
Separation and Purification Technology 118 (2013) 530–539
Contents lists available at ScienceDirect

Separation and Purification Technology

journal homepage: www.elsevier .com/locate /seppur
Coating layer effect on performance of thin film nanofiltration
membrane in removal of organic solutes
1383-5866/$ - see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.seppur.2013.07.031

⇑ Corresponding author. Tel.: +385 14597240.
E-mail address: edraz@fkit.hr (E. Dražević).
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a b s t r a c t

High affinity of non-ionized hydrophobic organics towards hydrophobic nanofiltration (NF) membranes
is often the main cause for their poor removal by NF. Rejection of organics can be increased mostly by
making membrane surface hydrophilic and less prone to adsorption. Although numerous studies
reported benefits of such surface modifications, very few of them focused on revealing the mechanisms
of increased rejection. The present paper aims at comparing measured rejections of various organic sol-
utes of different hydrophilicity/hydrophobicity and sodium chloride on extremely thin NF film mem-
brane, DowFilmTec NF270, before and after coating with poly(vinyl alcohol) (PVA). PVA coating
increased the rejection of hydrophobic solutes from 5% to 30%, decreased rejection of hydrophilic solutes
from 6% to 50% while the rejections of low interacting solutes, dioxane, and NaCl remained unchanged.
Additionally, the rejections of organics of identical molecular mass and similar Stokes radii were com-
pared and found to be governed by the solute/membrane energy of interaction, which correlated with
corresponding log Kow values and dipole moments. The removal mechanism of NF270/PVA composite
has been proposed based on the difference in measured rejections of solutes and estimated energy of
interactions before and after modification.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

High water permeability and rejection of solutes are features
which make nanofiltration (NF) membranes economically viable
in water softening applications, attractive for water purification
and removal of harmful organic solutes from water [1–3]. How-
ever, theirs in general hydrophobic selective layer facilitates
adsorption and the transport of organic solutes [4–7], which often
results with inadequate removal of, for example pesticides, phar-
maceuticals and endocrine disrupting compounds, and limits their
practical use [5,8,9]. Rejections of non-hydrophobic or ionized
organics are generally higher than those of non-ionized hydropho-
bic solutes due to much lesser solute affinity toward membrane, or
charge repulsion through NF membranes. The latter was confirmed
in a recent study of Dražević et al. [10] on the RO (SWC1) mem-
brane, where it was shown that non-ionized phenolic solutes enter
the selective layer, and freely partition inside by an order of ten,
even if solute radius is close to the radius of the pore. Moreover,
it was shown that sorption of organics in the selective layer is unfa-
vourable because it changes membrane characteristics in terms of
both salts and water permeability.
Nabe et al. [11] correlated membrane surface hydrophilicity
with membrane fouling and it can be assumed that rejection of
at least some of organics could be improved by rendering the
membrane surface more hydrophilic. Furthermore, Norberg et al.
[6] found that RO membranes, declared as low fouling, are resistant
to fouling in terms of specific flux decrease over time. It is widely
accepted today that commercial brackish water RO membranes de-
clared as low fouling, such as BW30 and LFC, have increased oxy-
gen content and are probably coated [12]. Our past study also
found [13] that LFC membrane was more resistant to fouling in
terms of irreversible pesticide adsorption and flux decrease com-
pared to other membranes.

Many studies focused on surface modification of membranes
[14–19] while the general benefits of modifications are perma-
nently reduced membrane fouling [20] and increased rejection of
proteins or organic solutes and salts. But, according to authors’
knowledge very few were focused on a mechanism which could
explain why membranes became better rejecting to some organic
solutes while rejections of some solutes remain the same or even
decrease. This study aimed at proposing a plausible way to study
such mechanism. Commercial thin film NF membrane, NF270,
was coated with a thick layer of polyvinyl alcohol (PVA) and the
rejections of various organic solutes of different sizes and physico-
chemical properties were studied before and after the addition of
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PVA layer. Pesticides, bentazone and tebuconazole, were used in
this study as model compounds which represent an entire class
of high affinity, non-ionized and hydrophobic compounds such as
bisphenol A and hormones.

