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The separation performance of thin film composite nanofiltration (NF) membranes is governed by a semi-
aromatic polyamide film. Compared to fully aromatic polyamide films with a well-known self-limiting
behavior, the growth kinetics of semi-aromatic polyamide films and the corresponding regulation mechanisms
have not been fully understood. This study systematically investigated the time-evolved growth of a piperazine
(PIP)-based polyamide film at a free interface over prolonged interfacial polymerization reaction time (up to 60
min). For the first time, we revealed a two-stage growth kinetics, with the film growth rate in the later stage (7.0
nm min’l) one order of magnitude slower than the initial rate (68.2 nm min’l) as a result of reduced availability
of PIP monomers. This two-stage growth mechanism led to an asymmetric film structure, with compelling
characterization results (i.e., crosslinking degree, film density, and pore size) showing that the newly formed
polyamide under the reduced PIP availability was much looser than the incipient film. We demonstrated that
such asymmetric structure had profound impact on the separation performance of the resulting NF membrane
through mechanisms such as internal concentration polarization and gutter effect. The mechanistic insights into
the growth-structure-performance relationship of semi-aromatic polyamide films could guide the synthesis of
high-performance NF membranes.

1. Introduction completed within 20 s, as evidenced by a rapid initial increase in film

thickness followed by a plateau over extended reaction time of 5 min.

Polyamide thin film composite (TFC) membranes have been widely
adopted by nanofiltration (NF) and reverse osmosis (RO) for contami-
nant removal and freshwater production to address global water scarcity
[1-3]. Over the past decades, they have increasingly dominated desa-
lination capacity with approximately 74 % of the current desalination
plants utilizing polyamide-based membrane separation technology [4].
A typical polyamide film is synthesized by interfacial polymerization
(IP) at an interface between amine monomers in water and acyl chloride
monomers in organic solvents. Traditional wisdom believes that the
formation of a polyamide film is fast and self-terminated [5-9]. For
example, Chai [7] reported that the IP reaction could be almost
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This experimental observation of self-limiting growth was also
confirmed by several other groups [8,9]. Notably, many of these studies
focused on fully-aromatic polyamide films [7-9] that are prepared by
m-phenylenediamine (MPD) and trimesoyl chloride (TMC)-a standard
recipe for RO membranes. Such membranes typically present a molec-
ular weight cut-off (MWCO) of ~ or < 100 Da [10,11], which would
restrict further diffusion of MPD monomers (MW of 108 Da) and thus
terminate the IP reaction after the rapid formation of an incipient
polyamide film.

Despite the increasing demands for NF membranes in various prac-
tical applications [12,13], limited studies have been documented for the
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time-evolved growth of semi-aromatic polyamide films. Theoretically,
the self-limiting mechanism documented for RO membranes may not be
readily extended to semi-aromatic polyamide NF membranes consid-
ering the largely different amine monomer properties and polyamide
film structures. Specifically, semi-aromatic polyamide films, prepared
by a lower-reactivity amine monomer piperazine (PIP) [14], present a
looser film structure [6,15] with typical MWCOs in the range of
100-500 Da [16,17]. At the same time, PIP monomers have a small MW
of 86 Da. During the IP reaction, these small amine monomers may
easily penetrate through the incipient polyamide film, allowing their
continuous reaction with TMC monomers. Therefore, we hypothesize
that PIP-based semi-aromatic polyamide films will grow continuously
over extended reaction time, in contrast to the self-limiting behavior of
fully-aromatic ones. This difference in the growth mechanism may
greatly influence the physicochemical properties of NF membranes,
which could further impact the mass transport through the polyamide
film and thereby determine membrane separation performance.

This study aims to systematically investigate the growth mechanism
of semi-aromatic polyamide. A series of polyamide films were fabricated
at increasing reaction time (i.e., 0.5 min, 1 min, 5 min, 10 min, and 60
min) to reveal the evolution of polyamide film growth. To ensure a
sufficient supply of PIP monomers for polyamide growth over an
extended duration, a support-free IP strategy was adopted. We further
characterized the properties such as thickness and crosslinking degree of
these films and evaluated their impacts on separation performance. The
in-depth understanding of the time evolution of the film structure and
the relevant separation properties provides crucial guidance for the
design and synthesis of semi-aromatic polyamide films.

