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A B S T R A C T

Mixed-matrix reverse osmosis (RO) membranes have been proposed to outperform standard polyamide thin-film composite (TFC) membranes for the production of
high-quality drinking water. We investigated the passage of 30 persistent polar micropollutants (MPs) in a pilot-scale RO system equipped with a 4-inch zeolite-
embedded thin-film nanocomposite (TFN) membrane fed with raw riverbank filtrate. Additionally, MPs passage was investigated in a bench-scale system equipped
with a 1.8-inch aquaporin-embedded RO membrane. Benchmark TFC membranes were used in both systems. In pilot-scale RO, MPs passage did not exceed 15% and
6% with the TFC and TFN membranes, respectively. In bench-scale RO, MPs passage values of up to 65% and 44% were quantified for the aquaporin and TFC
membranes, respectively, suggesting a more open structure of the 1.8-inch modules. In both RO systems, uncharged polar MPs displayed the highest passage values.
While neutral MPs of molecular weight lower than 150 Da were better removed by the TFN membrane in pilot-scale RO and by the TFC membrane in bench-scale RO,
no substantial differences between passage values of other MPs were observed. Overall, this indicated that nanocomposite and biomimetic membranes are as effective
as TFC membranes of the same module size in preventing breakthrough of polar organics.

1. Introduction

Organic micropollutants (MPs) occur ubiquitously in natural waters
[1]. Of particular concern for the quality of drinking water sources and
finished drinking water is the polar (hydrophilic) fraction of these
contaminants. Polar organics can preferentially partition into the water
phase, exhibiting high mobility within the water cycle and passing the
barriers enforced for drinking water treatment [2]. Links between ex-
posure to trace concentrations of polar MPs and disruption of biological
functions of aquatic biota have emerged [3,4], raising concern over the
adverse effects of insufficiently treated drinking water to human health
[5,6].
It is estimated that by 2025 1.8 billion people will inhabit areas

affected by water scarcity and about two-thirds of the world's popula-
tion will live in water-stressed regions as a result of the cumulative
effect of water use, population growth, and climate change [7]. Ad-
vanced water treatment processes relying on osmotic membranes are
employed by drinking water utilities to cope with the dramatic increase
in clean potable water demand. In particular, reverse osmosis (RO) has
shown great potential to remove a wide range of contaminants from a

variety of water matrices [8,9] and proved effective in eliminating toxic
pollutants in drinking water applications [10]. However, RO produces a
waste stream in which the removed (organic) solutes are concentrated
as a result of the filtration process, i.e. the RO concentrate. From an
environmental perspective, this may be considered a limitation of RO
and, if not required by law, adequate treatment of concentrate streams
should be considered prior to discharge into natural water bodies.
The passage of solutes through RO membranes is assumed to follow

the solution-diffusion model, where solutes dissolve into the membra-
ne's active layer, i.e. the outermost polymeric layer responsible for so-
lute separation, and diffuse through it along a transmembrane chemical
potential gradient [11,12]. The solution-diffusion process can be pro-
moted or hindered by various mechanisms, i.e. size exclusion [13,14],
electrostatic attraction or repulsion [15,16] and hydrophobic interac-
tions [17,18]. These mechanisms are in turn influenced by the physi-
cochemical properties of both membrane and solutes, feed water
composition and RO operating conditions [19,20].
Nowadays the most-sold RO membranes are thin-film composite

(TFC) membranes constructed in spiral-wound module configuration
[21–23]. A typical TFC membrane consists of three layers, the
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outermost active layer being in contact with the feed solution and ty-
pically consisting of cross-linked aromatic polyamide (PA) obtained by
interfacial polymerisation of 1,3-benzenediamine and trimesoyl
chloride on top of a polysulfone layer, which is in turn supported by a
polyester web. PA active layers are selective for water molecules and
exhibit a high salt rejection, whereas the layers underneath provide
support to the overall structure and increase water fluxes to the
permeate side being more hydrophilic than the active layer [22]. De-
spite PA-based TFC membranes have improved over the last decades in
terms of water permeability and salt rejection, performance enhance-
ments are limited by the permeability and selectivity trade-off re-
lationship, i.e. increasing water permeability will necessarily result in
increased solute passage [24,25]. State-of-the art low-pressure PA-
based TFC membranes serve as benchmark for any novel material de-
veloped for RO filtration [23]. The simplicity of modifying the inter-
facial polymerisation process has allowed producing mixed-matrix
membranes to pursue enhancements of RO performance, e.g. by using
organic-inorganic and organic-bioorganic composite active layers [22].
In 2007 the first thin-film nanocomposite (TFN) RO membrane was

introduced [26]. This nanotechnology-enhanced membrane featured a
nanocomposite thin layer (< 0.2 nm) produced by addition of zeolite
nanoparticles during interfacial polymerisation of amino and acid
chloride monomers. Zeolites are super-hydrophilic and negatively
charged minerals which exhibit a 3-D pore network structure. This
network serves as a sieve and it is claimed to provide a preferential flow
path for water molecules [26,27]. TFN RO membranes have been re-
ported to exhibit higher hydrophilicity and greater water permeability
than TFC membranes, while providing comparable salt rejection
[26–30]. Various nanomaterials have been used to manufacture more
permeable and fouling-resistant TFN membranes, e.g. titanium dioxide
[31], silver nanoparticles [32] and carbon nanotubes [33]. These and
other nanomaterials embedded in the active layer of TFN membranes
are discussed in detail in the scientific literature [22,29].
In the last decade there has been a growing interest in biomimetic

