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ARTICLE INFO ABSTRACT

Keywords: Nanofiltration (NF) is seen as a promising advanced treatment technology to deal with the increasing concen-
Nanofiltration tration of micropollutants (MPs) in water sources globally. To further improve the successful implementation
Hollow Fiber

of NF, an increased understanding of membrane transport mechanisms is important. One key aspect among
these mechanisms concerns the influence of solution composition on the overall filtration performance.
Although several studies report the influence of feed solution composition on the removal of micropollutants
by NF membranes, the underlying mechanisms are often not fully understood. In this study, the impact
of dominant salts (NaCl, Na,SO,, MgCl,) on the removal of trace MPs by commercial hollow fiber NF
membranes (dNF40, dNF80) was investigated. Common conditions where salt concentrations greatly exceed
MP concentrations were applied to assess their potential influence at environmentally relevant concentrations.
Experimental observations reveal that a dominant salt alters MP transport behaviour substantially. The impact
of a dominant salt on MP transport via electrostatic coupling increases for MPs of higher mobility inside the
membrane. Overall, higher mobility, i.e. lower removal, of MPs through the dNF80 membranes was observed.
Correspondingly, the strongest impact was observed for the dNF80 membrane, where the removal of positively
charged atenolol increased from about 60% to >90% in the presence of Na,SO,. A theoretical transport model
(DSPM&DE) was used to assist the interpretation of experimental observations further. Model predictions reveal
the relevance of two effects: the influence of a dominant salt on the charge-based membrane properties and
the electrostatic coupling in the form of the arising membrane potential.

Micropollutants
Ion matrix

1. Introduction potable water. In this context, wastewater reclamation, where water
treatment facilities extensively treat wastewater for reuse, has been

For several decades [1], micropollutants (MPs) have been detected identified as one viable source of drinking water [14-16].
in the majority of water bodies, typically in the concentration range of Most conventional treatment technologies cannot adequately re-
ng L7} to pg L~! [2-6]. These contaminants consist of anthropogenic move potentially hazardous MPs from (waste)water streams. To miti-
substances originating from, amongst others, the use of pharmaceutical gate the pollution of surface- and groundwater sources from wastewater
and personal care products, agriculture, and industries [6]. Uncertain- effluent while simultaneously increasing the potable water supply,

ties regardlng long-term exposure and potfentlal synergistic feffects of current treatment systems need to be complemented or replaced by
MP mixes on human health and the environment have raised con- more advanced treatment techniques.

siderable concerns [7]. Furthermore, with an ever-increasing variety
and quantity of these compounds detected in many water bodies, the
presence of MPs has become an urgent problem to address [6,8-13].
Simultaneously, as water scarcity is increasing globally due to popu-
lation growth, socio-economic development, and climate change, there
is a growing need for sustainable solutions for the long-term supply of

One promising advanced treatment system to retain MPs is the
implementation of high-pressure membrane filtration processes, such
as nanofiltration (NF) or reverse osmosis (RO) [17-21]. Since NF
processes require less energy than RO while still removing certain small
organic molecules such as naproxen up to >95 %, NF is considered the
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economically favourable and sustainable option [22]. The viability of
NF membranes as an advanced method in wastewater treatment has
already been shown in multiple studies [21,23-27], and optimisation
of these membranes for this specific application is an ongoing field of
research [28-33].

NF exhibits unique separation properties that offer many poten-
tial benefits in water treatment. Due to the relatively low molecular
weight cut-off (MWCO) of 200-1000 Da, small uncharged solutes can
effectively be retained, while ions are partially retained based on their
sign and magnitude of charge [34,35]. Many studies evaluated the
applicability of NF membranes for MP removal [26,29,31,33,36-40].
In these studies, MP removal of single pollutants, or mixtures, was
determined while not considering the presence of background solutes.
However, in natural water sources and wastewater, the feed solution
composes of a mixture of solutes, which allows for solute-solute and
specific solute-membrane interactions [41-44]. These specific interac-
tions can substantially alter the transport through NF membranes [27,
45-48]. Consequently, predicting removal in real water streams is still
challenging and often limited to specific process conditions [49-51].

Some research has focused on the performance of NF membranes to
remove MPs from spiked drinking water sources [45,48,52,53]. These
studies showed the potential of NF as a complementary process in water
treatment. However, knowledge regarding the mechanisms of retention
is currently still lacking [54]. A theoretical understanding of underlying
separation mechanisms is required to improve the removal of MPs using
NF membranes and enable the prediction of full-scale applications.

A substantial amount of work has been performed which demon-
strates the influence of fouling [27,46-48,55], ionic strength [48,56]
(in the form of NaCl) and the presence of (divalent) cations (in the
form of calcium) [46,48,56,57] on MP transport. These previous studies
highlight the importance of considering the influence of water matrix
on MP removal and its direct implications for application. However,
one important open question that relates to the influence of the water
matrix on MP removal is the specific influence of ions, including
both monovalent and divalent anions and cations, on the removal of
MPs. Previous research has shown that dominant salts, i.e. salts at
significantly higher concentrations, can affect the removal of trace ions
during NF of ionic mixtures [58,59]. In these studies, it was shown
that the rejection of a dominant salt by NF membranes results in
the development of a spontaneous electric field to comply with the
zero-current condition in a steady state. The electric fields can either
accelerate or retard trace-ions influencing their removal. Since MPs
are typically observed at trace concentrations in water bodies, it can
be assumed that the presence of different dominant ions will similarly
affect the removal of charged MPs.

