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The DSPM&DE (Donnan steric pore model and dielectric exclusion) model was employed to predict the
rejection of six haloacetic acids (HAAs) and six pharmaceuticals (PhACs), selected to have different
molecular weight, hydrophobicity and charge, by two commercial nanofiltration (NF) membranes (HL
and NF270). Increasing filtration pressures were applied to vary the rejection ratios. Glucose and NaCl
were used as the probe solutes for the determination of the three adjustable parameters involved in the
model. Results showed that the model could accurately predict the rejection of the HAAs by both NF
membranes with general deviations less than 5%, but it generally over-predicted the rejection of the
PhACs. According to the DSPM&DE model, diffusion was the predominant mass transport mechanism in
the membrane for both the HAAs and the probe solutes. Experimental determination by conducting
diffusion cell test however showed that diffusion only played a minor role in the overall mass transport
normally with a contribution less than 10%. The disagreement of model calculation from experimental
determination might be due to the improper quantification of the coefficients for solute partitioning
between the water phase and the solid (membrane) phase and the hindrance factors for convection and
diffusion by the DSPM&DE model. The high accuracy of the model in predicting the rejection of HAAs was
owing to the high similarity in physicochemical properties of HAAs with the used probe solutes. If ni-
zatidine were used as the probe solute, the rejection of ciprofloxacin and chloramphenicol by both HL
and NF270 would be well predicted.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Since the development of nanofiltration (NF) membranes in the
late 1980's, continual efforts were devoted to understand the mass
transport of both water and the contained solutes during NF. It is
now generally accepted that NF differs from reverse osmosis in
that NF membranes are more porous and as such convection with
water, in addition to molecular diffusion, can substantially con-
tribute to the overall mass transport of solutes across the mem-
brane [1,2]. Based on the above understanding, a number of NF
models were developed which aim at predicting and interpreting
the abilities of NF membranes in rejecting the various solutes
under different operational conditions. Successful models can also
be utilized for the selection of suitable membranes and optimi-
zation of operational conditions. The DSPM&DE (Donnan and
Steric Pore Model and Dielectric Effect) is an NF model which is
found to be able to predict the rejection ratios for a variety of
.-m. Wang).
inorganic solutes with fairly high accuracy [1,3]. The DSPM&DE
model is relatively simple to use and involves only three ad-
justable parameters including average pore size, effective thick-
ness and surface charge density of the membrane [1,4,5]. The
three parameters are pre-determined by model-fitting of the re-
jection data for some simple probe solutes (e.g. glucose and NaCl)
by the membrane of interest [1]. Nevertheless, more parameters
are in actuality implicitly involved in the DSPM&DE model, which
may include the partitioning coefficients for the solutes between
the water phase and the solid (membrane) phase, and the hin-
drance factors for the solute transport in the membrane. It was
assumed in the model that the partitioning is determined by both
the steric and the electrostatic effects and both the solute con-
vection and diffusion are hindered by the steric effect [6–8].

Nowadays, NF is increasingly used to remove trace organic
compounds (TOrCs) from either source water or finished drinking
water which is contaminated by these compounds [9–11]. How-
ever, both laboratory and onsite studies showed that the rejection
ratios for TOrCs were greatly dependent on the membrane char-
acteristics and the physicochemical properties of their own
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[12,13]. The DSPM&DE model was used to predict the rejection
ratios. Results showed that the model generally over-predicted the
rejection of most tested TOrCs apart from a few exceptions [14–
17]. The lower-than-predicted rejection was attributed to the high
hydrophobicity that is common for organic compounds [18]. A
more hydrophobic substance tended to partition more in the
membrane material and transported across the membrane with a
higher rate, which in turn results in a lower rejection ratio [11,19–
21]. A later refinement of the DSPM&DE model by taking into
consideration the solute–membrane affinity improved the pre-
diction accuracy for some TOrCs, but not for others [22,23]. A re-
assessment of the DSPM&DE model is therefore necessary to fur-
ther improve its applicability in predicting the rejection of TOrCs.

One way to assess the model is to compare the respective mass
transport flux (contributed by diffusion, convection and electro-
migration) obtained from model calculation with that from ex-
perimental determination. Model calculation in previous studies
showed that diffusion was often the predominant mass transport
mechanism for a number of inorganic solutes (including mineral
ions, arsenic and nitrogen compounds) [3,5,24–26]. In contrast,
experimental determination of the diffusion flux by conducting
diffusion cell test indicated that diffusion played a minor role in
mass transport of a number of organic solutes (including some
disinfection by-products and pharmaceuticals (PhACs)) [27,28].
Though different solutes and NF membranes were used in the
previous studies and as such a direct comparison may not be ap-
propriate, contradiction between model calculation and experi-
mental determination regarding the predominant mass transport
mechanism during NF may indicate the improper quantification of
the partitioning coefficients and the hindrance factors in the
DSPM&DE model.

