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Nanofiltration (NF) membranes have the potential to significantly advance resource recovery efforts where
monovalent/divalent ion separation is critical, but their utilization is limited by inadequate stability under
extreme conditions. “Base separation”—i.e., separating hydroxide from other ions—has emerged as an essential
approach in resource recovery, enabling the extraction of multivalent anions (e.g., carbonates and phosphates)
from hydroxide-rich streams. There is a particularly high demand for membranes capable of separating car-
bonates from hydroxide-rich CO, capture solvents and phosphates from hydroxide-rich adsorbent regeneration
solvents. However, conventional polyamide NF membranes degrade during long-term exposure to alkaline
conditions, limiting their application in extreme conditions. In this study, alkaline-resistant polyelectrolyte
membranes are fabricated by depositing alternating layers of polycation, poly(diallyl dimethylammonium
chloride) (PDADMAC), and polyanion, poly(sodium 4-styrenesulfonate) (PSS) to a polyethersulfone substrate.
The membranes are tested for hydroxide/carbonate and hydroxide/phosphate separation performance, as well as
performance stability during prolonged exposure to highly alkaline conditions. Results indicate that higher feed
solution pH improves carbonate and phosphate rejection by promoting ion deprotonation and strengthening
electrostatic repulsion from the negatively charged membrane. In contrast, increasing carbonate and phosphate
concentrations in the feed solution reduces the rejection due to charge screening. The six-bilayer PDADMAC/PSS
membrane removes more than 99 % of carbonates and phosphates while allowing extensive passage of hydroxide
at pH 13. Stability tests confirm that PDADMAC/PSS membranes maintain excellent ion selectivity over four
weeks of exposure to pH 13 KOH, whereas commercial polyamide NF membranes degrade within one week.
These findings highlight the potential for PDADMAC/PSS membranes to advance critical resource recovery ef-
forts, providing a durable and effective solution for applications under extreme conditions.

1. Introduction

Base recovery processes are increasingly recognized as vital tools in
resource recovery and sustainability. These processes generally aim to
purify hydroxide streams by removing target species from spent
hydroxide-rich solutions. Basic solutions are widely employed as
cleaning agents due to the high solubility of OH™ in water and their
effectiveness in dissolving chemical species when used as absorbent
regenerants, cleaning agents, or leaching solutions (Gésan-Guiziou et al.,
2007). Sustainable operation hinges critically on the regeneration of
caustic solutions, highlighting the dual advantage of recycling — eco-
nomic efficiency and reduced environmental footprint from the
discharge or treatment of caustic solutions. Case studies investigating
caustic recovery in various industries, including chitin production, dairy
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processing, the mercerization of cotton in the textile industry, and the
recovery of hemicellulose from wheat bran and barley husks, have
underscored the promise of membrane filtration processes in both
removing dissolved species and concurrently purifying and recovering
caustic solutions (Arkell et al., 2013; Merin et al., 2002; Zhao and Xia,
2009). These base recovery processes often involve complex mixtures of
OH", suspended solids, organic matter, and salts.