In this work, we investigate the effects of dominant salt ions on
the transport of MPs through NF membranes. To reach this goal, the
effect of NaCl, MgCl,, and Na,SO, at increasing ionic strengths on
the retention of a mix of four MPs was investigated. Two commercial,
hollow fiber NF membranes based on polyelectrolyte multilayers were
used. The experimental results are interpreted through a theoretical
transport model. The modelled results provide an understanding of the
extent to which electric potential gradients caused by dominant ions
influence the transport behaviour of MPs. We show that the removal
of charged MPs can be majorly affected by the presence of a single,
dominant salt. The transport model confirms the major influence of
the dominant salt. Two underlying mechanisms are suggested: the
electric coupling to ion transport via induced filtration potential and
the influence of ionic solution composition on the effective membrane
charge.

2. Materials and methods
2.1. Chemicals and membranes

Experiments were performed using two lab scale modules with NF
membranes (dNF40, dNF80) obtained from NX Filtration (Enschede,
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Table 1
Characteristics of the hollow fiber polyelectrolyte multilayer membranes
provided by NX Filtration.

Membrane dNF40 dNF80
MWCO [Da]* 400 800
Membrane surface area [m2]? 0.065 0.065
Permeability[L. m~2 h~! bar~']® 6.1 + 0.1 7.2 + 0.1
pH range [operation]® 2-12 2-12

pH range [cleaning]® 1-14 1-13

aInformation provided by supplier.
bDetermined at increasing TMP; T=20 °C

The Netherlands). Table 1 provides the technical specification of the
membranes and modules used in this study.

All chemicals were of analytical grade and were obtained from
Sigma-Aldrich (Zwijndrecht, The Netherlands). Atenolol, atrazine, sul-
famethoxazole, and naproxen were selected as MPs of interest due
to their charge at a neutral pH, and known occurrence in secondary
treated wastewater effluent [6,60]. Furthermore, the MPs were selected
based on their molecular weight, which was low enough to allow
some passage based on the MWCO of the studied membranes and high
enough for accurate analysis with the equipment used. The physico-
chemical properties of the four selected MPs in this study are listed in
Table 2. The diffusion coefficient of the MPs was estimated using the
Wilke-Chang correlation [61]:

o (XMW)O‘ST

0.6
nVy

Dg=74-10" €8]
Here, Dy is the diffusion coefficient of the solute [m? s71], x is the
association parameter (2.6 for water), My, is the molecular weight of
water [18.02g mol~1], T is the temperature [293K], # is the viscosity
of water at 20 °C [1 Pa s] and V), is the molecular volume of the solute
[ecm® mol~1]. This correlation has frequently been used to estimate
diffusion coefficients for MPs in literature [25,39,62] and is expected
to give a reasonable estimate since the conditions and solute properties
of the current study are well within the range studied by Wilke and
Chang [61]. Before the experiments at a low concentration of MPs
(35ug L), a combined stock solution of 3.5mg L~! of each MP in
demineralised water was prepared and was stored at 5°C in the dark.
Feed solutions at high concentrations of MPs (i.e. 3mg L~! of each MP)
were prepared directly before each experiment.

2.2. Experimental protocol

All experiments were performed using a Mexplorer bench-scale test
unit obtained from NX Filtration. This test unit consists of lab-scale
membrane module headers, which are fed with a vane pump. Feed
flow and transmembrane pressure were controlled using manual needle
valves. All experiments were performed at a constant temperature
(20 = 0.5°C) using a heat exchanger connected to the feed. The concen-
trate and permeate were fully recirculated to the feed tank to limit any
concentration effects during the experiments. A schematic overview of
the experimental setup is provided in SI1. Prior to the experiments,
both membrane modules were flushed with approximately 120 liters
of demineralised water to remove preservatives. Following this flush,
feed solutions, without the addition of salt ions, were recirculated for
24 h, which was found sufficient to ensure saturation of the membrane
surface and steady-state passage of the selected MPs (also observed
by [26,56]). After initial filtration measurements at a concentration
of 3mg L~! of each MP, additional measurements at a concentration
of 35ug L1 of each MPs were performed with the dNF40 membrane,
as will be explained later on. Initial feed concentrations were selected
to allow for the analytic determination of a 1 % passage of the MPs
of interest (see 2.3). For measurements in the pg L~! range, the feed
solution was recirculated at a constant flux of 20 + 2L m~2 h-!
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Table 2
Physicochemical properties of the studied MPs.
Atenolol Atrazine Sulfamethoxazole Naproxen
Chemical formula C14HyyN, 04 CgH,,CINg CyoH;;N;503S Cy4H,4,04
Molecular weight My, [g mol™] 266.34 215.68 253.28 230.26
pKa® [-] 9.4 2.3 1.4;5.8 4.8
Molar volume® ¥, [cm® mol~'] 236.6 169.8 173.1 192.2
Diffusion coefficient® Dg [1071° m? s71] 5.58 6.81 6.73 6.32
Charge at experimental pH + 0 - -
Application p-Blocker Herbicide Antibiotic Anti-inflammatory
aAdopted from SciFinder.
bFrom Wilke-Chang correlation (see Eq. (1)).
Table 3 L of internal standard and directly injected. Analytes were separated
Tonic strength and corresponding molar concentration. using an Agilent Zorbax Eclipse Plus C18 RRHD column with a UHPLC
Tonic Ttiength Nazsc;"L NaCl . Mgdzl . guard Zorbax Eclipse Plus C18 pre-column.
(mmol/L] {mmol/L] {mmol/L] {mmol/L] Details regarding the eluent and gradient profiles of both methods,
(1)5 g (1)5 g and the MS/MS settings, are provided in SI1.
20 10 30 10 Salt passage was determined using direct elfectrlcal conductivity
60 20 60 20 measurements of both the feed and permeate using a Mettler Toledo

for an extended period of 72 h before sampling to account for MP
adsorption to the membrane surface area and ensure steady-state MP
passage [30,48,56]. Cross-flow velocity was kept constant at 0.6 m s1
unless otherwise stated. This cross-flow velocity was chosen based on a
previous study to limit the influence of concentration polarisation [63]
while remaining in a range relevant to industrial applications. Samples
were taken from the permeate and feed, and the passage P (%) of the
solutes was calculated using

S
P=— %100% = (1 - R) (2)
Chp
Where C, and C;, are the permeate and feed bulk concentration
(mol m~3), respectively, and R (%) is the retention. Although solute
retention is more commonly applied, we choose passage to evaluate
membrane performance since it is directly proportional to the solute
permeate concentration, which is more relevant for practical purposes.
Furthermore, passage allows for a more direct comparison of the
influence of ions on the MP flux through the selected membranes.