materials for water purification, particularly in aquaporin-embedded
RO membranes. Aquaporins are a family of integral membrane proteins
found in all three kingdoms of life at cellular level [34]. These proteins
form a pore structure that allows transport of water molecules driven by
an osmotic gradient across biological membranes while rejecting ionic
solutes [34,35]. Kumar et al. showed that recombinant aquaporin AqpZ
from a strain of E. coli remained active when incorporated in lipid ve-
sicles and exhibited permeability higher by more than one order of
magnitude compared to TFC RO membranes, highlighting the potential
benefits of developing biomimetic membranes for water treatment
[36]. Recently, mixed-matrix composite membranes with an organic-
bioorganic active layer have been successfully manufactured and mar-
keted. Several bench-scale filtration studies claimed that aquaporin-
embedded RO membranes could outperform TFC membranes in terms
of water permeability and selectivity while providing comparable salt
rejection [37–41].
To verify whether novel mixed-matrix membrane chemistry can

outperform TFC chemistry with regard to organic solute removal, the
passage behaviour of a set of 30 persistent polar MPs was investigated
in RO filtration with nanocomposite and biomimetic membranes . A
TFN membrane was tested with a pilot-scale RO system, where filtra-
tion was applied to a raw riverbank filtrate. Its performance was
compared to that of a benchmark TFC membrane. To the best of our
knowledge, this is the first study in which a commercially available TFN
membrane was used in stand-alone RO drinking water treatment ap-
plied to a raw natural water. Additionally, we characterised water
permeability, salt rejection and organic solute passage with an aqua-
porin-based biomimetic membrane in bench-scale RO filtration. The
aquaporin RO membrane performance was compared to that of a
benchmark TFC membrane. No previous studies have attempted
quantifying the passage of an extended set of polar MPs through bio-
mimetic RO membranes. The filtration experiments with aquaporin RO

membrane included two novel pollutants, i.e. trifluoromethanesulfonic
acid (TFMSA) and 2-(Heptafluoropropoxy)-2,3,3,3-tetrafluoropropionic
acid (HFPO-DA). These chemicals are emerging contaminants with high
societal relevance. TFMSA, a super acid used in industrial applications,
was only recently reported as a ubiquitous water cycle contaminant
[42]. HFPO-DA, a chemical introduced to replace perfluorooctanoic
acid after the latter was found to be persistent, bioaccumulative and
toxic [43], was recently detected in surface waters impacted by was-
tewater from fluorinated chemical manufacturing and in the drinking
water produced from it [44–46]. Besides being novel in terms of recent
discovery in the aquatic environment, both TFMSA and HFPO-DA have
not yet been investigated in RO filtration.

2. Materials and methods

2.1. Standards and chemicals

All chemicals used for this work were of analytical grade. More
details are provided in the Supplementary material (S-1). The model
polar MPs tested in this study were chosen from scientific literature
data using the following selection criteria: amenability for liquid
chromatography-mass spectrometry analysis, detection in natural
source waters, finished drinking water and RO permeates. The target
MPs selection has been previously described in the scientific literature
[47]. The list of the polar MPs is shown in Table 1.

2.2. RO membranes

For the pilot-scale filtration experiments, we chose two 4-inch
spiral-wound RO membranes for brackish water desalination. The first
membrane was the low-pressure RO (LPRO) membrane ESPA2-LD-4040
(Hydranautics, USA). The ESPA2-LD-4040 is a TFC membrane with an
active layer of cross-linked aromatic PA. This membrane served as
benchmark to assess the performance of the QuantumFlux Qfx-BW75ES
(LG NanoH2O, USA), a TFN membrane with an active layer of zeolite-
embedded PA.
For the bench-scale filtration experiments, we chose two 1.8-inch

spiral-wound tap water RO membranes. We tested the AQPRTW-1812/
150 (Aquaporin A/S, Denmark), a biomimetic RO membrane with a PA
active layer embedded with aquaporin protein water channels, and a
TW30-1812-100 (DOW Filmtech), the latter serving as a benchmark
TFC membrane. It is noteworthy that membrane modules of the same
size could not be used in pilot- and bench-scale RO filtration because a
4-inch aquaporin membrane was not commercially available when the
experiments were designed. The characteristics of all RO membranes
used in the present work are summarised in Table 2.

2.3. RO filtration systems and protocols

2.3.1. Hypoxic RO pilot (4-inch)
A pilot-scale RO system capable of keeping hypoxic conditions in

recirculation mode, previously introduced by our research group [47],
was used to investigate the removal of polar MPs by 4-inch TFN and
TFC membranes. The membranes were tested in separate runs applying
the same filtration protocol. The experiments were conducted at a
drinking water treatment plant in order to use an actual source water as
feed water, i.e. raw anaerobic riverbank filtrate. Briefly, the RO pilot
consisted of an airtight stainless steel feed water reservoir (720 L)
connected to a nitrogen supply, an immersed stainless steel coil fed with
cooling liquid from a Chilly 35 AC (Hyfra, Germany), a DPVSV 2/26 B
high-pressure pump with frequency-controlled high-speed motor (DP-
Pumps, The Netherlands) and one 4-inch membrane pressure vessel. A
schematic diagram of the pilot system is given in Fig. 1.
The feed reservoir was filled with approximately 700 L of freshly