In certain applications, the separation of OH™ from other anions
serves as not only as a means of caustic solution recovery but also the
purification and concentration of the anions as the product. For illus-
tration, two such examples are provided here. One promising way to
perform direct air CO5 capture is to use hydroxide-rich solutions as
environmentally friendly capture solvents (versus most amine-based
solvents). The OH™ ions in solution react rapidly with CO, to form
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water soluble carbonates. This reaction ‘captures’ CO, from the atmo-
sphere and temporarily stores it in the capture solvent. The conventional
method of regenerating KOH or NaOH capture solvents involves heating
the solution to 800 °C to thermally decompose K2CO3 (NazCO3) into K20
(Nay0), which reacts with water to generate KOH (NaOH) (Kar et al.,
2018). Ideally, a OH™ separation process should more efficiently
regenerate the capture solvent while concentrating the captured car-
bonates for further processing. In the second example, hydroxide sepa-
ration is also essential for the recovery of phosphate from adsorbents.
Phosphorus, an essential mineral for human health and key component
of fertilizer, is primarily obtained from mining phosphate rock and thus
considered an exhaustible resource (Cooper et al., 2011). Various pro-
cesses have been developed to recover phosphorus from wastewater to
mitigate eutrophication and promote resource circularity (Conley et al.,
2009; Geissler et al., 2018). However, adsorption remains the most
practical approach to recover phosphorus from a low concentration
stream and reduce the effluent phosphorus concentration to below 5 mg
L™! (Geissler et al., 2018; Sena et al., 2021). Hydroxide-rich solutions
are widely reported as the most effective adsorbent regenerants to
release phosphate species at high pH (Sena et al., 2021). Similar to the
CO, capture process, phosphate species must be recovered and
concentrated for further treatment while the basic solution is ideally
recycled and reused. Nanofiltration (NF) is a promising approach for
base recovery, particularly for its ability to perform multi-
valent/monovalent ion separations. NF membranes have shown signif-
icant potential in applications such as water softening and lithium
extraction from magnesium-rich brines (Labban et al., 2017; Li et al.,
2023; Song et al., 2016; Wang et al., 2023). In the context of lithium-ion
battery recycling, lithium can also be recovered by leaching spent
cathodes with a concentrated base (Ferreira et al., 2009; Joshi et al.,
2024; Su et al., 2024). An NF membrane capable of separating the
leached cations from lithium, and recovering lithium as lithium hy-
droxide, could eliminate numerous costly steps in the typical lithium-ion
battery recycling process (Su et al., 2024). However, base recovery ef-
forts in lithium-ion battery recycling, direct air CO5 capture, and phos-
phorus recovery from adsorbents face a common challenge: the lack of
commercially available NF membranes that offer both strong ion-ion
selectivity and long-term stability in caustic solutions.
Poly(piperazine-amide) membranes are the state-of-the-art NF
membranes, offering high water permeance and outstanding separation
performance. The poly(piperazine-amide) active layer is prepared using
interfacial polymerization between piperazine and trimesoyl chloride.
However, carbonyl carbons in polyamide bonds are electron deficient
and susceptible to nucleophilic attack, rendering the polyamide active
layer vulnerable to degradation outside of mild conditions (3 < pH < 10)
(Huang et al., 2020; Ma et al., 2015; Paul and Jons, 2016; Yang et al.,
2022). Ideally, NF membranes employed for base recovery should
maintain performance stability during long-term exposure to alkaline
conditions. Beyond alkaline stability, an ideal membrane for base
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recovery should have low OH™ rejection and high rejection to multi-
valent anions (e.g., CO%_ and PO?;_) to concentrate the CO%‘ or PO;~
ions in the retentate and recover OH in the permeate to the greatest
extent possible. Although not specifically tested for hydroxide separa-
tion, alkaline-resistant NF membranes have been developed in recent
years. The replacement of trimesoyl chloride with cyanuric chloride in
the organic phase during interfacial polymerization yields poly
(s-triazine amine) NF membranes, which are stable in base for much
longer time than are polyamide NF membranes (Bai et al., 2022; Lee
etal., 2015; Lee et al., 2017). However, cyanuric chloride is less reactive
than trimesoyl chloride, does not yield active layers with a high negative
charge density optimal for base recovery separations, and is primarily
targeted toward removal of multivalent cations from aqueous mixtures
(Bai et al., 2022; Just et al., 1995; Thurston et al., 1951; Yu et al., 2020).
Polyurea NF membranes are more promising for base recovery separa-
tions, featuring ultra-stable, negatively charged active layers capable of
>90 % multivalent anion removal; however, their water permeabilities
do not approach that of state-of-the-art NF membranes (Zhang et al.,
2021; Zhang et al., 2022).

One promising approach for developing alkaline-resistant mem-
branes is based on layer-by-layer (LbL) deposition of oppositely charged
polyelectrolytes. In polyelectrolyte NF (PE-NF) membranes, the active
layer is formed by the electrostatic attraction between polyanions and
polycations, eliminating the reliance on covalent bonds that may
degrade under extreme conditions. However, PE-NF membranes are not
all inherently stable under extreme pH conditions. To achieve alkaline-
resistance, a PE-NF membrane should comprise polycations and poly-
anions that retain their respective charge under alkaline conditions.
Thus, alkaline-resistant NF membranes could be fabricated using
oppositely charged strong polyelectrolytes (i.e., polyelectrolytes whose
degree of ionization are independent of pH). Poly(dia-
llyldimethylammonium chloride) (PDADMAC) and Poly(sodium 4-styr-
enesulfonate) (PSS) are both strong polyelectrolytes and PE-NF
membranes composed of PDADMAC/PSS have proven stable in both
acidic and basic conditions (Elshof et al., 2020).