In this study, the DSPM&DE model was applied to predict the
rejection ratios for six haloacetic acids (HAAs) and six neutral
PhACs by two NF membranes. Given the fact that a number of
previous studies [14–17] have been devoted to test the applic-
ability of the model in predicting the rejection of TOrCs, this study
was conducted primarily to assess the model by comparing the
model-calculated and experimentally-obtained diffusion fluxes of
both TOrCs (HAAs in particular) and probe solutes (glucose and
NaCl). HAAs are usually formed from chemical disinfection of
secondary effluent, source water and drinking water. HAAs are
small, hydrophilic and negatively charged compounds in cir-
cumneutral water. HAAs would behave similarly with the probe
solutes and as such a comparison of HAAs with the probe solutes
would therefore be reasonable. The prediction of rejection of HAAs
by NF membranes was not practiced yet. In comparison, PhACs are
much more diverse, which may include antibiotics, anti-
depressants, anti-inflammatory, lipid regulators, X-ray contrast
media and psychiatric control medicines. PhACs were frequently
detected in natural surface water and drinking water. Different
PhACs may have very different physicochemical properties (e.g.
molecular size, hydrophobicity and charge). Most PhACs would
behave differently from the probe solutes. Previous studies [16,17]
showed that the DSPM&DE model generally over-predicted the
rejection of PhACs by NF membranes. The ultimate goal of this
study was to further increase the applicability of the DSPM&DE
model to predict the rejection of organic compounds.
2. Theories

When the solute concentrations in the feed water (Cf) and the
permeate (Cp) are known, the apparent rejection ratio for the so-
lute can be calculated by
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Due to the effect of concentration polarization, the solute
concentration in the closest vicinity to the membrane (Cm) is
higher than the bulk concentration in the feed water. As such, the
true rejection ratio for the solute is
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The DSPM&DE was developed to model the mass transport
during NF. More details could be found in the original Refs. [1,29].
In brief, the selective layer of an NF membrane was assumed to
have a number of parallel tubular nanopores of identical size
through which water and the solutes could transport. The water
transport flux (Jw) is described by the Hagen–Poiseuille equation,
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where rp and δ are the average pore size and effective thickness of
the membrane, respectively,ΔP andΔπ are the hydraulic pressure
and osmotic pressure differences across the membrane, respec-
tively, μ is the water viscosity, and A is the water permeability
coefficient. The solute transport flux (Ji) is described by the ex-
tended Nernst–Planck equation,
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where ci and Ψ are the solute concentration and electrical po-
tential in the membrane pores at a distance of x from the mem-
brane outer surface, respectively, Di,1 is the diffusion coefficient of
the solute in a dilute solution, Ki,c and Ki,d are the hindrance factors
for convection and diffusion, respectively (refer to Section S1 in
Supplementary materials for the mathematical expressions), zi is
the valence of the solute (if any), Rg is the gas constant, T is the
water temperature, and F is the Faraday constant. The solute
concentration in the permeate is related with the solute and the
water fluxes by

C J J/ 5p i w= ( )

The first, second and third terms on the right-hand side of Eq.
(4) are the contributions by convection, diffusion and electro-mi-
gration, respectively. By integrating each term one obtains the
respective flux [24,26],
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where the subscripts C, D and E denote convection, diffusion and
electro-migration, respectively.

At the feed water–membrane interface, partitioning of the so-
lute between the liquid phase (i.e. the feed water) and the solid
phase (i.e. the membrane) is described by

c C 9i x i f m, 0 ,Φ= ( )=

where Φi,f is the partitioning coefficient in the feed water side
which is determined by both the solute and membrane properties
through the steric, Donnan and dielectric effects. Similarly, the



Table 1
Physicochemical properties of the HAAs and PhACs.

Compounds MW (g/mol) pKa
a Log Pa Charge (@pH¼7)a Diffusion coefficient b (10�10 m2/s) Stokes radiusc (nm)

DCAA 128.9 1.37 0.86 �1 10.7 0.23
MBAA 139.0 2.73 0.34 �1 11.6 0.21
TCAA 163.4 0.093 1.58 �1 9.7 0.25
BCAA 173.4 1.39 0.98 �1 10.4 0.24
DBAA 217.8 1.47 1.09 �1 10.0 0.24
TBAA 296.7 0.22 1.89 �1 9.0 0.27
Carbamazepine 236.3 13.9 2.45 0 6.2 0.39
Chloramphenicol 323.1 5.6 1.14 0 5.5 0.45
Ciprofloxacin 331.3 6.1 0.28 0 5.2 0.47
Nizatidine 331.5 2.1, 6.8 1.1 0 4.8 0.50
Ampicillin 349.4 2.5, 7.3 1.35 0 4.8 0.51
Cephalexin-hydrate 365.4 4.5 0.65 0 5.2 0.47

a Obtained from the Drugbank database.
b Calculated using the Wilke–Chang equation.
c Calculated from the Stokes–Einstein equation.

F.-x. Kong et al. / Journal of Membrane Science 498 (2016) 57–66 59
solute partitions at the membrane–permeate interface by

c C 10i x i p p, ,Φ= ( )δ=

whereΦi,p is the partitioning coefficient in the permeate side. One
could refer to the Supplementary materials (Sections S2 and S3)
for more details on the calculation partitioning coefficients and the
electrostatic potential gradient ((ψx¼0�ψx¼δ)/δ).