abstracted anaerobic riverbank filtrate while being flushed with ni-
trogen. Quality parameters of the feed water measured before dosing
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the polar MPs are given in Supplementary material (Table S-2). A 2-L
concentrated solution of polar MPs was prepared as described else-
where [47] and dosed to the feed water with a SMART Digital pump
(Grundfos B.V., The Netherlands), resulting in MPs concentration be-
tween 10 and 20 μg L−1. Although these feed concentrations are higher
than those commonly quantified in natural freshwaters [51,52], sci-
entific literature data indicated that no significant differences in or-
ganic solute passage are expected between the ng L−1 and low μg L−1

range [53]. RO filtration was carried out at a fixed 15% recovery and
permeate flux was set to 25 L m−2 h−1. The feed temperature was
14 ± 0.2 °C and the feed pH was 7.0 ± 0.2. It is noteworthy that,
while low recovery values are very common to test spiral-wound
membranes in once-through mode and in pilot-scale studies [48], full-
scale RO plants are operated at higher recovery (e.g., up to 85%), as
they rely on several membrane elements in series. Increasing system
recovery results in increased organic solute passage [48] and transport

Table 1
List of model polar MPs and their physicochemical properties.

Compound Molecular weight (Da) pKa (pKb)a logD (pH 7)
a Charge Chemical classification

1H-benzotriazole 119.05 8.6 1.3 Neutral Industrial chemical
2,6-Dichlorobenzamide 188.97 12.1 2 Neutral Biodegradation product
6-Hydroxyquinoline 145.06 10.6 1.8 Neutral Biodegradation product
Atrazine 215.09 15.8 2.2 Neutral Herbicide
Barbital 184.19 7.5 0.6 Neutral Pharmaceutical
Bisphenol A 228.29 9.8 4 Neutral Personal care product
Caffeine 194.19 (−1.2) −0.5 Neutral Stimulant
Carbamazepine 236.27 16 2.8 Neutral Pharmaceutical
Chloridazon 221.04 (−1.8) 1.1 Neutral Herbicide
DEET 191.13 (−0.9) 2.5 Neutral Herbicide
Diuron 233.09 13.2 2.5 Neutral Herbicide
Diglyme 134.18 n/a −0.32 Neutral Industrial chemical
Paracetamol 151.16 0.4 1.2 Neutral Pharmaceutical
Phenazone 188.22 (−0.5) 0.9 Neutral Pharmaceutical
Phenylurea 136.06 13.8 0.9 Neutral Industrial chemical
Tolyltriazole 133.15 8.8 1.8 Neutral Industrial chemical
Triethyl phosphate 182.15 n/a 1.2 Neutral Industrial chemical
Acesulfame 162.39 3 −1.5 Negative Sweetener
Bentazon 240.28 3.7 −0.2 Negative Herbicide
Diclofenac 295.02 4 1.4 Negative Pharmaceutical
HFPO-DAb 330.05 3.8 1.34 Negative Industrial chemical
PFBA 213.99 1.2 −1.2 Negative Industrial chemical
PFBS 299.95 −3.3 0.2 Negative Industrial chemical
PFOA 413.97 −4.2 1.6 Negative Industrial chemical
Sulfamethazine 278.08 7 0.4 Negative Pharmaceutical
Sulfamethoxazole 253.05 6.2 0.1 Negative Pharmaceutical
TFMSAb 150.08 −3.43 −1.35 Negative Industrial chemical
2-(Methylamino)pyridine 108.07 (6.6) 0.7 Positive Industrial chemical
Tetrabutylammonium 242.46 n/a 1.3 Positive Industrial chemical
Tetrapropylammonium 186.35 n/a −0.4 Positive Industrial chemical

a pKa, pKb and log D calculated with Chemaxon (http://www.chemicalize.com).
b Tested only with 1.8-inch modules (aquaporin-embedded and TFC RO membranes).

Table 2
Characteristics of the selected spiral-wound RO membranes modules.

ESPA2-LD-4040 Qfx-BW75ES TW30-1812-100 AQPRTW-1812/150

Manufacturer Hydranautics LG NanoH2O DOW Aquaporin A/S
Type TFC TFN TFC Aquaporin
Active layer chemistry Polyamide Zeolite-embedded polyamide Polyamide Aquaporin-embedded polyamide
Module size (inch) 4a 4a 1.8a 1.8a

Surface active area (m2) 7.4a 7.0a 0.46a 0.46a

pH range 2 – 11a 2 – 11a 2 – 11a 3 – 10a

Maximum feed flow (m3 h−1) 3.6a 3.6a 0.46d 0.57e

Permeate flow rate (m3 d−1) 7.6b 9.5c 0.38d 0.67e

Stabilised salt rejection (%) 99.6b 99.5c 90d 96e

Molecular weight cut-off (Da) 100 – 200f,g,h N/A N/A N/A
Contact angle (o) 25 – 40i N/A N/A N/A
ζ-Potential at pH 7 (mV) -25i N/A N/A N/A
Surface roughness (nm) 89i N/A N/A N/A