In this study, PDADMAC/PSS membranes are fabricated and evalu-
ated for performance stability in hydroxide/carbonate and hydroxide/
phosphate separations. The dependence of separation performance,
particularly ion-ion selectivity, on the number of bilayers and solution
conditions including pH, carbonate or phosphate concentrations, and
carbonate/hydroxide or phosphate/hydroxide molar ratios, is exam-
ined. The performance stability of PDADMAC/PSS and commercial
polyamide NF membranes (NF270) are compared to demonstrate how
each membrane resists alkaline hydrolysis and changes in separation
performance.
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Fig. 1. Schematic representation of the LbL assembly process on a negatively charged PES substrate.
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Fig. 2. (A) PM-IRRAS spectra of the 2, 4, and 6-bilayer PDADMAC-PSS films on a carboxylic acid-terminated gold surface, (B) thicknesses of 2,4, and 6-bilayer
PDADMAC/PSS membranes on Si/COOH-terminated surfaces as determined by ellipsometry, (C) zeta potential as a function of deposited PDADMAC-PSS bi-
layers, and (D) single solute rejection (3 g L™!) of relevant species (K2ZHPO4, KHCO3, and KOH). The feed solution pHs were 9.4 for K,HPOy, 8.3 for KHCO3, and 12.7

for KOH.

2. Materials and methods
2.1. Materials

Hydrophilic polyethersulfone (PES) ultrafiltration (UF) membranes
manufactured by Microdyn Nadir with a molecular weight cutoff
(MWCO) of 50 kDa were purchased from Sterlitech. PES UF supports are
reportedly stable during long term exposure to pH 0-14 solutions. Pol-
ycation and polyanion solutions, PDADMAC (MW: 200-350 kDa, 20 wt
% in H0) and PSS (MW: ~200 kDa, 30 wt% in H30), respectively, were
both purchased from Sigma Aldrich, Inc. MgSO4, KOH, KHCO3, KoCOs,
and KoHPO,4 were all provided by Sigma Aldrich, Inc. Deionized water
was used to prepare polyelectrolyte solutions and feed solutions. 11-
Mercaptoundecanoic acid (95.0 %) was purchased from Sigma-
Aldrich, Inc. and 10-undecenyltrichlorosilane (10-UTS, 97.0 %) was
obtained from Gelest, Inc. Anhydrous toluene (99.8 %) was purchased
from Sigma Aldrich, Inc. H302 (30.0 %), H2SO4 (> 95.0 %), HCI
(36.5-38.0 % w/w), KMnO4 (>99.0 %), and NalO4 (> 99.8 %) were
purchased from Thermo Fisher Scientific, Inc. Single-side polished,
boron-doped p-type silicon wafers (100) were purchased from Univer-
sity Wafer Inc. and Pure Wafer, respectively, with the latter used as a
substrate for gold deposition. Chromium-coated tungsten rods were
purchased from R.D. Mathis. Gold shot (99.9 %) was obtained from J&J
Materials.

2.2. Polyelectrolyte membrane fabrication

PES UF supports were soaked in DI water at 20 °C for at least 12 h to
remove any impurities and to completely wet their pores and surfaces.
Pre-soaked PES UF supports were immersed in the polycation solution (1
g L7} PDADMAC, 7 g L™} MgS0y) for 25 min, then immersed in a DI
water solution for 5 min to remove any loosely bound polyelectrolytes
from the membrane surface (Fig. 1). Then, the membranes were
immersed in the polyanion solution (1.5 g L™ PSS, 10 g L™! MgS0y) for
25 min and rinsed with DI water for 5 min to complete the fabrication of
one PDADMAC/PSS bilayer. Rinsing solutions were regularly refreshed
to prevent cross-contamination of the polyelectrolyte solutions. The LbL
process was repeated until the desired number of bilayers was achieved.
Upon completion, the membranes were dried under a fume hood at
room temperature for at least 12 h before testing.

2.3. Preparation of carboxylic acid-terminated surfaces

Carboxylic acid-terminated gold and silicon substrates were fabri-
cated as described in Sections S1.1 and S1.2 to mimic the negatively
charged PES surface. The LbL process was performed on each surface
under identical conditions as specified in Section 2.2. The substrates
were used to fabricate PDADMAC/PSS membranes for Polarization
Modulation Infrared Reflection Absorption Spectroscopy (PM-IRRAS)
and ellipsometry, as these characterizations could not be directly



J.L. Livingston et al.

conducted on PES substrates.

2.4. Zeta potential measurements

Zeta potential measurements (SurPASS electrokinetic analyzer) were
performed directly on PDADMAC/PSS membranes prepared on PES UF
supports. Before beginning measurements, the pH of a 1 mM KCl solu-
tion was manually increased using a dilute solution prepared from KOH
pellets (Sigma Aldrich). HCI (0.1 M) was added dropwise to the elec-
trolyte solution to reduce the pH of the solution from alkaline to acidic
throughout the duration of the experiment. The SurPASS measured the
zeta potential four times at several points within the pH range of
interest.