By assuming that the partitioning coefficients in the feed and
permeate sides are identical and concentration polarization effect
is negligible, a combination of Eq. (7) with Eqs. (9) and (10) leads
to
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where Bi is the intrinsic permeability coefficient of the solute.
3. Materials and methods

3.1. NF setup and operations

The bench-scale NF system (Fig. S1, Supplementary materials)
consisted of three parallel cross-flow filtration cells (CF042P,
Sterlitech, USA), a feed water tank with a 36 L effective volume, a
high-pressure diaphragm pump (Hydro-Cell D10, Wanner En-
gineering, USA), a number of pressure sensors and flow-rate sen-
sors, and other accessories. The filtration cells were made of Teflon
and each had an effective filtration area of 42 cm2 and a filtration
channel height of 2 mm. The feed tank, all tubing and all valves
were made of stainless steel. A coiled pipe cooler was placed in the
feed tank for water temperature control.

Two commercially available thin-film composite NF mem-
branes, i.e. HL from GE Desal and NF270 from Dow FilmTec, were
used in this study. (Details of the two NF membranes, including
the ATR-FTIR spectra and zeta potential of the active layer and the
SEM images of the cross section as well as the nominal molecular
weight cut-off (MWCO), salt rejection ability and surface contact
angle, could be found in Sections S5–S7 in the Supplementary
materials.) The membranes were cut into a number of rectangular
coupons which could fit the filtration cell in size. All membrane
coupons were soaked in deionized (DI) water (Milli-Q, Millipore,
USA) for at least 24 h prior to use. The fresh membranes in the
filtration cells were first compacted by filtering DI water at 15 bar
until a stabilized water flux was reached. The feed tank was then
filled with one of the three feed waters that will be described
below. Filtration was carried out at five different applied pressures
(ΔP) up to 10 bar. The cross-flow velocity was set at 30.4 cm/s,
corresponding to a Reynolds number approximately at 1300, to
alleviate concentration polarization. At each applied pressure, the
water flux and the solute concentrations in both the feed and the
permeate were determined after a stabilization time of approxi-
mately 6 h. Throughout the NF operation, all the concentrate and
the permeate streams were returned back to the feed tank, except
for the samples used for solute concentration determination. The
water temperature was controlled at 25 71 °C.

Three feed waters were prepared for filtration. A solution
containing 10 mg/L glucose and 10 mmol/L NaCl buffered by
0.1 mmol/L NaHCO3 (Feed 1) was filtered for the determination of
the three adjustable parameters, including the average pore size
(rp), effective thickness (δ) and surface charge density (χ) [1]. An
HAA solution (Feed 2) and a PhAC solution (Feed 3) were filtered
to determine the performance of NF membranes in rejecting
TOrCs. The HAA solution contained 10 mmol/L NaCl as background
electrolyte (with a concentration identical to Feed 1) and a mix-
ture of six HAAs (including bromoacetic acid (MBAA), di-
chloroacetic acid (DCAA), bromochloroacetic acid (BCAA), di-
bromoacetic acid (DBAA), trichloroacetic acid (TCAA) and tri-
bromoacetic acid (TBAA)) at 200 μg/L for each. The PhAC solution
was prepared by dissolving a mixture of six PhACs (carbamaze-
pine, chloramphenicol, ciprofloxacin, ciprofloxacin, ampicillin and
cephalexin-hydrate) into a background solution (10 mmol/L NaCl
and 0.1 mmol/L NaHCO3) to generate a final concentration of
20 μg/L for each PhAC. Both the HAA and the PhAC solutions had a
pH value close to 7. According to the physicochemical properties of
the tested HAAs and PhACs (Table 1), all the selected HAAs were
negatively charged and all PhACs were neutral in the feed waters.

3.2. Determination of the permeability coefficient

The permeability coefficients (Bi in Eq. (11)) for HAAs, glucose
and NaCl through both HL and NF270 were determined by con-
ducting diffusion cell test [27,30,31]. A diffusion cell contains two
compartments separated by the membrane of interest (Fig. S5 in
Supplementary materials). Diffusion cell test can be deemed as an
extreme case of NF, in which the applied pressure is zero. There
was also little osmotic pressure difference across the membrane.
Since there was no water flux, diffusion was the only mechanism
for the solutes of concern transporting through the membrane in
the gradient of chemical potential. The membrane coupon had an
effective surface area of 20.4 cm2. Each cylindrical compartment
had a length of 28 cm and an internal diameter of 6 cm. To de-
termine the HAA permeability coefficient, Compartment 1 (to
which the NF membrane active layer faced) was filled with a so-
lution containing the six HAAs at 200 μg/L for each, NaCl at
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10 mmol/L, NaHCO3 at 0.1 mmol/L and NaN3 at 0.1 mmol/L (for
inhibition of bacterial growth during the test), while Compartment
2 was filled with a 10 mmol/L NaCl solution. The water pH in
Compartment 1 was around 7. To determine the permeability
coefficient for glucose, Compartment 1 contained 10 mg/L glucose,
10 mmol/L NaCl and 0.1 mmol/L NaN3 while Compartment 2 con-
tained 10 mmol/L NaCl only. To determine the permeability coef-
ficient for chloride ions, Compartments 1 and 2 contained
10 mmol/L NaCl and NaBr (or NaI), respectively. The two com-
partments were continuously magnetically stirred in an air-con-
ditioned room at 2571 °C. Samples were taken from both com-
partments for solute concentration measurement every day in a
duration of 18 days. The observed permeability coefficient (Bobs)
can be calculated by

⎛
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where Am is the effective surface area of the membrane in the
diffusion cell, V is the volume of the compartment, C is the con-
centration for the chemical of concern, subscripts 1 and 2 stand for
Compartment 1 and Compartment 2, respectively, and superscript
0 stands for the initial solute concentration for calculation.

