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Abstract

Thin film composite polyamide (TFC) nanofiltration (NF) membranes represent
extensive applications at the water-energy-environment nexus, which motivates
unremitting efforts to explore membranes with higher performance. Intrusion of
polyamide into substrate pores greatly restricts the overall membrane permeance
because of the excessive hydraulic resistance, while the effective inhibition of intrusion
remains technically challenging. Herein, we propose a synergetic regulation strategy of
pore size and surface chemical composition of the substrate to optimize selective layer
structure, achieving the inhibition of polyamide intrusion effective for the membrane
separation performance enhancement. Although reducing the pore size of the substrate
prevented polyamide intrusion at the intrapore, the membrane permeance was adversely
affected due to the exacerbated “funnel effect”. Optimizing the polyamide structure via
surface chemical modification of the substrate, where reactive amino sites were in-suit
introduced by the ammonolysis of polyethersulfone substrate, allowed for maximum
membrane permeance without reducing the substrate pore size. The optimal membrane
exhibited excellent water permeance, ion selectivity, and emerging contaminants
removal capability. The accurate optimization of selective layer is anticipated to
provide a new avenue for the state-of-the-art membrane fabrication, which opens
opportunities for promoting more efficient membrane-based water treatment

applications.
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polyamide intrusion; emerging contaminants; water treatment

Synopsis: NF membrane prepared with polyamide intrusion inhibition strategy reduces
hydraulic resistance and optimizes polyamide structure, achieving enhanced membrane

separation performance and emerging contaminants removal.



1. Introduction

Thin film composite (TFC) nanofiltration (NF) membranes play a vital role in the
water-energy-environment nexus, including water treatment and high-value resource
recovery,’* because of its excellent solute-water and solute-solute selectivity.> The
fabrication of high-performance TFC membranes is the key to improve the processing
efficiency for target species.® In general, high-performance membranes should possess
features of thin selective layer thickness for low hydraulic resistance, high cross-linking
and narrow pore size distribution for precise solute selectivity.” Polyamide selective
layers are typically prepared on porous substrates by the water/oil interfacial
polymerization (IP), in which the IP process is considered to be governed by reaction-
diffusion kinetics.1% ** The properties of the selective layer are affected by many factors,
such as monomers, additives, substrate and reaction temperature.’* In particular,
substrate, as the forming interface and support of the polyamide layer, performed a
profound impact on the selective layer structure and membrane performance.t>*’

Improving substrate properties, such as constructing the interlayers and optimizing
the surface structure of substrates, could effectively enhance membrane permeance. A
common belief is that the improved membrane performance by substrate modification
is ascribed to the role of substrates in altering monomer diffusion, leading to the
variations in crosslinking or thickness of polyamide framework. Nevertheless, subtle
changes at the selective layer—substrate interface, where the polyamide layer adheres
to the substrate surface, are often overlooked during the IP process.

Previous studies reported the phenomenon of polyamide intrusion at the selective
layer-substrate interface,'®2° which ensured the stable operation of membranes during
the cross-flow separation process. This unintentional intrusion is commonly caused by
an irregular reaction interface during the IP process, where the aqueous meniscus might
drop below the substrate interface, resulting in a deeper formation of the polyamide
within the substrate pores.*® 2! Recent studies have confirmed that various properties of
TFC membranes such as water permeance and mechanical stability are closely
associated with polyamide intrusion.'® 2% Appropriate penetration of polyamide into the

substrate could promote the mechanical stability of the membrane by forming



anchorages within the substrate.?® 22 However, excessive polyamide intrusion
inevitably increases the transport distance and resistance, which is detrimental to the
separation performance of TFC membranes.?®?° Moreover, this adverse effect will be
further amplified since all the water has to transport through this intrusion, whose
available area is limited by the surface porosity of the substrate.?® Therefore, the
systematic control of polyamide intrusion is of great significance. Up to date, the
underlying mechanisms of polyamide intrusion are not exactly understood, and
effective ways of intrusion inhibition are yet to be paved.