2. Theory

2.1. Concentration polarization corrected rejections

Mass transfer coefficients of solutes used were estimated using
a well-known Gröber relation for laminar flow regime [21],

Sh ¼ 0:644Re0:5Sc0:33ðdH=LÞ0:33 ð1Þ

where Sh is Sherwood number, Re, Reynolds number, Sc, Schimdt
number, L, length of the channel and dH is hydraulic diameter.
The number Re is calculated as as Re = (udH)/m where u is cross-flow
velocity and m is kinematic viscosity. The number Sc is calculated as
Sc = m/D. Diffusivity of solutes were estimated using Wilke–Chang
relation [22]. Hydraulic diameter was estimated using relation pro-
posed by Shock and Miquel [23],

dH ¼
4ðVTOT � VSPÞ

SFC þ SSP
ð2Þ

where VTOT is the volume of the channel, VSP the volume of spacer,
SFC the surface of the channel and SSP is the surface of the spacer.
Mass transfer coefficients were calculated from Sh using the follow-
ing equation.

k ¼ ShD
dH

ð3Þ

Measured rejections were corrected for concentration polarization
in order to obtain true membrane rejections using well known
equation obtained from film theory model [24]. Eq. (4) was used
to estimate, fm, true membrane rejection, which is calculated from
measured rejection,f, permeation velocity, Jv, and estimated (Eq.
(3)) mass transfer coefficient,k.

1� f
f
¼ 1� fm

fm
þ exp

Jv

k

� �
ð4Þ
2.2. Pore size distribution-average pore radii

Pore size distribution (PSD) and average pore radius were calcu-
lated using Surface Force-Pore Flow (‘‘SF-PF’’) model, which was
developed and described by Sourirajan and Matsuura [25]. Briefly,
fundamentals of this model are; the pores in the selective layer are
assumed to be cylindrical, and solute membrane interactions
Table 1
Physico-chemical properties of selected organic solutes.

Organic solutes M/g mol�1

Methyl-isobuthylketone (MIBK) 100.16
3,3-Dimethyl-2-butanone (33D2B) 100.16
Oxepane 100.16
Cyclohexanol (CHOL) 100.16
4-Aminopiperidine (4AP) 100.16
1,3-Dioxolane 74.08
1,4-Dioxane 88.11
12-Crown-4 176.21
15-Crown-5 220.27
18-Crown-6 264.32
Tebuconazole 307.83
Bentazone 240.28

a Partition coefficient of a solute between n-octanol and water, taken as experimenta
b Dipole moment of a solute calculated by Gaussian software [28].
c Calculated from diffusion coefficient of a solute in dilute water solutions estimated
relative to water can be described as Lennard–Jones surface poten-
tial functions. Thorough description of calculation procedure is
found in Appendix. Calculation procedure is searching for a pore
size distribution which will give minimal deviation between the
measured and predicted rejections and permeation velocities of
five disk like molecules: 1,3-dioxolane, 1,4-dioxane, 12-crown-4,
15-crown-5 and 18-crown-6. Dominant peak in pore size distribu-
tion was taken as the average pore radius which was used in the
following section to properly evaluate energy of interactions.

2.3. Energy of interactions

Spiegler–Kedem model modified by Verliefde et al. [4] was used
to calculate solute–membrane affinity in terms of energy of
interaction:

fm ¼ 1�
ð1� kÞ2exp � DG

kBT

� �
KC

1� 1� ð1� kÞ2exp � DG
kBT

� �
KC

� �
exp � JvKCDx

KDDe

� � ð5Þ

where fm is true membrane rejection, k = rSt/rp, rSt is Stokes radii of a
solute and rp is average pore radius, DG is free energy of interaction,
T is temperature in K, kB is Boltzmann constant (J K�1), Dx is thick-
ness of a swelled selective layer, 19 nm for NF270 respectively [26],
e is porosity expressed as water content, 0.2 for NF270 respectively,
and Jv is measured permeation velocity (ms�1). Hindrance factors,
KD and KC, were taken from [4] and are described in following
equations:

KD ¼ 1� 2:3kþ 1:154k2 þ 0:224k3 ð6Þ

KC ¼ ð2� ð1� kÞ2Þð1þ 0:054k� 0:998k2 þ 0:441k3Þ ð7Þ

From the experimental data on permeation velocities and rejec-
tions, energy of interaction is estimated, as one and only fitting
parameter.

3. Experimental methods

3.1. Materials

All of the chemicals used were of analytical grade. Organic solutes
used in this study (Table 1) were supplied from different manufac-
turers: methylisobuthylketone (98%, Riedel-De Haen Ag Seelze,
Hannover, Germany); 3,3-dimethyl-2-butanone (98%, Sigma Al-
drich, Steinheim, Germany); cyclohexanol (99%, Riedel-De Haen Ag
Seelze, Hannover, Germany); oxepane (98%, Heraeus, Karlsruhe,
Germany); 4-aminopiperidine (Sigma Aldrich, St. Louis, MO),
trimethylene oxide (97%, Across Organics, New Jersey, USA);
log Kow
a Dipole moment/Debyeb rSt/nmc