The intrinsic permeability coefficient (Bi) can be calculated
from Bobs based on mass balance equation by
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where S is the NF membrane support layer structure parameters
and Di is the diffusion coefficient of the solute in the support layer
(which was assumed to be identical to that in a dilute solution). It
is usual that the first term on the right-hand side of Eq. (13) is
several orders of magnitude larger than the second term and, as
such, the intrinsic permeability coefficient was assumed to be
identical to the observed permeability coefficient.

3.3. Analytical methods

The HAA concentrations were determined using a gas chro-
matograph with an electron capture detector (Agilent 7890A, USA)
after liquid–liquid extraction following the EPA Method 552.3. The
PhAC concentrations were determined by ultra-performance li-
quid chromatography–tandem mass spectrometry (LC1290/
QQQ6460, Agilent) using the electrospray ionization (ESI) multiple
reaction monitoring mode. More details could be found in our
previous study [31]. The glucose concentration was determined by
the phenol–sulfuric acid method [32]. The NaCl concentration was
indicated by that of chloride ions which was measured by using an
ion chromatograph (Metrohm 761 Compact IC, Switzerland).
4. Results and discussion

4.1. Rejection of HAAs and PhACs by NF membranes

Within the range from 0.95 to 6.83 bar, the water flux increased
linearly with the applied pressure when the HL membrane was
used. The water permeability coefficient (A) was calculated to be
2.58�10�6 m/s/bar by using Eq. (3). When the NF270 membrane
was used, the water flux increased from 2.90�10�6 to
2.50�10�5 m/s corresponding to the applied pressure increase
from 0.94 to 6.58 bar. The water permeability was determined to
be 3.03�10�6 m/s/bar. It indicates that NF270 was more perme-
able than HL. The determined water permeability generally mat-
ched well with that reported previously (2.50�10�6 m/s/bar for
HL and 2.6–4.7�10�6 m/s/bar for NF270) [11,33,34]. Freger et al.
[35] proposed that the resistance of a polyamide membrane is
related to the intensities of the various peaks (absorbance bands)
of the ATR-FITR spectra. Generally, the HL membrane has higher
intensities for some peaks than the NF270 membrane (Fig. S2,
Supplementary materials).

The rejection ratios for HAAs were greatly dependent on the
applied pressure (and water flux) when HL was used (Fig. 1a); a
higher applied pressure led to a higher rejection ratio for each
HAA. DCAA, which has the lowest molecular weight (MW) (at
128.9 Da) among the six HAAs, was rejected by 27.5% and 74.7%
when the applied pressure was 0.95 and 6.83 bar, respectively.
TBAA, which has the highest MW (at 296.7 Da), was rejected by
50.2% and 84.6% when the applied pressure was 0.95 and 6.83 bar,
respectively. At any applied pressure, the rejection ratio was
higher for a HAA of higher MW. It indicates that steric effect
played a very important role in the rejection of HAAs. Generally,
the HAAs were not effectively rejected by HL. At an applied pres-
sure commonly adopted for NF (e.g. 5.0 bar), all HAAs were re-
jected by 60–80%. In comparison with HAAs, rejection of PhACs by
HL was less influenced by the applied pressure (Fig. 1b). For ex-
ample, the rejection ratios for carbamazepine (which had the
lowest MW among the six PhACs) and for cephalexin-hydrate
(which had the highest MW among the six PHACs) only increased
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from 59.7% to 75.0% and from 94.1% to 95.9%, respectively, when
the applied pressure was increased from 0.95 to 6.83 bar. However,
at any applied pressure, a higher MW generally corresponded to a
higher rejection ratio, again indicating the great importance of
steric effect in determining the rejection by HL. Overall, the PhACs
were moderately to highly rejected by HL, with a rejection ratio
from 68.8% to 97.2% at a typical applied pressure of 5 bar.

The effect of applied pressure was significant but less pro-
nounced when NF270 was used to remove HAAs (Fig. 2a). The
rejection ratios for DCAA and TBAA increased from 73.8% to 91.3%
and from 82.6% to 94.8%, respectively, when the applied pressure
was increased from 0.94 to 6.58 bar. A higher MW also corre-
sponded to a higher rejection ratio, but with a less extent than that
when HL was used. Generally, the HAAs could be effectively re-
jected by NF270. Unless the applied pressure was very low, the
rejection ratios for all HAAs were higher than 80%. The rejection of
PhACs by NF270 was only slightly influenced by the applied
pressure (Fig. 2b). The rejection ratios for carbamazepine and ce-
phalexin-hydrate increased from 77.2% to 91.2% and from 98.2% to
98.5%, respectively, when the applied pressure was increased from
0.94 to 6.58 bar. The rejection ratio was generally higher for a
PhAC of a higher MW. However, nizatidine was rejected by a
slightly lower ratio than chloramphenicol and ciprofloxacin
(which both have a lower MW than nizatidine). This phenomenon
was not observed when the HL membrane was used. It could be
due to the stronger interactions between nizatidine and the NF270
membrane material (or the weaker interactions between chlor-
amphenicol/ciprofloxacin and the membrane), which however
needs to be further investigated. Overall, all the PhACs could be
effectively rejected by NF270, with the rejection ratio ranging from
85.8% to 97.1% at a typical applied pressure of 5 bar.