In this study, we propose an effective strategy based on the synergistic regulation
of the pore size and surface chemical composition of the substrate to inhibit polyamide
intrusion. The mechanism of the generation of polyamide intrusion was further revealed
via the investigation of the substrates with variable pore sizes. In particular, enhanced
water permeance and emerging contaminant removal were observed for NF membranes
prepared with the novel strategy. Our study provides a new avenue for the fabrication
of high-performance TFC membranes, which opens opportunities for promoting highly
efficient membrane-based water treatment applications.

2. Experimental section

2.1 Materials

Commercial polyether sulfone (PES) ultrafiltration membranes with different
molecular weight cutoff (MWCQO) were purchased from the Microdynes-Nadir
company as substrates, and named PES-s (5 KDa), PES-m (20 KDa), and PES-I (150
KDa) in sequence according to the pore size from small to large. Diethylenetriamine
(DETA, 99%, Macklin) was utilized as the surface amination reactant to prepare the
surface aminated substrate. Analytical reagents including Na2SOas, NaCl, NasPOs,
NaOH, HCI, N,N-Dimethylformamide (DMF), ethanol, and n-Hexane (97%) were all
procured from Macklin Reagent Co., Ltd. (Shanghai, China). Piperazine (PIP, 99%,
Macklin Inc.) and trimesoyl chloride (TMC, 99%, J&K Scientific Ltd.) were used as
the monomers for IP reaction. Deionized water used in this study was obtained from a
laboratory-made system.

2.2 Preparation of surface aminated substrates
The surface amination of the PES substrate was carried out following our previous



work.?* Briefly, the completely washed PES membranes were immersed into a 10 wt%
DETA aqueous solution to perform the aminolysis reaction. After reacting at 90 °C for
several hours, the surface aminated PES substrates were thoroughly washed by ethanol
and deionized water successively. Finally, the substrates were stored in deionized water
before use. It should be noted that the surface amino content of the substrates was
controlled to a comparable amount by adjusting the amination reaction time (Figure
S1). The original substrates with different pore sizes were named as PES-n-O, where n
referred to the pore sizes of substrates. Correspondingly, the surface aminated substrates

were named as PES-n-A.

2.3 Preparation of TFC polyamide membranes
TFC membranes were prepared by a typical IP reaction. The PES substrates were

first soaked in the PIP aqueous solution (0.5 w/v%) for 2 min. The excess solution was
thoroughly removed by a rubber roller. Then, the substrates were immersed in the TMC
n-hexane solution (0.05 w/v%) for 1 min to form the polyamide selective layers.
Subsequently, a thermal treatment (50 °C, 10 min) for the membranes was performed.
The obtained TFC membranes were named TFC-n-O, or TFC-n-A based on the
substrate used for the membrane preparation.

2.4 Characterizations of membranes
The morphologies of the membranes were characterized by scanning electron

microscopy (SEM, SU-8010, Hitachi) following similar procedures to the previous
study.?® The thickness and surface roughness of membranes were measured by atomic
force microscopy (AFM, Dimension Icon, Bruker) on silicon wafers with a scanning
range of 5 um x 5 um. High resolution images of TFC membranes were obtained by
transmission electron microscope (TEM, JEM-2100F, JEOL). The TFC membrane was
firstly embedded in a resin and then cut into 80 nm slices. The rear side of the selective
layer was sampled by similar procedures referring to the previous study by using DMF
as the solution to fully dissolve the PES substrate.?” The front side and rear side
chemical composition of the selective layer were then explored by X-ray photoelectron
spectroscopy (XPS, Escalab 250Xi, Thermo Scientific).

The surface hydrophilicity of membranes was characterized by a contact angle
goniometer (ASE, GBX Scientific). SurPASS electrokinetic analyzer (SurPASS™ 3,
Anton Paar) was used to obtain the surface charge properties (zeta-potential) of the TFC

membranes.