2.5. Membrane testing

The separation performance of PDADMAC/PSS membranes was
tested using stainless steel crossflow filtration cells with an effective
surface area (A) of 7.1 cm?. The applied pressures were monitored by
pressure gauges in each line. All membranes were compacted at 6 bar for
1 h before performing pure water permeance or rejection tests. Pure
water permeance (L m~2 h™! bar™!) was calculated by measuring the
volume of DI water that permeated through membrane (AV) over a
certain time period (At) at an applied pressure (AP):

AV

PWP = 1
WP AAtAP M

Single salt rejection (R) was determined by measuring the conduc-
tivity in the feed (Cr) and permeate (Cp) solutions:

R-(1- &)

Each pure water permeance and solute rejection test was performed
under the same conditions (AP = 6 bar, T = 20 °C). Ion-ion selectivity
(S4/8) is the ratio of the feed concentration-normalized molar fluxes
between the two species to be separated (A vs. B, or in our case, OH vs.
CO3~ or PO} ):

(2)

3

where Js (Jg), Cra (Crp), and Ry (Rp) are the molar flux, molar con-
centration, and rejection for species A (B), respectively. Hydroxide re-
jections were determined by measuring the pH of the feed and permeate
solutions and converting the pH to OH™ concentration. The carbonate
and phosphate concentrations were determined by performing titrations
using an automatic titrator (Fisher Scientific’s Orion Star T910 pH

A

o
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Titrator). During the titration, a known volume of sample was carefully
titrated from the initial pH to the endpoint using 1 M HCI as a titrant.
Samples were tested immediately after filtration tests to prevent CO5
dissolution into alkaline samples. Titration methods are commonly used
to detect the concentration of carbonates and phosphates in mixtures.
Generally, acid-base equilibrium and charge balance expressions can be
utilized to quantify the molar concentration of carbonates or phosphates
in samples (Figueira et al., 2023; Li et al., 2011; Morgante et al., 2024;
Salvatore and Salvatore, 2014). A MATLAB-based program was used to
analyze the titration curve from the automatic titrator and calculated
the carbonate and phosphate concentrations. The equilibrium expres-
sions and charge balance expressions used to analyze the titration curve
are in the Supporting Information.

3. Results and discussion
3.1. Membrane properties and NF performance

The IR spectra reveal the successful incorporation of PDADMAC and
PSS into each polyelectrolyte multilayer membrane, as evidenced by
peaks at 1468 em! (-CHs bending in PDADMAC), 1184 em ! (sym-
metric -SO3- stretching vibrations), and 1040 cm ! (asymmetric -SO3-
stretching vibrations) (Fig. 2A) (Eneh et al., 2020; Yang et al., 2002).
The thickness of the COOH-terminated surface (1.6 nm) was subtracted
from total thicknesses of the 2, 4, and 6-bilayer membranes to obtain
PDADMAC/PSS multilayer thicknesses of 32.1 + 2.2, 63.5 £+ 1.8, and
81.0 £ 2.0 nm (Fig. 2B). Throughout the entire pH range, the 6-bilayer
PE-NFM is the most negatively charged, while the 2-bilayer membrane is
the least negatively charged. The increase in zeta potential as the elec-
trolyte solution grows more acidic is commonly observed in PDAD-
MAC/PSS membranes and is potentially attributed to H' adsorption to
the negatively charged membrane surface (Cheng et al., 2018; Junker
et al., 2023; Wang et al., 2021). Membranes for base recovery separa-
tions should be highly negatively charged to maximize the Donnan
exclusion mechanism and minimize the impact of charge screening as
the feed solution concentration increases. Between pH of 7 and 11.5, the
zeta potential of 2, 4, and 6 bilayer membranes remains relatively
constant, likely because PDADMAC and PSS are classified as ‘strong’
polyelectrolytes that are fully ionized under neutral and basic conditions
(Fig. 2C). Thus, any appreciable changes in ion rejection as the pH of the
feed solution increases should not be attributed to changes in membrane
charge density.

Pure water permeance is the highest in 2-bilayer membranes (6.9 +
0.3Lm 2h ! bar ') and lowest in 6-bilayer membranes (4.2 + 0.2 L
m 2 h™! bar™!) due to the increasing water transport resistance as
membranes grow thicker (Fig. 2B and 2D). K;HPO4 and KHCOj3
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rejections increase with the number of PDADMAC/PSS bilayers. KsHPO4
rejection increases from 61.4 % using the 2-bilayer membrane to 89.1 %
using the 6-bilayer membrane (Fig. 2D). Similarly, KHCOj3 rejection
increases from 26.9 % to 44.8 % (Fig. 2D). Less drastic increases in KOH
rejection were observed as the number of bilayers increases, with the 2,
4, and 6-bilayer membranes achieving only 16.2 %, 16.9 %, and 24.9 %
KOH rejection, respectively (Fig. 2B). Comparing the single salt re-
jections of KHCO3 and KoHPO4 to KOH does not fully inform how mixed
salt systems would perform under alkaline conditions; the 6-bilayer
membrane rejects less than 50 % of KHCOs3 at pH 8.3 but its perfor-
mance improves drastically as the pH of the feed solution increases.