NA: not available.
a Manufacturer data.
b Test conditions: 1500 ppm NaCl solution at 25 °C, 150 psi (10.3 bar), 15% recovery, pH 6.5–7.
c Test conditions: 2000 ppm NaCl solution at 25 °C, 150 psi (10.3 bar), 15% recovery, pH 7.
d Test conditions: 250 ppm softened tap water at 25 °C, 50 psi (3.4 bar).
e Test conditions: 250 ppm softened tap water at 25 °C, 60 psi (4.1 bar).
f [48].
g [47].
h [49].
i [50].
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models to calculate the impact of recovery on organic solute passage are
available in the scientific literature [54]. Filtration was conducted for
4d before taking feed and permeate samples at t = 96 h to ensure
equilibration of solute-membrane affinity interactions and avoid over-
estimating the passage of moderately hydrophobic MPs [17]. The feed
reservoir was supplied with nitrogen during sampling to minimise in-
trusion of atmospheric oxygen, which would result in precipitation of
the dissolved iron naturally occurring in the anaerobic bank filtrate and
subsequent fouling of the RO membrane. The stability of the hypoxic
conditions of the feed water was assured by an online redox potential
meter. Feed water and permeate samples (V = 200 mL; n = 3) were
collected in 250 mL polypropylene bottles and frozen immediately on
site.

2.3.2. Bench-scale RO (1.8-inch)
The bench-scale RO system consisted of a 500-L feed reservoir

equipped with a FC1200 chiller (Julabo GmbH, Germany), a DPVE2–30
frequency controlled pump (DP-Pumps, The Netherlands) and a con-
centrate valve to regulate the feed flow and pressure. Three parallel
lines allowed simultaneous filtration with different RO membranes and
recirculation of permeate and concentrate lines to the feed reservoir.
Two lines were used and equipped with a 1.8-inch TFC membrane and a
1.8-inch aquaporin membrane, respectively. The feed flow of each line
was monitored by built-in rotamers. The feed pressure was monitored
by a WIKA 342.11.250 precision pressure gauge (WIKA, Germany). The
permeate flow was determined by weighing RO permeate collected in a
glass cylinder over an exact 30-s time window prior to each sampling
events, i.e. at t = 1 h, t = 48 h, t = 72 h and t = 96 h. The feed
reservoir was filled with 400-L tap water previously filtered with Melt
Blown 1 μm filters (van Borselen, The Netherlands). A 20 mg L−1 polar
MPs stock solution was dosed to the feed water to obtain a MPs feed
concentration of approximately 40 μg L−1. TFMSA and HFPO-DA were
later added to the MPs stock as their societal relevance became clear
after the pilot-scale experiments were conducted [46]. Filtration was
carried out applying a feed pressure of 3 bar to obtain a permeate flux
of 20 L m−2 h−1 at 5% recovery for both aquaporin and TFC RO
membranes. The feed temperature was 17 ± 0.2 °C and the pH was
6.2 ± 0.1. Feed and permeate samples (V = 50 mL; n = 3) were
collected into 50-mL polypropylene falcon tubes after 4 days and kept
in the dark at 2 °C prior to analysis for not more than one month. A
schematic diagram of the bench-scale RO system is shown in Fig. 2.

2.3.3. Characterisation of 1.8-inch RO membranes
The water permeability of the 1.8-inch aquaporin and TFC RO

membranes was characterised for deionised water (DI), DI with 1 g L−1

NaCl and tap water using a test procedure routinely applied in-house.
The membranes were fitted in parallel pressure vessels and rinsed with
DI water in one-pass for 20 min. The system was reverted to re-
circulation mode to carry out pure water permeability and salt passage
tests. For pure water permeability, a feed pressure of 4 bar at a fixed
feed flow of 160 L h−1 was applied. Measurements of feed and con-
centrate pressure as well as permeate flow were taken four times with
1 h interval between each measurement. Further tests involved dosing
1 g L−1 of NaCl to the DI water and conducting RO filtration for 1 h
without changing operating conditions, i.e. with an applied feed pres-
sure of 4 bar at a fixed feed flow of 160 L h−1. For these tests, water
permeability, salt passage (expressed as EC passage), and solute per-
meability were determined by single measurements. Finally, DI was
replaced with locally available low-dissolved organic carbon (DOC) tap
water as this was the feed type chosen to assess MPs passage. This tap
water is produced from anaerobic groundwater, treated by aeration and
rapid sand filtration and distributed without disinfectant residual.
Filtration was carried out applying a feed pressure of 3 bar at a feed
flow of 160 L h−1 and the system was run for 94 h. Water permeability
was determined 1 h after starting RO filtration and subsequently at
t = 48 h, t = 72 h and t = 96 h. EC passage and solute permeability
were instead quantified by single measurements at the beginning and at
the end of the experiment, i.e. at t = 1 h and t = 96 h of RO filtration.

2.4. Chemical analysis

2.4.1. Inorganic analysis
Analysis of inorganics in the riverbank filtrate (feed water of hy-

poxic RO pilot) was performed by Vitens Laboratory (Utrecht, The
Netherlands). Chloride, ammonium, phosphate and sulphate were
measured by spectrophotometry using a method conforming to the ISO
15923-1:2013 standard. Sodium, potassium, calcium, magnesium, iron
and manganese were measured by inductively coupled plasma mass
spectrometry using a method conforming to the ISO 17294-2:2016
standard. Hydrogen carbonate was measured by titration using an in-
house method. Feed water and RO permeate pH and electrical con-
ductivity were analysed at KWR Water Research Institute (Nieuwegein,
The Netherlands) with a Radiometer PHM210 and a Radiometer
CDM83, respectively (both by Hach Lange BV, The Netherlands).

2.4.2. Organic analysis
Aliquots of 1 mL feed water and RO permeate from samples taken as

described in Sections 2.3.1 and 2.3.2 for the pilot-scale and bench-scale

Fig. 1. Schematic diagram of the hypoxic pilot-scale RO system.