After sampling, the salt concentration was adjusted to the ionic
strengths indicated in Table 3 by the addition of either NaCl, MgCl,
or Na,SO,. Following the salt addition, the flux was readjusted to
20 + 2L m~2 h~! and another 24 h of stabilisation was provided before
sampling.

The same dNF80 and dNF40 membrane modules were used through-
out the experiments. To remove residual ions and MPs from the setup,
the module was flushed with demineralised water between each exper-
iment. Flushing continued until the conductivity of the feed, permeate
and concentrate were comparable to the initial conductivity of dem-
ineralised water. For measurements at a high concentration of MPs,
the membranes were additionally cleaned using a 400 ppm sodium
hypochlorite solution. Each experiment was performed at least three
times.

2.3. Analytical methods

Samples at high MP concentration (Feed ~ 3mg L~!) were analysed
using an UHPLC (Dionex Ultimate 3000) with an Acclaim™RSLC 120
C18 column (particle size 2.2um, pore size 1204, 2.1 x 100 mm,
Thermo Scientific), and a UV/Vis detector (225 nm).

Analysis of MPs at a feed concentration of ~35ug L~! was per-
formed using an Agilent 6420 triple quadrupole liquid chromatography
mass spectrometer (LC/MS) (Agilent Technologies, Amstelveen, The
Netherlands). Before analysis, samples were pretreated using 50 p L of
modifier (0.265M NH;, 0.02M C,H,0, and 3.40M CH,0,) and 50 p

SevenExcellence pH/Conductivity meter (Tiel, The Netherlands), with a
nominal range of 0-1000 S cm~! and accuracy of 0.5 % of the measured
value.

2.4. Membrane characterisation

Experiments were performed to determine the pure water perme-
ability, PEG retention and ternary ion retention which are required
to characterise the membrane properties for the theoretical transport
model. During characterisation, the cross-flow velocity was kept con-
stant at 0.6 m s~!, and the temperature was controlled to 20 + 0.5° C.
Each experiment was performed at least three times.

Pure water permeability A (L m~2 h™! bar~!) was determined by
measuring water flux J (L m~2 h™1) at feed pressures 4p (bar) ranging
from 1 to 6 bar.

_J

T4
Here, the water flux J was calculated based on permeate mass m,, (kg)
as a function of permeation time t (h), using the density of water p (1 kg
L-1) and the active membrane area A,, (0.065 m?).

3

J= @
- pA,,t

To evaluate the effect of operational settings on MP passage, the solute
permeability B (m s~1) of a select set of experiments was determined
using

P-(J/3.6-10%

B = ()
exp((J /3.6 -109)/k, ;) - (1 - P)

Where k,; (m s71) is the solute mass transfer coefficient determined
using the Sherwood relationship as provided in SI2.

To evaluate steric exclusion of uncharged solutes, passage of
polyethylene glycol (PEG) of different molecular weights (62 106,
200, 400 g mol~!) was measured at three feed pressures (2, 4, and
6 bar). Passage was calculated based on Eq. (2). Concentrations of
PEG in both feed and permeate were determined using gel permeation
chromatography, as described in [64].

Charge-based exclusion was evaluated by measuring the passage of
ternary ion mixtures at a pressure of 4bar. Here, mixtures of MgCl,
+ NaCl and Na,SO, + NaCl in molar ratios of the non-common ions
1:3, 1:1 and 3:1 were used. Passage was calculated based on Eq. (2).
The concentration of individual ions was determined using ion chro-
matography (IC). The IC setup (858 Professional Sample Processor, 2x
Eco IC, Metrohm) consisted of an anion column (Metrosep A Supp 17
- 150/4.0), a suppressor for the anion analysis (MSM Rotor A), and a
cation column (Metrosep C 6 - 150/4.0). The eluent consisted of an
4mM NO; solution and a 5mM Na,CO; + 0.2mM NaHCO; solution
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for the cation and anion column, respectively. Flow rates were set to
0.6mL min~! in the cation column, while the anion column was fed
at 0.9mL min~!. Alongside the eluent, a suppressor solution of 0.3 M
H;PO, was used.

3. Theoretical transport model

In this study, we applied the frequently used Donnan Steric Pore
Model and Dielectric Exclusion (DSPM&DE) model [65-68], in which
the transport through the separation layer of the membrane is de-
scribed by the extended Nernst-Planck equation. The partitioning at the
membrane surface is determined by Donnan, dielectric (Born model),
and steric exclusion. We applied two extensions to the model to cover
the relevant physical phenomena for MP transport through an NF
membrane.

First, we introduced an additional term accounting for the affinity
between MPs and the membrane proposed by Verliefde et al. [69],
as it was shown that for uncharged MPs steric hindrance alone often
underpredicts the passage [49,62]. This affinity term also accounts for
potential differences in the activity of MPs between the membrane
phase and water phase, which we could not predict at this point.
Further equilibrium partitioning studies are required to understand this
effect. Secondly, we introduced a log-normal distribution for pore size.
We refer to our previous work for more detailed information on the
fitting procedure [64].

The full set of equations is shown in SI2. The model was solved in
MATLAB using the algorithm presented by Geraldes et al. [70].