The pore size and distribution of the membranes were determined by using a solute
transport approach based on the association between solute sizes and solute rejection
rates.?® Briefly, the pore size is assumed to have a log-normal distribution following

Equation 1:
2
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4 4 P

where rp is the Stokes radius of the feed solute, R is the solute rejection, up is the
mean pore size, and oy is the geometric standard deviation of the probability density
function curve. Observed solute rejection rates were calculated by Equation 2:

Cp
R=(1-=2)x100% )
Cr

where Cp and Cr (mg/L) are the concentrations of solute in the permeate and feed,
respectively. In this study, feed solutions containing 200 ppm of various molecular
weights of PEG (10,000 and 20,000 Da) and PEO (100,000 and 300,000 Da) were
utilized to evaluate the substrate pore sizes and distributions. The Stock radius of PEG
or PEO in the test can be calculated by Equation 3 or Equation 4:
For PEG, 7, = 16.73 x 1010 MW 0557 (3)
For PEO, 7, = 10.44 x 1010 pM W 0587 4)
where r; (hnm) and MW (Da) are the Stokes radius and the average molecular
weight of PEG or PEO, respectively. In addition, the pore size and pore size distribution
of the TFC membranes were estimated by a series of neutral glycosides with increasing
molecular weight, including glycerol (92 Da), glucose (180 Da), sucrose (342 Da), and
raffinose (504 Da).?° The Stokes radius of these carbohydrate molecules correlates with
their molecular weight by Equation 5:
In(ry) = —1.4962 + 0.4654 In(MW) (5)

2.5 PIP diffusion tests
The PIP diffusion was tested by observing the diffused PIP from the aqueous phase

into the organic phase using a UV-vis spectrophotometer (UV-1900i, SHIMADZU).*
In detail, 20 mL of aqueous phase solution (0.5 w/v% PIP) was placed on the top of
aminated substrates at 25°C for a 120 s retention time, followed by the same volume of
organic phase solvent (n-hexane) being lightly poured upon the aqueous phase solution.
After a 60 s diffusion period, 3 mL of PIP-containing n-hexane was gently extracted

from the near interface of two phases by a pipette and measured by a UV-vis



spectrophotometer.®! The relative PIP concentration was determined according to a
characteristic absorption peak at 208 nm (Figure S2). The PIP diffusion test of the
original substrates was also operated for comparison.

2.6 Membrane separation performance
A lab-made cross-flow membrane filtration device was acquired to evaluate the

pure water flux and salt rejection of the manufactured TFC membranes under 5 bar at
25 = 1 °C. Each TFC membrane was placed in a cross-flow cell (CFO16P, Sterlitech)
with a filtration area of 20.6 cm?2.32 The membranes were all pre-compressed at 5 bar
for 30 minutes before the test. Aqueous solutions with 2000 ppm inorganic salt (Naz2SOa,
NaCl) were used as feed solutions for selectivity measurements. The water flux (Jv,

L/m?-h), permeance coefficient (A, L/m?-h-bar),® and salt rejection (R, %) of

membranes can be determined by Equation 6-8:

av

Jo = AtX a (6)

_ I (7)
Ap

where AV (L) is the permeated volume of water collected in 4t (h), a (m?) is the
available area of the membrane, and 4p (bar) is the pressure difference across the

membrane.

- Y% 100% (8)
Cr

where Cr (mg/L) and Cp (mg/L) are the salt concentration of the feed and permeate,
respectively, determined by an electrical conductivity meter (FE30, Mettler).3* The salt
permeability coefficient (B, g/m?-h) was calculated by Equation 9, based on the classical

solution-diffusion theory:?

B = (1-R) x A;(Ap — Am) (9)

where Az (bar) is the osmotic pressure difference across the membrane. Salt
separation factor (), a parameter to determine the Na2SOa4 to NaCl selectivity of the
TFC membrane,® was based on Equation 10:

a(Na,S0,/NaCl) = (CNact/CNays04)p _ _1-Rnaci (10)

(Cnacl/CNayso,)f 1-RNa,S0,

In addition, emerging contaminant removal tests were also performed under the
same conditions. To simulate the presence of emerging contaminant in the ecosystem,

10 ppm tetracycline was introduced to the feed solution containing 10 mM NaCl.% Each



experiment was continued for 2 h. Subsequently, 5 mL of the permeate and feed solution
were extracted separately to determine the concentration of tetracycline using high
performance liquid chromatography (HPLC, LC-20AT, SHIMADZU). Specifically, the
concentration of tetracycline in different solution was obtained by means of the
standard curve (Figure S3). The rejection of tetracycline by the prepared TFC

membranes was obtained following Equation 8 mentioned above.

