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ABSTRACT

Groundwater remediation by nanofiltration (NF) membrane is still hindered by low water
recovery due to membrane scaling. In this study, a simple NaOH-promoted interfacial
polymerization strategy was proposed to tailor the membrane asymmetric selectivity of calcium
over sulfate ions to reduce scaling potential towards high water recovery. A 0.5 wt% NaOH was
introduced during the interfacial polymerization of piperazine (PIP) and trimesoyl chloride on a
polysulfone support. The promoted interfacial polymerization reduced polyamide defects for
better rejection and enabled use of lower PIP concentrations. Enhanced hydrolysis of polyamide
layer created a more negatively charged surface with larger pore sizes to achieve asymmetrical
selectivity together with enhanced permeance. The water permeance of fabricated TFC-0.1
membrane with the aid of NaOH was 2.1 times of that for commercial NF270 membrane, while
exhibiting comparable perfluorooctanesulfonic acid rejections (>95%). This membrane also
achieved ~50% more water recovery than that for NF270 membrane under simulated gypsum
scaling condition, owing to the selective passage of calcium (low rejection of 11.4 + 0.6%). The
exemplified strategy of NaOH-promoted interfacial polymerization is facile and readily scalable,
which demonstrated strong potential towards high water recovery in groundwater remediation
contaminated by emerging pollutants.

KEYWORDS: polyamide membranes, nanofiltration, promoted interfacial polymerization,

asymmetrical selectivity, scaling resistance
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INTRODUCTION

Groundwater contamination by emerging pollutants has drawn great concerns in recent years
[1-5]. Emerging contaminants such as perfluoroalkyl substances (PFASs) were found widespread
and persistent in groundwater systems due to their high chemical resistance to environmental
degradation processes [5-8]. Perfluorooctanesulfonate (PFOS), an important type of PFASs, has
been found at varying concentrations up to 70.1 ng L ™! in water environment worldwide [9].
PFOS is bioaccumulative and toxic at trace concentrations, posing potential adverse effects on
human health [10, 11]. Therefore, the removal of PFOS from groundwater is critical for
environmental remediation.

Nanofiltration (NF) has been applied as an effective separation technology to remove PFOS
from groundwater [12-16]. Compared to other membrane processes such as reverse osmosis, NF
can be operated at relatively low pressure (<10 bar) with less energy consumption while still
maintaining a relatively high rejection of PFOS (>95%) [15, 17-19]. Despite the high removal
efficiency of PFOS, scaling of NF membranes limits the water recovery during remediation [20,
21]. Groundwater usually contains high levels of divalent ions such as calcium, magnesium and
sulfate that are often well rejected by conventional NF membranes (e.g., > 95% for sulfate and
50~95% for calcium, see Figure 1A) [22-24]. At high water recovery, the accumulation and
supersaturation of these ions in the brine can lead to severe membrane scaling (e.g., by calcium
sulfate dihydrate, gypsum), which greatly reduces water flux [25-28]. In addition, excessive
rejection of calcium may deplete the mineral content of the treated water, causing it more
corrosive and less suitable for drinking purpose [29].

To overcome the selectivity limitation of conventional NF membranes, we envision a novel

NF membrane with asymmetrical selectivity, such that calcium can freely pass through the
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asymmetrically selective membrane while sulfate and PFOS are adequately removed (Figure 1B).
This strategy would effectively divert Ca?* and SO.* into the permeate and the brine,
respectively, thereby mitigating the risk of scaling and addressing the drinking water quality at
the same time. The selectivity of an NF membrane is mainly regulated by size exclusion and
charge interaction [30-32]. However, size exclusion is not an effective way to achieve
asymmetrical selectivity due to its non-discriminative nature (e.g., reducing the pore size of the
membrane would enhance the rejection of all species). In contrast, designing a negatively
charged membrane surface is critical to ensure discriminatively high rejection of PFOS and
sulfate anions. A recent study reported a negatively charged NF membrane with alleviated
gypsum fouling by grafting sulfonate groups on membrane surface, obtaining low Ca?* rejection

of ~6% but decreased SO4*" rejections to 57.5% [33]. Another study fabricated a negatively

charged NF membrane solely using 2,2'-benzidinedisulfonic acid as the aqueous reactant and

achieved ~ 5.7% rejection of Ca?" with inhibited gypsum scaling, but also decreased SO4%
rejections to ~45% [34]. A simultaneous increase in membrane pore size can be adopted to
further reduce the rejection of calcium and to enhance the membrane permeance, thereby
overcoming the longstanding permeance-selectivity tradeoff [35].