4. Results and discussion

As mentioned in Section 2.2, results are presented in terms of salt or
MP passage. While retention is most commonly used to represent the
performance of NF membranes, it was decided to use passage as this
more directly relates to the transport of solutes through the membrane.
By doing so, differences in the passage of MPs due to dominant ions can
more easily be interpreted as increased or decreased solute flux.

We divide this section into four parts. In the first three parts,
we present and discuss the experimental observations of: passage of
dominant salts in the presence of trace MPs, passage of trace MPs in
the absence of salt, passage of trace MPs in the presence of salt. In the
last part, the DSPM-DE model is used to analyse experimental results
in more depth and to establish a more fundamental understanding of
the transport mechanisms.

4.1. Ion passage at increasing ionic strength

Ion passage in the presence of MPs through both membranes was
determined using conductivity probes. Since the MPs were present at
trace concentrations, i.e. MP-to-salt concentration ratios of at least
1:250, the influence of charged MPs on conductivity was assumed to
be insignificant. Due to the very small relative amount of MPs, the
influence on the passage of ions is considered negligible. Fig. 1 presents
the observed passage of the selected dominant salts at increasing ionic
strength.

For the dNF80 membrane, an average passage of sodium sulphate
and magnesium of respectively ~5% and ~50%, irrespective of ionic
strength, was observed. Sodium chloride passage was significantly
higher, ranging from 89 + 0.4% at 15 mM to 94 + 0.2% at 60 mM.
Since it is known that monovalent ions more efficiently pass through
NF membranes, the observed results were in line with the expectations.
Furthermore, the limited influence of ionic strength in the current study
matched well with previously reported results [63].

The passage of all salts through the dNF40 membrane remained
stable irrespective of the ionic strength of the feed solution (Fig. 1).
Approximate passages of 88%, 7% and 16% for NaCl, Na,SO,, and
MgCl,, rsespectively, were observed. Based on these observations, it is
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suspected that the influence of ionic strength on salt passage through
both membranes has minimal effect in the currently studied range.
Salt passages indicate charged-based exclusion mechanisms and can
be used to qualitatively compare the properties of the dNF80 and
dNF40 membranes. The low passage of Na,SO, (~5%) in combination
with a relatively high passage of MgCl, (~50%) observed for the
dNF80 indicates a significant contribution of Donnan exclusion for ion
passage. Simultaneously, the high passage of NaCl (~90%) indicates a
substantial contribution of dielectric exclusion towards the transport of
ions. Therefore, based on the current observations, it is suggested that
both charge-based exclusion mechanisms (i.e. Donnan and dielectric
exclusion) substantially contribute towards the transport through the
dNF80 membrane. For the dNF40 membrane, both Na,SO, and MgCl,
passage remained low (<20%), while NaCl passage was similarly high
as seen for the ANF80 (~90%). These observations suggest that Donnan
exclusion minorly influences ion passage for the dNF40 membrane and
that dielectric exclusion mechanisms mainly govern the transport.

4.2. MP passage in pure water

Micropollutant passage through both the dNF80 and dNF40 mem-
branes was determined at the higher feed MP concentrations (~3 mg
L~1). Throughout the experiments, the pH was not controlled, as this
prevented the addition of ions to the feed solution. Each experiment
continuously monitored pH, which remained relatively stable around
6.6 = 0.2. At this pH, sulfamethoxazole and naproxen are negatively
charged, atenolol is positively charged, and atrazine remains neutral.

Firstly, an overall relatively low passage of the selected MPs was
observed considering their molecular weights, ranging between 200
and 300g mol~!, with respect to the MWCOs of 800 (dNF80) and
400 (dNF40) Dalton provided by the supplier ( Table 1). This low
passage, relative to the reported MWCO, can have multiple causes.
The MWCO is typically measured with standardised molecules (such
as PEG), which likely have a different affinity towards the membrane
material. Furthermore, the passage could be influenced by the shape
of molecules. Additionally, the influence of charge-based exclusion of
molecules is typically not considered. Lastly, it can be assumed that the
MWCO values given by the supplier include a certain safety margin.

Consistently higher passage of MPs was observed for the dNF80
membrane when compared to the dFN40. Overall, the dNF80 most
efficiently retained naproxen by, on average, 20 + 2%. Following
naproxen, an increasing passage of sulfamethoxazole (34 + 2%),
atenolol (36 + 5%) and atrazine (55 + 1%) was observed. A clear
trend in charge-based transport through the dNF80 was observed, in
which negatively charged MPs (i.e. naproxen and sulfamethoxazole)
showed the lowest passage, while neutral contaminants (i.e. atrazine)
were transported most efficiently through the membrane. The low
passage of negative MPs was in line with the suggested negative
membrane charge, as observed in the salt passage measurements.
Accordingly, atenolol, despite being the heaviest molecule, had higher
passage values than both negatively charged MPs. Considering the
molecular weights of the negatively charged MPs, a higher passage
of naproxen (230.26 g mol~!) over sulfamethoxazole (253.68 g mol~1)
was expected. Observations with both tested membranes (dNF80 &
dNF40) show an opposite result, where naproxen passes less effectively
than sulfamethoxazole. This result suggests that molecular weight and
charge alone are insufficient to predict MP transport through the
membrane effectively. Two potential alternatives we want to men-
tion are the use of molecular volume to describe the molecular size
and MP-membrane interactions. While sulfamethoxazole is a larger
molecule based on molecular weight, its molecular volume is lower
than that of naproxen (Table 2). Molecular volume could, therefore,
potentially be a better representation of molecular size than molecular
weight. Furthermore, solute-specific interactions with the membrane
(sometimes referred to as hydrophobic interactions) could also result
in unexpected trends in membrane passage. Limited passage of all
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Fig. 1. Passage of NaCl, Na,SO, and MgCl, through the dNF80 (left) and dNF40 (right), at

dNF40: N=3 for each salt and ionic strength).
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Fig. 2. MP passage by the dNF40 and dNF80 membranes at ~0 mM ionic strength.
Initial feed concentrations were set to 3 mg L~!. SMX: sulfamethoxazole (-), NPR:
naproxen (-), ATE: atenolol (+), ATR: atrazine (0). Molecular volumes of the MPs
provided in cm® mol~!. The error bars represent the standard error (ANF80: N=12;
dNF40: N=9).

