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ABSTRACT: Polyamide thin-film composite membranes are critically
important in combating global water scarcity. However, simultaneously
achieving ultrafast water permeation and high solute rejection remains
challenging due to their thick, dense separation layers. Herein, we
demonstrate a simple yet versatile strategy to modulate the
nanostructure of the polyamide separation layer, particularly the
abundance and interconnectivity of free volume, by adopting well-
designed aqueous monomers. The key is introducing methyl groups
onto the conventional piperazine monomers, which accelerates trans-
interfacial diffusion and decreases the ensuing amidation reaction rate.
This leads to the formation of a thinner separation layer composed of
more linear polyamide fragments, where the methyl groups, serving as
“molecular pillar” sites, weaken the intra- and interchain interactions to
prevent their dense stacking, thereby creating a more interconnected free volume network. One prepared membrane exhibits a very
high water permeance of 57.8 ± 2.8 L m−2 h−1 bar−1 along with a satisfactory per- and polyfluoroalkyl substance rejection over 90%,
as well as superior resistance to compression. This molecular-level microstructural engineering provides a new route and
fundamental insights into the scalable production of high-performance separation membranes for emerging contaminant removal.
KEYWORDS: nanofiltration, interfacial polymerization, polyamide membrane, free volume network, permeability−selectivity trade-off,
PFAS removal

■ INTRODUCTION
Nanofiltration (NF) membranes, characterized by their
subnanometer separation precision, are pivotal for water
treatment and resource recovery.1−3 Their efficacy in removing
emerging contaminants (ECs), such as per- and polyfluoroalkyl
substances (PFAS), has driven extensive research and
application.4−6 These membranes are typically fabricated by
forming a thin selective layer on a porous substrate via the
interfacial polymerization (IP) technique. This gold-standard
technique exploits the self-limiting kinetics and the self-healing
nature of the in situ polycondensation reactions usually
between bifunctional amines (e.g., piperazine, PIP) and
trifunctional acyl chlorides (e.g., trimesoyl chloride, TMC),
which results in a mechanically robust polyamide film as the
selective layer with tunable separation properties.7−9 Despite
decades of significant progress, a fundamental challenge
persists: the well-known trade-off effect between water
permeance and solute rejection,10,11 which severely limits the
efficiency and sustainability of NF membrane processes for the
removal of emerging contaminants.

Conventional strategies to break this trade-off effect have
primarily focused on extrinsic morphological engineering on
several nanoscales. These include reducing the selective layer

thickness by constructing intermediate layers12−15 or increas-
ing the effective filtration area through forming crumpled
surface morphologies16−20 or incorporating nanoporous
materials.21,22 Although effective, these strategies do not
substantially improve the intrinsic mass transfer properties of
the polyamide material itself, limiting further performance
enhancement. Recent nanoscale 3D reconstruction has
revealed the internal inhomogeneity of polyamide layers,
showing that water molecules preferentially permeate through
low-density, high-free-volume regions.23 This insight suggests
that enhancing free volume abundance and interconnectivity
can create more permeation channels, leading to intrinsically
superior mass transfer properties of polyamide materials.24−26

However, the rapid kinetics of interfacial polymerization
typically trap polymer chains in a dense, nonequilibrium
state, while strong interchain interactions (e.g., hydrogen
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bonding and van der Waals forces) further promote dense
packing of formed polyamide chains.27−30 The combined effect
results in a polyamide matrix with restricted free volume and
poor interconnectivity, forcing water molecules to overcome
successive energy barriers during permeation.31−34 Achieving
precise control of the free volume network in polyamide layer
remains a significant challenge. From the perspective of the
free volume formation process, attenuating dense polymer
chain packing by weakening interchain interaction�for
instance, through the strategic introduction of steric hindrance
to hold up neighboring polymer chains�represents a
promising pathway to enhance free volume abundance and
interconnectivity.35

Herein, we propose a facile yet powerful molecular-level
design strategy to precisely modulate the polyamide nano-
structure, thus enhancing its intrinsic mass transfer properties
and improving the removal performance of emerging
contaminants. Our approach involves installing “molecular
pillars” (e.g., alkyl groups) into the traditional polypiperazine-
amide chains via rational design of aqueous-phase monomers
for the conventional IP process (Figure 1). We hypothesize
that these introduced “molecular pillar” groups will not only
weaken interchain interactions in the formed polymer network
via steric hindrance but also modulate IP reaction kinetics to
promote chain extension and ordering, thereby ultimately
yielding a more open and interconnected free volume
network.36,37 To validate this, we systematically engineered a
series of methyl-functionalized piperazine monomers and
investigated the effects of the number and position of the
methyl groups on membrane performance. The optimized
nanostructure of the polyamide selective layer significantly
enhances the membrane water permeance without sacrificing
the separation performance. One resulting membrane achieves
a remarkable water permeance of 57.8 ± 2.8 L m−2 h−1 bar−1

while maintaining a satisfactory PFAS rejection over 90%. The
underlying mechanisms of this nanostructure tuning, including
altered monomer diffusion, reaction kinetics, and interchain
interactions, are elucidated through a combination of
molecular dynamics (MD) simulations and density functional
theory (DFT) calculations. This study offers a novel and

versatile paradigm for the precise engineering of free volume
abundance and interconnectivity in synthetic membranes,
effectively overcoming the longstanding permeability−selectiv-
ity trade-off for conventional membranes.