This study reports a simple NaOH-promoted interfacial polymerization to fabricate
asymmetrically selective NF membranes. We take advantage of the catalytic effect of sodium
hydroxide during interfacial reaction (Figure S3), to effectively reduce the formation of
nanosized defects in the polyamide layer — an intrinsic problem of interfacial polymerization [36].
At the same time, NaOH can partially hydrolyze the polyamide layer to create a more negatively
charged rejection layer with larger effective pore size, thereby achieving asymmetrical selectivity

together with enhanced permeance. Scaling tests confirmed that the asymmetrically selective
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membranes were able to retard gypsum scaling, paving a new paradigm for designing high

performance NF membranes.

(A) (B)
Ca?* SO PFOS Ca? PFOS

% O _ v V () Gypsum crystal

= Negative Charge

/~ \ Polyamide layer
B W N Support membrane

Figure 1. Schematic diagrams of (A) concurrent rejections of Ca?*, SO4%~ and PFOS with severe
membrane scaling and (B) asymmetric rejections of Ca®*, SO.* and PFOS with reduced
membrane scaling.
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MATERIALS AND METHODS

Chemicals and materials. Piperazine (PIP, 99%), trimesoyl chloride (TMC, 98%), hexane
(HPLC grade), and PFOS (>98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Sodium sulfate, calcium chloride, sodium chloride, and sodium hydroxide were all analytical
reagents (AR) and purchased from Dieckmann. GenX was received in the form of
hexafluoropropylene oxide dimer acid (HFPO-DA, 330 Da) from Alfa Aesar.
Perfluorooctanesulfonic acid (PFOS, 500 Da), perfluorooctanoic acid (PFOA, 414 Da),
perfluorobutanesulfonic acid (PFBS, 300 Da) and perfluorobutanoic acid (PFBA, 214 Da) were
purchased from Sigma-Aldrich. Poly(ethylene glycol) (PEG) with molecular weights of 200, 600,
1000, 2000, 4000 and 8000 Da were purchased from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China).

Polyethersulfone (PES) ultrafiltration membrane with molecular weight cutoff of 150,000 Da
(Microdyn Nadir, Germany) was used as the support membrane and washed in 25% (v/v)
isopropanol/water solution for 1 h to remove any impurities. The PES membrane was then stored
in deionized (DI) water. A commercial NF membrane, NF270 (FilmTec Corp., Minneapolis,
MN), was received as flat sheet samples and washed by DI water prior to use.

Fabrication of thin-film composite nanofiltration membrane. The thin-film composite
nanofiltration membrane was fabricated via typical interfacial polymerization between PIP and
TMC as previously reported [37]. In brief, a PES support membrane (8 cm x 15 cm) was placed
in a customized polycarbonate container with the skin layer upward. A 0.2 wt% PIP and 0.5 wt%
NaOH mixture solution was gently poured onto the membrane and maintained for 3 min. The
excess PIP/NaOH mixture solution was then removed by a rubber roller. After that, a hexane

solution of 0.1 wt% TMC was poured onto the PES support membrane to react with PIP for 1
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min. The resultant membrane (denoted as TFC-0.2 in accordance to the PIP concentration) was
rinsed with hexane to wash out excess TMC, dried in an oven for 10 min at 60 °C and stored in
DI water prior to testing. A control polyamide NF membrane was also fabricated following the
same procedures without the addition of NaOH (denoted as TFC*). Other NF membranes with
0.1 and 0.02 wt% PIP concentrations (both with 0.5 wt% NaOH) were similarly prepared for
comparison (denoted as TFC-0.1 and TFC-0.02).