selected MPs, ranging between 8 + 0.3% for atenolol and 21 + 1% for
sulfamethoxazole, through the dNF40 was observed (Fig. 2). The lower
passages observed, combined with the limited difference between the
selected MPs regarding charge, suggests a more substantial contribution
of steric exclusion on passage as compared to the dNF80 membrane.
Notably, the changed order of MP passage, compared to the dNF80
membrane, supports the minor influence of Donnan exclusion indicated
in salt passage (see 4.1).

Due to the limited passage of the selected MPs through the dNF40
membrane, it was suspected that the effect of dominant salt species
would be lessened. To increase the salt-to-MP ratio without altering
the overall ionic strength of the feed solutions, filtration experiments
with an initial MP concentration of 35 pug L~! were performed. All
experiments at the reduced MP concentration were performed with an
increased cross-flow velocity (1 m s~1). While this increase in cross-flow
velocity could lead to changes in the observed passage, the effect is
expected to be minor since concentration polarisation is limited within
the currently applied operational conditions [63].
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Passage of atrazine slightly reduced (~—2%), and naproxen passage
slightly increased (~+2%), while no significant change in sulfamethox-
azole and atenolol was observed (Fig. 3). No clear trend was observed
in the minor changes in MP passage at the different concentrations.
Therefore, it was expected that the decreased concentration would
not affect the passage of MPs in a significant way. To determine
if the slight difference in operational settings led to the change in
the observed passage, the solute permeability of each MP at both
concentrations was also determined (Fig. 3). Similar to the passage
results, no trend in solute permeability was observed due to the reduced
concentration. Therefore, it was presumed that the effect of operational
conditions on MP passage was negligible in the studied regime. Since
MPs are found in the high ng L~! to low pg L~! in environmental
samples, it was decided to continue the experiments with the dNF40
membrane at environmentally relevant concentrations 35 pg L~1. Fur-
thermore, this reduced MP concentration would increase the salt-to-MP
ratio, which was assumed to potentially enhance the proposed trace
solute/dominant salt interactions throughout these experiments.

4.3. Change in MP passage due to the presence of dominant salt ions

This section presents experimentally observed passage of trace MPs
in the presence of dominant salt and indicates potential underlying
mechanisms. The next section utilises the theoretical transport model
to perform a more detailed analysis of transport mechanisms.

4.3.1. dNF80

The presence of sodium chloride increased the passage of the
charged MPs (i.e. sulfamethoxazole, naproxen and atenolol) (Fig. 4).
Previous research has proposed electrostatic screening, changes in the
solute-to-pore size ratio and solute dehydration as potential mech-
anisms leading to increased passage [71,72]. Electrostatic screening
of the membrane charge would lead to opposite trends in positively
charged (i.e. atenolol) and negatively charged (i.e. naproxen and sul-
famethoxazole) MP passage, which was not observed and is therefore
unlikely the reason. No significant changes in atrazine and PEG passage
in the presence of sodium chloride were observed (Figs. 4 and SI3).
Based on this observation, it was presumed that changes to the pore size
were insignificant. Since both electrostatic screening and pore swelling
are unlikely explanations for the observed trend, solute dehydration of
the charged micropollutants is the most likely mechanism. However,
further in-depth analysis into the behaviour of atenolol, sulfamethoxa-
zole, and naproxen is required to explain the observed changes in MP
passage.

The presence of 60 mM Na,SO, increased passage of sulfamethox-
azole, from 34 + 2% to 63 + 8%. The increased passage indicates
accelerated transport of sulfamethoxazole through the membrane, pos-
sibly due to electric coupling to ion transport [59]. Since divalent
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anions, such as sulphate, are more strongly retained by the membrane
than monovalent anions, improved transport of monovalent anionic so-
lutes, such as sulfamethoxazole, could occur to maintain electroneutral-
ity. Similarly, naproxen passage increased in the presence of Na,SO,,
changing from 20 + 2 to 44 + 7%. While this could also be explained
by the transmembrane electric field, the effect was less pronounced
than for sulfamethoxazole. Based on the same mechanism, a decreased
passage of cationic solutes, such as atenolol, would occur. This effect
was clearly observed (Fig. 4), as passage of atenolol decreased from

36 + 5% to 7 + 1% in the presence of Na,SO,. These observations
support the potential occurrence of ion transport induced electric fields
described by Yaroshchuk [73] and Pages et al. [59] when Na,SO,
is present as a dominant salt species. Lastly, only a slight increase
in atrazine passage of ~7% was observed with increasing Na,SO,
concentration (Fig. 4). A high passage of atrazine (~55%) in the ab-
sence of dominant salt species was previously observed. Due to this
relatively high passage, it was expected that any potential effects of
dominant ions on passage would be much larger compared to similar
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effects on the other MPs selected. As shown in Fig. 4, the change in
atrazine passage was much smaller compared to the changes observed
for the other selected MPs. We attribute the steady increase of passage
with ionic strength to increased osmotic pressure leading to lower
membrane flux (measurements of the dNF80 module were performed
at constant transmembrane pressure). Considering this observed limited
change in atrazine passage, it is expected the passage of neutral trace
contaminants through dNF80 membranes is not affected by different
salts and their respective concentration.