Generally, the rejection ratios for HAAs and neutral PhACs by
HL and NF270 were in the same range reported for NF membranes
in previous studies. DCAA was rejected by 68–71% using SUM-606
from Toray (with an effective filtration area of 1 m2 in a vessel ofФ
78 mm�537 mm) which was pressurized at 3.4 bar (for 424 h)
and by 82–84% using NTR-729HF-S2 from Nitto Denko (with an
effective filtration area of 2 m2 in a vessel ofФ 61 mm�1016 mm)
which was pressurized at 9.8 bar (for 424 h), respectively [36].
The rejection ratio for carbamazepine was about 40–60% by HL
(with an effective filtration area of 120 mm�50 mm in a filtration
cell that had a channel height of 2 mm) which was operated at a
pressure of 0.6–4.2 bar (for 484 h) and a cross-flow velocity of
�0.1 m/s and 80% by NF270 (with an effective filtration area of
40 cm2 in a filtration cell that had a channel height of 2 mm)
which was operated at a water flux of 1.5�10�5 m/s (for 412 h)
and a cross-flow velocity of 30.4 cm/s) [17,37]. Nevertheless,
NF270 had a better performance in rejecting both HAAs and PhACs
than HL, especially when the applied pressure was relatively low.
It indicates that NF270 could have a smaller MWCO than HL, al-
though both were reported in the 150–300 Da range [38]. Because
all HAAs were negatively-charged molecules in a water of neutral
pH, in addition to the steric effect, some other solute–membrane
interactions, notably the electrostatic effects, could greatly affect
the rejection ratios. Most NF membrane surfaces also carry nega-
tive charge. The zeta potentials of HL and NF270 in a 10 mmol/L
KCl solution (pH 7) were measured to be �9.1 and -31.4 mV, re-
spectively (Fig. S4, Supplementary materials). The higher perfor-
mance of NF270 in rejecting HAAs could be partly due to the more
negative charges on its surface.

4.2. Prediction of the rejection ratios using the DSPM&DE model

The average pore size (rp), effective thickness (δ) and surface
charge density (χ) of HL and NF270 were first determined by
model fitting of the experimentally-obtained rejection ratio vs.
water flux data for glucose (10 mg/L, as a neutral probe) and NaCl
(10 mmol/L, as a symmetric electrolyte probe), respectively
(Fig. 3). The Stokes radii for glucose, Naþ and Cl� used for model
fitting were 0.365, 0.184 and 0.121 nm, respectively. Experimental
results showed that, within the applied pressure range (up to
9 bar), NF270 had a slightly higher ability in rejecting glucose but
much higher ability in rejecting NaCl than HL. The DSPM&DE could
fit the experimental results well. The rp, δ and χ values determined
for HL were 0.53 nm, 1.06 μm and �28 mol/m3, respectively, and
that for NF270 were 0.51 nm, 1.21 μm and ��1000 mol/m3, re-
spectively. (Note that the surface charge density value determined
for NF270 may not be accurate enough. The absolute value was too
large to be meaningful. A few previous studies pointed out that the
membrane charge parameter might have lost its physical meaning
and was used to compensate for physical phenomena not included
in the DSPM model [39,40].) NF270 was determined to have a
slightly smaller average pore size and a higher effective thickness,
which may explain its lower MWCO than HL. Moreover, NF270 had
a much higher (absolute) surface charge density than HL, which
complied well with the zeta potential measurement results.

The rejection ratios for the six HAAs and the six PhACs were
predicted using the integral version of the DSPM&DE model [1].
The Stokes radii for all HAAs and PhACs were calculated using the
Wilke–Chang equation [41]. Because HAAs were negatively
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charged chemicals in the feed water, all the three parameters
(including rp, δ and χ) need be used for the prediction. Given the
fact that the HAA concentrations (0.67–1.55 μmol/L) were three
orders of magnitude lower than the NaCl (as background elec-
trolyte) concentration, it was assumed that the membrane surface
charge density was determined solely by NaCl but not by HAAs.
Because all PhACs were neutral molecules, rejection prediction
was independent of the membrane surface charge density. For
both HAAs and PhACs, the effect of concentration polarization was
assumed to be negligible. In addition, because the six HAAs and
the six PhACs were all at very low concentrations in the feed
water, it is reasonable to assume that their transport fluxes were
not coupled, i.e. independent of one another.

It was found that the DSPM&DE model could predict the re-
jection of HAAs by HL very accurately. The experimentally-ob-
tained and model-predicted rejection ratios matched very well
with the general deviations less than 5% between the predicted
rejection ratios and the experimental data (Fig. 1a). The DSPM&DE
model could also predict the rejection of HAAs by NF270 with a
reasonably high accuracy, although the rejection ratios were
somewhat under-predicted when the applied pressure was rela-
tively low (e.g. 2 bar). However, the model substantially over-
predicted the rejection ratios for the PhACs (except for cephalexin-
hydrate and ampicillin which were rejected by almost 100%) by
both HL and NF270 (Fig. 1b and Fig. 2b). That the rejection ratios
for HAAs were accurately predicted is in a sharp contrast to that
the rejection of most organic micro-pollutants was poorly pre-
dicted by the DSPM&DE model observed in previous studies [17]
and in this study.