■ MATERIALS AND METHODS

Preparation of NF Membranes
The polyamide (PA) NF membranes were prepared directly on a
polysulfone (PSf) UF membrane (MWCO 80 kDa) as a support via
the IP technique (Figure 2A,B). The PSf support was first fixed on a
homemade plexiglass frame (15 × 15 cm2) and then immersed into an
aqueous solution of diamine monomers for 120 s. After excess water
droplets were removed from the membrane surface using a rubber
roller, the UF membrane, enriched with diamine monomers, was
exposed to a TMC n-hexane solution for 60 s to form a PA selective
layer on the UF membrane. The excess TMC solution was then
removed, and the nascent membrane was heat-cured in an oven at 60
°C for 5 min. Prior to testing, each prepared NF membrane was
stored in deionized water at 4 °C. The TMC concentration was fixed
at 0.1 wt %. Dodecyl trimethyl ammonia bromide (DTAB) with a
concentration of 16 mM was added to the aqueous phase to enhance
the homogeneity of the polyamide layer. The aqueous diamine
monomers were PIP, 2-methylpiperazine (MPIP), and trans-2,5-
dimethylpiperazine (DPIP), where MPIP includes both isomers R-
MPIP and S-MPIP, which are not differentiated unless specified. The
trans isomer of 2,5-dimethylpiperazine was used to ensure symmetric
spatial effects. The PIP concentrations were 0.1, 0.2, 0.6, or 1.0 wt %,
and the corresponding prepared membranes were designated as MPA-
0.1%, MPA-0.2%, MPA-0.6%, and MPA-1.0%, respectively. MPIP and
DPIP were used at the same molar concentrations as PIP, with
membranes named MMPA-0.1%, MMPA-0.2%, MMPA-0.6%, and MMPA-
1.0% and MDPA-0.1%, MDPA-0.2%, MDPA-0.6%, and MDPA-1.0%,
respectively. More information on the chemicals and materials used
for membrane preparation and the detailed membrane character-
ization are provided in Supplementary Text S1 and Text S2.

Separation Performance
The separation performance of each fabricated membrane was
evaluated using a homemade cross-flow membrane filtration device
with three parallel filtration cells (20.6 cm2, CF016, Sterlitech, USA;
Figure S1). All membranes were precompacted with DI water under 8
bar for 1 h to obtain stable pure water permeance. The cross-flow
velocity was set at 0.20 m s−1, the feedwater temperature was 25 ± 1

Figure 1. Schematic diagram illustrating the molecular design principle for preparing highly interconnected polyamide networks via methyl-
functionalized piperazine monomers.
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°C, and the applied pressure was 6 bar, except for MDPA-0.2% (2 bar).
Each test was conducted in full circulation mode; i.e., both the
permeate and concentrate were returned back to the feed tank (10 L)
to maintain a constant feed concentration. Single salt solutions, each
with an ionic strength of 10 mmol L−1 and a pH at 7.0 ± 0.1, were
used to evaluate the rejection performance of membranes. For a
duration of 50 h, the operational stability of MDPA-0.6% at 6 bar and
MDPA-0.2% at 2 bar was tested. All tests on the MDPA-0.2% membrane
were conducted at 2 bar primarily to prevent excessive water flux from
causing severe concentration polarization that would dramatically
compromise the observed solute rejection. The salt concentration was
measured using a conductivity meter (FiveEasy Plus FE38, Mettler
Toledo). Solutions of D-(+)-xylose, D-(+)-glucose, sucrose, and
raffinose were filtered to measure the MWCO and pore size of each
membrane (Supplementary Text S3 and Text S4). The concentration
of each small-molecule neutral organic matter was 100 mg L−1, and
the concentration was analyzed by using a TOC analyzer (Shimadzu
TOC-VCPH, Japan). Five types of PFASs (300−500 Da), namely,
perfluorobutanesulfonic acid (PFBS), perfluorohexanoic acid
(PFHxA), perfluorohexanesulfonic acid (PFHxS), perfluorooctanoic
acid (PFOA), and perfluorooctanesulfonic acid (PFOS), were added
to the tap water for rejection tests, each at a concentration of 100 μg
L−1. Their molecular weights and structures are provided in the

Supporting Information, Table S1. The concentration was measured
using an ultraperformance liquid chromatograph−tandem mass
spectrometer (LC1290/QQQ6460, Agilent). In the PFAS rejection
experiment, the filtration device was stabilized for at least 8 h before
sampling to ensure the PFAS adsorption reaching equilibria on the
membrane.

The water permeance of the fabricated membrane was calculated
using eq 1:

=A V
S t P (1)

Here, A is the water permeance of fabricated membrane (L m−2 h−1

bar−1), S is the effective filtration area, ΔP is the effective pressure on
the membrane, Δt is the time duration for sample collection, and ΔV
is the sampling volume.