The size and charge of phosphate and carbonate species vary
significantly as the pH of the feed solution increases. Thus, the ion
transport and separation performance are strongly dependent on phos-
phate and carbonate speciation. Since the net valence of carbonate and
phosphate species increases with pH, a negatively charged membrane is
expected to reject these anions more effectively as the pH increases.
Carbonate and phosphate speciation is detailed in the Supporting In-
formation (Fig. S1). As pH increases, steric exclusion is expected to be
enhanced due to the increased hydrodynamic radii of ions with a higher
valence; Donnan exclusion is stronger due to increased electrostatic
repulsion of ions from the membrane surface, and dielectric exclusion
increases due to increasing valence with pH. For simplicity, all car-
bonate species will be referred to as tot-C (total molarity of carbonate
species) and all phosphate species will be referred to as tot-P (total
molarity of phosphate species) throughout the rest of this paper. The
molarity of carbonate and phosphate solutions (feed and permeate) are
quantified using the titration method. Similarly, the KOH/KHCO3 and
KOH/K2HPO4 separations will be simply referred to as OH™ /tot-C and
OH" /tot-P separations.

3.2. Hydroxide/Carbonate separation

The number of PDADMAC/PSS bilayers has a marked impact on
OH" /tot-C separation performance. The 2-bilayer membrane is the least
effective; the rejection of carbonate species only marginally increases
with the pH and remains less than 40 % under all conditions (Fig. 3A). At
pH 11, the 2-bilayer membrane rejects 27.1 + 0.8 % of carbonate species
and 8.1 £ 2.4 % of OH, yielding very low OH™ /tot-C selectivity
(Fig. 3B, selectivity marked by the dashed lines). Increasing the feed
solution’s pH to 12 marginally increased carbonate rejection to 33.9 +
0.9 % but resulted in a negative OH rejection of —33.2 + 2.1 %
(Fig. 3A).

Negative ion rejection is a widely reported phenomenon that often
occurs when a highly excluded co-ion cohabitates the feed with a
smaller, more mobile co-ion (Li et al., 2011; Xuerui et al., 2024). In our
case, the small counter-ions (H" or K") are attracted to the negatively
charged membrane and face minimal steric and dielectric exclusion
resistance partitioning into the active layer. Co-ions must also travel
through the membrane with the counter-ions to maintain electro-
neutrality in the membrane phase and permeating solution. When one
co-ion species is highly excluded from the membrane (in our case CO3 ),
the more permeable co-ion species preferentially pairs with the
counter-ions. In other words, the need to maintain electroneutrality in
the permeate increases the driving force for OH™ transport and accel-
erates its transport across the membrane.

