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Abstract: Existing polyamide (PA) membrane synthesis protocols are underpinned by controlling
diffusion-dominant liquid-phase reactions that yield sub-par spatial architectures and ionization
behavior. We report an ice-confined interfacial polymerization strategy to enable the effective
kinetic control of the interfacial reaction and thermodynamic manipulation of the hexagonal
polytype (In) ice phase containing monomers to rationally synthesize 3D-quasi-layered PA
membrane for nanofiltration. Experiments and molecular simulations confirmed the underlying
membrane formation mechanism. Our ice-confined PA nanofiltration membrane featured high-
density ionized structure and exceptional transport channels, realizing superior water permeance
and excellent ion-selectivity.

One-Sentence Summary: Ice-confined Interfacial Polymerization Membrane for Nanofiltration

Main Text: Introduction: Membrane-based separation technologies, characterized by high
energy efficiency, low carbon emissions, and high design flexibility, have evolved into an
effective-sustainable approach for alleviating global water scarcity, environmental remediation
and resource recovery (/-4). Nanofiltration (NF) has emerged as a cost-effective membrane
separation process for efficiently rejecting small molecules and multivalent ions, showing
immense promise in wastewater treatment, water softening and purification processes (J9).

Polyamide (PA) membranes prepared via interfacial polymerization (IP) are the benchmark NF
membranes (6, 7). The nanostructures and ionization behavior of PA membranes have been
identified to play a crucial role in determining the membrane separation performance (i.e.,
permeability and selectivity). Since the rate of polycondensation reactions between organic amines
and acyl chlorides is several orders of magnitude faster than the diffusion rate of the amines in the
organic phase solution during IP, the ideal PA NF membrane architectures are hard to achieve by
conventional diffusion-dominant IP (5). Researchers have attempted to control the temperature of
the organic phase and the m-phenylenediamine (MPD) soaked substrate to adjust the transmission
rate of diamine during IP (8-77), however, the current diffusion-dominant monomer distribution
lacks spatial regulation, resulting in insufficient membrane crosslinking or growth inhibition.
Other molecular engineering approaches have been proposed by tailoring the chemical structures
of the monomers, incorporating nanomaterials with charges onto the membrane surface and
interior, and utilizing reactive monomers with ionizable groups to obtain high low-/high-valent ion
selectivity (/2).

Ice chemistry engineering is a promising approach for producing composite materials with 3D
hierarchical or anisotropic architectures, such as nacre-like ceramics (/3), cellular polymeric
composites (/4), hydrogels and aerogels (/5, 16). The ice-melting process can elegantly
manipulate the molecular packing behavior during crystalline synthesis, and the solid-liquid phase
transition significantly changes the reaction kinetics and thermodynamics of material synthesis
(17, 18). The dissolved reactants in ice can be controllably released due to the confined effect of
the ice In phase (/9). Herein, we conceived an ice-confined interfacial polymerization (IC-IP)
strategy to synthesize highly ionized 3D-quasi-layered PA NF membrane by utilizing an ice-
melting-induced ice/water phase transition. This phase transition process can deliberately control
the diffusion and reaction rates of the MPD monomers in the In "ice" phase as the confined
interface.
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IC-IP synthesis was conducted at the interface between the MPD-ice (Fig. 1A-1B and Fig. S1-S2)
and n-hexane solution (freezing point of approximately —95.3 °C) containing trimesoyl chloride
(TMC). The MPD aqueous solution was frozen at —20 °C. Subsequently, the TMC/n-hexane
solution (pre-cooled to ambient temperature) was added to the MPD-ice surface. As the frozen
MPD-ice slowly melted, MPD was gradually released. In contrast to the conventional PA NF (C-
PANF) membrane formed at the water/n-hexane interfaces with a dense heterogeneous structure
(Fig. 1C and Fig. S3-S4), the unique 3D-quasi-layered wrinkled architecture (Fig. 1D-E and Fig.
S5-S6) for ice-confined PA NF (IC-PANF) membrane can be created via ice chemistry
engineering.