All solute rejection rates (R) were calculated by comparing their
concentrations in the feed (cf) and the permeate (cp) by eq 2:

= ×R
c

c
1 100%p

f

i
k
jjjjj

y
{
zzzzz (2)

The porosity (ε) of the prepared PA layer was estimated by using
the Hagen−Poiseuille equation (eq 3).

Figure 2. Synthesis of polyamide membranes via interfacial polymerization (IP) and their separation performance. (A) Reaction monomers and
molecular structure, including piperazine (PIP), 2-methylpiperazine (MPIP), and trans-2,5-dimethylpiperazine (DPIP). (B) Schematic of the IP
process between PIP (or MPIP/DPIP) and trimesoyl chloride (TMC). (C) Separation performance of the MPA, MMPA, and MDPA membranes
fabricated with an aqueous monomer concentration of 70 mM. The ionic strength of the test Na2SO4 solution was 10 mM. The test was conducted
with an effective membrane area of 20.6 cm2, a cross-flow velocity of 0.20 m s−1, a constant applied pressure of 6 bar, a water temperature of 25.0 ±
0.5 °C, and a pH of 7.0 ± 0.1. (D) The rejections of neutral organic solutes include glycerol, D-(+)-xylose, D-(+)-glucose, and sucrose. The inset
shows the molecular weight cutoff (MWCO) of the fabricated membranes by fitting rejection data. (E) Relationship between water permeance and
MWCO of the membrane. The gray dashed line represents the upper bound established based on the MPA membranes, with commercial
membranes not going beyond this line. The purple dashed line represents the new upper bound established based on the MDPA membranes. (F)
Comparison of the separation performance of the fabricated membranes with those of other advanced membranes as reported in the literature.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c16846
Environ. Sci. Technol. 2026, 60, 8823−8834

8825

https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c16846/suppl_file/es5c16846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c16846/suppl_file/es5c16846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c16846/suppl_file/es5c16846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c16846/suppl_file/es5c16846_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c16846?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c16846?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c16846?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c16846?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c16846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


=A
r

8
p
2

(3)

Here, α is the ratio of the actual area to projective area of the
membrane measured by atomic force microscopy (AFM), rp
represents the average pore size calculated through the pore
hindrance models, μ is the solution viscosity, and δ is the PA layer
thickness obtained by AFM.

We defined the membrane separation performance index (SPI) to
evaluate the intrinsic membrane permeation−rejection performance
in this study, which is calculated by eq 4:

= A
r

SPI
p
2

(4)

The water/solute selectivity (A/B), including water/Na2SO4
selectivity and water/PFOA selectivity, was calculated using a
simplified formula, derived from the dissolution−diffusion model, as
follows:

=
+

R
P

P f

( )

( )

A
B

A
B cp (5)

Here, R is the solute rejection rate, P is the applied pressure, Δπ is the
bulk osmotic pressure difference across the membrane, and fcp
describes the effect of concentration polarization.11,38,39

Computational Simulation
The trans-interfacial diffusion models of different monomers were
constructed using the PACKMOL program in the GROMACS 2019.6
system.40 As shown in Figure S2, the simulation boxes (50 × 50 ×
180 Å3) were filled with water molecules (6689) in the center and n-
hexane molecules (694) on both sides. A total of 100 diamine
monomers (PIP, MPIP, or DPIP) were randomly placed in the
aqueous phase, and 60 DTAB molecules were placed at the water/
hexane interface according to the density of the system. The water
molecule model is described using the SETTLE algorithm, while
other molecules were subjected to the OPLS-AA force field and RESP
charge. Energy minimization was performed using the steepest
method for 10000 steps, with a convergence energy criterion set to
100 kJ/mol/nm to ensure the system reaching its most stable state.
All systems were then simulated under a 200 ns NPT ensemble, using
periodic boundary conditions, and the molecules' bond lengths were
constrained using the LINCS algorithm.41,42 For the NPT finished
product simulation, the step size was set to 1 fs. The role of van der
Waals interactions was described using the PME method (particle
mesh Ewald method), with a spatial cutoff set to 1.4 nm.43 The
temperature was controlled at 300 K using the V-rescale algorithm,
and the pressure was controlled at 1 bar using the Berendsen
algorithm.

All molecular structures were described by using the OPLS-AA
force field. Three models were generated in a cubic cell with
dimensions of 10 nm for PIP-TMC, MPIP-TMC, and DPIP-TMC,
with monomer ratios (total of 200) of 109:91, 108:92, and 107:93,
respectively. The −H of the amino group and the −Cl of the TMC
monomer were removed before the monomers were randomly placed
in the cell. A new covalent bond was generated when the distance
between the N− site and the O�C− site was less than 4 Å. The
polymerization was iterated in several cycles until no new bonds
meeting the bonding criteria were formed. The final polymer
structures underwent a 21-step molecular dynamics equilibration.44

We terminated the unreacted N− site and the O�C− site with −H
and −OH after polymerization. The void structure properties,
including the porosity and cavity size, were analyzed using Zeo++
software.