Since a relatively high passage of magnesium chloride through
the dNF80 membrane was observed (~50%), a limited impact on
the passage of MPs was expected. This was reflected in the results,
where no significant change in passage of sulfamethoxazole, atenolol
and atrazine was observed at increasing ionic strengths of magnesium
chloride. Therefore, solely based on experimental results, no specific
effect of MgCl, on the passage of MPs through the dNF80 could be
elucidated.

It must be noted that naproxen passage increased irrespective of the
ion species used in the current study (Fig. 4). It was, therefore, not
possible to elucidate the phenomena studied in the current research
based on these results. Further research into the specific interactions of
naproxen with different dominant ions is required to fully understand
these results.

4.3.2. dNF40

The effect of dominant salt species on the passage of MPs through
the dNF40 membrane was studied at lower MP concentration
(~35 pg L71) to increase the salt to MP ratios.

The permeate and feed concentration of naproxen at 60 mM ionic
strength of magnesium chloride and sodium chloride decreased below
the limit of quantification (~0.1 pug L~1). This decrease in feed and
permeate concentration could be due to adsorption to the experimental
setup. Naproxen is a relatively hydrophobic MP, with a Log Ky

(octanol/water partition coefficient) of ~3.18. Therefore, it potentially
adsorbs to the (plastic) tubing of the experimental setup, leading to
a significant decrease in concentration in the feed and permeate. No
further focus was given to this potential adsorption onto the experi-
mental setup as it was out of the scope of the current study. Therefore,
the passage of naproxen at 60 mM MgCl, and NaCl were excluded from
the results (Fig. 5). However, as described in the upcoming paragraphs,
no clear trends were observed in the passage of naproxen for different
dominant salt ions.

Atenolol and atrazine passage increased by respectively ~10% and
~4% in the presence of NaCl at an ionic strength of 60 mM (Fig. 5).
Even though a slight increase in the passage of neutral atrazine was
observed, no change in PEG passage in the presence of 60 mM NaCl
was observed. Therefore, it was assumed that no significant changes in
the solute-to-pore size ratio occurred due to an increase in the salinity
of the feed solution. Both an increase in atenolol passage and reduced
sulfamethoxazole passage were observed, which could potentially be
explained by electrostatic screening by NaCl [72]. In the presence of
Na,SO,, the passage of sulfamethoxazole increased from 19 + 2% to
35 + 4%, while the passage of atenolol was slightly reduced from
7 + 1% to 4.5 + 0.2% at 60 mM ionic strength (Fig. 5). These altered
passages show a similar but lessened change as observed with the
dNF80 membrane, indicating the potential occurrence of similar elec-
trostatic interactions as described in the previous section. No changes in
atrazine passage due to Na,SO, were observed (Fig. 5). Since atrazine
is a neutral substance under the current experimental conditions, this
observation was in line with its expected behaviour. Lastly, the passage
of naproxen did not seem to be affected by the presence of Na,SO,.

MgCl, led to a decreased passage of sulfamethoxazole, while
atenolol passage increased. A decrease from 19 + 2% to 9 + 0.2%
in sulfamethoxazole passage was observed, which is in line with the
expected effect of ion transport induced transmembrane electric field
slowing down the passage of negatively charged solutes [73]. The
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passage of positively charged MPs, i.e. atenolol, is consequently en-
hanced, increasing from 7 + 1% to 14 + 1%. Similar to the results
gathered with Na,SO,, no apparent effect of the dominant ions on
the passage of naproxen was observed. A slight drop in naproxen
passage was observed at 15 mM ionic strength, after which the passage
increased within the standard error of the passage without the presence
of ions. Therefore, it was not possible to predict naproxens’ behaviour
based on the current experimental results. Atrazine passage again was
not affected by the presence of MgCl,, indicating no changes in the
membrane pore size due to salt at increasing ionic strengths.

Clearly, dominant salts can influence the passage of charged MPs
through NF membranes. Most trends can be qualitatively explained
based on the proposed theory by Yaroshchuk [73]. To further ex-
plore the observed mechanisms and discuss the results more in-depth,
the commonly used DSPM-DE transport model will be applied in the
following section.

4.4. Modelling

In this section, we use a modified version of the well-known
DSPM&DE model to qualitatively interpret the experimentally observed
MP passage in the presence of different salts (NaCl, MgCl, and Na,SO,)
at increasing ionic strength.

As a first step, both membranes are characterised based on a set
of filtration measurements. This includes pure water permeability and
PEG retention measurements to quantify the steric exclusion mecha-
nism of both membranes (determination of a representative pore size
distribution). Since both the passage of atrazine as well as the passage
of diethylene glycol (SI3) did not show a significant dependency on
ionic strength, the pore size distribution was assumed to be constant
under all conditions. The initial assumption of charge-based properties
independent of salt type and concentration led to poor predictions
of MP and ternary ion passage (more details provided in SI4 and
SI5). Therefore, accounting for salt-specific properties when quantify-
ing charge-based membrane properties (effective membrane charge and
dielectric constant) was deemed crucial. Salt-specific but concentration-
independent dielectric properties of the membranes were derived based
on ternary ion retention measurements, as proposed by [67]. Respec-
tive effective charge densities of the membranes (dependent on salt
concentration) were fitted to salt passage determined during the MP
passage measurements. The fitted membrane parameters, presented in
SI6, are then kept constant in the following.