2. Materials and methods
2.1. Chemicals

Piperazine (PIP, 99 %), trimesoyl chloride (TMC, 98 %), and n-hex-
ane (95 %) were purchased from Sigma-Aldrich to synthesize polyamide
films by an IP reaction. A range of neutral solutes with increasing MW,
including glycerol (MW: 92 g mol ™}, 99.7 %, Dieckmann), pentaery-
thritol (MW: 136 g rnol’l, 99.7 %, Dieckmann), Glucose (MW: 180 g
mol’l, 99.7 %, Uni-Chem) and sucrose (MW: 342 g mol’l, 99.7 %,
Dieckmann), were chosen for evaluating MWCOs and pore sizes of
polyamide films. Silver nitrate (AgNO3, >99.0 %, Sigma-Aldrich) and
nitric acid (HNOs, 69 %, trace metals basis, VWR) were purchased to
analyze the density of charged carboxyl groups and ion accumulation in
the polyamide films. Sodium sulfate (NaySO4, 99.7 %, Dieckmann) was
utilized to evaluate film separation performance. Unless otherwise
stated, all aqueous solutions in this study were prepared using ultrapure
water from a Millipore Integral 10 Water Purification System with a
resistivity of 18.2 MQ cm.

2.2. Fabrication of polyamide films via a support-free IP strategy

A series of polyamide films were fabricated by a support-free IP
method [18-20] (Fig. S2) between PIP (dissolved in water) and TMC
(dissolved in n-hexane) with increasing reaction time (i.e., 0.5, 1, 5, 10,
and 60 min, respectively). Firstly, 0.1 wt% PIP solution was poured into
a lab-made container (Fig. S3) with a polyethersulfone (PES) substrate
(Microdyn Nadi, MWCO: 150 kDa) preloaded (Fig. S2). Subsequently,
0.05 wt% TMC solution was carefully added on the surface of PIP so-
lution by a pipette to synthesize polyamide films. In this study, the
surface of a polyamide film exposed to the organic phase during the IP
reaction was defined as the front side. Conversely, the opposing surface,
exposed to the aqueous phase during the IP reaction, was designated as
the back side. The fabricated nanofilms with different orientations (front
side facing up vs. back side facing up) were deposited on the PES sub-
strate with the assistance of vacuum filtration (Fig. S2) for further
characterizations and performance tests [8,18]. The resultant
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membrane comprising a polyamide film and a PES substrate was named
as NF-x, where x denotes the IP reaction time (min).

2.3. Fabrication of conventional TFC membranes

We also fabricated conventional TFC polyamide membranes by
conducting IP reactions between PIP (dissolved in water) with different
concentrations (i.e., 0.1 and 1 wt%) and 0.05 wt% TMC (dissolved in n-
hexane) on the PES substrate. Briefly, the porous PES substrate was
soaked into a PIP solution for 2 min and the excess PIP solution was
removed by a rubber roller. The TMC solution was then gently poured
onto the PIP-impregnated PES substrate for 0.5 or 5 min to synthesize
the polyamide membrane. The formed TFC membrane was thoroughly
rinsed by n-hexane to remove unreacted TMC monomers. The resultant
membranes were named as TFC-x (for 0.1 wt% PIP) or TFC-xH (for 1 wt
% PIP), with the letter x referring to IP reaction time (0.5 and 5 min).

2.4. Characterization of the polyamide films

The surface morphology of a polyamide film was resolved by a
scanning electron microscope (SEM, S-4800, Hitachi) with an acceler-
ating voltage of 5 kV. Before the SEM characterization, all polyamide
films were dried in an oven at 40 °C overnight and then coated with a
thin gold layer by a turbomolecular pumped coater (Q150T ES Plus,
Quorum) to increase sample conductivity. Film cross-sectional struc-
tures were characterized by a transmission electron microscope (TEM,
G2, FEI Tecnai). An atomic force microscope (AFM, Dimension 3100,
Vecco) with a scan rate of 6 Hz was used to measure surface roughness (i.
e., root-mean-square roughness, Rq) and film thickness. The areal mass
of polyamide films was measured by a quartz crystal microbalance
(QCM, Q-Sense E4, Biolin Scientific), which can be further adopted to
calculate film density together with AFM thickness results (Supple-
mentary materials, Section S8) [21-23]. The functional groups of
polyamide films were analyzed by an attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR, Nicolet IS5, Thermo
Fisher Scientific) with wavenumber ranging from 800 to 2000 cm L. The
elemental contents of a polyamide film were detected by an X-ray
photoelectron spectroscope (XPS, Axis Ultra DLD), and the crosslinking
degree (n) of polyamide films can be calculated based on the obtained
O/N ratio (r) following the equation: n = (4-2r)/(1 + r) [21].