The reaction free energy barrier between the −NH group and the
acyl chloride of TMC, as well as the polymer chains interactions, was
calculated using DFT methods in the Gaussian 16 package.45 The
Becke−Lee−Yang−Parr (B3LYP) hybrid functional and the 6-
311G(d,p) basis sets with D3bj were performed to optimize the

reactants, reaction complex, transition state, product complex, and
reaction products. Solvation effects were considered using a
polarizable continuum solvent model. The stationary points were
identified as either stable minima with no imaginary frequency or the
transition state with only one imaginary frequency and utilized to
output Gibbs free energy. The reaction free energy was obtained by
differential subtraction of the free energy of the reactant state and
transition state. The simulated polymer chain structures, which
contained three diamine molecules and three TMC molecules, were
used to evaluate the interactions within the polymer chain or between
two molecular chains. The structure optimization of molecular chains
was performed using the B3LYP/6-311G(d,p) method with D3bj in
Gaussian 16. The optimized structure was used to analyze the weak
interactions within/between molecular chains by reduced density
gradient (RDG) of Multiwfn 3.8 software.46

■ RESULTS AND DISCUSSION

Membrane Separation Performance

We adopted the classical IP technique to prepare a
polypiperazine-amide selective layer on a polysulfone support
using different aqueous monomers. Methyl groups were
introduced into the PIP monomers to form MPIP and DPIP,
which are used to validate the proposed strategy of modulating
the microstructure and separation performance of the
conventional polypiperazine-amide membrane. The insertion
of methyl groups significantly enhanced water permeance of
the membrane, increasing from 5.7 ± 0.7 L m−2 h−1 bar−1 for
MPA-0.6% to 8.8 ± 0.7 L m−2 h−1 bar−1 for MMPA-0.6% and
further to 28.9 ± 0.3 L m−2 h−1 bar−1 for MDPA-0.6% (Figure
2C). Meanwhile, the Na2SO4 rejection remained above 97%,
confirming the formation of a defect-free polyamide separation
layer, which was also verified by Fourier transform infrared
spectroscopy (FTIR, Figure S3). Neutral small-molecule
rejection results showed that the pore size of MDPA-0.6%
increased slightly with a molecular weight cutoff (MWCO)
change below 100 Da (Figure 2D). These data demonstrate
that methylated piperazines can significantly enhance the
separation performance of conventional polypiperazine-amide
NF membranes.

We further prepared a series of NF membranes by varying
the concentration of aqueous-phase monomers to explore the
maximum separation potential of methylated polypiperazine-
amide membranes (Figures S4−S6). The optimized MMPA
membranes and MDPA membranes can overcome the
permeability−selectivity trade-off for conventional polypiper-
azine-amide membranes prepared under identical conditions,
with the membrane selectivity represented by MWCO or pore
size (Figure 2E and Figure S7). These membranes establish an
elevated upper bound with tunable and excellent separation
performance over a wide MWCO range (200−600 Da). The
pure water permeance of MDPA-0.2% was unexpectedly high,
reaching 57.8 ± 2.8 L m−2 h−1 bar−1, with an MWCO less than
600 Da and Na2SO4 rejection above 96%, which significantly
outperformed the current commercial membranes always with
a water permeance of 5−15 L m−2 h−1 bar−1 (Table S2). The
optimized MDPA membrane, although not the highest perform-
ance reported, demonstrated comparable or even superior
water/Na2SO4 separation performance over the reported best-
performing thin-film nanocomposite (TFN) membranes and
NF membranes with interlayer or crumpled structures (Figure
2F, Table S3, and Figure S8), thus providing an additional new
direction for fabricating high-water-permeance NF membranes.
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Characterization of Membrane Microstructures

To understand the enhanced separation performance resulting
from the introduction of methyl groups, a systematic
characterization of the physicochemical properties of the
prepared membranes was conducted to reveal the properties−
performance relationships. Field-emission scanning electron
microscopy (FE-SEM) images and AFM images showed that
the MPA-0.6% membrane exhibited typical nodular structures
on the surface,16 with an average surface roughness of 19.6 ±
0.23 nm (Rq) (Figure 3A). In contrast, the MMPA-0.6% and
MDPA-0.6% membranes exhibited smoother surfaces with less
convex structures (Figure 3B,C). Although some nanorings
appeared on the MDPA-0.6% membrane surface, the relatively
small size contributed little to the surface roughness (Figure
3C and Figure S9). The reduction in surface roughness is

detrimental to water permanence due to the reduced effective
permeation area.47 However, a significant reduction in
separation layer thickness, from 53.8 ± 1.7 nm for MPA-0.6%
to 16.6 ± 0.5 nm for MDPA-0.6% (Figure 3A−C and Figure
S10), effectively decreased the mass transfer resistance of
water,14 which alone could not fully explain the increased
water permeance. Here, we introduced the membrane
separation performance index (SPI) to evaluate the intrinsic
permeability of the polyamide material. SPI is defined as the
ratio of water permeance to the square of the pore radius,
which normalizes the effects of pore size. We then established
the relationship between SPI and the polyamide layer thickness
(Figure 3D). Even at similar thicknesses (19−21 nm), the SPI
of MMPA and MDPA membranes each was significantly higher
than that of the MPA membrane, indicating that the intrinsic