1.3 3.9 0.31
1.2 2.9 0.31
1.9 2 0.29
1.2 2.4 0.29
0.32 3.4 0.28
�0.4 2.3 0.20
�0.3 0 0.23
�0.9 2.7 0.35
�1.1 1.6 0.39
�1.4 0.2 0.44

3.7 8.6 0.50
2.3 3.1 0.38

l if available in [27].

by Wilke–Chang equation [29].
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1,3-dioxolane (99.8%, Sigma–Aldrich, USA); 1,4-dioxane (99.8%,
Sigma–Aldrich, USA); 12-crown-4 (98%, Fluka, Switzerland);
15-crown-5 (98%, Merck-Schuchardt, München, Germany), and
18-crown-6 (99.5%, Fluka, Switzerland). Poly(vinyl alcohol) (PVA)
was supplied from Across Organics, and had following molecular
masses and hydrolysis degrees: 86,000 (99–100%), 16,000 (98%).
Maleic acid (99%, Kemika, Zagreb, Croatia) was used for grafting of
the PVA layers. Pesticides used were tebuconazole (99.9%, Bayer,
Germany), and bentazone (99.9%, BASF, USA). They were kindly sup-
plied by the Croatian Centre for Agriculture, Food and Rural Affairs,
where they are used as analytical standards. The nanofiltration
membrane tested and modified was flat sheet type NF270 supplied
from Dow/Filmtec, Midland, MI, USA. Prior their use, either for mod-
ification or nanofiltration tests, membrane samples were immersed
in 1:1 water/ethanol solution for 10 min in ultrasonic bath, and after
that immersed into deionized water for 24 h to remove any chemical
residues.
3.2. Coating of NF270 with PVA

Membrane samples pre-treated as described in Materials sec-
tion were coated in several steps as follows:

(1) Wet membrane sample (0.02 m2) was attached to a glass
plate and immersed in a bath of 0.25 mmol dm�3 of PVA
for 5 min.

(2) Membrane sample on a glass plate was pulled out of the
bath and any excess of the PVA solution was removed with
a glass roller.

(3) Membrane sample was dried at 60 �C for 1 h.
(4) Membrane sample covered with dry PVA was immersed in a

maleic acid solution in ultrasonic bath for 10 min. One liter
of solution contained maleic acid (expressed in weight per-
centages as 0.05%, 0.15%, 0.3%, 0.5% and 1%, respectively),
water, 20 ml of concentrated H2S04, and 200 g of Na2S04.
Sodium sulfate inhibited the solubility of the PVA dry film
in water.

(5) Modified sample was washed with water and treated with
1% aqueous HCl at room temperature for 1 h. After washing
with deionised water it was immersed in dilute sodium
bicarbonate solution to remove any acid residues. Again
washed with DI water, it was stored in DI water before
any further tests.

3.3. Fourier transform infrared spectroscopy-attenuated total
reflectance (FTIR-ATR) measurements of membrane samples

Membrane samples were characterized by means of FTIR spec-
troscopy using a Bruker Vertex 70 equipped with a Platinum ATR
single reflection diamond (n = 2.4) crystal-based module in the
mid IR range (400–4000 cm�1). Infrared (IR) spectra of membranes
were recorded at 4 cm�1 resolution and 24 scans before and after
tests with pesticides. Prior FTIR-ATR measurements samples were
dried at 50 �C for 24 h in order to remove any residues of water.
3.4. Contact angle measurements

Contact angle measurements (sessile drop technique) have
been done on Data Physics – Contact angle system OCA, Germany.
Prior to each contact angle measurement, flat sheet membranes
were pre-treated, as described in Materials section, and afterwards
dried in a hood for 1 week. Each measurement lasted for 2 min and
curves represented are the average of three independent
measurements.
3.5. NF tests

NF apparatus is in detail described elsewhere [10]. Briefly, tests
were made in Sterlitech SEPA II cell of a membrane area 0.0138 m2,
and channel dimensions 14.5 � 9.5 � 0.17 cm3

(length �width � height). The feed from a 5 L tank was circulated
through the cell at fluid velocity of 0.27 m s�1. Temperature was
held constant at 25.0 ± 0.1 �C. If not noted differently, the pH dur-
ing tests with organics was held at 7 and at Jv of about 30 lm s�1

(about 1.1 MPa). If the pressure was varied, toobtain the rejection
vs. permeation velocity dependence of specific solute, it did not ex-
ceed over 2 MPa. The recovery rate was very low, up to about 5%.

In tests with small organic solutes (first five in Table 1), feed
solution’s pH was adjusted to three values, 4, 7 and 9 by adding
drops of 0.5 M NaOH or H2SO4 solution, so that the conductivity
of the feed solution did not increase over 5%, and its contribution
to the overall concentration polarization is considered negligible.
Concentration of the solutes in the feed varied as follow: organic
solutes, 100 mg L�1; pesticides, 20 mg L�1; NaCl, 500 mg L�1.