Structure characterizations of IC-PANF membranes

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) measurements
demonstrated that the IC-PANF membrane with a regular wrinkled structure was relatively
rougher than the C-PANF membrane (Fig. 1D and Fig. S6), resulting in a two-fold increase in the
accessible surface area of the IC-PANF membrane (Table S1 and Fig. S7). Furthermore, the IC-
PANF membrane maintained a dominant fraction of sub-nanometer pores (Fig. S8), indicating that
the IC-PANF membrane possessed a larger water-accessible surface area for faster water transport
and well-defined selective pores. Transmission electron microscopy (TEM) revealed that the IC-
PANF membrane consisted of a packed, interconnected microporous layered internal structure
(Fig. 1E), and positron annihilation spectroscopy (PAS) measurements elucidated that the
substitution of the MPD-aqueous solution with MPD-ice resulted in a significant increase in the
fractional internal free volume of the PA layer (Fig. S9). To further probe the internal structure,
the 3D-void-microstructure was reconstructed using focused ion beam-scanning electron
microscopy (FIB-SEM), confirming that the IC-PANF membrane comprised larger microvoid
stacks of 3D-quasi layers (Fig. S10), which was consistent with the TEM and PAS results. In
contrast, the C-PANF membrane was mostly dense with no observable microscale pores or layers
(Fig. 1C). The simultaneous increase in surface wrinkles and interior microporosity was unique to
IC-PANF membrane obtained via ice chemistry engineering.
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Fig. 1. Ice-confined interfacial polymerization and PA NF membrane structure. (A)
Schematic of the IC-IP at the ice/n-hexane interface; (B) Ice In phase; TEM cross-sectional images
of the (C) C-PANF and (E) IC-PANF membranes; (D) SEM images of the IC-PANF membrane
surface under different magnifications.

Mechanism of IC-IP

To elucidate the synergistic effects of the diffusion kinetics and ice-melting thermodynamics on
the spatial architecture of the PA membrane during synthesis, the molecular mechanisms and
process characteristic timescales were investigated. Ice melting is the least hindered phase
transition, requiring the disruption of the crystalline order to achieve the liquid phase. With the
stepwise increase in temperature, the molecular diffusion rate in ice is gradually accelerated. Upon
reaching the melting point (7»), the ice began to melt and transition into a solid/liquid phase (Fig.
2A). Therefore, the formation of the IC-PANF membrane during IC-IP synthesis can be interpreted
by breaking down the MPD-ice phase temperature (7mpp-p) into four stages: 1) Turp-p <Tm, 11) Tmpp-
p =Im, 111) Tupp-p >Tm, and 1v) Turpp= T. (ambient temperature) (Fig. S11).

Compared to bulk water, the higher viscosity of a quasi-liquid layer and lower potential energy of
ice are crucial for developing a large-area wetting layer (/7, 20). Molecular dynamics (MD)
simulations revealed that TMC molecules tended to anchor on the MPD-ice surface (ice-like liquid
water layer) when reaching equilibrium at the first stage (Tvrpp <Tm, in Fig. S12-S16) (21). With
an increase in the MPD concentration in ice, more TMC molecules were anchored on the ice
surface, and a high adsorption energy (|Eads|) was achieved by hydrogen bonding and van der Waals
forces (Fig. 2B). This regulated the build-up of MPD and TMC in a planar two-dimensional space
was conducive to their polymerization in a constricted interfacial liquid layer (Fig. S12-16 and
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Table S2). In contrast, TMC and MPD reacted rapidly in a traditional IP process, making it
difficult to control the distribution of TMC at the interface. At Tvrpp=Tm, ice began to melt and
formed an ice/water-hexane interface. At this point, the diffusion kinetics and reaction
thermodynamics of TMC and MPD were vital for PA membrane formation at the ice/water-hexane
interface (22). MD simulations in Fig. 2C revealed that the MPD diffused slower at the ice/water-
hexane interface when equilibrium reached at 7. This was mainly attributed to the confinement
of MPD molecules within the ice, where the absolute value of the binding free energy between ice
and MPD (4 Gpindingtmpp-ice= —34.9 kcal mol ™), was significantly higher than the MPD with water
(4 Gpinding(mPD-water/= —14.6 kcal mol™!) (Fig. 2A), and the adsorption of TMC on the ice surface (at
Turpp <Tm) synergized with the high viscosity of the MPD-ice/water mixture (Fig. S17). In
particular, the confinement effect of ice also impacted the MPD concentration in the ice/water
phase. This can be further manifested by tracking the release kinetics of MPD monomers from ice.
As the ice started to melt, the MPD concentration initially showed a rapid increase and then
decreased during the ice-melting process (Fig. S18). The larger MPD concentration gradient and
lower MPD diffusion rate led to the formation of a loose heterogeneous macroporous structure at
Turpp =Tm (Fig. S19A). When Turpp was higher than 7w, all ice crystals melted into water, and
the MPD phase temperature increased from 7 to 7a. At this stage, the reaction rate between MPD
and TMC decreased, as demonstrated by a reduction in the Gibbs free energy (AG from —38.6 to
—42.8 kJ mol™) (Fig. 2D). MPD reacted with TMC through the gaps/channels of the previously
formed macroporous layer to create new layers via IP (/7). During the melting process, gases
dissolved in the ice were released, which was also conducive to the formation of an internal
microporous-layered structure (Fig. S11) (/1, 23, 24). The SEM results and separation
performance of the IC-PANF membrane as a function of temperature during IC-IP were consistent
with the above analysis (Fig. S19 and S20). As a result, this underpinned the formation of a 3D-
quasi-layered architecture under the coupling effects of controlled monomer diffusion kinetics and
ice-melting engineered thermodynamics during IC-IP synthesis.