2.5. Evaluation of separation performance

A lab-scale crossflow filtration setup was used to test film separation
performance at room temperature of ~25 °C. The fabricated polyamide
membranes were installed into parallel crossflow cells with an effective
filtration area of 2 cm?, with either the front side or the back side of the
polyamide films facing the feed solution. The film samples were pre-
compacted with 1 L feed solution (i.e., DI water, 1 g L~! NaySO4 solu-
tions, 0.2 g L1 neutral molecular solutions, or 1 g L™! PIP solution) at 5
bar with a crossflow velocity of 16.7 cm s~* for 1 h before collecting
permeate solutions. Water flux (J,, L m~2h™Y), water permeance (A, L
m2h! bar’l), and solute rejection (R, %) can be calculated by

Am
VpxaxAt )
Jy
_ 2
AP — Az 2
R=Y %, 100% 3)
Cr

where Am (g) is the mass of the permeate solution collected throughout
At (h), p (g em™) is the density of permeate water, AP (bar) is the
applied pressure, Az (bar) is the transmembrane osmotic pressure, Cy
and C, are the concentrations of the feed solution and the permeate
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solution, respectively. The concentrations of salt ions were measured 3. Results and discussion
directly using a portable conductivity meter (Myron II, Myron L). Con-
centrations of neutral molecules and PIP monomers were analyzed by a 3.1. Roughness of polyamide films

total organic carbon (TOC) analyzer (TOC-L CPH, SHIMADZU).
As shown in Fig. 1, an obvious change of surface morphology was
observed for polyamide films fabricated over different IP reaction time
(from 0.5 to 60 min). Specifically, the IP reaction time of 0.5 min (NF-
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Fig. 1. Microscopic characterizations by SEM (top view) and AFM for the front side of polyamide films formed at different reaction time (0.5-60 min). In the AFM
images, Rq is the root-mean-square roughness. The error bars represent the standard deviation based on at least three measurements for independent poly-
amide films.
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0.5) resulted in a relatively smooth film surface, which is consistent with
the previous reports [9,18,24,25]. Prolonging the IP reaction time led to
the formation of increasingly larger nodular structures. Consistently,
their surface roughness (Rq, root-mean-square roughness) quantified by
AFM increased from 24.9 nm for NF-0.5 to 94.0 nm for NF-60.

3.2. Thickness of polyamide films

To better reveal the evolution of polyamide film growth, we further
characterized the thickness of polyamide films formed at different IP
reaction time by AFM height profile measurements (Fig. 2a and b). As
expected, longer reaction time led to continuous growth in polyamide
film thickness (from 33.4 nm for NF-0.5 to 486.7 nm for NF-60). The
AFM thickness results were further confirmed by TEM cross-sectional
characterization (Fig. 2c1-c5). These results indicate that PIP mono-
mers could penetrate through the polyamide film to react with TMC
monomers continuously. This observation was further supported by the
PIP passage tests (Fig. S6) that a substantial fraction of PIP can still
penetrate through the polyamide film even at the IP reaction time of 60
min. The increased film thickness with prolonged reaction was also
observed for semi-aromatic polyamide in previous studies [9,26],
although these studies adopted relatively short reaction durations (e.g.,
3 min) that limited further analysis for film growth kinetics.

Interestingly, in this study, two-stage kinetics were observed for the
growth of semi-aromatic polyamide films (Fig. 2b). The film thickness
increased rapidly at the rate of 68.2 nm min~! within the first minute,
which was followed by a much slower growth afterward (i.e., 7.0 nm
min~1). Despite the greatly reduced growth rate, the polyamide film
continued to grow over extended reaction time. This growth behavior
was dramatically different from that of fully-aromatic polyamide. For
the latter, its film thickness almost leveled off (growth rate <0.1 nm
min’l) after a rapid film formation within the first 0.5 min [8]. The
two-stage growth of semi-aromatic polyamide could be attributed to the
varied PIP monomer availability. In the initial stage, the high avail-
ability of PIP enables the rapid formation of an incipient polyamide film.
However, this incipient polyamide film slows down further diffusion of
PIP monomers, leading to reduced availability of monomers (Fig. S6)