3. Results and discussion
3.1 Characterization of the substrates

The surface amino group content of aminated substrates were adjusted to be
similar (~0.5 mmol/m?) by controlling the amination reaction time (Figure S1).
Afterwards, the aminated substrates with different pore sizes were compared with the
corresponding inert original substrates (0 mmol/m?). The characterization of these
substrates was shown in Figure S4, Figure S5 and Table S1. The slight variations in
pore size, porosity, and roughness of aminated substrates were due to the slight
degradation during the amination reaction.®” Figure 1a-c further presents the pore size
distribution curves of the original and aminated substrates. The widened pore size
distribution of the aminated substrate resulted from its slightly increased effective pore
size. In general, the slight change in substrate pore size and pore size distribution caused
by the amination reaction was negligible compared to the relatively large pore size of
the original substrate itself. Furthermore, the marginally increased hydrophilicity of the
aminated substrates could be attributed to the grafting of amino groups on the surface
of the substrates (Figure S6). Therefore, the amination reaction successfully introduced
amino groups on the surface of the original substrates without causing major changes
in its physical structure.

The results of the PIP diffusion experiments indicated that the concentration of PIP
in the organic phase tended to be lower for the aminated substrates (Figure 1d). The
slower diffusion rate of PIP to the organic side at the interface could be attributed to the
amino groups on the aminated substrate that could bind to the PIP by hydrogen bonding
interactions.®® As a result, the amino groups on the substrate surface were expected to
have a significant impact on the IP process, potentially facilitating the regulation of

membrane structure and performance.
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(hexane) before and after substrates amination.

3.2 Characterization of TFC membranes
Microscopic morphologies of the prepared TFC membranes were evaluated by

SEM (Figure 2). All the TFC membranes demonstrated similar nodular-like surface
morphologies, which was typical for nanofiltration membranes produced by PIP/TMC
IP reaction. According to the results of AFM characterization (Figure S7, Table S2), the
surface average roughness of TFC-n-A was slightly reduced compared to the control
TFC-n-O. This result indicated that selective layers with more ordered and
homogeneous raised structures were formed on the aminated substrates, which could
be explained by the hindered diffusion of monomers by the amino groups on the
aminated substrates.

In addition, SEM was used for analyzing the rear surfaces of the prepared TFC
membranes after dissolving their PES substrates (Figure 2). Distinctive morphologies
were observed on the backside of the selective layer of these TFC membranes
unexpectedly. The control TFC-n-O series (TFC-m-O and TFC-I-O) show numerous



rough protuberances on the rear surface of the selective layers, except TFC-s-O whose
substrate pore size was small. In contrast, all the TFC-n-A membranes formed on
aminated substrate showed a smooth rear surface. The protuberances on the rear side of
TFC-n-O were considered to be the result of the intrusion of polyamide into the
substrate pores.'® 2324 An interesting phenomenon could be noted that, for a series of
substrates with different pore sizes, the selective layer formed on the substrate with
small pore size (TFC-s-O) had less pronounced protuberances on its rear surface, while
substrate with large pore size (TFC-1-O) appeared a more severe polyamide intrusion.
This was caused by the large substrate pores disrupting the ideal flat reaction interface
during the IP process and shifting the interface toward the interior of the substrate
pores.>® Although the intrusion was helpful in strengthening the mechanical properties,
in particularly in the absence of chemical bonding between the substrate and selective
layer,?% 22 it increased the effective thickness of the selective layer and thus introduced
additional resistance to water permeation. The limited surface porosity of the substrate
made it necessary for water to converge to and pass through these protuberances,
rendering the polyamide intrusion as a critical bottleneck for water permeation of TFC

membranes (refer to Section 3.3 Separation properties of TFC membranes).
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Figure 2. Morphologies of the prepared TFC membranes: (a) TFC-s-O, (b) TFC-m-0O,
(c) TFC-I-O, (d) TFC-s-A, (e) TFC-m-A, and (f) TFC-I-A. The left panel shows the
SEM images of the membrane surfaces, and the right panel in the middle shows the

SEM images of the rear side of the selective layers.