Fig. 2. Schematic diagram of the bench-scale RO system.
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RO, respectively, were spiked with a mixture of isotope-labelled in-
ternal standards to obtain a concentration of 2 μg L−1. The aliquots
were filtered with a 0.22 μm polypropylene filters (by Filter-Bio, China)
and collected in 1.5 mL polypropylene vials. The samples were analysed
by liquid chromatography high-resolution mass spectrometry (LC-
HRMS) adopting a direct injection method validated for riverbank fil-
trate and surface water [55]. The method relied on an ultrahigh-per-
formance Nexera LC system (Shimadzu, Japan) equipped with a core-
shell Kinetex biphenyl column (Phenomenex, USA) with a particle size
of 2.6 μm, inner diameter of 100 Å and dimensions of 100 × 2.1 mm.
The mobile phase eluents were DI 0.05% acetic acid (A) and methanol
(B). A maXis 4G quadrupole time-of-flight HRMS (Bruker Daltonik
GmbH, Germany) equipped with an electrospray ionisation source was
operated in positive and negative mode to achieve MS detection. Un-
ambiguous identification of the MPs was based on the mass accuracy of
full-scan HRMS spectra and MS/MS spectra acquired in broadband
collision induced dissociation mode (bbCID), LC retention time (tR) and
isotopic fit. The screening parameters for the model target analytes are
provided in Table S-3.1, whereas the recoveries and limits of detection
and quantification for direct injection analysis of riverbank filtrate and
RO permeate are provided in Table S-3.2. It is noteworthy that while a
validation study for the analysis of tap water (bench-scale RO feed
water) was not performed, the robustness and applicability of direct
injection analysis to other water matrices has been previously shown
[55]. Hence, even if uncharacterised matrix effects may occur in tap
water, the measurements of the bench-scale RO feed water (n = 4) are
considered reliable to compare the TFC and aquaporin RO membranes,
which were fed in parallel in the bench-scale system. A separate chro-
matographic method was needed for the analysis of TFMSA. LC se-
paration of TFMSA was achieved on an Acclaim Mixed-Mode WAX-1
column with a particle size of 3 μm, inner diameter of 120 Å and di-
mensions of 3.0 × 50 mm (Thermo Fisher, USA). The mobile phase
eluents were DI (A) and methanol (B), both 5 mM ammonium acetate. A
10-min linear gradient at 90% B and a flow of 0.3 mL/min were used.
The sample injection volume was 80 μL.

2.5. Assessment of solute passage

The following equation was used to calculate the passage of solutes
by RO membranes:

= ×P (%) (C /C ) 100ROP ROF (1)

where CROP and CROF are the concentrations in the permeate and the
feed water, respectively.
The EC passage was calculated as:

= ×EC P (%) (EC /EC ) 100ROP ROF (2)

where ECROP and ECROF are the electrical conductivity (in μS/cm) in the
permeate and the in the bulk feed solution, respectively.
Based on the solution-diffusion model the water permeability (A) of

RO membranes was calculated by rearranging the permeate flux
equation [11,12]:

=J A ( P )W (3)

where JW is the permeate flux (in L m−2 h−1), ∆P and ΔΠ indicate the
pressure and osmotic pressure difference across the membrane, re-
spectively.
Similarly, the solute permeability (B) was calculated as:

=B J (C /C C )w ROP ROF ROP (4)

3. Results and discussion

3.1. Hypoxic pilot-scale RO

3.1.1. TFN and TFC RO membranes performance (4-inch)
In a previous work conducted with the same RO pilot it was shown

that the physicochemical properties of the MPs were significantly re-
lated to passage rate through TFC membranes [47]. These properties
were specifically size and charge, whereas hydrophobicity did not show
statistical significance difference compared to hydrophilicity. Hence,
based on these earlier findings and on other literature data, all neutral
MPs are discussed together and separately from ionic MPs.
At the moment of sampling, the TFN membrane displayed a water

permeability of 1.22 L m−2 h−1 bar−1 and an EC passage of 1.2%,
whereas the TFC membrane showed a water permeability of
1.95 L m−2 h−1 bar−1 and an EC passage of 0.9%. At a fixed feed flow
of ≈ 1 m3 h−1 the TFN membrane required a feed pressure of 19.55 bar
to match the set operating conditions, while the TFC membrane needed
13.35 bar. This was not in line with literature data, based on which a
higher water permeability of TFN membranes was expected (cf. Section
1. Introduction). A lower permeability of the TFN membrane due to
compaction was ruled out, as zeolite-embedded polyamide active layers
are reportedly less prone to undergo such modifications [30]. Hofs et al.
showed that a 4-inch seawater QuantumFlux TFN membrane out-
performed a benchmark TFC membrane in water permeability by a
factor of 2 in pilot-scale RO applied to tap water with 1 g L−1 NaCl at a
permeate flux of 15 L m−2 h−1 and 7% recovery [28]. That study found
that the TFN membrane was less hydrophilic compared to the TFC
membrane based on contact angle measurements. The TFN membrane's
lower permeability observed in our study might be supported by this
finding. While Hofs et al. used filtered tap water, we used raw riverbank
filtrate as RO feed water. DOC naturally occurs in this riverbank filtrate
at a concentration of approximately 8 mg L−1 [56]. Therefore, it could
be speculated that the TFN membrane might have exhibited higher
affinity for the hydrophobic fraction of the feed water DOC, which led
to reduced water and solute permeability [57–59]. However, flux de-
cline or membrane autopsy data to support this statement are not
available.