Membrane characterization. Scanning electron microscopy (SEM, Hitachi S-4800,
Germany) was conducted to examine the surface morphology of fabricated NF membranes at 5
keV. The membranes were first dried and sputter coated with gold to avoid charging effect prior
to SEM analysis [38]. The polyamide layers of fabricated membranes were characterized by
transmission electron microscopy (TEM, Philips CM100) as described in our previous study [39].
In detail, membrane samples were first embedded in a resin (Epon, Ted Pella, CA) and sectioned
into ~100 nm thick TEM sections by an Ultracut E ultramicrotome (Reichert, Inc. Depew, NY).
The sections were then placed on a copper grid and examined by TEM at 100 keV. Atomic force
microscopy (AFM, Bruker, USA) was used to determine the surface roughness and polyamide
thickness of fabricated membranes [32]. The value of root-mean-square roughness (Rq) and
height profiling data were obtained using the Nanoscope Analysis software (Bruker, MA).

X-ray photoelectron spectroscopy (XPS) was conducted to analyze the elemental
compositions on membrane surfaces using an SKL-12 spectrometer (Leybold, Sengyang, China)
equipped with a VG CLAM 4 MCD electron energy analyzer [37]. Surface functional groups
were measured by attenuated total reflection Fourier transform infrared (ATR FTIR)
spectroscopy (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA). Streaming zeta potential

(§) measurements (SurPASS 3 Electrokinetic Analyzer, Anton PaarGmbH, Austria) were also
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conducted to evaluate the surface charge over a pH range of 3—11 [37]. The water contact angles
were measured using a goniometer equipped with a video capture device (Powereach, China).
The membranes were dried in a vacuum oven for 24h prior to testing. A 5 uL of DI water droplet
was placed on the membrane surfaces and stabilized for 10s. Each membrane sample was
measured at five different locations and the average value was reported.

Membrane separation performance characterization. A cross-flow filtration setup was
used to evaluate the membrane water flux and salt rejection as previously described [40]. The
filtration cell had a membrane projection area of 2 cm x 4 cm, and the feed solution was
circulated by a gear pump (Longer Pump, China) at a constant temperature of 25 = 1 °C. The
membranes were first compacted at 5 bar with DI water as feed solution for 1 h prior to each
experiment. The pressure was reduced to 3.5 bar when measuring the water flux with feed

solutions containing different solutes. The membrane flux was calculated based on Equation 1,

4

J:
AXAt

1
where J (L m™2 h™?) is the water flux, V (L) is the volume of per meate, A (m?) is the membrane

area, and At (h) is the testing time. The water permeance (A) was calculated based on Equation 2,

_J
AP-AT

A (2
where A (L m~2 h™ bar?) is the membrane water permeance, AP (bar) is the applied hydraulic
pressure, and Az (bar) difference of osmotic pressure between feed and permeate.

Charged and neutral solutes were used to evaluate the separation performance of fabricated
membranes. Single salt solutions of sodium chloride (NaCl), calcium chloride (CaCl), and

sodium sulfate (Na,SO.) solutions, each at 1 g L%, was used for the charged solutes rejection

tests. The rejection of salts was determined by measuring the conductivity of the feed and
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permeate solutions (Ultrameter 11, Myron Company, Carlsbad, CA) and calculated using
Equation 3,

Rz(l-%) x 100% 3)
where R is the salt rejection, Cp is the permeate solution conductivity and Cs is the feed solution
conductivity. An asymmetric rejection index was defined as the ratio of sulfate rejection over
calcium rejection based on single salt rejection test to reflect the asymmetric separation
capability of membranes. The sulfate rejection was obtained from the rejection of Na>SO4
solution (1 g L), and calcium rejection was obtained from the rejection of CaCl, solution (1 g
L.

PEG (molecular weight of 200, 600, 1000, 2000, 4000 and 8000 Da) samples each at 0.2 g L~
L was used to evaluate the membrane separation performance following similar procedures to the
salt rejection test. The permeate and feed concentrations of PEGs were determined by a total
organic carbon (TOC) analyzer (TOC-L CPH, Shimadzu, Japan) [41].

The organic micropollutant rejections of PFOS, PFOA, GENx. PFBS and PFBA were also
evaluated for fabricated membranes towards environmental remediation. After membrane
compaction, retention of PFOS was examined with a feed solution containing 200 pg L of
PFOS in DI or 5 mM NaCl solution. The filtration process was continued for 3 h prior to the
sample collection. The concentrations of the micropollutants in the feed and permeate samples
were analyzed by UPLC-MS/MS (Agilent 1290 system. Santa Clara, CA) with C18 column
(Eclipse Plus, Agilent), and the MS/ MS quantification was obtained by an API3200 mass
detector (AB Sciex, MA) [42].