Ion transport behavior is more complicated at pH 11 because the feed
solution contains three co-ions that must be considered: CO%’, HCOs3,
and OH™ (Fig. 4). All three species are reactive and exist in equilibrium
with one another. At lower pH, HCO3 is more abundant and is a source
of proton as the pH increases. At pH 11, 12.5 % of carbonate species exist
in the HCO3 form with the remaining 87.5 % in the CO% form (Fig. S1A,
S1C, and 4). Both PDADMAC/PSS and commercial NF270 membranes
can discriminate between carbonate species and exhibit positive OH™
rejection at pH 11. HCO3 is more mobile than CO3~, and its selective
transport lowers the CO%’ /HCO3molar ratio inside the membrane pores
relative to the feed solution. As a result, the reactive HCO3 is driven to
re-establish equilibrium in its new environment. Models describing
water and ion transport through NF and RO membranes predict that
acid-base equilibrium reactions are very rapid compared to ion trans-
port, allowing such reactions to take place within the confined envi-
ronment of the pore (Biesheuvel et al., 2020; Dykstra et al., 2014). The
HCO3 species donate protons to OH™, forming H»O and thereby
reducing the pH of the permeate stream. Experimental results in similar
systems have also observed sizable reductions in the permeate pH when
both HCO3and CO% are present and attribute the lower permeate pH to
the re-establishment of carbonate equilibrium within the pores (Padilla
and Saitua, 2010; Zhu et al., 2007). However, the interplay between
HCO3/C03%" species selectivity and reactive transport is less pronounced
when a membrane rejects both HCOzand co3~ very well. For example,
the commercial NFO0 membrane rejects >99 % of all carbonate species
at pH 11 and exhibits negative OH™ rejection (Fig. $3). In this case, OH™
is the only anion capable of maintaining electroneutrality in the
permeate, ultimately accelerating OH™ transport across the membrane
and increasing the pH of the permeate solution relative to the feed so-
lution (Fig. S3).
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At pH 12, nearly all carbonate species are in the divalent anion form,
minimizing HCO3driven reactive transport (Fig. 4). As such, negative
OH’ rejection is observed at pH 12 for the 2-bilayer membrane (Fig. 3A).
At pH 13, the carbonate rejection of the 2-bilayer membrane increases to
39.2 + 6.0 % while OH™ rejection is —4.9 & 0.7 % (Fig. 3A). The tot-C
rejection continues to increase with the pH because carbonate species
face increasingly greater Donnan exclusion from the membrane as they
deprotonate into the divalent anion form (Fig. S1A and S1C). However,
the OH™ rejection is less negative at pH 13 than it is at pH 12. The
counter-ions (K") provided by highly excluded co-ions (CO%’) are
responsible for promoting the transport of lesser excluded co-ions (OH™)
through the membrane. When CO3~ is present at much greater con-
centration than OH™, the counter-ions provided by CO3~ are abundant
and their transport in turn drives the trans-membrane transport of a
significant portion of OH™ to the permeate, thus leading to negative
rejection. However, increasing the pH by a unit decreases the tot-C/OH ™
molar ratio by a factor of 10. The tenfold increase in OH™ concentration
reduces the driving force (i.e., K*/OH™ molar ratio, Fig. 4) and thus
reduces the proportion of OH™ from the feed solution required to travel
across the membrane with K to maintain electroneutrality.

The 2-bilayer membrane is loose and incapable of precise separa-
tions, so the magnitude of negative rejection and Soy- /i¢—c are low
under all conditions investigated (Fig. 3B). The 4-bilayer membrane
performs better than the 2-bilayer membrane, but tot-C rejection ap-
proaches only 63.4 + 7.7 % at pH 13 while Soy- ;¢ remains below 5
(Fig. 3A and 3B). The OH™ /tot-C separation is much more effective using
the 6-bilayer PDADMAC/PSS membrane. The 6-bilayer performs better
than the 2 and 4-bilayer membranes, exhibiting tot-C rejections > 99 %
at pH 13 and >85 % at pH 12. Higher tot-C rejection in 6-bilayer
membranes is attributable to the increased Donnan (electrostatic)

A

o

exclusion of carbonate from a more negatively charged membrane sur-
face (Fig. 2C) and the enhanced steric exclusion of ions from membranes
with smaller pores. The rejection of OH™ is the most negative for the 6-
bilayer membrane due to enhanced ability of the membrane to reject
co%~ (Fig. 3A). Therefore, Soi- /wor—c €xceeds 10 at pH 12 and exceeds
100 at pH 13. The OH /tot-C separation was the most selective at pH 13
where the 6-bilayer PDADMAC/PSS membrane rejected virtually all the
tot-C species. In the context of carbon capture, the pH of KOH capture
solvents typically exceeds 12 (Bandi et al., 1995; Keith et al., 2018;
Rouxhet et al., 2022).

The impact the tot-C/OH™ molar ratio has on separation perfor-
mance is investigated using the best-performing 6-bilayer membrane
(Fig.5). Tot-C rejection increased with the pH but decreased with
increasing tot-C concentration in the feed solution. Charge screening is
more severe as salt concentration increases, limiting the role Donnan
mechanism plays in excluding co-ions (Fig. 5A). Consequently, the tot-C
concentration and feed solution pH also influence OH™ rejection. For
each tot-C concentration investigated, OH™ rejection decreased from
positive to negative when the pH was increased from 11 to 12 (Fig. 5A).
A minimum OH™ rejection was observed at pH 12 for the lower con-
centrations (3 and 6 g of tot-C L’l), but behavior deviated from this
trend when the feed solution concentration was 12 g tot-G L1,

At the highest tot-C concentration, OH™ rejection was less negative at
pH 12 than it was for the lower tot-C concentrations. The tot-C rejection
increased to nearly 90 % when the pH of the feed solution was 13
(Fig. 5A). High tot-C rejection, along with the presence of more
permeable counter-ions (i.e., K1) at the highest tot-C concentration,
enhanced the driving force for accelerated OH™ transport through the
membrane relative to the lower concentrations. As such, OH™ rejection
was more negative than it was at pH 12 (Fig. 5A). Overall, the Sop- /tot—c
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for 3 and 6 g tot-C L' are comparable due to similar trends in tot-C and
OH rejection (Fig. 5B). The Soy- /¢ decreased with lower pH and was
around 1 at pH 11 due to similar rates of OH™ and tot-C rejection
(Fig. 5B). With the same pH, the Soy- o, Was the lowest at the highest
tot-C concentration (Fig. 5B) because of the reduced rejection of tot-C
and the generally less negative OH™ rejection at lower tot-C concen-
tration (except for 12 g tot-C L7!at pH 13).