3.1.2. Removal of neutral MPs by hypoxic RO pilot (4-inch)
The removal of neutral MPs expressed as compound passage though

the TFN membrane and the benchmark TFC membrane is shown in
Fig. 3a. The passage profiles of neutral polar MPs followed a similar
trend. The TFN membrane, however, proved to be a more effective
barrier against neutral polar MPs, for which passage values between
0.1% and 6.1% were quantified. These values ranged from 0.1% to
14.7% when filtration was carried out with the benchmark TFC mem-
brane. The TFN membrane was more effective in rejecting neutral polar
MPs of molecular weight lower than 150 Da and comparable to the TFC
membrane for larger neutral MPs. The only exception was the plasti-
ciser bisphenol A, a neutral polar organic with a log DpH7 of 4, thus
exhibiting hydrophobic properties. Bisphenol A displayed 4.2 ± 2.6%
and 1.8 ± 0.3% passage through the TFN and TFC RO membranes,
respectively. Its incomplete removal by low-pressure TFC RO mem-
branes has been reported before by our research group [47] and in the
literature [60]. This passage behaviour may result from affinity inter-
actions with the hydrophobic membrane active layer, ultimately en-
hancing the solution-diffusion mechanism [61,62]. The higher passage
of bisphenol A through the TFN membrane could be supported by the
higher hydrophobicity of the QuantumFlux nanocomposite as measured
by Hofs et al. [28]. In order of size expressed as molecular weight, the
smallest neutral polar MPs were 1H-benzotriazole (119.12 Da) <
tolyltriazole (133. 15 Da) < diglyme (134.17 Da) < phenylurea
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(136.15 Da) < 6-hydroxyquinoline (145.16 Da). As expected, 1H-
benzotriazole displayed the highest passage through the TFC and TFN
RO membranes with values of 14.7 ± 1.7% and 6.1 ± 1.1%, re-
spectively. The second least-removed MP was tolyltriazole, which dis-
played passage values of 8.0 ± 1.5% and 4.1 ± 1.4% with the TFC
and TFN RO membranes, respectively. The third least-removed MP was
6-hydroxyquinoline with passage values of 5.5 ± 0.4% and
2.1 ± 0.4% with the TFC and TFN RO membranes, respectively.
Overall the passage-size profile displayed by neutral polar MPs was in
accordance with literature data for both the TFC [48] and the TFN RO
membranes [28]. Hofs et al. investigated the removal of 8 neutral ni-
trosamines and 21 pharmaceuticals including neutral and ionic com-
pounds by TFN and TFC membranes [28]. While both membranes
achieved excellent rejections of pharmaceuticals (> 99%), most ni-
trosamines were well rejected (> 90%) according to their molecular
weight. NDMA, the smallest nitrosamine with a molecular weight of
74.1 Da, was rejected for ≈ 62% and ≈ 74% by the TFN and the TFC
RO membranes, respectively. This was partially in accordance with our
results, as we also observed a higher passage for the smallest neutral
MPs, but in our case the TFN membrane exhibited lower passage values.

It is challenging to thoroughly compare our study to that of Hofs et al.
as we used a raw natural water as RO feed, whereas they used filtered
tap water, which is a much simpler matrix, thus less likely to cause
fouling and affect the membrane performance. Considering that similar
removal patterns were exhibited by the 4-inch membrane modules
tested with the RO-pilot, and that the TFN membrane's nanoparticle
load is estimated to be below 6 wt% [28], it could be assumed that
separation of organic solutes by nanocomposite active layers followed a
solution-diffusion mechanism through PA.

3.1.3. Removal of ionic MPs by hypoxic RO pilot (4-inch)
The passage of anionic MPs through TFN and TFC RO membranes is

shown in Fig. 3b. Excellent removal of negatively charged organic so-
lutes was observed for both membranes and passage values lower than
1% were quantified in all cases. These MPs bore a negative charge
because of deprotonation of acidic functional groups along their
structures, which had pKa values lower than the feed water pH. Like-
wise, it could be assumed that both membranes would exhibit a nega-
tive charge at feed water pH due to deprotonation of acidic functional
groups on the polyamide (nano)composite [14,19,29]. Literature data

Fig. 3. Passage of neutral polar MPs (a), anionic MPs (b) and cationic MPs (c) through TFN and TFC membranes as a function of compound molecular weight. Error
bars are shown when larger than the data point symbol and indicate the standard deviation of the measurements for n = 3 samples. Conditions: average permeate
flux 25 L m−2 h−1, recovery 15%, feed pH 7.0 ± 0.2, feed conductivity 973 ± 7 μS/cm, feed temperature 14 ± 0.2 °C.
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supported this assumption as no zeta-potential differences were ob-
served between a QuantumFlux TFN and a benchmark TFC RO mem-
branes [28]. Electrostatic repulsion with negatively charged RO mem-
branes prevents anionic MPs from dissolving into the active layer
[15,16], representing a strong factor enhancing removal by RO re-
gardless of other MPs structural properties.
Good removal of cationic MPs was provided by both membranes