Figure 3. Structural properties of the fabricated membranes. Surface images by SEM and AFM and the selective layer thickness measured by AFM
for (A) MPA-0.6%, (B) MMPA-0.6%, and (C) MDPA-0.6%. (D) Relationship between the membrane separation performance index (SPI) and the
selective layer thickness. (E) The calculated porosity of fabricated membranes with similar thickness was calculated using the Hagen−Poiseuille
equation. (F) Pore size distribution of polyamide networks measured from CO2 sorption isotherms at 273 K employing the nonlocal density
functional theory (NLDFT). PAS measurements for the S parameter (G) and R parameter (H) as a function of the incident positron energy for
MPA-0.2%, MPA-0.6%, MDPA-0.2%, and MDPA-0.6%. (G−I) Molecular dynamics simulation of the free volume of PIP-TMC, MPIP-TMC, and DPIP-
TMC polymers. The blue and gray colors represent the voids of the polymer and the occupied space of polymer chains with a probe of 1.4 Å radius,
the radius of a water molecule, respectively.
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permeability of the selective layer was increased by the
introduction of methyl groups. The SPI difference gradually
decreased with increasing polyamide layer thickness due to its
vertically asymmetric structure.48 Further analysis revealed that

the porosity in the selective layer (Figure 3E and Table S4),
estimated using the Hagen−Poisseuille equation, increased
from 1.8% for MPA to 2.8−3.0% for MMPA and MDPA,
demonstrating enhanced microporosity and explaining the

Figure 4. Modeling and simulative calculation of the interfacial polymerization process and polymer chain interactions. (A) Molecular dynamics
(MD) simulation of trans-interfacial diffusion of aqueous-phase monomers (PIP, MPIP, or DPIP) in a 5 × 5 × 18 nm3 box with the aqueous phase
in the center and the hexane phase on both sides. The snapshot image is the state after diffusion stabilization. (B) Mean square displacement
(MSD) profiles of PIP, MPIP, and DPIP molecules during the simulation process. (C) Number density (ρN) distribution of PIP, MPIP, and DPIP
molecules in the Z direction. (D) Number of PIP, MPIP, and DPIP molecules at the interface after diffusion stabilization. (E) MD simulation of the
binding free energy (Ebinding) with the PIP, MPIP, and DPIP molecules at different positions. (F) Free energy variation for the reactions between
TMC and the amine groups in the PIP, MPIP, or DPIP molecule based on DFT calculation. Each reaction is divided into five stages, namely,
reaction monomers (RM), reaction complex (RC), transition state (TS), product complex (PC), and reaction products (PM). The energies shown
in kcal/mol are relative to the reaction monomers (zero point). (G) Molecular structures of dimers produced by different reaction monomers and
pathways. (H) DFT calculation of the interactions between the polymer chains, including two PIP-TMC molecular chains and two DPIP-TMC
molecular chains, each containing three diamine and three TMC molecular components. The different colored regions among the polymer chains
represent attraction (blue), van der Waals (green), and repulsion (red) interactions. (I) Gyration radius of polymer chains formed from diamine
molecules with or without methyl groups. (J) Spatial distance between the geometric centers of polymer chains.
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improvement of SPI. To further elucidate the microstructural
changes, polyamide polymers were synthesized via a free IP
process with different diamine monomers. The Brunauer−
Emmett−Teller (BET) results showed that MPIP- and DPIP-
prepared polymers contained numerous cavities with pore sizes
larger than 0.6 nm (Figure 3F). Since amorphous organic
polymer membranes transport solvents mainly through free
volume and thermal movement of polymer chains, these
additional cavities obviously reduce the solvent mass transfer
resistance. Furthermore, we employed in situ positron
annihilation spectroscopy (PAS) to characterize the evolution
of the intrinsic free volume in the separation layer with and
without methyl group introduction. The S parameter, defined
as the ratio of counts in the central energy range (510.2−511.8
keV) to the total counts across the entire spectrum (499.5−
522.5 keV), is a key indicator.49,50 When more or larger free
volumes exist within the material, positrons “trapped” within
them are more likely to annihilate with low-momentum
valence electrons. This process increases the counts in the
central region of the energy spectrum, thereby raising the S
parameter. As shown in Figure 3 G, MDPA-0.2% and MDPA-
0.6% membranes exhibit higher S parameters, indicating that
the introduction of methyl groups increases the number and
size of the free volume in the separation layer, resulting in a
more open polymer network. MDPA-0.6% and MPA-0.2%
membranes exhibit similar effective pore sizes and thicknesses,
yet MDPA-0.6% demonstrates a higher S parameter value,
further confirming the intrinsic enhancement in the free
volume abundance. The R parameter is commonly used to
define the separation layer range and characterize macroporous
structures. Its marked increase corresponds to the boundary
between the polyamide layer and the substrate membrane. The
separation layer thickness relationship reflected by the R
parameter aligns with AFM test data, validating the accuracy of
our multimethod characterization (Figure 3H).