To further investigate the structure of TFC-n-O and TFC-n-A, the selective layers
were isolated from the TFC membranes and transferred to the silicon wafer by
dissolving the substrates, and the thickness of the selective layers were measured by
AFM (Figure 3).%° The average thickness of the selective layers of TFC-s-O, TFC-m-
O, TFC-1-O were 38.7 £ 1.1 nm, 41.8 + 0.5 nm, 44.8 £ 1.2 nm, respectively. While the
selective layers of the related TFC-n-A exhibited a smaller average thickness (33.8 =
0.6 nm, 31.2 £ 0.9 nm, 32.1 = 0.8 nm for TFC-s-A, TFC-m-A, TFC-I-A, respectively,
Table S2). The slightly reduced average thickness of the selective layer could be
ascribed to the hindered diffusion of monomers on the aminated substrate, which was
also substantiated by the cross-sectional images obtained by TEM (Figure S8).

Compared to TFC-s-O, TFC-m-O and TFC-I-O exhibited increasing maximum
thickness due to the presence of the protuberances, indicating that the more severe
polyamide intrusion appeared as the pore size of the substrate increased, and thus
substantially increased the transport distance and resistance of water molecules inside
the selective layer. In contrast, as the pore size of the aminated substrate increased, the
maximum thickness of the selective layer of the TFC-n-A prepared by the aminated
substrate was maintained at the similar value to its average thickness, confirming the
elimination of polyamide intrusion. Notably, the difference in selective layer thickness
between TFC-s-O and TFC-s-A was relatively small, indicating that the substrate
amination brought a limited enhancement for the substrate with small pore size, due to

the absence of polyamide intrusion (Figure 2).
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Figure 3. AFM-based profilometry testing of the prepared TFC membranes: (a) TFC-
s-O/A, (b) TFC-m-O/A, (c) TFC-I-O/A; (d) Average thickness of the selective layers;

(e) Depth of polyamide intrusion of the selective layers.

The results of zeta potential shows that the TFC-n-A had a more negative surface
potential compared to the control TFC-n-O, possibly contributing to the separation of
charged ions (Figure S9). Table S3 demonstrates the slightly increased O:N ratio of
TFC-n-A membranes, further indicating the increased hydrolysis (i.e., reduced degree
of cross-linking) of prepared TFC-n-A membranes.** The rear side of the selective
layers were obtained by dissolving the substrates for further XPS analysis (Figure S10).
The obviously increased S content of the corresponding TFC-n-A demonstrated the
reactions between the aminated substrates and monomers in the selective layer
formation process. Since the reactivity of amino groups (-NH2) on the aminated
substrate surface with acyl chloride groups (-O=C-CIl) in TMC or polyamide
oligomers,?*42 the aminated substrate could provide a chemical anchorage to bridge the
polyamide selective layer with the substrate.

The pore size and pore size distribution of polymer membranes are contemporarily
important factors for clarifying the structure-property correlation of membranes, which
have a great impact on the membrane separation performance.*® Figure 4 shows that
the TFC-n-A membranes exhibited a higher rejection of uncharged solutes, which

indicated their lower MWCO, revealing the enhancement on size sieving effect. Figure



4 further demonstrated that the pore size distribution of TFC-n-A was narrower than
that of TFC-n-O, correspondingly. The reduced effective pore size of TFC-n-A was
explained by less defect formation in its selective layer, leading to a more uniform pore
size distribution (Table S2).% This could be the result of a more homogeneous reaction
during IP process,* thanks to the reactive aminated substrates contained in the TFC-n-

A membranes.
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Figure 4. The rejection of neutral molecules including raffinose, sucrose, glucose, and
glycerol: (a) TFC-s-O/A, (b) TFC-m-O/A, (c) TFC-I-O/A. The pore size distribution
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3.3 Separation properties of TFC membranes
Figure 5a presents the separation performance of the prepared TFC membranes.