3.3. Hydroxide/Phosphate separation

The same principle governing OH /tot-C separation applies to the
OH /tot-P separation. Specifically, multivalent anion rejection gener-
ally increases with the pH and the number of PDADMAC/PSS bilayers.
Since the net valence of phosphate species is higher than the net valence
of carbonate species from pH 11-13, which results in a higher charge
and larger hydrated radius for phosphate species, the OH™ /tot-P sepa-
ration is generally more effective than the OH™ /tot-C separation. At pH
11, 98 % of phosphate species exist in the HPO?( form (Fig. S1B, S1D,
and S2). Thus, negative OH™ rejection is observed for each membrane.
The OH™ rejection at pH 11 is approximately —100 % with both the 2
and 4-bilayer membranes and —183.2 + 11.2 % with the 6-bilayer
membrane (Fig. 6A). Phosphate species rejection increases from 60.1
+ 2.8 % (Sou- jwt—p ~ 5) with the 2-bilayer membrane to 85.8 + 1.6 %
(Son- /tot—p ~ 20) with the 6-bilayer membrane, making separation at pH
11 fairly effective (Fig. 6A and 6B).

The 6-bilayer membrane is even more effective at a higher pH due to
the increased valence of phosphate species. The 6-bilayer PDADMAC/
PSS membranes remove ~95 % of tot-P at pH 12 (Soy-i0c—p > 45) and
nearly all tot-P at pH 13 (Soy- /tor—p > 100) (Fig. 6A and 6B). In fact, the
2, 4, and 6-bilayer membranes are equally capable of separating OH™
from phosphates (82 % in the form of PO3 ") at pH 13 due to the sig-
nificant difference between the two species in the extent of Donnan,

A B

dielectric, and steric exclusion (Fig. S1B and S1D).

The 6-bilayer membrane performs similarly for low tot-P concen-
trations (3 and 6 g tot-P L™ (Fig. 7A and 7B). The separation is very
effective under these conditions (Soy- /or—p > 20) and produces high-
purity OH™ streams at pH 13 (Fig. 7B). Since tot-P rejections are
similar for 3 and 6 g tot-P L™}, the extent of negative OH™ rejection is
greater when the tot-P concentration is 6 g tot-P L™! (Fig. 7A). The
multivalent-monovalent anion molar ratio in the feed solution again
proves critical in establishing the driving force for accelerated OH™
transport across the membrane. Charge screening at 12 g tot-P L~}
lowers tot-P rejection, limiting the extent of negative OH™ rejection and
magnitude of Sopy-/—p (Fig. 7B). However, the tot-P concentration
would begin with a small fraction of 12 g L™} in practical applications,
(Bacelo et al., 2020) thus a high tot-P concentration is only relevant
toward the end of the module when the tot-P is concentrated to a great
extent.

3.4. Alkaline stability of the PDADMAC/PSS membranes

The fabricated PDADMAC/PSS membranes retained their ability to
perform base recovery separations for at least 28 days, while the poly-
amide NF270 membrane performance began to decline after 3 days of
exposure to pH 13 KOH solutions (Fig. 8A and 8B). The pH of the storage
solution has minimal impact on the stability of strong polyelectrolyte
pairings, as both PDADMAC and PSS remain fully ionized at pH 13.
Instead, the solution molarity poses a greater threat to the structural
integrity of PE-NF membrane selective layers (Han et al., 2012).
PDADMAC/PSS membranes are shown to experience significant mass
loss when the molarity of a storage solution exceeds 2 M, though this
threshold may vary depending on the nature of the salt used (Digby
et al., 2022; Han et al., 2012; Klitzing et al., 2004). In this case, the
relatively low ionic strength (0.1 M) is insufficient for competing ions to
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Table 1
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Summary of the salt rejection, water permeance, and alkaline solution exposure conditions for various alkaline-resistant nanofiltration membranes.