Scaling experiment. Scaling tests were performed without permeate recycling to mimic the

volumetric concentrating of the brine and to evaluate the maximum allowable water recovery of
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the fabricated membranes. For each test, a new membrane coupon was first compacted at 5 bar
for 2 h with DI water (25 £ 1 °C) as the feed solution. After compaction, the feed solution was
switched to a scaling solution composed of 10 mM (584 mg L) NaCl, 20 mM (2220 mg L?)
CaCly, and 10 mM (1420 mg L) Na2SOaat pH of 7.0 + 0.1, corresponding to a saturation index
of 0.7 with respect to gypsum. The contaminants were not added in the scaling solution due to
high ionic strength for accurate measurement using UPLC-MS/MS. The hydraulic pressure was
then adjusted to 4.4 bar to maintain an initial permeate water flux of ~ 80 L m2 h. The
permeate was continuously weighed by an electronic balance and recorded by the computer at 1
min interval. The scaling test was continued until the permeate flux decreased below 20 L m2 h-
1 due to gypsum scaling. The water recovery was calculated by the mass ratio of the permeate
over the initial feed. The commercial nanofiltration membrane NF270 was also tested as a
benchmark following the above procedures, except at a pressure of 6.7 bar to obtain a similar
initial permeate flux of 80 L m2 h't. The Ca?* and SO+~ concentrations in the feed and effluent
solutions at different recoveries were quantified by an inductive coupled plasma optical emission
spectrometer (ICP-OES, Optima 8 x 00, PerkinElmer) and ion chromatography (CDD-10Avp,
Shimadzu).
RESULTS AND DISCUSSION

Mechanistic roles of NaOH on interfacial polymerization. The participation of NaOH
during the interfacial polymerization significantly altered the polyamide morphology (Figure 2).
The control TFC™ membrane exhibited typical nodular surface morphology for PIP-based
polyamide nanofiltration membranes (Figure 2A), which was similarly demonstrated in literature
[43, 44]. With the addition of 0.5 wt% NaOH, the corresponding TFC-0.2 membrane exhibited a

more pronounced nodular morphology of polyamide selective layer (Figure 2E). A previous
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paper reported the formation of Turing-like structure under reduced interfacial polymerization
rate [24]. In the current study, the accelerated interfacial polymerization process resulted in
larger polyamide film thickness making typical nods morphology more pronounced. Future
studies are needed to further investigate the underlining mechanisms regulating these
morphological features. TEM images also showed thicker polyamide film for TFC-0.2 compared
to TFC* (Figure 2B and 2F). The thickness of polyamide film for TFC-0.2 membrane was ~ 130
+ 1.5 nm compared to 15.0 £ 2.6 nm for TFC* membrane based on AFM analysis (Figure 2C
and 2G), confirming the promoted interfacial polymerization with NaOH addition. The surface
roughness of TFC-0.2 membrane is 9.9 = 0.5 nm (Figure 2H), which is also slightly larger than
7.9 £ 0.8 nm for TFC* membrane (Figure 2D), indicating the promotional effect of NaOH as
well. The polyamide formation is through condensation polymerization between amine and acyl
chloride groups, which generates acid as a reaction byproduct [45]. The addition of NaOH
neutralizes the acid generated from the IP reaction and therefore facilitates this condensation
polymerization, leading to faster polyamide formation with potentially less defects. The change
of polyamide thickness with NaOH addition was more significant than that for roughness,
demonstrating that the promotion of interfacial polymerization was relatively uniform over the

whole membrane surface.
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Figure 2. (A, E) SEM images of top membrane surface, (B, F) TEM cross sectional images of
polyamide and polysulfone support, (C, G) AFM height profiling of polyamide and (D, H) AFM
roughness of polyamide for TFC* and TFC-0.2 membranes. (The isolation of polyamide film
was conducted by carefully removing the non-woven supported layer of NF membrane, followed
by dimethylformamide washing repeatedly to dissolve the polyethersulfone. The isolated
polyamide film was finally dried in an oven at 60 °C for 10 min for further AFM analysis [32].)