4.3. Contribution of each transport mechanism for HAAs

Since the rejection ratios for HAAs by both NF membranes were
accurately predicted by the DSPM&DE model, the transport fluxes
of HAAs by the three mechanisms including convection, diffusion
and electro-migration were calculated according to Eqs. (6–8),
respectively. The contributions of each transport mechanism to the
overall transport flux (Eq. (5)) were then obtained (Fig. 4). It was
found that, regardless of the applied pressure (ranging from 2 to
6.8 bar), the HAA species and the NF membrane, diffusion was
always the predominant transport mechanism, while electro-mi-
gration always played the least important role. Taking rejection of
DCAA by HL as an example, at an applied pressure of 0.95 bar
(corresponding to a water flux at 2.48�10�6 m/s), the contribu-
tions by convection, diffusion and electro-migration were 1.7%,
92.8% and 0.79%, respectively; while at 6.83 bar (corresponding to
a water flux at 1.94�10�5 m/s), the contributions were 4.1%, 90.6%
and 2.0%, respectively. (Note that the sum of the contributions
might not be equal to 100% because they were calculated by ap-
proximation.) When NF270 was operated at an applied pressure of
0.95 bar (corresponding to a water flux at 2.9�10�6 m/s), the
contributions by convection, diffusion and electro-migration were
0.54%, 97.8% and 0.42%, respectively; while at 6.58 bar (corre-
sponding to a water flux at 2.5�10�5 m/s), the contributions were
3.7%, 94.8% and 2.1%, respectively (Fig. 4). The predominance of
diffusion and minor contribution by convection and electro-mi-
gration were also reported previously for NF of NaCl solutions [24–
26,42] The insignificant contribution by electro-migration was
primarily due to the relatively low electrostatic potential gradient
(dψ/dx in Eq. (4)) across the membrane, which was calculated to
be in the magnitude of 102–103 V/m. In actuality, a very high
electrostatic potential gradient was not anticipated because both
the cation and anion transport fluxes in the membrane “pores”
were very low, which could not cause substantial electro-kinetic
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effect. It was also observed that a higher applied pressure led to a
slightly higher contribution by convection and a slightly lower
contribution by diffusion (Fig. 4). Moreover, the contribution by
convection was slightly higher and the contribution by diffusion
was slightly lower for an HAA that had a higher MW. Under
otherwise identical conditions, the contribution by convection
when HL was used was slightly higher than when NF270 was used.
Because the transport by convection is directly proportional to the
solute concentration (Eq. (6)) while the transport by diffusion is
proportional to the concentration gradient in the membrane
“pores” (Eq. (7)), that the contribution of convection was insig-
nificant indicates that, based on the DSPM&DE model, the parti-
tioning of HAAs from the feed water to the membrane was not
favorable (i.e. a low value for Φi,f in Eq. (9)). In contrast, the con-
centration gradients (dci/dx, or (ci,x¼0�ci,x¼δ)/δ in Eq. (7)) of HAAs
in the membrane were fairly high. The HAA concentrations at the
membrane–the permeate interface (ci,x¼δ) were therefore much
lower than that at the feed–the membrane interface (ci,x¼0).

Transport flux by diffusion was also calculated from Eq. (11)
after the permeability coefficient was determined by conducting
the diffusion cell test. Since the solution condition in Compart-
ment 1 (containing HAAs) was identical to that of the feed water
for NF, it was assumed that they captured similar solute–mem-
brane interactions as well as steric and electrostatic partitioning.
The permeability coefficients for the six HAAs through the two NF
membranes were listed in Table 2. It was found that the perme-
ability coefficients were in the magnitude of 10�8–10�7 m/s. The
permeability coefficients through the HL membrane were much
higher than that through the NF270 membrane; while the per-
meability coefficient for an HAA of a lower MW was higher
through a same membrane.

In contrast to that deduced from the DSPM&DE model, ex-
perimental determination (by conducting diffusion cell test)
showed that diffusion would play a minor role (o10%) in the
transport of HAAs across the two NF membranes. Taking NF of
DCAA by HL as an example, the contribution of diffusion decreased
from 7.5% to 6.6% when the water flux increased from 2.4�10�6

to 4.0�10�5 m/s. Similarly for NF270, the contribution of diffu-
sion to DCAA transport decreased from 8.5% to 7.7% when the
water flux increased from 1.93�10�6 to 4.84�10�5 m/s. It re-
vealed that in actuality convection predominated over diffusion in
the transport of HAAs through the two NF membranes. The pre-
dominance of convection in overall solute transport was also re-
ported in previous studies in which diffusion cell test was also
used to obtain the diffusion flux [27,28]. The big discrepancy in-
dicated that the DSPM&DE model substantially overstated the
contribution by diffusion but substantially understated the con-
tribution by convection when it was used to predict the rejection
of HAAs by NF membranes, even though the prediction was fairly
accurate. As described above, understating of convection could be
due to the under-estimation of the HAA concentrations partitioned
to the membrane at the feed water–membrane interface. Since the
partitioned HAA concentrations were under-estimated, the over-
stating of diffusion would be due to the over-estimation of the
diffusion coefficients of HAAs in the membrane. (Note that the
Table 2
Permeability coefficients (unit: 10�8 m/s) determined for the HAAs, glucose and
NaCl by the diffusion cell test.