Concentrations of organics in both retentate and permeate were
determined by Shimadzu TOC VWS Total Carbon Analyzer. Concen-
trations of pesticides were determined by HPLC coupled with diode
array detector. After tests with pesticides membrane samples were
cut into pieces and stirred in 100 mL of acetonitrile for 24 h at
room temperature, in order to determine the amount of pesticides
adsorbed in/on the membrane during nanofiltration.
3.6. HPLC setup

Bentazone and tebuconazole were analyzed using Varian Pro-
Star 500 (Walnut Creek, California, USA) high performance liquid
chromatography (HPLC) system with ProStar auto sampler, ProStar
230 tertiary pump system, ProStar 330 diode array detector, and
thermostated column compartment. The column temperature
was maintained at 25 �C and the injection volume was 20 lL. Col-
umn, Synergy Fusion-RP 150 mm � 4.6 mm with particle size of
4 lm, (Phenomenex, USA) was used. The mobile phase used was
a binary mixture of 0.1% formic acid in water (A) and 0.1% formic
acid in acetonitrile (B). A simultaneous mobile phase gradient pro-
gram was used as described; the elution started with 6 min linear
gradient from 60% A to 30% A, then 0.06 min linear gradient back to
60% of A which was maintained to the end of analysis (8 min was a
total time of analysis). The flow rate was constant at 2 mL min�1.
Corresponding peaks of tebuconazole and bentazone, which were
used for calibration curves and quantification, were found at absor-
bance wavelengths of 200 nm and 220 nm, respectively. Limit of
detection (LOD) of above described method was 1 ppm for both
tebuconazole and bentazone.
4. Results and discussion

4.1. Characterization of PVA coatings by the means of FTIR
spectroscopy and contact angles

Fig. 1A compares IR spectra of virgin NF270 and PVA coated
NF270 membrane. IR spectra (Fig. 1A) of virgin NF270 membrane
is identical to one recorded by Tang et al. [12]. PVA can be associ-
ated with two major peaks (Fig. 1A and B), CAH broad alkyl
stretching band (m = 2850–3000 cm�1) and hydrogen bonded OH
band (m = 3200–3570 cm�1) [30]. Grafted PVA coatings membrane
samples reveal two new signals attributed to MA (Fig. 1C); at
1650 cm�1 weak alkenyl (C@C) stretch (m = 1620–1680 cm�1)
[31,32]. Inspection of Fig. 1B and C suggests that the decrease in
OH band of PVA, or increase in signal attributed to COOH groups,
are more or less proportional to the MA concentrations. Signals
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are not completely proportional due inability of making PVA films
of exactly the same thickness, therefore stoichiometry was not eas-
ily controlled. Reaction path is supposed to be esterification of
COOH group of MA to OH groups of PVA [33,34].

Contact angles of PVA coated NF270 (Fig. 1D) have higher values
compared to virgin NF270. This may be misleading because dry
PVA is highly crystalline which ostensibly makes it as hydrophobic
surface. On contrary to what Fig. 1D suggests, PVA is extremely
hydrophilic as material due high concentration of OH groups,
swelling and its high solubility in water [30–34]. Nevertheless,
grafting with MA seems to be important because increased concen-
tration of COOH groups seem to improve the overall surface hydro-
philicity of the dry PVA coating on top of NF270 (Fig. 1D).

4.2. PVA effect on rejection of low interacting solutes, NaCl and
dioxane

Data for all solutes on measured rejection, f, are corrected for
concentration polarization (CP) using Eq. (4) to obtain true mem-
brane rejection, fm. True membrane rejections of NaCl measured
at different permeation velocities, i.e., pressures, are summarized
in Fig. 2A. Almost no difference in rejections of NaCl measured
on PVA coated NF270 and virgin NF270 (Fig. 2A) suggests that
PVA does not affect rejection of salts. Curiously, increased content
of carboxylic groups (Fig. 1C), i.e., charge on PVA coatings (Fig. 2A)
did not contribute to the overall rejection of salts. However, in
terms of water permeability PVA coating significantly increased
hydraulic resistance because it decreased the Lp (L m�2 h�1 bar�1)
from 12 to about 6 (Fig. 2A).

Dioxane (Fig. 2B) showed similar behavior as NaCl where
hydrophilic PVA coating did not affect its rejection as well.
Non-ionized dioxane is a neutral molecule with vanishingly small
dipole moment and low log Kow (see Table 1), 0 and -0.30, respec-
tively. Organic solutes with small dipole moments and log Kow,
analogous to dioxane tested here, are less prone to adsorb on the
membrane surface [35] and are better rejected by membranes,
which could explain its low interaction with PVA coating as well.
Dioxane, similar to NaCl, did not interact with the PVA coating.