To further exemplify the promotional effect of NaOH, we also performed an interfacial
reaction between PVA and TMC. Compared to the amine functional groups in PIP, PVA
contains less reactive hydroxyl functional groups that normally do not form an intact rejection
layer with TMC (Figure S3B) [46]. Nevertheless, a dense polymer film was formed in the
current study when NaOH existed (Figure S3C), demonstrating the promotional effect in
catalyzing the polymerization between hydroxyl and acyl chloride groups. A recent study also
demonstrated that NaOH can catalyze the interfacial polymerization between glucose and TMC
to fabricate nanofiltration membrane with ~95% Na>SOa rejection [47].

In parallel to the catalysis effect, high NaOH concentration can also partially hydrolyze the
polyamide rejection layer [45, 48]. This hydrolysis effect was confirmed by XPS results, which

showed an increase of carboxyl groups from 26.3 + 0.5% for control TFC* membrane to 34.1 +

0.6% for TFC-0.2 membrane (Figure 3A and 3B). The major increase of carboxyl content can be
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attributed to the hydrolysis of polyamide by NaOH. This hydrolysis further created a more
negatively charged membrane surface due to the additional carboxyl functional groups, with the
zeta potential curve for TFC-0.2 membrane becoming more negative compared to that for TFC”
membrane (Figure 3C). Corresponding, the isoelectric point shifted from 3.8 for control TFC*
membrane to 3.3 for the TFC-0.2 membrane. At the same time, zeta potential measurement could
be affected by factors such as membrane morphology [49]. Therefore, we further measured the
carboxyl group density for TFC* and TFC-0.2 membranes (Table S1). The COO™ density for
TFC-0.2 was 99 + 6 nm™, which was ~2.7 times of 33 + 7 nm™ for TFC* membrane, indicating
the addition of sodium hydroxide during interfacial polymerization can greatly boost the
membrane negative charge (Table S1). This hydrolysis effect would create a less dense rejection
layer with enhanced negative charge, which promotes asymmetrical rejection of anions (S04

and PFOS) over cation (Ca?*) with reduced scaling potential (Figure 1B).
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Figure 3. XPS spectra (A) O peak spectra with carboxyl and amide peaks fitting for TFC”
membrane and (B) O peak spectra with carboxyl and amide peaks fitting for TFC-0.2 membrane;
(C) Zeta potential curves for TFC* and TFC-0.2 membranes between pH 3 — 11 (The
background solution was 1 mM KCI).

PEG rejection tests were used to evaluate the effect of NaOH addition on the intrinsic
polyamide rejection property since their rejection is not influenced by membrane surface charge.
The rejections of PEGs were slightly lower for TFC-0.2 compared to control TFC* membrane,

indicating enlarged pore size for TFC-0.2 membrane (Figure 4). The pore size of TFC*
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membrane is 0.55 + 0.01 nm, and the pore size of TFC-0.2 membrane is 0.65 £ 0.03 nm
(determined according to our previous method [40]). The pore size has slightly increased by
addition of NaOH during interfacial polymerization. The possibility of potential defects
formation was excluded through contaminants rejection test with increased rejections of all five
emerging contaminants for TFC-0.2 membrane (Figure S7). Therefore, the higher rejection of
TFC-0.2 membrane was likely due to reduced defects within polyamide layer, which is
consistent with the promotional effect of NaOH on the growth of polyamide (Figure 2E) and
PVA-TMC reaction (Figure S3C). Our study revealed the dual functions of NaOH on
simultaneously (1) promoting polyamide formation with potentially reduced defects and (2)
hydrolyzing polyamide layer with enhanced negative surface charge. This strategy ensures high
removal of target contaminants (PFOS and SO4> anions). At the same time, it diverts Ca?

cations through the looser and more negatively charged membrane.

100.0 —
i
800 } P
°~\Cf L
= 600 |
e .
8 40.0
'g I —TFC*
200 r —TFC-0.2
00 1 1 1 1 1 1 1
0 500 1000 1500 2000

Molecular weight (Da)

Figure 4. PEG rejections with different molecular weight (200, 600, 1000 and 2000 Da) for
TFC* and TFC-0.2 membranes. (The rejection test was separately conducted for each PEG at an
operating pressure of 3.5 bar and a feed concentration of 0.2 g L ™).