tested with the hypoxic RO pilot, with passage values lower than 5% in
all cases (Fig. 3c). The TFN membrane proved to be a more effective
barrier against the smallest cationic MP, i.e. 2-(methylamino)pyridine
(109.08 Da), for which 2.3± 0.3% passage was quantified versus
4.3± 0.2% passage through the TFC membrane. In this case, the better
performance of the TFN might be attributed to the cation exchange
capacity of zeolites nanoparticles embedded in nanocomposite films
[63]. 2-(methylamino)pyridine was the smallest compound in-
vestigated in this study, nevertheless it displayed lower passage than
the second-smallest 1H-benzotriazole (119.12 Da), which was un-
charged instead. This indicated that additional solute-membrane in-
teractions, likely electrostatic, prevent small cationic MPs to dissolve
and diffuse through negatively charged (nano)composite resulting in a
lower passage compared to neutral MPs of similar size. The organic
ammonium cations were slightly better removed by the TFC membrane,
nevertheless passage values lower than 0.5% were quantified for tet-
rapropylammonium and tetrabutylammonium in all cases. For cationic
MPs, in addition to size exclusion, electrostatic sorption [16,48] and
Donnan exclusion [64] are expected to play a role in preventing che-
mical passage through RO membranes.

3.2. Bench-scale RO (1.8-inch)

3.2.1. Aquaporin and TFC RO membranes performance
Water permeability (A), salt passage, solute permeability (B) and

trade-off (A/B) of the 1.8-inch aquaporin and benchmark TFC RO
membranes are presented in Table 3. When DI water was used as feed
water, the aquaporin membrane was more permeable than the TFC by
33–35%. The higher permeability of the aquaporin membrane
(Aaquaporin = 10.22 ± 0.03 L m−2 h−1 bar−1) compared to that of the
benchmark TFC membrane (ATFC = 7.63 ± 0.12 L m−2 h−1 bar−1)
might have resulted from the water-selective protein channels em-
bedded in the bioorganic composite, although a less dense membrane
structure could not be ruled out. Upon checking the stability of the
filtration performance over 4 h, NaCl was added to the DI water to a
concentration of 1 g L−1. In these conditions, water permeability of the
aquaporin membrane decreased by 37%, whereas the TFC membrane
displayed a decrease of 26%. The TFC displayed salt passage and solute
permeability (B) higher than those of the aquaporin membrane by
nearly a factor of 2 while exhibiting half of the trade-off value (A/B).
This indicated the higher permeability of the aquaporin RO membrane

to water molecules and lower selectivity for monovalent ions in high
salinity conditions. No substantial differences in the evaluated perfor-
mance parameters were observed between the aquaporin and TFC
membranes over 96 h of RO filtration when tap water was used as feed
water. This was in contrast with the performance data reported in the
manufacturer datasheets, where the stabilised salt rejection of the
aquaporin membrane was 96% and that of the TFC membrane was 90%
(as shown in Table 2). In addition, the two membranes displayed a
comparable flux decline over time, as shown in Fig. 4.

3.2.2. Removal of neutral MPs in bench-scale RO (1.8-inch)
The passage of neutral MPs through aquaporin and benchmark TFC

RO membranes is shown in Fig. 5a. Results for barbital, atrazine and
bisphenol A are not shown as the concentrations in the feed water
decreased below their quantification limits. While this phenomenon has
been reported before for other MPs and attributed to adsorption onto
the membrane surface [65], we believe that in our case adsorption onto
the feed reservoir and pipelines of the bench-scales RO system has oc-
curred. Adsorption onto the membrane surface may be ruled out as this
phenomenon was not observed in pilot-scale RO filtration.
The order in which the neutral MPs were removed by the 1.8-inch

membranes was similar to that observed in pilot-scale RO filtration,
although the passage of uncharged polar MPs smaller than 150 Da was
higher in bench-scale. For example, while 1H-benzotriazole displayed
14.7 ± 1.7% with the 4-inch TFC membrane, values of 44 ± 4% and
65 ± 10% were quantified for the 1.8-inch TFC and the aquaporin RO

Table 3
Performance of aquaporin-embedded and benchmark TFC RO membranes (1.8-inch).

Water permeability (A) Salt passage Solute permeability (B) Trade-off (A/B)

L m−2 h−1 bar−1 % L m−2 h−1 bar−1

Aquaporin membrane DIa 10.22 ± 0.03 N/A N/A N/A
DI + NaCl 1 g L−1b 6.34 7.01 1.89 3.35
Tap water 5.43 ± 1.37c 2.4 ± 0.4d 0.39 ± 0.19d 13.92

TFC membrane DIa 7.63 ± 0.12a N/A N/A N/A
DI + NaCl 1 g L−1b 5.39b 15.52 3.96 1.36
Tap water 5.10 ± 0.94c 2.4 ± 1.1d 0.39 ± 0.23d 13.07

N/A = not available.
a n = 4 (one measurement per hour, value after the± sign indicates standard deviation of the measurements), feed pressure = 4 bar.
b n = 1, feed pressure = 4 bar.
c n = 4 (measured at t = 1 h, t = 48 h, t = 72 h and t = 96 h. Value after the± sign indicates standard deviation of the measurements) and feed pres-

sure = 3 bar.
d n = 2 (average of measurements taken at t = 1 h and t = 96 h, value after the± sign indicates the range of the duplicates).