4.3. Rejection of hydrophobic organic molecules of similar Stokes radii
on pristine NF270-correlation with their physicochemical properties

Pore size distribution of NF270 was calculated following the
calculation procedure described in Appendix by using the experi-
mental data on measured rejections and Jv and estimated mass
transfer coefficients of five disk like molecules presented in Table 2.
NF270 showed bimodal PSD (Fig. 3) where the average pore radius
and dominant peak is located at 0.41 nm, with small number of de-
fects (1 defect on 100 of normal pores) at about 0.98 nm. Theoret-
ical rejections and permeation velocities (Table 2) show fairly nice
congruence with the corresponding experimental data. A similar
average pore radius for NF270 was recently estimated (0.42 nm)
by Semião and Schäfer [7] while defects in NF270 (Fig. 3) were re-
ported earlier in TEM surface study of NF270 performed by Pach-
eco et al. [36].

The scope of this section is to compare rejection of five hydro-
phobic organic solutes (first five rows in Table 1) on NF270 at dif-
ferent pH (Fig. 4A). The similarity of aforementioned solutes is
indicated with their identical molecular mass and similar Stokes
radii, where their differences are in dipole moments and log Kow

values. Given that the average pore radius (Fig. 3) is constant and
Stokes radii of tested five solutes are fairly identical, friction force
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Table 2
Comparison of measured and theoretical rejections and permeation velocities, at
1.1 MPa.

Solute NF270

f ftheor Jv Jv, theor

1,3-Dioxolane 0.192 0.211 35.6 34.4
1,4-Dioxane 0.435 0.428 32.7 34.4
12-Crown-4 0.944 0.941 33.3 34.4
15-Crown-5 0.945 0.945 34.7 34.5
18-Crown-6 0.955 0.957 34.4 34.5
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(steric hindrance) could be considered constant. It can be assumed
then that physicochemical interactions govern rejection of these
solutes by NF270.

Methyl-isobuthylketone (MIBK) and 3,3-dimethyl-2-butanone
(33D2B) are isomers with the same number of atoms. These two
solutes have (Table 1) fairly similar log Kow values while they differ
in MIBK having larger dipole moment. Interestingly, (Fig. 4A)
NF270 removed about 63% of MIBK and 80% of 33D2B. Solutes with
dipole moments higher than 3 Debye, analogous to MIBK consid-
ered here, are less rejected by nanofiltration membranes [37]. Low-
er rejection could be explained by electrostatic attraction between
the opposite pole of dipole and the negatively charged membrane,
because molecules in chaotic movements near the membrane wall
tend to preferentially orient towards the membrane with the
opposite charge of the dipole [37]. However, this explanation
would not hold in the present paper given that there is an increase
in rejection of solutes (Fig. 4A) with increase in NF270 charge (pH)
[6]. Plausible explanation for lower rejection of MIBK, i.e., solutes
with higher dipole moment, could be found in preferential physical
sorption. Molecules with higher dipole moment form hydrogen
bonds with polar groups (ANH2 or ACOOH) in NF270 membrane.
Both solutes and water compete for the polar sites in the mem-
brane, and when the solute has significantly higher dipole moment
than water it could be preferentially absorbed. Once solutes are
preferentially adsorbed to polar sites (COOH, NH2 groups) in the
membrane, they penetrate faster through the membrane nanopor-
ous structure reducing overall membrane rejection.

Similarly, NF270 removed about 66% of CHOL and 74% of oxe-
pane, which differ in both dipole moments and log Kow values (Ta-
ble 1). However, it should be noted there is no experimental value
on log Kow of oxepane found in the literature, and the value calcu-
lated by EPISUITE software [27] could deviate from the true exper-
imental value. This assertion could be true since CHOL and oxepane
have similar structures, number and type of atoms. It can be as-
sumed then, if logKow of oxepane and CHOL are similar, that dipole
moments govern the rejection of these solutes as well.

Ionized organic solute 4-aminopiperidine (4AP) is a weak base
[38], and positively charged in water because both the nitrogen
in piperidine ring and primary amine are proton acceptors. It can
be noticed in Fig. 3A that its high rejection is going up with the in-
crease of pH, showing similar behavior as other solutes. This is
counter-intuitive because NF270 is negatively charged at pH above
4 [39] and one would expect decrease in rejection of 4AP because
of electrostatic forces. Perhaps 4AP is well rejected by NF270 be-
cause it is completely soluble in water, and its log Kow value is
0.3, making it neutral or low interacting solute. 4AP could be also
similar to low interacting dioxane (rSt = 0.23 nm, log Kow = �0.3),
which measured rejection of fm = 0.75 at 30 lm s�1 is higher than
the rejections of MIBK, oxepane and cyclohexanol (CHOL), and very
close to the rejection of 33D2B, even though dioxane Stokes radius
is much lower than the Stokes radius of the four aforementioned.