To better understand the internal microstructure of the
membrane prepared with different monomers, MD simulations
were performed to establish polymer models. The initial molar
ratio of the reaction monomers was set according to the X-ray
photoelectron spectroscopy (XPS) test results (Figure S11),
followed by the cross-linking reaction and polymer relaxation
and stabilization processes.51 The fraction of free volume
(FFV) of PIP-TMC is approximately 9.8% (Figure 3G),
consistent with the simulation result reported in the
literature52 but higher than the calculated porosity in Figure
3E. This discrepancy arises because the actual transport path of
water molecules in separation layer is highly tortuous and
much larger than the apparent thickness of the separation layer
(Figure S12). By the introduction of methyl groups, the FFV
of MPIP-TMC and DPIP-TMC increased substantially to
16.7% and 18.9%, respectively (Figure 3H,I). Projection plots
of the simulated polymers in different directions also showed
significant structural differences (Figure S13). Correspond-
ingly, the simulated polymer density decreased from 1.143 to
1.122 and 1.086 g cm−3, respectively (Figure S14). In addition,
the number and size of the internal cavities in the MPIP-TMC
and DPIP-TMC polymers increased significantly compared to
those in the PIP-TMC polymer (Figure S15).

The above data from MD, BET, and PAS consistently
demonstrate an increase in the abundance of free volume
within the polyamide following the introduction of methyl
groups. Combined with the results of the SPI calculation, this
increased free volume does not exist as isolated cavities but is

interconnected, thereby enhancing the interconnectivity of the
free volume network, actively participating in the effective
transport of solvents within the polyamide, and increasing the
material’s intrinsic permeability. Although calculating the SPI
based on the Hagen−Poiseuille equation simplifies the free
volume network of the amorphous polyamide into a static pore
network�an admitted oversimplification�it provides a
simplified yet valuable framework for comparing and
quantifying trends across different samples under identical
assumptions, offering crucial insights into the evolution of the
microstructure within the polyamide layer. More intuitive and
direct characterization methods for free volume interconnec-
tivity present significant challenges, motivating the exploration
of novel approaches in future work.
Insight into the Interfacial Polymerization Reaction
Mechanism and Polymer Chain Interactions

It is generally accepted that the diamine monomer diffuses
across the water/oil interface to react with the TMC
monomers in the IP process, with the trans-interfacial diffusion
of diamine monomers often being the limiting step.27,53

Therefore, understanding the diffusion and reaction properties
of the monomers is essential to unraveling the synthesis−
property relationships of the different reactive monomers.

MD simulations were performed to analyze the diffusion
behavior of PIP, MPIP, and DPIP monomers using the
diffusion model shown in Figure 4A and Figure S2. The
diffusion information was collected when the system energy
reached a steady state (Figure S16). The mean square
displacement (MSD) of monomers in the z-direction is
shown in Figure 4B, from which the diffusion coefficient (D)
was calculated: 2.34 × 10−10, 2.56 × 10−10, and 3.37 × 10−10

m−2 s−1 for PIP, MPIP, and DPIP, respectively, indicating that
MPIP and DPIP exhibit higher diffusivity owing to the
introduction of methyl groups. The z-direction number density
(ρN) distribution further shows that MPIP and DPIP,
particularly DPIP, have higher relative densities at the water/
hexane interface (Figure 4C and Figure S17). Additionally,
DPIP exhibits a preaccumulation peak near the interface,
ensuring a high flux of monomers toward the interface. These
results are confirmed by the monomer number at the interface
(Figure 4D). The trans-interfacial diffusion potential was
evaluated by calculating the binding free energy (Ebinding) of the
diamine monomers with its surroundings at different positions
(Figure 4E and Figure S18).3 Thermodynamically, the
transport of MPIP or DPIP from the aqueous phase to the
interface is exothermic, meaning that aggregation at the
interface is a spontaneous process. The total energy change
during trans-interfacial diffusion follows the trend PIP > MPIP
> DPIP, suggesting that monomers are more likely to enter the
hexane phase if having methyl groups by reducing the
associated Gibbs free energy barrier.

Density functional theory (DFT) calculations were con-
ducted to quantify the reactivity of the amine groups in each
diamine monomer with the acyl chlorine groups in TMC,
considering only dimer formation. The introduction of methyl
groups, as electron donors, into PIP molecules enhances the
Lewis basicity of the adjacent amine group, thereby improving
its nucleophilic substitution reaction.36 However, the methyl
group also produces a steric effect between the amine and acyl
chlorine groups, hindering the polymerization reaction.
Whether this promotes or hinders the amidation reaction
remains to be judged. The calculation process was divided into
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five stages, with the corresponding molecular structures shown
in Figure 4G and Figure S19. The energy barrier (ΔG) for the
reaction of the acyl chlorine group in TMC with the amine
group of PIP is 6.41 kcal/mol, while the corresponding values
for the −N(1)H group in MPIP and the amine group in DPIP
are significantly higher, at 11.67 and 13.31 kcal/mol,
respectively (Figure 4F). This suggests that the steric effect
of the methyl group plays a more important role in the
reaction, thereby weakening the reactivity of the amine group.
The reaction potential energy (ΔE) (Figure S20), which
reflects the polymerization reaction rate between monomers,
aligns with the change in ΔG, indicating a decrease in the
reaction rate after the introduction of methyl groups.