Permeance
After
Lm2htbar )

Permeance Before
(Lm2h!bar

Membrane Composition

Salt Rejection Before (%)

Salt Rejection
After (%)

Exposure Conditions Ref

PVA-APES-1.0 0.67 0.69 98.5°
PEI-0.3/PP-0.2/PDI-0.2 0.65 1.3 99.0°
PEI/CC-PDI 1.3 2.7 99.1 %°
MPD-tBrMeB 1.2 1.7 67.3 %°
PVA-SMPTES 2.2 2.9 96 %*
PDADMAC/PSS 12.5 10.6 95.5°
PEI-0.4/PDI-0.25 2.5 2.6 97.6"
PES-g-PAA 1.5 3.6 95.6°
PES-g-PDMAPS 2.4 3.4 88.4°
PDADMAG/PSS 4.2 6.8 99.2 %°
99.5 %4

97.12 4 % w/v NaOH (Zhang et al., 2014)
(30 d)
94.6° 20 % w/v NaOH (390 d) (Zhang et al., 2022)
96.0 %” 20 wt% NaOH (Zhao et al., 2023)
(150 d)
69.9 %° 0.1 M NaOH (Asadi Tashvigh et al., 2021)
(33d)
95.3 %* 0.1 M NaOH (Zhang et al., 2015)
(30d)
96.1° 0.1 M NaOH (Elshof et al., 2020)
(66 d)
91.8" 20 % w/v NaOH (Zhang et al., 2021)
(365 d)
85.9% 2 M NaOH (30 d) (Guo et al., 2024)
77.8% 2 M NaOH (Guo et al., 2024)
90.9 %° 0.1 M KOH This Work
96.1 %4 (28 days)

Notes: a refers to NaySO4 rejection, b refers to MgSO4 rejection, c refers to tot-C rejection when the feed solution pH is 13, and d refers to tot-P rejection when the feed

solution pH is 13.

disrupt the polyelectrolyte pairings and compromise the active layer.

By day 8, rejections of all ions by the NF270 membrane approached
0. The poor stability of the NF270 membrane is attributable to the
irreversible amide bond hydrolysis which de-crosslinks the polyamide
active layer and renders these membranes unsuitable for base recovery
applications. Fluctuations in tot-C and tot-P rejections over the weeks
were attributed to natural variations in our PDADMAC/PSS membrane
samples prepared for the study (Fig. 8A and 8B).

Each week, three fresh membrane samples were removed from the
pH 13 KOH solution for testing (Fig. 8A and 8B). The PWP of the 6-
bilayer PDADMAC/PSS membrane increased beyond 6 L m~2 h™!
bar~! after one week of exposure to pH 13 KOH solution but stabilized
near this value for the entire exposure test of 28 days (Fig. 8C). The
increase and subsequent stabilization in water permeance is attributed
to the wetting, relaxation, and rearrangement of polyelectrolyte chains
in water. In contrast, the control membrane (day 0) was stored dry after
fabrication and tested without exposure to aqueous conditions. The
NF270 membrane active layer undergoes significant changes
throughout the exposure test. By day 8, PWP increases from 14.7 + 0.7
to nearly 300 L m~2h~! bar! (i.e., over 20 times of the initial flux),
which suggests the polyamide active layer has been fully destroyed
(Fig. 8C).

Table 1 details the performance and stability of NF membranes
designed to retain multivalent anions. Several membranes demonstrate
exceptional resistance to alkaline hydrolysis and maintain impressive
salt rejections during exposure to alkaline conditions. Notably, poly-
electrolyte membranes combine stability with moderate to high per-
meances, showcasing their potential for efficient base separations. The
PDADMAC/PSS membranes developed for this study maintained
outstanding performance in the OH™ /tot-C and OH™ /tot-P separations,
underscoring their suitability as robust, high-performance candidates
for alkaline separations processes.

4. Conclusion

In this study, we investigated the fabrication and performance of PE-
NF membranes for base recovery and concentration of the multivalent
anions (phosphate and carbonate) in the context of nutrient recovery
and carbon capture. Below are the key observations from both separa-
tions of carbonate and phosphate from hydroxide ions:

(1) Increasing the pH of the feed solution improves selectivity due to
the impact carbonate or phosphate speciation has on ion parti-
tioning and transport.

(2) The selectivity is higher at low-to-moderate concentrations of
phosphate or carbonate because a very high phosphate or car-
bonate concentration undermines the Donnan exclusion and the
rejection of the multivalent anions.

(3) PDADMAC/PSS membranes have superior stability (in terms of
water flux and ion rejections) as compared to commercial poly-
amide membrane (NF270) under long-term exposure to alkaline
conditions.

The fabricated PDADMAC/PSS membranes were capable of retaining
> 90 % of tot-C and tot-P species while achieving negative rejection of
OH" for up to four weeks at pH 13. Overall, our work demonstrates the
potential of using polyelectrolyte-based alkaline-resistant NF mem-
branes for recovering base and concentrating multivalent anions in
sustainability applications.
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