We want to illustrate that the dependency of charge-based mem-
brane fitting parameters in the DSPM&DE model on ionic solution com-
position is indeed not unexpected and has multiple potential causes.
The variation of effective charge density [44,74-77] and effective
dielectric constant [44,75,76] in modelling of ion transport through NF
membranes when using the DSPM&DE model are frequently observed.
This phenomenon is equivalent to observations by Bason et al. [78],
where ideal Donnan exclusion fails to explain observed trends in salt
permeability with salt concentration. The commonly used DSPM&DE
model does not account for concentration-dependent properties of the
membrane. To compensate for this, fitting parameters are determined
as a function of salt concentration and type. Causes for observed
concentration-dependent fitting parameters that have been discussed
are ion adsorption/charge regulation [44,74,75,77], charge screen-
ing [75] and ion association [78,79]. The potential relevance of ion
association in NF membranes has recently been stressed by Freger [79],
who addressed the fundamental flaws of current transport models,
eventually causing the need for a large number of parameters since
exact mechanisms are not fully understood. Accounting for the exact
mechanism of effective charge variation goes beyond the scope of
this work and is rather determined by fitting membrane properties
to salt passage measurements at varying concentrations. Regarding
the fitted effective dielectric constant, a strong dependency on salt
type is typically observed in contrast to salt concentration [75,76]. In
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these studies, the lower effective dielectric constant in the presence
of divalent cations, as observed in this study, was explained by the
stronger ordering of adjacent water molecules. While the fitted effec-
tive membrane charge density is assumed to represent the charge of
the membrane qualitatively, the physical relevance, especially quan-
titatively, is still questionable. Furthermore, since the parameters for
dielectric constant and charge density are negatively correlated for a
single salt in the DSPM&DE model, certain trends in parameters could
be misleading.

Based on the fitted membrane parameters and the diffusion coeffi-
cients of the MPs, the model does not accurately predict the passage of
MPs in the presence of 15 mM NaCl for both membranes. An additional
affinity parameter was introduced to account for potential specific
interactions between MPs and membrane (previously observed in other
studies [49,62]). This affinity parameter is obtained by fitting the
model to MP passage measurements in the presence of NaCl at an
ionic strength of 15mM, and is assumed to be independent of salt
concentration and type (see SI7). Preliminary results on the adsorption
behaviour of MPs on both membranes in the presence of different salts
indicate a decrease in charge-based interactions independent of salt
type, which could be caused by charge screening. Therefore, the affinity
parameter is kept constant to limit the amount of data fitting.

Before comparing the model results to experimental observations,
we want to provide the necessary theoretical background of electro-
static coupling as discussed by Yaroshchuck [58,59,73].

In the case of a dominant divalent cation with lower permeability
than the dominant anion (here Mg?*, which has a passage of about
20% in the presence of Cl~), the passage of a negative trace ion
(i.e. naproxen) is decreased while the passage of a positive trace ion
(i.e. atenolol) is increased. Passage of trace ions changes oppositely in
the presence of a dominant divalent anion with lower permeability than
the dominant cation (i.e. Soi‘, which has a passage of about 5% in the
presence of Na*).

For a monovalent dominant salt (i.e. NaCl), the change in trace ion
passage, again, depends on the ion that is determining the salt passage
(typically Cl~ for a negatively charged membrane). While the effects
in these three cases are similar, the influence of the latter case will be
much smaller compared to the cases of dominant divalent ions.

The extent of the mentioned phenomena is further determined by
the permeability of the trace ion through the membrane. A more per-
meable MP will display a larger variation in passage. A good estimate
of the permeability of an MP is the passage with no added salt. For
the dNF40 membrane, the passage of the studied MPs is below 20%,
meaning the permeability is relatively low. The theoretically predicted
influence of the dominant salts on the passage of MPs is much less when
compared to the influence on monovalent ions (Na*/Cl~). Considering
this, no passage exceeding 1 (i.e. negative retention) is expected to
occur for the MPs in the current study.

While somewhat superficial, the explanation of the qualitative influ-
ence of a dominant salt on trace ion passage via electrostatic coupling
suffices for understanding the theoretically predicted results. The in-
terplay of multi-component solutions is complex and depends on many
factors, such as membrane flux, membrane charge and ion concentra-
tion, which are discussed in much more detail in [73]. In the following,
we compare the theoretical and experimental results to evaluate the
validity of the DPSM&DE model for predicting MP passage while si-
multaneously obtaining a qualitative understanding of the electrostatic
coupling between MPs and dominant salt.

4.4.1. dNF80

In Fig. 6, we compare the theoretical and experimental passage of
MPs using the dNF80 membrane. Here, the sensitivity to the effective
dielectric constant (+3 for NaCl, +2 for MgCl,, and +5 for Na,SO,)
is displayed by means of shaded areas in Fig. 6. Since charge-based
parameters could not be determined unambiguously in the presence
of Na,SO,, it was assumed that the dielectric constant is similar to
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the one in the presence of NaCl. We hypothesise that the influence of
counter-ions (i.e. cations) on membrane parameters is more severe, as
the concentration inside the membrane is higher due to electrostatic
attraction. The sensitivity to effective membrane charge was also eval-
uated, as shown in SI8. The sensitivity estimated based on confidence
intervals of fitted parameters behaves very similarly in both cases,
again displaying the coupled nature of these two parameters.

The model does not predict any influence of salt on the passage of
atrazine through the dNF80 membrane. This agrees with the experi-
mentally observed passage with an average of 53-62% in all cases. This
variation is partially caused by changes in osmotic pressure since those
passage values were measured at constant applied pressure. Here, the
variations in flux range from 18 to 25 LMH. In diffusion-dominated so-
lute transport processes through NF membranes, the passage increases
with decreasing flux.

The unexpected lower variation in passage of sulfamethoxazole and
naproxen in the presence of different salts when using the dNF80
compared to the dNF40 membrane (see Fig. 7), is predicted by the
model. Considering the electrostatic coupling effect, this is counter-
intuitive as the general rule of thumb set previously is that the influence
of dominant salt on trace compound would be higher at greater mo-
bility of the trace compound. This is a direct result of the variation
in membrane charge depending on the type and concentration of salt

present (relatively large negative charge decreases passage of nega-
tive MPs with Na,SO, and less negative charge increases passage of
negative MPs with MgCl,). This counteracts the electrostatic coupling
effects (increase in passage with Na,SO, and decrease in passage with
MgCl,). Trends in the variation of passage with ionic strength are
not well described, though, and passage in the presence of MgCl, is
underestimated.