Furtherly, the intra- and interpolyamide molecular chain
interactions were calculated by DFT.54 After introducing
methyl groups, the intrachain van der Waals interactions and
the steric effects in the formed polypiperazine-amide chain are
enhanced, hindering polymer chain agglomeration and curling
(Figure S21). The structure of the PIP-TMC polymer chains
in the equilibrium state shows significant twisting and rotation
(Figure 4H), with the gyration radius of 13.17 ± 0.05 Å
(Figure 4I) and the geometrically averaged distance between
the molecular chains being about 3.9 Å (Figure 4J). In
contrast, the interactions between DPIP-TMC polymer chains
are rather weakened by the methyl groups (Figure 4H), with
the gyration radius and the geometrically averaged distance
between molecular chains increasing to 13.45 ± 0.06 and 6.1
Å, respectively. This indicates that the introduced methyl
groups, serving as “molecular pillar” sites, significantly alter the
interactions within/between polymer chains, thereby promot-
ing an increase in free volume abundance and interconnectiv-
ity.

Based on these calculations, we conclude that compared to
the reaction between PIP and TMC, the cross-linking degree
of the polymer formed from methylated diamine monomers
decreases due to the faster trans-interfacial diffusion and slower
reaction kinetics, resulting in the formation of a thinner
polypiperazine-amide layer with more linear polymer frag-
ments. This is confirmed by the XPS data (Figure S11). The
changes in diffusion and reaction properties facilitate the self-
adaptation of the formed polymer chain structure during the
polymerization process, and the increase in linearly structured
fragments is more conducive to methyl groups playing the
“molecular pillar” roles. Together, these effects contribute to a
thinner separation layer with an enhanced free volume
abundance and interconnectivity. While a reduced cross-
linking degree favors the “molecular pillar” effect of methyl
groups, it should be noted that excessively low cross-linking
can compromise structural stability and selectivity.55 As shown
in Figure 3D, the SPI value of the MDPA-0.2% membrane
deviates from the fitted curve and is lower than that of the
MDPA-0.6% membrane, suggesting incipient structural deteri-
oration at a very low cross-linking degree. This adverse effect is
even more pronounced in MPA membranes lacking the
“molecular pillar” effect. For instance, the MPA-0.1% membrane
with a lower cross-linking degree (Figure S22) and thinner
thickness exhibits much poorer separation performance than
MPA-0.2%. Therefore, it is crucial to achieve a balance between
reducing the cross-linking degree to promote the role of
methyl groups and maintaining polymer structural stability.
PFAS Removal Performance and Stability

The membrane separation performance was dramatically
improved by introducing methyl groups into the polyamide
molecular chains, particularly for the MDPA membranes. These
membranes exhibit high water permeability, excellent hydro-

Figure 5. Filtration performance of the MDPA-0.2% membrane. (A) Rejection of different salts and the corresponding water permeance under an
ionic strength of 10 mmol L−1 salt solution and an applied pressure of 2 bar. (B) Rejection of five per- and polyfluoroalkyl substances with different
molecular weights under an applied pressure of 2 bar and a concentration of 100 μg L−1 for each. (C) Schematic diagram of PFAS removal by a
highly negative charged and hydrophilic NF membrane. (D) Relationship between PFOA rejection selectivity and water permeance. (E) Variation
of membrane separation performance with applied pressure under an ionic strength of 10 mmol L−1 Na2SO4 solution, in comparison to NF270. (F)
Stability of membrane separation performance with an operating time under 2 bar.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c16846
Environ. Sci. Technol. 2026, 60, 8823−8834

8830

https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c16846/suppl_file/es5c16846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c16846/suppl_file/es5c16846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c16846/suppl_file/es5c16846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c16846/suppl_file/es5c16846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c16846/suppl_file/es5c16846_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c16846?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c16846?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c16846?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c16846?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c16846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