Fig. 4. Flux decline expressed as permeate flux (L m−2 h−1) over time (h) of the
aquaporin and TFC membranes in bench-scale RO filtration.
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membranes, respectively. As feed water pH and temperature did not
differ substantially between bench-scale (pH 6.2 ± 0.1, T = 17 °C)
and pilot-scale (pH 7.0 ± 0.2, T = 14 ± 0.2 °C), the higher passage of
neutral MPs and the higher water permeability of the 1.8-inch might
have resulted from a more open structure compared to that of the 4-
inch RO membranes.
In bench-scale filtration, neutral MPs smaller than 150 Da exhibited

higher passage through the aquaporin membrane compared to the TFC
membrane. The passage of the five smallest neutral MPs, i.e. 1H-ben-
zotriazole (119,12 Da), tolyltriazole (133.15 Da), diglyme (134.18 Da),

phenylurea (136.15 Da) and 6-hydroxyquinoline (145.16 Da) ranged
according to size from 44 ± 4% to 19 ± 1% with the TFC membrane,
whereas the range for the aquaporin membrane was 65 ± 10% to
30 ± 5%. No differences were observed for larger compounds. Despite
evidence of diffusion of small neutral organics and even small peptides
through aquaporin water channels exists [66–68], MPs passage is be-
lieved to occur mostly through the PA active layer. This was recently
confirmed for aquaporin-embedded PA forward osmosis membranes
[69]. Unfortunately, further RO studies to compare the results of the
aquaporin membrane were not found in the literature.

Fig. 5. Passage of neutral polar MPs (a), anionic MPs (b) and cationic MPs (c) through 1.8-inch aquaporin and TFC RO membranes as a function of compound
molecular weight. Error bars are shown when larger than the data point symbol and indicate the standard deviation of the measurements for n = 3 samples.
Conditions: average permeate flux 20 L m−2 h−1, recovery 6%, feed pH 6.2 ± 0.1, feed conductivity 237 μS/cm, feed temperature 17 °C. Symbol overlap indicates
that concentrations in the permeate produced by both membranes were below the analytical method's quantification limit.
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3.2.3. Removal of ionic MPs in bench-scale RO (1.8-inch)
The passage of ionic MPs through the biomimetic aquaporin and a

benchmark TFC membrane is shown in Fig. 5b (anionic) and Fig. 5c
(cationic). Variations due to different concentration polarisation con-
ditions were not expected as membrane modules of the same size were
used [16] and the operating conditions were similar during the ex-
periments.
Anionic MPs were extremely well removed and exhibited passage

values lower than 1% in all cases with both membranes, except PFBS,
which displayed 4% passage with both aquaporin and TFC membranes.
The reason behind the increased passage of PFBS is currently unclear
and needs further investigation. In all cases the quantification limits
were used as permeate concentrations, leading to overlapping data
points in Fig. 5b. The passage of TFMSA through RO membranes was
quantified for the first time in the present study. The method to analyse
TFMSA was not validated due to time constraints. Nevertheless, its
output was considered reliable on the basis of linearity of the calibra-
tion series used for quantification (R2 = 0.9986) and on the standard
error of the measured samples (< 13%). TFMSA displayed passage of
0.4% with both membranes, indicating that under-the-tap RO modules
(1.8-inch) perform as well as the 4-inch membranes in rejecting small
anionic MPs.
As for cationic MPs (Fig. 5c), the ammonium cations displayed<

1.5% passage through both aquaporin and TFC RO membranes. Sur-
prisingly, the smallest cation 2-(methylamino)pyridine displayed pas-
sage comparable to that of 1H-benzotriazole with both aquaporin and
TFC RO membranes. This data did not reflect the results from pilot-scale
RO filtration. As the pilot-scale RO was fed with raw bank filtrate,
negatively charged DOC naturally occurring in this feed water might
have electrostatically adsorbed cationic MPs [70], resulting in a de-
creased passage of positively charged organic compounds.

4. Conclusions

Based on the observations from pilot-scale RO filtration applied to a
natural water, the following conclusions were made:

• The TFN membrane was a more effective barrier against neutral MPs
smaller than 150 Da and comparable for larger molecules, indicating
that the zeolite nanoparticles might act as additional sieves. The
passage differences between the TFN and TFC membranes became
narrower with increasing MPs molecular weight.
• Anionic MPs were extremely well removed by the TFC and TFN
membranes (passage values< 1%), indicating that electrostatic in-
teractions prevented solution-diffusion of these chemicals regardless
of the presence of embedded additives in the membrane active layer.
Cationic MPs were also well removed by both membranes, although
the TFN displayed lower passage of the smallest cation. For the three
cationic MPs, passage was lower than that of neutral MPs of com-
parable size, indicating a substantial contribution of electrostatic
interactions in preventing passage of small cations.

Based on the observations from bench-scale RO filtration applied to
tap water, the following conclusions were made:

• The aquaporin RO membrane was more water-permeable and ex-
hibited a lower EC passage than the benchmark TFC when deionised
water was used as feed water, suggesting both higher affinity for
water molecules and less affinity for salts. When tap water was used
as feed water, higher water permeability resulted in higher organic
solute passage, as shown by the permeability-selectivity trade-off,
highlighting the different behaviour of salts from that of organics.
• Anionic MPs were extremely well removed by the 1.8-inch modules,
proving the efficacy of RO against anionic organics. On the other
hand, small cationic MPs were more problematic with the 1.8-inch
modules regardless of membrane chemistry.

Our study indicated that while different active layer chemistry can
result in different passage values of organic solutes, commercially
available nanocomposite and biomimetic RO membranes cannot sub-
stantially outperform benchmark TFCs. More research on membrane
materials is needed to improve the performance of RO against polar
MPs and overcome the limitations posed by the permeability-selectivity
relationship trade-off.
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