The inherent structures of MPD-ice nucleation and the IC-PANF membrane strongly depended on
the MPD concentration (23, 24). Variations in 7» and enthalpy (AH») with ice melting were
monitored by differential scanning calorimetry (Fig. S21 and S22), where the 7» of MPD-ice
decreased from —0.2 to —3.0 °C, and the AHy of ice reduced from 359.4 to 87.9 J g'! as the initial
MPD concentration increased. The decrease in the number of H-bonded water molecules with
MPD at high concentrations suppressed ice nucleation. This hindered the freezing of water (Fig.
S23-S27) and prevented water molecules from forming ordered hydrogen-bond networks, which
was the geometrical basis for crystallization and lowered 7\» and AHn (25). These changes altered
the MPD concentration and diffusion rate at the interface during IC-IP synthesis for unique
membrane structure formation (Fig. S18 and S28-S29).

The freezing duration was also an essential parameter in tailoring the nucleation and crystallization
of MPD-ice, which could disrupt the distribution and release of MPD from ice. In-ice crystals were
obtained after 8 h of freezing, yielding 3D-quasi-layered architectures (Fig. 2E and Fig. S30-S33).
Shorter freezing times (0.5 h, 2 h) were insufficient to crystallize the MPD-water into ice.
Furthermore, a longer freezing time (12 h) resulted in an undesirable pore structure due to the
partial precipitation and accumulation of MPD molecules on the ice surface by MPD solute
segregation (26). Moreover, T, had a noticeable effect on the IC-IP process (Fig. S34 and S35).
Lower 7. reduced the melting rate of MPD-ice and the release of MPD. Simultaneously, owing to
the high viscosity and high surface tension of organic solvents at low temperature, the dissolution
of MPD was reduced, leading to the formation of defects on the PA membrane surface. At a higher
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T4, the melting rate of ice was accelerated during the IC-IP process and the ice-confining role was
inevitably weakened, resulting in the formation of a dense PA layer with lower water permeance.
The optimal 7 to yield 3D-quasi-layered PA membranes was 28 °C, which is similar to the
temperature deployed in incumbent processes and those used in industry.
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Fig. 2. Mechanism of IC-IP. (A) Schematic of the structural evolutions of MPD-ice and MPD-
water and the Gibbs binding free energy (AGhbinding) at Tupp-p=Tm by MD simulation; (B) The Eads
of TMC with varying concentrations of MPD-ice at the n-hexane/ice interface; (C) MD simulations
of the MPD diffusion coefficient at the initial reaction temperature for conventional IP (28°C) and
IC-IP (-2.1 °C); (D) AG for the MPD interaction with TMC from 7» to T. by density functional
theory (DFT); (E) XRD results of MPD-ice at different freezing times.