philicity, and high negative charge density on the surface
(Figure S23 and Figure S24), demonstrating promising
potential for water treatment applications. The Na2SO4
rejection by MDPA-0.2% is higher than 96%, while the MgCl2
rejection is lower than 5% (Figure 5A). This substantial
difference in rejection makes MDPA-0.2% highly suitable for
drinking water treatment to remove organic micropollutants
such as PFAS, while retaining essential minerals in the treated
water.56 The removal rate of five PFAS (300−500 Da) exceeds
90% (Figure 5B), outperforming typical commercial NF270
membranes (Figure S25). Although the molecular weights of
some PFAS are lower than the MWCO of MDPA-0.2%, the
strong negative charge and hydrophilicity of membrane
enhance electrostatic repulsion and reduce hydrophobic
interactions with PFAS, thus contributing to PFAS removal
(Figure 5C).57 We systematically measured the rejection of
PFASs by the MDPA-0.2% membrane at various NaCl
concentrations. As the ionic strength increased, the rejection
of all PFASs decreased to varying degrees. For example, the
rejection of PFOS dropped from 96% at 5 mM NaCl to 84% at
50 mM NaCl, while that of the smaller PFBS decreased from
91% at 5 mM NaCl to 57% at 50 mM NaCl (Figure S26). This
pronounced decrease in the level of rejection provides direct
and unambiguous experimental evidence that electrostatic
repulsion plays an important role under low ionic strength
solution conditions. The PFOA rejection selectivity−water
permeance relationship shows that MDPA membranes have
exceeded most literature-reported membranes and commercial
NF membranes (Figure 5D, Figure S27, and Table S5).

Pressure stability tests were conducted with applied
pressures up to 8 bar, and the water flux of MDPA-0.2%
showed direct proportionality to the applied pressure (Figure
5E). Although the Na2SO4 rejection slightly decreased with
increasing applied pressure, the initial rejection was fully
recovered when the pressure was removed, indicating no
structural damage to the selective separation layer. The
observed decrease in Na2SO4 rejection at a high pressure
was attributed to concentration polarization, which is
associated with the elevated water flux. The real Na2SO4
rejection after concentration polarization correction remains
essentially unchanged under different pressures (Figure S28).
Generally, since the practically employed water flux for NF
processes is normally within 10−30 L m−2 h−1, MDPA-0.2% is
expected to perform effectively at low pressure, without
considering the compaction of the polyamide layer. This
membrane can even be used in vacuum-driven processes, in
lieu of microfiltration and ultrafiltration membranes, exempli-
fied by the membrane bioreactor process, to improve the
quality of treated water.58 The membrane showed satisfactory
operational stability with high perfluorooctanoic acid (PFOA)
rejection and no significant deterioration in water permeance
during a 50 h test (Figure 5F). Considering that DPIP-
prepared membranes are fully compatible with the current NF
membrane production lines, these membranes possess great
potential for water treatment applications.

■ ENVIRONMENTAL IMPLICATIONS
Enhancing water permeability without sacrificing the rejection
selectivity is key to reducing the operational energy
consumption of NF systems, thereby promoting the wide-
spread application of NF membranes in water treatment. This
study developed a novel preparation strategy for high-perm-
selectivity NF membranes featuring regulation of the

nanostructure of the selective separation layer, particularly
enhancing the free volume abundance and interconnectivity,
by introducing methyl groups into the polypiperazine-amide
molecular chains, which can effectively overcome the trade-off
effect between water permeance and solute rejection while
preserving the proven merits of conventional polypiperazine-
amide materials. The “synthesis−properties−performance−
applications” relationships of methylated piperazines have
been systematically investigated, especially the effects of
introducing methyl groups to PIP on trans-interfacial diffusion,
monomer reactivity, and intra- and intermolecular interactions
within the formed polymer chains. The MDPA-0.2% membrane
exhibited a high water permeance of 58 L m−2 h−1 bar−1 while
maintaining excellent PFAS rejection (>90%). Furthermore,
the MDPA-0.6% membrane, possessing smaller pore size,
achieved even higher PFAS rejection (>95%, Figure S29)
and rejection stability (Figure S30). These results demonstrate
the promising potential of these membranes for treating PFAS-
contaminated water. Additionally, these membranes with high
free volume interconnectivity can also be used for precise
separation of solutes to recover resources. We evaluated the
Cl−/SO4

2− separation selectivity of MDPA-0.6%, which
consistently demonstrated high SO4

2− rejection and negative
rejection of Cl− ions under various conditions of high-
concentration salt mixtures (Figure S31). This novel strategy,
which enhances free volume interconnectivity through tailoring
polymer chain interactions, will lead to a new wave of
breakthroughs in the fabrication of high-permeability NF
membranes.

More profoundly, the proposed strategy�modifying tradi-
tional piperazine or trimesoyl chloride monomers with
functional groups�establishes a versatile molecular platform
for the rational design of advanced functional membranes. This
approach opens avenues for tailoring membranes with specific
properties by leveraging diverse chemistries. For instance,
introducing sulfonic acid groups can enhance surface charge
for precise solute separation, while incorporating fluorine-
containing moieties can significantly improve fouling resist-
ance. The key to realizing such functional membranes lies in
the strategic modification of reactive monomers, a process that
will benefit from cross-disciplinary collaboration with experts
in organic synthesis. Importantly, owing to its compatibility
with conventional interfacial polymerization, any resulting
membrane can be seamlessly integrated into existing
manufacturing processes, ensuring excellent scalability. This
study provides a foundational inspiration for developing next-
generation polymeric membranes with customized perm-
selectivity for targeted environmental and chemical separa-
tions.
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