As noticed before, all five solutes (Fig. 4A) are better rejected at
higher pH. Membrane charge was apparently not the governing
factor given that rejection of both non-ionized and ionized solutes
(4AP) increased with pH. The reason for this may be fundamental.
The slopes (DJv/DP) increased with pH (Fig. 4B), 3.69, 3.77 and
3.82 lm s�1 bar�1 at pH 4, 7 and 9, respectively. Piperazine amide
based membranes (analogous to NF270 tested here) exhibit higher
swelling at higher pH [26], i.e., have higher water content, which
results with higher water permeability [40] at the same pressure.
Higher water content in NF270 membrane made it more perme-
able to water, while the permeability of solutes remained constant
which resulted with more diluted permeate and ostensibly higher
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rejection of solutes. Given that increase in swelling with pH is too
small, about 2% [23], to significantly affect membrane properties
(porous structure) in terms of permeability to solutes, increased
rejection could be explained by increase in Jv (Eq. (5)).

4.4. Energy of interactions of hydrophobic solutes with similar Stokes
radii on NF270 and PVA/NF270-correlation to log Kow and dipole
moments

True membrane rejections of five hydrophobic solutes of the
same radius increased from 6% to 15% after the addition of hydro-
philic PVA layer grafted with 1% of MA (Fig. 5). Following discus-
sion is facilitated by comparing the experimental data on NF270
and PVA coated NF270 membranes through energy of interactions
(DG), calculated using the model described in the theoretical part
(Eq. (5)). In both cases, with or without PVA layer, 19 nm [26]
was taken as a thickness of the selective layer and 0.2 [26] as water
content, because, as shown in previous chapter on examples with
salts and dioxane, the rejection of PVA/NF270 composite is deter-
mined only by NF270 beneath. Fairly good congruence between
the experimental data and the fits in Fig. 5B provides proof on
applicability of the same model with one thickness and water
content.

It can be noticed (Fig. 5C and D) that MIBK showed negative DG
value on pristine NF270 which could be interpreted as MIBK freely
partition or adsorb in the membrane porous structure [4]. Negative
DG, which is attributed to very high dipole moment and the high
log Kow value of MIBK, is the main cause for its poor rejection by
NF270 (Fig. 4A). NF270 in general showed higher affinity for hydro-
phobic solutes where all solutes except oxepane seem to follow the
trend (Fig. 5C) of decreasing DG with increasing log Kow. As noted
before, oxepane could deviate from the trend in Fig. 5C because
there is no experimental value of log Kow or water solubility of this
solute found in the literature. Curiously, oxepane, CHOL and 33D2B
(Fig. 5C) have fairly similar DG on both NF270 and NF270/PVA
which could indicate they have similar log Kow.

Still, the trend (Fig. 5C) could be counterintuitive given NF270
membrane is considered hydrophilic [39,41,42] In this context,
general trend in Fig. 5C suggests that NF270 membrane is not truly
hydrophilic membrane but rather less hydrophobic compared to
other membranes [6] probably due increased concentration of
COOH groups at its surface.

Interaction energy correlates well with dipole moments of the
solutes tested (Fig. 5D) given that only 4AP deviates from the trend.
It should be noted that 4AP is completely soluble in water and its
log Kow value is very close to zero, compared to the other four
(Table 1) which could have similar log Kow values, as discussed
earlier. Apparently, the dominant parameter which governs rejec-
tion and determines DG on the same membrane is hydrophobicity
of the solutes (log Kow). Addition of PVA layer on NF270, i.e., change
in affinity of membrane, shifted up the values of DG and increased
rejections, but, interestingly, the general trends (Fig. 5C and D)
remained similar, for all five solutes considered.
4.5. Rejections of hydrophilic solutes on NF270 and PVA/NF270
membranes – effect of solute size and log Kow

Data on Stokes radii and log Kow of hydrophilic solutes, 1,3-
dioxolane, 12-crown-4, 15-crown-5 and 18-crown-6, are listed in
Table 1. It can be noticed in general, that the rejections of hydro-
philic solutes on NF270 decreased after addition of PVA layer
(Fig. 6A). Fig. 6B compares the difference in measured rejections
(%) of hydrophilic solutes as a function of k. Parameter k is calcu-
lated as the ratio between Stokes radii of the molecules and the
average pore radius of NF270 (0.41 nm), thus 1,3-dioxolane, which
has k of only 0.5, could be considered as smallest solute relative to
average pore radius. Indeed, 1,3-dioxolane showed the highest
difference in rejection (50%) measured on NF270 and NF270/PVA
which could be attributed to low friction force experienced with
the membrane pore wall and its high interaction with PVA layer.
Concentration of 1,3-dioxolane in PVA, could be higher than one
in the feed solution, therefore, its big change in rejection could
be attributed to the change in its concentration near the membrane
surface after the addition of PVA layer.