Membrane permeance and separation property. The pure water permeance for TFC-0.2

membrane was lower compared to control TFC* membrane (Figure 5A) due to the promoted
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polyamide growth with increased water permeation resistance (Figure 2E). The promotional
effect of NaOH could allow the use of lower PIP concentrations to achieve optimized membrane
water permeance without significant loss of rejection. The pure water permeance increased to
29.0+0.7 L m2h?tbar? (TFC-0.1) and 54.0 + 0.5 L m2hbar? (TFC-0.02) compared to 11.5
+ 0.2 L m2htbar! (TFC-0.2) (Figure 5A). In addition, the pure water permeance of TFC-0.1
and TFC-0.02 were respectively 2.1 and 3.9 times of that for commercial NF270 (Figure 5A),
demonstrating great potential for practical applications.

Asymmetric rejection between calcium and sulfate was also accomplished with NaOH
assisted interfacial polymerization. For Na,SOa, both TFC" and TFC-0.2 membranes exhibited
high rejections (> 98%) due to the relatively large size and negative charge of sulfate ions
(Figure 5B) [50]. On the contrary, the CaCl> rejection for TFC-0.2 decreased to 25 + 0.7% versus
44 + 7% for TFC™ membrane (Figure 5B). This lower rejection of CaCl, for TFC-0.2 mainly
resulted from its negative surface charge and a more porous polyamide backbone due to the
hydrolysis effect of NaOH. Therefore, the selectively passing of Ca?* enabled decreased CaCl,
rejection, proving the successful tuning of the asymmetric selectivity.

Reducing PIP concentration to 0.1 wt% (TFC-0.1) obtained even lower CaCl> rejection (11.4
+ 0.6%) by generating a looser polyamide network, which was much lower than 41.1 + 0.3% for
NF270 (Figure 5B). Its Na2SO4 rejection remained relatively high (96.1 + 0.6%), which can be
attributed to the favorable electrostatic repulsion. Further lowering PIP concentration to 0.02%
(TFC-0.02) achieved even lower CaCl; rejection (3 £ 0.1%) accompanied by decreased Na>SO4
rejection (53.3 + 0.1%). Conventional membrane modification methods to enlarge membrane
pore size by decreasing PIP concentration often tend to generate defect sites, leading to

significantly reduced solutes rejection [51, 52]. Due to this low Na>SOxs rejection, this membrane
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is not suitable for the targeted asymmetrical removal of contaminants in the current study. In all
cases, the PFOS rejection was maintained over 90%. The TFC-0.2 and TFC-0.1 membranes also
showed increased rejections for other emerging contaminants compared to that for TFC*
membrane (Figure S7), which might result from the minimized defects and enhanced hydrolysis
in polyamide rejection layer during sodium hydroxide promoted interfacial polymerization. The
asymmetric rejection index, defined as rejection ratio of Na;SO4 over CaCl», was 8.5 + 0.6 for
TFC-0.1 meaning 8 times more SO4>~ was rejected over Ca?* (Figure 5C). In contrast, both the
conventional TFC* and the commercial NF270 had an asymmetric rejection index of 2-2.5,
indicating less efficiency in separating SO4%>~ from Ca?". Both TFC-0.1 and TFC-0.02
membranes surpassed the upper bound compared to existing literature on nanofiltration
membranes in terms of water permeance and asymmetric separation performance (Figure 5D).
The asymmetric rejection index was selected as it is straightforward to show the separation
effectiveness between sulfate and calcium. At the same time, we also present the Bca?*/Bsos®
values of all membranes in Figure S8 in the supporting information. Although the ratio of solute
permeance coefficients is often used to characterize solute/solute selectivity, it is worthwhile to
note that a high Bca®'/Bsos® does not guarantee a good separation of the two species. For
example, when both Bca?* and Bsos?" are sufficiently small (<< water flux J), the two species are
both well rejected by the membrane since the intrinsic rejection of a membrane is given by
J/(J+B).[53] High anion/cation asymmetrical rejection was preferred in current study. However,
in some other applications (e.g., water softening), a high cation/anion asymmetrical rejection