TFC-n-O membranes exhibited diminishing water permeance as the pore size of the
original substrate increased, even though they had similar average membrane
thickness.* 47 Interestingly, TFC-I-O prepared on the substrate with relatively large
pore size revealed inferior water permeance compared to others. Considering the
mitigation of the “funnel effect” by the macroporous substrate, this could be attributed
to its exacerbated polyamide intrusion.*” The water permeance of the TFC-n-A
membranes were all improved compared to the control membranes, especially for TFC-

I-A with a large pore size substrate, where the water permeance of the membrane was



elevated to 17.5 + 0.6 L-m2.h Y.bar (Figure 5a). This significant improvement in

water permeance occurred after the introduction of amino groups onto the substrate of
the TFC-n-A membranes, thanks to the reduced effective thickness of the selective layer
and the lack of protuberances (Figure 2, Figure 3). Furthermore, TFC-s-A prepared on
the small pore size substrate displayed less improvement in water permeance despite
the absence of polyamide intrusion, which confirms the restrictive effect of small pore
size substrates on the overall water permeance of TFC membranes.® %8

Compared to TFC-n-O, TFC-n-A exhibited higher rejection of Na2SO4 and NaCl
(Figure 5a). Typically, TFC-I-A showed the improved NaCl/Na2SO4 selectivity, which
was obviously higher than other prepared membranes. The enhancement of the size
sieving effect and the more negative surface charge promoted the rejection of anions by
the TFC-I-A, revealing its optimized separation performance.> *° Figure 5b shows the
trade-off relationship between water permeance and salt selectivity for the conventional
NF membranes.>® The TFC membranes prepared in this study (TFC-m-A, TFC-I-A)
clearly surpassed the conventional NF membranes by inhibiting polyamide intrusion.

NF membranes with enhanced water permeance and mono/divalent salt selectivity
could lead to the dramatic increase in process efficiency.® > Moreover, membranes with
uniform pore size and surface charge distribution show many potential applications,
such as the removal of highly toxic trace solutes (e.g., emerging contaminants) from
potable water.®> % Figure 5¢ shows that TFC-I-A exhibited higher rejection of
tetracycline (about 98%) compared to the control TFC-I-O. This result can be explained
by the enhanced size sieving effect and electrostatic interaction of TFC-I-A, thanks to

its lower MWCO and more negative surface potential (Figure S9, Figure 4).
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3.4 The strategies to inhibit the polyamide intrusion
To clearly elucidate the mechanism of polyamide intrusion, the relationship

between the depth of intrusion and the apparent pore size of substrate was explored by
relating the results of this study to the relevant literature (Figure 6a, Table S3).5* As the
pore size of the substrate increased, it inevitably brought about the appearance of
polyamide intrusion. The depth of intrusion (A) was commonly equal to half of the
substrate pore size (Figure 6b), and thus the intrusion depth values of TFC membranes
prepared by the conventional IP were mostly around this relation line (A=1/2dp).
Currently, IP on a particular interlayer was reported as one of the methods to inhibit
polyamide intrusion.?% 25 % Indeed, the interlayer was actually more like a smaller pore
size and permeation-optimized “substrate”, analogous to the small pore size substrate
that facilitated the inhibition of intrusion in this study. Furthermore, some researchers
inadvertently mitigated the intrusion by optimizing the IP process.? 24 32 42,56 The
strategy based on the reactive substrate mentioned in this study outperformed other
methods of intrusion inhibition, reducing the depth of intrusion to an acceptable value

(Figure 6a).
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Figure 6. The depth of intrusion versus apparent pore size of substrates. The data
collected in these figures include: the TFC membranes prepared in this work, and some
reported TEC membranes.ls’ 20, 23-25, 32, 38, 39, 42, 54, 56