Fig. 6A shows that rejections of 12-crown-4, 15-crown-5
and18-crown-6, of which k are 0.85, 0.95 and slightly above 1,
respectively, are close to 97% (Fig. 6A). They were not 100% re-
jected by pristine NF270 only due existence of small number of de-
fects at 0.98 nm in NF270 selective layer (Fig. 3). It may be noted
however, that their rejection decreased with the addition of PVA
layer and the trend (Fig. 6A and B, lower scale) of decreasing rejec-
tion with the sizes of ethers is conversely of what should be
expected. Nevertheless, negative log Kow values (�0.9, �1.1 and
�1.4) seem to explain the trend (Fig. 6) fairly well because the big-
gest 18-crown-6 is also the most hydrophilic, and could have the
highest interaction with PVA (Fig. 6B). This explanation may real-
istically hold for membranes having NF270 properties, such as thin
selective layer and small number of defects, which could facilitate
the transport of solutes and may add to membrane’s sensitivity to
changes in concentration, even of larger solutes as will be shown in
the following chapter.
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4.6. Adsorption and removal of pesticides – comparison of NF270 and
PVA coated NF270 membranes

Concentrations of model hydrophobic compounds, pesticides
(Table 1) bentazone and tebuconazole, were unusually high in this
study, 20 mg L�1, compared to one thousand times smaller concen-
trations usually found in wastewaters. It may be noted that the
rejection of hydrophobic solute is accurately measured after mem-
brane is saturated with the examined solute [43], and the usage of
high concentrations may facilitate saturation. In addition, Chang
et al. [44] have reported 100% rejection of estrone at small concen-
trations with hollow fiber microfiltration membrane, where the
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mechanism of removal could be adsorption because the pores were
large and rejection of estrone has decreased with time when mem-
brane was saturated.

In this study, tebuconazole has been detected in the extract of
NF membrane samples after tests. Tebuconazole was found in
large quantity as presented in Fig. 7A, while bentazone remained
undetected. High permeate concentration (2.5 ppm) of tebuco-
nazole suggests that solutes which show high affinity for the
membrane significantly pass through defects in NF270, similarly
as noted earlier for 18-crown-6 on NF270/PVA. Addition of PVA
layer reduced the adsorption of tebuconazole for about 3.6 times,
while the concentration of tebuconazole in permeate was re-
duced from 2.5 to 0.5 mg L�1, giving rejections above 95%.
Fig. 7A is direct evidence on rejection mechanism of NF270/PVA
because reduced adsorption (concentration of the tebuconazole)
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NF270 with time. Tebuconazole, which Stokes radius of 0.5 nm is
above the average pore radii, 0.41 nm, has shown a constant per-
meate concentration, even though it adsorbed in large quantity.
Adsorption of the tebuconazole considerably reduced the water
permeability of bare NF270, for about 30% (Fig. 7C). Bentazone,
conversely to tebuconazole, has shown a significant change in per-
meate concentration with time, where at the beginning of tests its
concentration in permeate was high and after 8 h it reduced about
2.3 times, thus increasing NF270 rejection and reducing the overall
Jv (Fig. 7C). Bentazone has a Stokes radius (0.38 nm) lower than the
average pore radius of NF270, thereby it clogged the pores [35] of
NF270 during nanofiltration thus reducing NF270 water perme-
ability and increasing rejection (Fig. 7E). In addition, feed concen-
tration of bentazone changed from 19.7 to 18.7 ppm. Since the
volume of the recirculating feed solution was 4 L it means that
about 4 mg of bentazone has been lost. All of the piping and feed
tank in the system were made of stainless steel, Teflon and glass,
therefore all of the bentazone adsorbed could be attributed to
NF270 and plastic feed spacer. Indeed, (Fig. 7D) FTIR spectra of bare
NF270 after tests with bentazone showed a new peak attributed to
NAH stretching of bentazone [45].