Solute DCAA MBAA TCAA BCAA DBAA TBAAa Glucoseb NaClb

HL 27.6 28.8 26.7 27.9 28.2 NA – –

NF270 1.03 1.31 7.85 1.04 9.2 NA 8.98 15.0

a Not available due to substantial hydrolysis.
b Experiments only conducted for the NF270 membrane.
permeability coefficient is equal to the product of the partitioning
coefficient and the diffusion coefficient divided by the membrane
thickness.) Recently, Drazevic et al. [6] examined the validity of
hindrance parameters for diffusion (used by all NF/RO models in-
cluding the DSPM&DE based on the hindered transport theory) by
directly measuring the diffusivities of several alcohols within the
polyamide film of a commercial RO membrane. It was revealed
that the calculated diffusivities in the membrane by using the
hindrance parameters were generally overestimated by 2–3 orders
of magnitude. Therefore, disagreement between the diffusion flux
predicted by the DSPM&DE model and that obtained experimen-
tally might be due to the improper adoption of the hindrance
parameters (for either diffusion (Ki,d) or convection (Ki,c), or both)
and inappropriate quantification of the partitioning of HAAs be-
tween the water phase and the solid (membrane) phase. Though
the hindrance parameters proposed by Brenener and Bungay
which were adopted by the DSPM&DE model could fit the ther-
modynamic equation and extended solution–diffusion model well
[8,43], they might not yet reflect the real transport mechanism in
NF membranes. After all, the assumption included in the
DSPM&DE model that the NF membrane pores are parallel straight
or tortuous cylindrical and rigid channels could greatly deviate
from the reality.

4.4. Importance of selecting probe solutes

Though the current DSPM&DE model could not reflect the ac-
tual partitioning of solutes to the membrane and solute transport
in the membrane, the reason for the high accuracy in predicting
the rejection of HAAs deserves further investigation in order to
make full use of the model to predict the rejection of more organic
compounds. The three adjustable parameters involved in the
DSPM&DE are the average pore size, effective membrane thickness
and surface charge density, which all have physical meanings but
were obtained by model correlation of the rejection of probe so-
lutes. It was therefore hypothesized that the prediction accuracy of
rejection was determined by the similarity of the predicted solute
and the probe solutes. For the particular case of this study, the six
HAAs would behave similarly with glucose and NaCl (i.e. the so-
dium and chloride ions) regarding the hydrophobic interaction
and any specific interactions (e.g. hydrogen bonding) with the
membrane material.

To test the hypothesis, diffusion cell test was also carried out to
determine the permeability coefficients of glucose and NaCl across
NF270. They tended out to be 8.98�10�8 and 1.5�10�7 m/s, re-
spectively. Therefore, as long as the water flux was higher than
2.58�10�6 m/s, the experimentally-obtained contributions of
diffusion for glucose and NaCl would be lower than 7.7% and 6.0%,
respectively (Fig. 5). It indicated that, similar to the six HAAs,
convection was the predominant mechanism responsible for the
transport of both probe solutes across the membrane. However,
according to the DSPM&DE model, the contributions of diffusion
for glucose and NaCl would be higher than 56.8% and 92.2%, re-
spectively, even when the water flux was as high as
2.35�10�5 m/s (Fig. 5). It suggested that the DSPM&DE model
also overstated the transport by diffusion and understated the
transport by convection for both probe solutes.

The poor applicability of the DSPM&DE model in predicting the
rejection of the PhACs could be due to the big difference of the
PhACs from the probe solutes (i.e. glucose in this case). Because all
the six PhACs are neutral compounds, ideally, each of them could
act as a neutral probe (like glucose) for the determination of the
average pore size of NF membranes. As expected, the obtained
average pore sizes were generally very different from that ob-
tained by using glucose as the neutral probe (Table 3). Never-
theless, the obtained pore sizes could be similar when different
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PhACs were used as the probe. For example, the average pore sizes
obtained for HL were all within 0.74–0.81 nm by using chlor-
amphenicol, ciprofloxacin and nizatidine as the probe. Therefore, if
nizatidine were used as the probe, the prediction accuracy of
chloramphenicol and ciprofloxacin could be greatly improved
(Fig. 6a). It was also the case for the NF270 membrane (Fig. 6b).
The big difference of the obtained pore size by using carbamaze-
pine from that by using the other PhACs indicates that carbama-
zepine is different from chloramphenicol, ciprofloxacin and niza-
tidine. It could be due to the difference in their affinity to the
membrane. In addition, specific interactions (e.g. hydrogen bond-
ing) could also exist between some PhACs with the membrane
material.