To sum up, the first strategy to inhibit polyamide intrusion was to reduce the pore
size of the substrate. The aqueous phase solution meniscus might be concave due to the
wettability of hydrophilic substrate during the IP process (Figure S6),!” 18 forcing a
portion of the polyamide to form within the substrate pores. The reduction of substrate

pore size could enhance the capillary force,> mitigating the adverse effect of the



aqueous phase solution meniscus, and thus inhibiting the polyamide intrusion of TFC
membranes. Another strategy was to adjust the surface chemical compositions of the
substrate according to this study. The introduction of specific reactive groups (including
but not limited to amino, hydroxyl) onto the substrate could effectively inhibit the
polyamide intrusion without changing the physical properties of the substrate. Although
the aqueous phase solution meniscus might remain concave, the reactive groups grafted
within the substrate pores could participate in the reaction immediately upon contact
with the TMC to form the polyamide in advance, preventing further polyamide growth
into the substrate pores.

Although both two strategies were effective in inhibiting polyamide intrusion
(Figure 7), the performance of TFC membranes prepared by these strategies could differ
entirely (such as TFC-s-A and TFC-I-A). It should be noted that the small pore size
substrate normally led to a small substrate porosity during the phase separation
preparation process, resulting in the more exacerbated “funnel effect” that adversely
affected the water permeance of TFC membranes.?* #4658 Adjusting the surface chemical
compositions of the substrate could retain the benefits of the large pore size and high
porosity of the substrate, overcoming the limitation of substrates on the overall
membrane permeance. In addition, the reactive groups on the aminated substrate
surface provided the more uniform distribution of monomers during IP process,
breaking the shackle of poor monomer storage capacity of conventional substrates.
Meanwhile, these amino groups could contribute to the reduction of selective layer
thickness due to their effects on the regulation of monomer diffusion. Therefore, the
introduction of amino groups onto the large pore size substrate to inhibit intrusion was

the optimal strategy for the design of high-performance TFC membranes.



) ¢ 8
© ® ¢ .
] L ) o 0
& &
@ o
) °
6 @ v
e [ -]
o °
& 2
©

Figure 7. Conceptual model illustrating the mechanism of the inhibition of polyamide

intrusion

4. Implication

Our current study demonstrated that optimizing the substrates by reducing the pore
sizes, or adjusting the surface chemical compositions via substrate modification could
facilitate the inhibition of polyamide intrusion for accurately controlling the structure
of selective layers. Particularly, the TFC-I-A prepared under the guidance of the optimal
inhibitory strategy exhibited a significant improvement in its water permeance and ionic
selectivity. In addition, recent study highlighted the significance of ultra-permeable NF
(UPNF) membrane in supporting NF-based water treatment,>* due to its advantages of
enhanced separation efficiency and reduced specific energy consumption (SEC).
Tailoring polyamide membranes assisted by intrusion inhibition strategies could be a
potential approach to significantly improve membrane permeance, thanks to lower
transport distances and resistance. Indeed, the majority of research on substrate
optimization (or interlayer) was still at the theoretical stage,* ®° yet few of them have
been applied in commercial applications. Our inhibitory strategies were prospectively
feasible in practical production, which made it possible to manufacture the UPNF
membranes with structurally optimized selective layers in one step production.

We further found that TFC-I-A with inhibited polyamide intrusion exhibited higher

rejection of emerging contaminant, due to the normalized pores and reduced defects in



selective layer.®® 52 Since the inhibition of intrusion theoretically affected only the
permeance of the selective layer, this might be caused by the aminated substrate.
Besides the reactivity, the amino groups could promote the formation of a more
homogeneous reaction interface and thus reduced defects in the selective layer.
Interestingly, the reduction in the effective thickness of the selective layer implied a
positive contribution to membrane permeance by diffusion regulation of the aminated
substrate. However, the underlying mechanisms of chemical groups on the substrate
surface affecting the monomer diffusion remain unclear. Future studies need to
crystallize this diffusion-regulated effect during IP process. The excellent emerging
contaminant removal combined with the simultaneously improved membrane
permeance and selectivity, confers polyamide intrusion inhibition a strong potential for

the state-of-the-art membrane design.
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