might be needed (i.e., anion/cation asymmetrical rejection << 1).
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Figure 5. (A) Pure water permeance, (B) NaxSO4, CaCl, and PFOS rejections, (C) Asymmetric
rejection index (SO4*/Ca?") for TFC®, TFC-0.2, TFC-0.1, TFC-0.02 and NF270 membranes
and (D) Comparison of asymmetric rejection performance of fabricated membranes with the
upper bound trade-off for TFC membranes in literature. (The filtration experiments were
conducted at an operating pressure of 3.5 bar; The Na,SO4 and CaCl, aqueous solutions were
separately tested each at 1 g L™!; The PFOS rejections were separately tested at a concentration
of 200 pg L™).

Water recovery with asymmetrically selective membrane upon scaling. The TFC-0.1
membrane was adopted for the scaling test and benchmarked with the commercial NF270
membrane based on the comparable PFOS rejections. Without permeate recycling, the water
fluxes of TFC-0.1 and NF270 membranes gradually attenuated (Figure 6A) due to the increasing

osmotic pressure from the concentrated feed solutions over time. For each membrane, the water

flux declined sharply when the water recovery exceeded certain threshold value, which was
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caused by severe membrane scaling (Figure S12A and S12B). Nevertheless, the threshold water
recovery for TFC-0.1 membrane was ~60%, which was much higher than that for commercial
NF270 of ~40% (Figure 6A). The delayed scaling property of TFC-0.1 membrane was more
evidently demonstrated by the scattered small size gypsum crystals on membrane surface at 40%
water recovery (Figure 6B), while NF270 membrane surface was mostly covered by large pieces
of gypsum crystal clusters (Figure 6C).

The difference in water recovery mainly resulted from the selective passage of Ca®* for TFC-
0.1 membrane, which was the main component for gypsum scaling [54]. The permeate Ca?*
concentration for TFC-0.1 was about two times higher than that for NF270 at different water
recoveries (Figure 6D). The selective passage of Ca®* enabled a greater amount of permeate
water to be produced before reaching critical supersaturation with respect to gypsum. The
permeate concentrations of SO4% remained very low before the occurrence of severe scaling
(Figure 6E). However, the occurrence of membrane scaling caused dramatically increased SO4*
passage through both membranes, which can be attributed to the cake-enhanced concentration
polarization inside the gypsum cake layer [55]. Overall, the TFC-0.1 membrane with improved
asymmetric selectivity of Ca* over SO4>~ (Figure 3C) effectively enhanced the maximum water
recovery under scaling condition (Figure 4A). Besides higher water recovery, the highly
permeable TFC-0.1 membrane can be operated at lower pressure of 4.4 bar compared to 6.7 bar

for NF270 with a comparable water flux, which could also help lower the energy consumption.
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Figure 6. (A) Water flux decline curves for TFC-0.1 and NF270 membranes during scaling tests
at different recoveries, (B) Ca?* and (C) SO4* concentrations in the influent (In) and effluent (Eff)
solutions for TFC-0.1 and NF270 membranes. (Operating pressure of 4.4 bar for TFC-0.1 and
6.7 bar for NF270; scaling solution composed of 10 mM (584 mg L) NaCl, 20 mM (2220 mg
L) CaCly, and 10 mM (1420 mg L) Na,SOs (saturation index of 0.7) at pH of 7.0 + 0.1)
Implications. In this study, a simple promoted interfacial polymerization with NaOH was
introduced to tailor the membrane asymmetric selectivity of calcium over sulfate ions to reduce
scaling potential towards high water recovery. The dual functions of NaOH in promoting
polyamide polymerization with less defects and enhanced hydrolysis were fine tuned to enable
comparable PFOS removal compared to commercial NF270 membrane, while yielding higher

water permeance and lower gypsum scaling potential. The designed polyamide membranes

demonstrated strong potential for high water recovery in groundwater remediation contaminated
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with emerging pollutants. While the definition of the optimal ratio of anion/cation asymmetrical
rejection is beyond the current scope of this study, further investigations are still needed to study
the ratio of membrane anion/cation asymmetrical rejection in practical groundwater remediation.
The exemplified strategy of NaOH promoted interfacial polymerization also shed light in
tailoring membrane asymmetric selectivity at low cost and can be readily applied for industrial

manufacture.
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