Distance (um)

NF-05 (c2) NF-1
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and slower film growth (Fig. 2b). This observation is consistent with the
analytical model proposed by Freger [5], which describes a two-stage
polyamide film growth governed by monomer diffusion. According to
this model, polyamide has a nearly constant growth rate in the initial
stage since the trans-interface PIP diffusion remained largely unchanged.
According to the author, once the incipient film is formed, the resistance
for PIP diffusion could be increased by orders of magnitude, leading to
greatly reduced PIP supply for further film growth.

3.3. Crosslinking degree and density of polyamide films

Notably, TEM images show an obvious difference in relative dark-
ness between the front and back sides for polyamide films formed at long
reaction time (i.e., NF-10 and NF-60, Fig. 2¢), indicating an asymmetric
structure of these films. According to previous studies [27,28], such
difference in darkness can be attributed to the variation in the relative
mass density, with darker color indicating denser polyamide. Consistent
with the much darker color of the back sides shown in TEM images, the
back sides also had higher crosslinking degrees than the front sides
(Fig. 3a). Indeed, for all films formed at different IP reaction time,
similar crosslinking degrees were observed for the back sides. This could
be explained by the fact that the back side of a polyamide film, exposed
to the aqueous phase, is formed in the initial stage of the IP reaction. The
high PIP availability during this stage [29] ensures the formation of
highly crosslinked incipient films (over 70 %) with similar quality. To
further verify the property similarity of the incipient polyamide films,
we performed filtration tests by exposing their back sides to the feed
solution containing 0.2 g L™! neutral molecules to analyze their MWCOs
and pore sizes (Fig. 3b). As expected, all the films exhibited nearly
identical MWCO (~137 Da) and pore radius (r, ~0.26 nm). Compared
to the back sides, the front sides (facing the organic phase) had greatly
reduced crosslinking degree (Fig. 3a), higher MWCO, and larger pore
sizes (Fig. S7), particularly for films formed at long reaction time (e.g.,
NF-60). These trends can be attributed to the declined PIP availability
upon the formation of the dense incipient film, which subsequently
resulted in a loose structure for the front side. For MWCO evaluation
with the front side facing the feed solution, the neutral solutes could
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Fig. 2. (a) AFM height profiles of polyamide nanofilms formed at 0.5-60 min. (b) Evolution of polyamide film thickness over time. The insert shows the growth of
film thickness within the first minute. (c1-c5) TEM micrographs of polyamide nanofilms formed at 0.5-60 min. The AFM height profiles were obtained by transferring
polyamide films onto silicon wafers before AFM characterization. Polyamide film thickness was obtained based on the AFM results and three different areas of each
film sample were measured. For part (b), the size of error bar was smaller than the size of the symbol. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 3. (a) The crosslinking degree of the back side (i.e., exposed to the aqueous phase during the IP reaction) and the front side (i.e., facing the organic phase during
the IP reaction) of polyamide films formed at different reaction time (b) Rejection of four neutral molecules (i.e., glycerol, pentaerythritol, glucose, and sucrose) by
polyamide films formed at different reaction time. During the filtration tests, the back side of the polyamide films was exposed to the feed solution. The inset was the
pore size distribution of polyamide films obtained based on rejection results of neutral molecules (see detailed calculation in Supplementary materials, Section S6).
The error bars represent the standard deviation based on at least three measurements for independent polyamide films.

easily penetrate the loose front side but were retained by the dense back
side. The solute accumulation within the polyamide film, a form of in-
ternal concentration polarization (ICP) [30], could increase effective
solute concentration close to the dense back side, resulting in lower
solute rejections and thus a larger experimental MWCO value. In
contrast, the ICP phenomenon could be mitigated with the dense surface
facing the feed solution, contributing to higher rejection and smaller
MWCO. Accordingly, the density of charged carboxyl groups increased
with extended reaction time (Fig. S8). This can be attributed to the
suppressed PIP availability by the incipiently formed dense layer, which
reduces the crosslinking of the subsequently formed polyamide and re-
sults in more unreacted acyl chloride groups of TMC. These unreacted
acyl chloride groups could be then hydrolyzed to negatively charged
carboxyl groups.