The model predicts the variation in passage of atenolol in the
presence of Na,SO, well. In this case, a major influence of the dominant
salt on MP passage is observed (passage drops from around 50% to
6%). However, the passage of atenolol in the presence of MgCl, is
overestimated.

Overall, the model describes experimental observations with the
dNF80 membrane qualitatively. However, the extent of passage vari-
ation for charged MPs in the presence of MgCl, is consistently overpre-
dicted.

4.4.2. dNF40

The predicted passage of MPs in the presence of a dominant salt is
compared to the experimental observations for the dNF40 membrane
(Fig. 7). Again, a conservative estimation of parameter deviation is
used to determine the sensitivity of the model prediction to these
parameters to account for potential errors in the estimation of charge-
based membrane parameters. The sensitivity of the model prediction to
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the effective dielectric constant is displayed by means of shaded areas
in Fig. 7. Sensitivity towards effective membrane charge is shown in
SI8.

Under the studied conditions, atrazine is uncharged. Therefore, the
model does not predict any influence of salts on the passage of atrazine.
This corresponds well to the experimentally observed passage with an
average of around 11-15% in all cases.

For sulfamethoxazole and naproxen, the model predicts a similar
qualitative behaviour with less variation in passage for naproxen. This
is due to the fact that naproxen is less mobile (lower passage) than
sulfamethoxazole and is, therefore, less affected by the membrane po-
tential. The influence of dominant salt is, despite the large uncertainty
in charge-based parameters in the presence of Na,SO,, surprisingly well
predicted for sulfamethoxazole. For naproxen, variation in passage is
overpredicted. Here, no clear trend can be observed in the experimental
results.

The passage of atenolol is barely affected by the presence of MgCl,,
which the model also predicts. In the presence of Na,SO, the passage
decreases from 9% to 6% (a relative decrease of permeate concentration
of about 30%), again surprisingly well predicted by the model.

It should be mentioned that model predictions account for both elec-
trostatic coupling and membrane charge variation due to the dominant
salt. The variation in charge counteracts the effects of electrostatic cou-
pling for MgCl, and atenolol (less negative membrane charge decreases
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passage of atenolol, while electrostatic coupling increases passage).
This is also the reason for the poor prediction of MP retention when
not accounting for membrane charge variation.

Overall, the model gives valuable insight into the transport pro-
cesses of MPs in NF membranes and highlights the relevance of mem-
brane charge and electrostatic coupling caused by dominant salt ions.
Although, in most cases, the model qualitatively predicts observed MP
removal behaviour, the model is not able to quantitatively predict MP
passage with sufficient accuracy. For neutral molecules with no varia-
tion expected and observed, the model properly predicts the passage.
For charged MPs things become much more complex due to clear elec-
trostatic coupling between MPs and ions while simultaneously being
affected by the variation in membrane properties. To properly predict
these phenomena, the model has to account for two important aspects.
Firstly, charge-based membrane properties have to be accurately de-
termined. This can be done by fitting to retention measurements at
varying ionic compositions. A fundamental understanding of the cause
for effective membrane property variations could reduce the extensive
amount of experiments required and allow for fully predictive model
approaches. Secondly, one has to describe both the partitioning and
mobility of MPs inside the membrane correctly. Ideally, parameters
such as the affinity introduced here should be determined more accu-
rately using separate experimental methods to determine the physical
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relevance of this parameter. Although no dependency of affinity on the
salt type was indicated in this study, one necessary variation to the
model could be implementing a salt-dependent affinity constant. To not
fully lose prediction capability by introducing another fitting parame-
ter, further studies investigating these effects more fundamentally are
recommended.

5. Conclusion

In this work, we show that dominant salts influence MP removal
by hollow fiber NF membranes due to multiple factors. The change in
MP removal depends on the type and charge of the MP, the type of
dominant salt, and the type of NF membrane used. In this study, two
commercially available NF membranes, namely the dNF80 and dNF40,
were used. The lower nominal MWCO of the dNF40 membrane resulted
in an overall higher MP removal (>85%) and lessened influence of
electrostatic coupling to salt flux on MP transport. Experimental results
suggest that MP transport through NF membranes is substantially af-
fected by the electrostatic coupling of dominant salts and trace MPs.
While the passage of uncharged MPs remained unaffected, substantial
changes in the passage of charged MPs in the presence of dominant
salts were observed. Such a change was clearly observed for atenolol
through the dNF80 membrane, where passage decreased from 36% to
6% in the presence of 5mM Na,SO,. Furthermore, varying the type
of membrane reveals that the influence of salts is partially related to
the mobility of the MP inside the membrane. It was observed that
higher passage of MPs through NF membranes under standard condi-
tions led to an increased influence of dominant salts. To further assist
the interpretation of experimental observations, a theoretical transport
model (DSPM&DE) was applied. Valuable insight was gained on the
importance of both electrostatic coupling of ions and MPs, as well as
the influence of ions on charged MP transport caused by a dependency
of membrane properties (dielectric constant and charge) on solution
composition. The results revealed that, in certain cases, these two
effects counterbalance each other, leading to a reduced influence of salt
on MP passage than expected for each phenomenon individually. The
results show the importance of the ionic background of the feed water
on the removal of MPs by NF membranes. Since substantial differences
exist between water sources, acquiring sufficient information on the
(ionic) water matrix is crucial before estimating the removal of MPs
during nanofiltration.
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