It is anticipated that most TOrCs would behave quite differently
from the probe solutes (e.g. glucose and NaCl) commonly used for
NF membrane characterization. To extend the DSPM&DE model to
predict the rejection of TOrCs but still using the common probe
solutes, the difference must be taken into account by adjusting the
implicitly involved parameters including the partitioning coeffi-
cient and hindrance factors. Progress has been made in a few
previous attempts [22,23], in which the difference in the affinity of
different TOrCs to the membrane was considered. The current
study also showed that the poor prediction accuracy could also be
due to the improper adoption of the parameters for the hindrance
factors (Ki,d and Ki,c). In the current version of the DSPM&DE
model, the hindrance factors are exclusively determined by the
steric hindrance effect (Section S1 in Supplementary materials).
Due to the probable hydrophobic and other specific interactions of
TOrCs with the membrane, these effects must be accounted for in
describing the hindrance factors for TOrCs. It could be a very tough
task. Nevertheless, the experimental determination of Ki,d might
be achievable by making use of a similar technique adopted in
Dražević et al. [6]. The dependence of Ki,d and Ki,c on the physi-
cochemical properties of a TOrC would be very useful. Further
studies are apparently in a necessity.
Table 3
Average pore sizes (unit: nm) obtained for HL and NF270 by using different compound

Probe Glucose Carbamazepine

HL 0.53 0.64
NF270 0.51 0.41
5. Conclusions

The rejection ratios for six negatively charged HAAs and six
neutral PhACs by the HL and NF 270 membranes under different
applied pressures were determined and predicted using the
DSMP&DE model. The rejection of HAAs by HL was greatly de-
pendent on the applied pressure, in a contrast to the small effect of
the applied pressure on the rejection of PhACs by HL and the re-
jection of both HAAs and PhACs by NF270. NF270 was more
permeable than HL, but could reject both HAAs and PhACs more
effectively than HL. The better rejection performance of NF270 was
attributed to the smaller MWCO and the higher surface charge
density (in rejecting HAAs). An HAA or PhAC of a higher MW was
more rejected than that of a lower MW, indicating the great im-
portance of steric effect in determining the rejection ratio.

By using glucose and NaCl as probe solutes, the DSPM&DE
s as the neutral probe according to the DSPM&DE model.

Chloramphenicol Ciprofloxacin Nizatidine

0.81 0.74 0.77
0.60 0.62 0.69
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model could accurately predict the rejection of HAAs by both HL
and NF270 with with the general deviations less than 5% between
the predicted rejection ratios and the experimental data. However,
the model substantially over-predicted the rejection ratios for
PhACs. Analysis of the solute transport fluxes showed that, ac-
cording to the DSPM&DE model, molecular diffusion was the
dominant mechanism with its contribution to the overall flux
mostly higher than 90%, while based on the diffusion cell test
results, convection predominated over the other two mechanisms
with its contribution mostly higher than 90%. The disagreement of
the model estimation with the experimental determination in-
dicated that the partitioning of the organic compounds from the
water phase to the solid (membrane) phase was understated and
either the concentration gradient or the diffusivity of the organic
compounds in the membrane (or both) was overstated. It was at
least partly due to the improper adoption of the hindrance para-
meters in the model.

The high accuracy of the model in predicting the rejection of
HAAs was due to the similarity of HAAs with the used probe so-
lutes in physicochemical properties. The transport fluxes of both
glucose and NaCl by diffusion were also greatly overstated by the
DSPM&DE model, when compared with the diffusion cell test re-
sults. If the six neutral PhACs were used as the probe solute, the
average pore sizes of HL and NF270 could also be obtained, which
were very different from that obtained by using glucose. It was
argued that the average pore size obtained by using some PhACs as
probe could be used for the prediction of the rejection of other
similar PhACs.
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Nomenclature

A water permeability of the membrane (m/s/bar)
Am effective area of the membrane coupon (cm2)
B permeability of solute (m/s)
C solute concentration (μg/L)
Di,1 diffusion coefficient of the solute in a dilute solu-

tion (m2/s)
dh hydraulic diameter of the channel (m)
F the Faraday constant (96,485.3365 C/mol)
Jw water flux (m/s)
Ji solute fluxes (μg/m2/s)
k Boltzman constant (1.38�10�23 m2 kg/s2/K)
Kic hindrance factor for convection
Kid hindrance factor for diffusion
L effective thickness of the active layer (μm)
ΔP hydraulic pressure difference (bar)
R rejection ratio
Rg gas constant (8.314 J/K/mol)
rp nominal pore radius (nm)
rs Stokes radius of the solute (nm)
S intrinsic parameter related to support layer struc-

ture, S /s sδ τ ε=
T absolute temperature (K)
t time (s)
V volume of solution (L)
z valance of the ion

Greek symbols

χ surface charge density (mol/m3)
δ effective membrane thickness (μm)

sδ thickness of the support layer (μm)
sε porosity of the support layer (μm)
ϕ partitioning coefficient (Section S2, Supplementary

materials)
Δπ osmotic pressure difference across the membrane

(bar)
τ tortuosity of the support layer
ψ electrical potential (mV)

Subscripts

C convection
D diffusion
E electro-migration
f feed water
HAA haloacetic acid
i specific component in the solution
m membrane surface
obs observed value
PhAC pharmaceutical
p permeate
s the support layer
0 initial condition for calculation
1 compartment initially with the solute of concern
2 compartment initially without the solute of

concern
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