It may be noticed that final rejection of bentazone measured at
bare NF270 (Fig. 7E) was higher compared to PVA coated NF270.
PVA coating reduced clogging thus affecting final permeate con-
centration (Fig. 7E). Nevertheless, if data are compared at times be-
low one hour, when the clogging is not significant, it can be noticed
that PVA significantly affected the rejection of bentazone, similarly
as it did for tebuconazole.
5. Conclusions

This study is among very few which examined rejection of
hydrophobic organic solutes of identical molecular mass and sim-
ilar Stokes radii on the same membrane. Similar sizes of these
solutes, i.e., almost constant membrane/solute friction forces al-
lowed to evaluate the pure effect of physicochemical properties
of solutes on their rejections by membrane. Estimated solute/
membrane energy of interactions, of both pristine NF270 and
PVA coated NF270, correlated well with experimental log Kow.
Similarly, energy of interactions correlated with corresponding
dipole moments when experimental log Kow values were of
similar values. Addition of PVA layer changed energy of interac-
tions of these solutes towards higher repulsion, however, the
trends between energy of interactions, dipole moments and
experimental log Kow values remained similar for both NF270
and NF270/PVA.

PVA coating did not affect rejection of NaCl and low interacting
solute, 1,4-dioxane, suggesting that it contributes only to rejection
of organic solutes which do have affinity to PVA. NF270 membrane,
which is considered as hydrophilic membrane, showed a huge
adsorption capacity for the pesticides tested and higher affinity
for hydrophobic solutes which resulted with their lower removal.
Hydrophilic PVA coating considerably improved removal of hydro-
phobic solutes and reduced the mass of adsorbed hydrophobic pes-
ticide (tebuconazole) thus reducing its final measured permeate
concentration.

Given that NF270 membrane has very thin rejecting layer,
19 nm, and looser structure with a small number of defects, it is
reasonable to assume that the rejection of solutes by this mem-
brane is highly sensitive to changes in concentration at the feed
side of the membrane surface. In this context, PVA did not act as
a selective layer but it did contribute to the rejection by affecting
the solute/membrane interaction and the concentrations of organic
solutes near the membrane wall, thus increasing or reducing the
driving force of Fickian diffusion of solutes.
Acknowledgements

The authors are grateful to Mrs. Sandra Milin who did a major
part of experimental work in this study. This work was supported
by the Croatian Ministry of Science, Education and Sports through
Project 125-1253008-3009 ‘‘Membrane and adsorption processes for
removal of organic compounds in water treatment’’.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.seppur.2013.
07.031.
References

[1] L.D. Ngheim, A.I. Schaffer, M. Elimelech, Removal of natural hormones by
nanofiltration membranes: measurement, modeling and mechanisms, Environ.
Sci. Technol. 38 (2004) 1888–1996.

[2] V. Yangali-Quintanilla, S.K. Maenga, T. Fujioka, M. Kennedy, G. Amy, Proposing
nanofiltration as acceptable barrier for organic contaminants in water reuse, J.
Membrane Sci. 362 (2010) 334–345.

[3] B. Cyna, G. Chagneau, G. Bablon, N. Tanghe, Two years of nanofiltration at the
Méry-sur-Oise plant, France, Desalination 147 (2002) 69.

[4] A.R.D. Verliefde, E.R. Cornelissen, S.G.J. Heiman, E.M.V. Hoek, G.L. Amy, B.V.D.
Bruggen, J.C.V. Dijk, Influence of solute-membrane affinity on rejection of
uncharged organic solutes by nanofiltration membranes, Environ. Sci. Tech. 43
(2009) 2400–2406.

[5] A.M. Comerton, R.C. Andrews, D.M. Bagley, C. Hao, The rejection of endocrine
disrupting and pharmaceutically active compounds by NF and RO membranes
as a function of compound and water matrix properties, J. Membrane Sci. 313
(2008) 323–335.

[6] D. Norberg, S. Hong, J. Taylor, Y. Zhao, Surface characterization and
performance evaluation of commercial fouling resistant low-pressure RO
membranes, Desalination 202 (2007) 45–52.

[7] A.J.C. Semião, A.I. Schäfer, Removal of adsorbing estrogenic micropollutants by
nanofiltration membranes. Part A—Experimental evidence, J. Membrane Sci.
431 (2013) 244–256.

[8] A.R.D. Verliefde, E.R. Cornelissen, S.G.J. Heiman, E.M.V. Hoek, G.L. Amy, B.V.D.
Bruggen, J.C.V. Dijk, Influence of solute-membrane affinity on rejection of
uncharged organic solutes by nanofiltration membranes, Environ. Sci. Technol.
43 (2009) 2400–2406.

[9] A.J.C. Semião, M. Foucher, A.I. Schäfer, Removal of adsorbing estrogenic
micropollutants by nanofiltration membranes: Part B—Model development, J.
Membrane Sci. 431 (2013) 257–266.
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