga_r solutions. However'_ it is not well described

NaCl) and glucose retention (without NaCl) for NFRit= 30 bar using a by a predictive model on the basis of the Maxwell-Stefan

0.15% glucose solution, assumif@y to be independent of the pore size.  equation, which uses only pore size exclusion, Donnan ex-
clusion, and average pore size to describe the separation
process.

The reduced glucose retention in the presence of salt can
the smaller pores (se€igs. 13 and 1} reduced glucose re-  be described well when the pore radius value substituted in
tention is possible and consequently a shift in the apparentthe model is increased. Several hypotheses are available to
pore radius to higher values may result. A similar effect of explain the observed phenomenon. An example is that the
the pore size distribution on retention has been reported byglucose retention reduction is caused by an increased effec-
Bowen and Welfoof26]. tive average pore size, as a consequence of higher repul-

Regardless of the possible explanation, the observed ef-sion forces between the double layers in the pores when the
fect of salts on the retention of uncharged solutes can beconcentration of ions and therefore the membrane charge,
of great importance for several industrial applications, e.g. as is predicted by the model, is increased. Another possi-
the desalination of carboxymethylinulif27]. When the ble explanation is the presence of a pore size distribution.
effect of salt on the retention of uncharged product com- The Maxwell-Stefan model shows that the addition of salt
ponents during desalting using a nanofiltration membrane with relatively low retention reduces the flux of the small
is not taken into account properly in the selection of the pores to a higher extent than the larger pores. Thus the re-
membrane, higher than anticipated product losses and pertention of glucose is determined to a larger extent by the
meate discharge costs may be encountered. Therefore, fofarger pores and reduces when salt is added. This explains
industrial application studies the effect of salt on the reten- why in experiments where salts with low retention charac-
tion of neutral components has to be incorporated in the teristics are present, the glucose retention drop is relatively
model predictions or application tests with the industrial |arge and a larger pore size estimate in the Maxwell-Stefan
feed, under conditions where only interpolation of the re- model is required to predict the glucose retention more
sults is required to predict commercial operation, should be accurately.

carried out.
Nomenclature
50 S 100 dm thickness of the membrane layer (m)
- T— = o A ~1
ol . w0 & Do diffusion coefficient (Ms1)
< : < = F Faraday constant (C o)
S a0k / 60 £ J permeate flux (kg m?h=1)
[ : 5 3 Jw pure water permeate flux (kgtAh™1)
= 20 F Flux (w ith NaCl)/Flux 40 o -
= C (without NaQl) @ k mass transfer coeff|C|en_t (mY _
i 10 F | = Riwithout Naci) 20 § Ks model constant Freundlich equation
o 5} L length (m)
AT EE T TN, P pressure (Pa)
0.35 0.40 0.45 0.50 Qo model constant Freundlich equation (mdt?m
Pore radius rp (nm) Qa0 membrane charge constant based on pore
Fig. 14. The calculated effect of the pore radius on the flux ratio (the surface area (mol I’h?) .
flux in the presence of 1.0M NaCl over the flux without the presence of | Qm ~ Membrane charge concentration based
NaCl) and glucose retention (without NaCl) for NFRit= 30 bar using a on pore volume (mol m3)
0.15% glucose solution, assumi@g o to be independent of the pore size.
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rs Stokes radius of ions and solutes (m)
R rejection (%)

Re  Reynolds number

S Schmidt number

Sh  Sherwood number

u diffusive velocity (ms?)

Vm  molar volume (M mol1)

X mole fraction

y co-ordinate in the membrane (m)

z ion valence

Greek letters

3 thickness concentration polarization layer (m)
dm  effective membrane thickness (m)

e membrane porosity

@ electrical potential (JC)

n  chemical potential (J mok)

T membrane tortuosity

c diffusive friction coefficient (kg st mol1)
Subscripts

[ ith component

i jth component
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