We further conducted QCM characterization to evaluate the areal
mass of the polyamide films (Fig. S9) [8,31,32]. Together with the film
thickness results (Fig. 2a and b), polyamide film density (Fig. S10) can
be quantified (see detailed calculation in Supplementary materials,
Section S8). For short reaction time up to 1 min, the semi-aromatic
polyamide films had similar densities (1.17 g cm™> for NF-0.5 and
1.14 g em 2 for NF-1). These values are slightly lower than those of
fully-aromatic polyamide films (1.24-1.28 g cm ™) [8], in good agree-
ment with the larger effective pore sizes of NF membranes [33,34]. In
the current study, the overall density of the semi-aromatic polyamide
films significantly reduced at longer reaction time (e.g., 1.05 g cm > for
NF-5). Assuming a similar density for all the back sides (which is well
supported by their similar crosslinking degree, Fig. 3a), this result im-
plies that the subsequently formed polyamide on the front side had a
greatly lower density (with an average value of 0.81 g cm™> during 1-5
min, Fig. S10).

Combining the above results of the two-stage thickness growth
(Fig. 2b) and asymmetric density evolution of the semi-aromatic poly-
amide film (Fig. S10), we illustrate a time-evolved formation process in
Fig. 4. During the initial IP reaction, the high availability of PIP

Organlc phase B
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IP reaction

ﬁﬁ

L~ High PIP
‘\‘\) . ’2 il availability
Aqueous phase &

o )‘:2)( Extended [)
lnclplent film
oy ]] im |

N HN'/\ LA
O~

monomers resulted in a greatly crosslinked incipient film featuring high
density and relatively small pore size. This incipient film would suppress
the subsequent trans-film monomer diffusion and reduce PIP availability
for the subsequent growth of front-side polyamide, leading to an
asymmetric polyamide film structure with a denser back side and a
looser front side.

3.4. Separation performance of polyamide films

We performed filtration tests to evaluate the separation performance
of the polyamide films by exposing their front sides or back sides to a
feed solution containing 1 g L' NaySO4. The back side filtration (back
side facing up) showed a comparable NaySO4 rejection (Fig. 5a), which
is consistent with the similar crosslinking degree (Fig. 3a). In contrast,
the front side filtration (front side facing up) presented a declined
rejection from 99.0 % to 88.0 % when increasing the IP duration from
0.5 to 60 min (Fig. 5a). For a film with an asymmetric structure (NF-5 or
NF-60), the front side rejection was lower than the corresponding back
side rejection. This difference became more pronounced for NF-60. At
the same time, water flux obtained from front side filtration was lower
than the corresponding value for the back side filtration, with a flux ratio
of as high as 3.0 for NF-60 (Fig. 5b). These peculiar phenomena can be
partially attributed to the more severe ICP for the front side filtration
(Fig. 5¢). When the less crosslinked front side is exposed to the feed
solution, solutes can easily enter this loose layer, but they will be
retained by the dense back side layer, leading to their accumulation
within the polyamide film. This ICP phenomenon, which occurs inside
the polyamide film and is somewhat analogous to ICP in forward
osmosis [35,36], causes higher effective solute concentration and
elevated osmotic pressure for the front side filtration. In contrast, this
unfavorable ICP does not occur for the back side filtration, such that the
latter film orientation presents both higher solute rejection and better
water flux. An added advantage for the back side filtration is that a
relatively loose polyamide layer is sandwiched between a denser
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Fig. 4. Schematic diagram of the growth of a semi-aromatic polyamide film with an asymmetric structure.
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(front loose side facing up) vs. back side filtration (back dense side facing up). (d) The amount of Ag+ ions present inside the polyamide films after filtration of a 10
M AgNO3 solution in front side and back side filtration. Each filtration test was performed for 1 h with an applied pressure of 5 bar. After the filtration test, the
polyamide film was immersed in a 1 % HNOj3 solution for 30 min to leach the bound silver ions, while the Ag™ concentration was analyzed by an inductively coupled
plasma mass spectrometry. The error bars represent the standard deviation based on at least three measurements for independent polyamide films.

polyamide layer and the porous substrate, leading to a beneficial gutter
effect [37] (Fig. 5¢) analogous to that for interlayered TFC membranes
[38-41]. A simple model was further employed to demonstrate this
beneficial effect (Fig. S12). Specifically, the loose layer on the bottom
can serve as a low-hydraulic-resistance gutter [37,42,43] (Fig. S12a) to
shorten the transport path length in the dense part, leading to reduced
overall hydraulic resistance in the polyamide film. In contrast, when the
dense part is on the bottom, a severe funnel-like transport pattern occurs
inside this less-permeable dense layer (Fig. S12b). This unfavorable
“funnel effect” is known to drastically increase the overall hydraulic
resistance and reduce membrane transport efficiency [37,44,45].