Membrane ionization behavior

The 3D-quasi-layered structure endowed the IC-PANF membrane with a high ionization density,
which was crucial for enhancing the separation efficiency of charged species in aqueous solutions.
Bulk water is a favorable medium for R-COOH ionization, in which the highly polarizable water
molecules can readily stabilize the electrostatic charge of R-COO . R-COOH intensively located
on the membrane surface and in large inherent pores (>>2 nm) satisfied the ionizing conditions
(27). The quantitative ion chromatography results verified that the associated areal R-COO™
densities significantly increased for the I[C-PANF membrane compared to the C-PANF membrane
(Fig. 3A, B). The abundant -COOH (as noted in the XPS results) on the surface and interior of the
IC-PANF membrane (Fig. S36-S38 and Table S3-S6) and the 3D interconnected layered network
with internal larger microvoids significantly amplified the exposed water-contacted surface,
promoting the ionization of R-COOH (Fig. 3A, B). Meanwhile, the areal R-NH3" densities of the
IC-PANF membrane illustrated single-pKa (pKa~9.5) ionization of R-NH3" and high areal R-NH3"
densities (Fig. 3C). Therefore, the IC-PANF membrane obtained via ice chemistry engineering
remained highly ionized over a wide pH range. The ionization behavior of the IC-PANF membrane
can be interpreted by the ionization of R-COOH and R-NH: at different pH (Fig. 3D and S39): 1)
pH<S, 2) pH=5 to 9.5, and 3) pH>9.5 At the first stage with pH<S5, all the R-NH2 was converted
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to R-NH3™ and there was no change in its ionization. As the solution pH approached 5, ionization
of surface R-COOH gradually occurred. When entering the second stage (from pH 5 to 9.5), the
surface R-COOH was fully ionized, while the interior R-COOH was subsequently ionized. In the
final stage (pH>9.5), R-NH3" was completely deprotonated (all were R-NH2). Thus, the zeta
potential of the IC-PANF membrane was lower than that of the C-PANF membrane when the
pH>5. The salt separation efficacy of the synthesized membranes as a function of the pH was
preliminarily assessed using a Na2SO4 solution (Fig. 3E). At pH<5, SO4>~ was rejected due to Na*
exclusion by R-NH3" to maintain solution electroneutrality. As the pH increased to 5, the Na2SOs
rejection reached a minimum value owing to surface R-COOH ionization. The diminished SO4>~
rejection at this point likely stemmed from the increased salt sorption. SO+~ rejection increased
substantially until pH>5 for the IC-PANF membrane, where the deprotonation of R-NH3" and
interior R-COOH significantly enhanced SO4*~ exclusion.
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Fig. 3. Ionization behavior of IC-PANF and C-PANF membranes. (A) Schematic of the highly
ionization behavior of the IC-PANF membrane segment (the 3D interconnected layered network
with internal larger microvoids amplified the exposed water-contacted surface) and a snapshot of
the diffusion of H20, Na* and SO4>™ inside the pores (green spheres for Na* and yellow spheres
for SO4>~ by molecular simulation); (B, C) Areal R-COO™ and R-NH3" density as a function of pH
by experiments; (D) Zeta potential, (E) water permeance and Na2SO4 rejection as a function of pH.
Error bars represent the standard deviations of three independent measurements.

Membrane ion-sieving performance

We further evaluated the membrane separation performance using various salts tests to explore the
structure-ionization-property relationships. Compared with the C-PANF membrane, the IC-PANF
membrane exhibited a ~four-fold enhancement in water permeance (i.e., from 6.8 t029.7 L m? h
! bar!) with an unnoticeable reduction in Na2SO4 rejection. We also compared the performance
with other state of the art PA NF membranes (Fig. 4A and Table S7) (7, 28-38). The enlarged
interconnected 3D-quasi-layered and highly ionization features endowed the IC-PANF membrane
with excellent hydrophilicity and high-water adsorption ability, resulting in fast water pathways
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with low resistance (Fig. S40-S41 and Table S8). The salt rejection of the IC-PANF membrane
decreased in the order of NaxSO4 (99.6%) > MgS0O4 (93.2%) > MgCl2 (78.3%) > NaCl (42.5%)
(Fig. 4B). The separation mechanism of the IC-PANF membrane for various salts was dominated
by the synergistic effect of Donnan repulsion, size sieving and dielectric exclusion. The higher
ionization R-COOH groups endowed the membrane with highly negatively charged densities on
the surface and interior; therefore, the Donnan repulsion for SO4*>~ was stronger than that for CI".
In addition, the ion solvation energy barrier (when ions transfer from the bulk solution to the
membrane pores with low permittivity) and the hydration radius of CI™ are smaller than that of
SO4*" (Table S9) (27, 39). As a result, the IC-PANF membrane possessed a higher rejection to
SO4* than CI” and exhibited a single NaCl/Na2SOs selectivity of up to 143.8 (Fig. S42 and Table
S10).
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Fig. 4. Salt separation performance and ion selectivity of the IC-PANF membrane. (A)
Performance comparison of the IC-PANF membrane with other state of the art membranes for
separating Na2SO4. The red star represents the as-prepared IC-PANF membrane (Table S7); (B)
The separation performance of IC-PANF membrane for various salts; (C) The water permeance,
Na2S0s rejection and the co-ion C17/SO4* selectivity of IC-PANF membrane with varying feed
concentrations. Error bars represent the standard deviations of three independent measurements.

Given that real saline water consists of a mixture of inorganic salts, we further measured the co-
ion C17/SO4* selectivity using a mixture of NaCl and Na2SOs. C17/SO4>~ separation is beneficial
for recovering valuable salt resources and obtaining clean freshwater (5). The substitution of the
MPD aqueous solution with MPD-ice achieved a six~ten-fold higher co-ion C17/SO4* selectivity
in the IC-PANF membrane compared with the C-PANF membrane (Fig. 4C and Fig. S43). When
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increasing the feed solution concentration, the electrostatic screening effects were enhanced, which
reduced the membrane charge density and weakened the electrostatic repulsion for ions, resulting
in a decline in the CI/SO4*" selectivity or salt rejection. However, owing to the lower sensitivity
to the charge densities of the highly ionization structures, the IC-PANF membrane retained a
higher C17/SO4>" selectivity and Na2SOs rejection even at high salt concentrations (Fig. 4C and
Fig. S43). The IC-PANF membrane also demonstrated excellent ion-sieving for different co-ion
systems, superior long-term separation performance, and promising antifouling properties (Fig.
S44-S48). This co-ion selectivity provides promise for brine refinement and salt reclamation. Most
importantly, our ice-confined synthesis strategy can be extended to diverse IP processes (Fig. S49-
S50).

In summary, we developed an IC-IP method to engineer the spatial architectures and ionization
behavior of PA NF membrane. The synergetic control of the reaction kinetics and thermodynamics
of ice-melting during IC-IP led to the formation of a highly ionized 3D-quasi-layered structure that
combined high water permeance and unparalleled co-ion sieving abilities. We foresee that with
the help of the presented strategy, a versatile “ice-confined” synthesis approach can enrich the
current chemistry toolbox for synthesizing membranes and diverse advanced materials.
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Fig. 1. Ice-confined interfacial polymerization and PA NF membrane structure. (A)
Schematic of the IC-IP at the ice/n-hexane interface; (B) Ice In phase; TEM cross-sectional images
of the (C) C-PANF and (E) IC-PANF membranes; (D) SEM images of the I[C-PANF membrane
surface under different magnifications.

Fig. 2. Mechanism of IC-IP. (A) Schematic of the structural evolutions of MPD-ice and MPD-
water and the Gibbs binding free energy (AGbinding) at Tvrp-p=Tm by MD simulation; (B) The Eads
of TMC with varying concentrations of MPD-ice at the n-hexane/ice interface; (C) MD simulations
of the MPD diffusion coefficient at the initial reaction temperature for conventional IP (28°C) and
IC-IP (-2.1 °C); (D) AG for the MPD interaction with TMC from 7\ to T, by density functional
theory (DFT); (E) XRD results of MPD-ice at different freezing times.

Fig. 3. Ionization behavior of IC-PANF and C-PANF membranes. (A) Schematic of the highly
ionization behavior of the IC-PANF membrane segment (the 3D interconnected layered network
with internal larger microvoids amplified the exposed water-contacted surface) and a snapshot of
the diffusion of H20, Na* and SO4>~ inside the pores (green spheres for Na* and yellow spheres
for SO4*~ by molecular simulation); (B, C) Areal R-COO~ and R-NH3" density as a function of pH
by experiments; (D) Zeta potential, (E) water permeance and Na2SO4 rejection as a function of pH.
Error bars represent the standard deviations of three independent measurements.

Fig. 4. Salt separation performance and ion selectivity of the IC-PANF membrane. (A)
Performance comparison of the IC-PANF membrane with other state of the art membranes for
separating Na2SOa. The red star represents the as-prepared IC-PANF membrane (Table S7); (B)
The separation performance of IC-PANF membrane for various salts; (C) The water permeance,
Na2SOx4 rejection and the co-ion CI/SO4* selectivity of IC-PANF membrane with varying feed
concentrations. Error bars represent the standard deviations of three independent measurements.
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