To further confirm the ICP, we filtered an AgNOs3 solution (10 pM)
through the polyamide films in the two different film orientations. The
Ag" ions bound inside the polyamide films were subsequently leached
by HNOs [46]. For NF-60 (with the most pronounced asymmetric
structure), the leached Ag+ concentration for the front side filtration was
more than an order of magnitude higher than that for the back side
filtration (Fig. 5d). These results indicate a higher tendency of ICP for
the front side filtration.

3.5. Perspective

For practical fabrication of TFC NF membranes, the IP reaction is
performed directly on a porous substrate instead of at a free interface.

Therefore, we further prepared conventional TFC semi-aromatic poly-
amide membranes on a PES substrate using two different reaction time
(0.5 and 5 min). With a high PIP concentration of 1 wt%, prolonged
reaction time from 0.5 to 5 min also led to a simultaneous reduction in
both water permeance and NazSO4 rejection (TFC-0.5H and TFC-5H,
Fig. 6). However, using a lower PIP concentration of 0.1 wt%, longer
reaction time appears to be beneficial for boosting NaySO4 rejection
from 95.0 % to 99.2 % (TFC-0.5 and TFC-5). For the latter case, the
lower PIP concentration could cause a looser incipient film, which al-
lows PIP monomers to continuously diffuse through and suppress the
formation of undesirable asymmetric structures. Future studies may
further explore strategies for creating “inversed asymmetric structures”
featuring a dense front surface atop a loose back surface. For example,
one may adopt large-MW amine monomers with low concentration to
form a loose incipient polyamide film, followed by the use of small-MW
amine monomers (which minimizes the retardation by the incipient
film) to create a dense front surface. Monomers with different re-
activities [47] may also be used to further optimize such “inversed
asymmetric structures”. Alternatively, layer-by-layer IP [48] or
electrospray-based additive IP [49,50] may be programmed to create
polyamide structures with desired gradient of crosslinking degree.



S. Zhou et al.

T S e
gl &
L w1 190 "o
240t O
3 180
£ 30 8
220} g
o - 170 =2
S10} 2 g
[0} =

‘(-6 O 1 | Iy 1 60

<

«0_0.6 €GP . ?0_05\’\ «Gb\"

Fig. 6. Water permeance and Na,SO4 rejection of TFC semi-aromatic poly-
amide membranes by conducting conventional IP reaction on a porous PES
substrate with different reaction time (0.5 and 5 min). The resultant membranes
were named as TFC-x (for 0.1 wt% PIP) or TFC-xH (for 1 wt% PIP), with the
letter x referring to IP reaction time (0.5 and 5 min). The error bars represent
the standard deviation based on at least three measurements for independent
polyamide films.

4. Conclusions

In the current study, we deciphered the structural evolution of semi-
aromatic polyamide films over extended IP reaction time. In contrast to
the traditional wisdom, the growth of semi-aromatic polyamide films
shows a two-stage kinetics instead of self-limiting behavior. Initially
high PIP availability allows the fast growth of incipient polyamide film
with a relatively high mass density (1.17 g cm™~>). This dense incipient
film retards the subsequent PIP supply, which slows down the growth
kinetics and forms a looser polyamide structure toward the front side.
Long IP reaction time leads to a thick polyamide film with greatly
increased hydraulic resistance. This thick film also features an asym-
metric structure with a loose front surface and a dense back side, which
is prone to severe ICP when tested in front side filtration. As a result,
excessively long IP reaction time could cause a simultaneous reduction
in both water flux and salt rejection, which should be strictly avoided.
We demonstrate better separation performance for the back side filtra-
tion that suppresses ICP and promotes gutter effect. The critical mech-
anistic insights for the growth kinetics and structure-performance
relationships would provide important guidance for the future design
and optimization of semi-aromatic polyamide membranes.
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