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ABSTRACT

The permeance and selectivity of a reverse osmosis (RO) membrane are governed by its
ultrathin polyamide film, yet the growth of this critical film during interfacial polymerization
(IP) has not been fully understood. This study investigates the evolution of a polyamide
nanofilm at the aqueous/organic interface over time. Despite that its thickness remained largely
constant (~15 nm) for IP reaction time ranging from 0.5 to 60 min, the density of polyamide
nanofilm increased from 1.25 to 1.36 g cm™ due to the continued reaction between diffused m-
phenylenediamine (MPD) and dangling acyl chloride groups within the formed polyamide film.
This continued growth of the polyamide nanofilm led to a simultaneous increase in its
crosslinking degree (from 50.1% to 94.3%) and the healing of nanosized defects, resulting in a
greatly enhanced rejection of 99.2 % for NaCl without sacrificing water permeance. Using
humic acid as a molecular probe for sealing membrane defects, the relative contributions of the
increased crosslinking and reduced defects toward better membrane selectivity were resolved,
which supports our conceptual model involving both enhanced size exclusion and healed
defects. The fundamental insights on the growth mechanisms and structure-property
relationship of the polyamide nanofilm provide crucial guidance for the further development

and optimization of high-performance RO membranes.

KEYWORDS: Reverse osmosis, growth of polyamide nanofilm, crosslinking, defects,

selectivity.

SYNOPSIS: This study unravels the evolution of the physiochemical properties of a
polyamide nanofilm during interfacial polymerization, revealing the fundamental mechanisms

governing the structure and separation performance of this critical barrier.
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INTRODUCTION

Increasing demand for clean water necessitates technology development to produce fresh water
from non-conventional sources, e.g., through desalination and water reuse.l* These
applications typically employ thin film composite (TFC) reverse osmosis (RO) membranes,
composed of a polyamide active layer, a porous substrate, and a non-woven fabric support.>”’
Among the different layers, the dense polyamide nanofilm plays the most critical role in the
membrane separation performance.®® Numerous studies have focused on enhancing
membrane permeance by fabricating thinner polyamide nanofilms,*** tuning their surface
morphology,’>” and incorporating additional nanochannels.'®2° Unfortunately, enhancement
in permeance is often accompanied with sacrificed selectivity, a phenomenon commonly

known as the permeance-selectivity tradeoff or the “upper bound”.8 % 2% 22

Compared to water permeance, many recent studies have reported the greater importance of
selectivity on the overall performance of RO plants.?2> Membranes with high selectivity not
only improves product water quality but also eliminates the need for additional treatment steps
(such as a second-pass RO for seawater desalination).?* It has been well documented that the
selectivity of an RO membrane is strongly influenced by the crosslinking degree® 2 (and thus
the effective pore size?” 28) of its polyamide nanofilm. Nevertheless, the evolution of
crosslinking degree during the growth of this nanofilm is still poorly understood. In addition,
membrane selectivity could be adversely affected by nanosized defects.?® Despite the sub-
nanometer pore size of typical polyamide films (2.1-4.5 A in radii based on free volume
characterization®® 3°), RO membranes generally show incomplete rejection of viruses, giant
molecules and bacteria (e.g., 3.4 to 7 log removal for MS2 phage of ~25 nm,! 3 to > 4 log
removal for supercoiled plasmid DNA of ~70 nm,*? and 4.5 to > 5.7 log removal for C. parvum
of ~5 um33). Song et al. attributed this non-ideal rejection behavior to the inherent tendency to

4
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form nanosized defects during the interfacial polymerization (IP) of polyamide films.3* Despite
the critical role of nanosized defects in separation performance of polyamide membranes, the
formation and evolution of these defects during IP have not been systematically investigated,
which prompts us to explore the fundamental mechanisms as well as the inherent relationship

between membrane integrity and selectivity.

The difficulty to resolve the growth mechanism and defect formation in conventional IP is at
least partially caused by the ridge-and-valley surface roughness features of typical polyamide
RO membranes.® 3¢ To avoid such interferences, we adopt a novel free interface fabrication
strategy to form smooth polyamide nanofilms by suppressing the nanofoaming-induced surface
roughness.tt 13 143740 The series of smooth polyamide films formed over predetermined time
steps enable us to unravel the evolution of their physiochemical properties (e.g., thickness,
density, crosslinking degree, and defects) as well as correlate these properties to membrane
separation performance. These fundamental insights into the growth dynamics of polyamide
rejection films and their structure-performance correlation provide important guidance to the

future development of high-performance RO membranes.
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EXPERIMENTAL SECTION

Chemicals.

M-phenylenediamine (MPD, 99%), trimesoyl chloride (TMC, 98%), and n-hexane (95%) from

Sigma-Aldrich were used for the fabrication of polyamide nanofilms. Sodium chloride (NaCl,

Dieckmann), sodium hydroxide (NaOH, Dieckmann), and hydrochloric acid (HCI, 37%, VWR)
were used to adjust solution chemistry. Silver nitrate (AgNOs, Sigma-Aldrich) and nitric acid

(HNOs, 69%, VWR) were used to determine the content of carboxylic groups in polyamide

layer. Humic acid (HA, Sigma-Aldrich) was used for membrane defect healing. Boron (in the

form of boric acid (B(OH)z3)) and xylitol were used to test film rejection of neutral molecules.

Unless specified otherwise, all the aqueous solutions were prepared using Milli-Q water.

Polyamide nanofilm fabrication.

A free interface fabrication strategy was adopted to prepare the polyamide nanofilms using a
custom-designed interfacial polymerization cell (Figure S1, Supporting Information S1).
Briefly, a 30 mL aqueous solution with 2.0 wt. % MPD was introduced into the cell first.
Subsequently, a 10 mL hexane solution containing 0.1 wt. % TMC was gently added on the
surface of aqueous solution to allow the IP reaction occurred at the aqueous/organic interface
for a duration of 0.5-60 min. The fabricated polyamide nanofilm was deposited onto a
preloaded polysulfone substrate by the vacuum-assisted drainage of MPD solution (Figure
$2).3841 This substrate (molecular weight cut-off of 67 kDa, Vontron Membrane Technology)
comprises a porous polysulfone layer of ~40-45 um in thickness, which is further supported by
a non-woven fabric to provide enhanced mechanical strength. Additional information of the
substrate, such as its appearance and surface wettability, can be found in Supporting

Information S2. Residual TMC/hexane solution on the membrane surface was then removed
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by a thorough rinsing using hexane. The resultant membrane was denoted as RO-n, where n

represents the duration of IP reaction.

Traditional TFC membrane fabrication.

For comparison purpose, we also fabricated a TFC polyamide film by performing the
traditional IP reaction directly on a polysulfone substrate. Other fabrication conditions were
identical to those used for RO-1, i.e., a 2.0 wt. % MPD solution and a 0.1 wt. % TMC solution

for the IP reaction with 1 min.

Nanofilm characterization.

The surface morphology of polyamide nanofilm was characterized by a field-emission
scanning electron microscope (FE-SEM, S-4800, Hitachi). All the samples were dried and
sputter coated with a thin gold layer before SEM characterization. A transmission electron
microscope (TEM, G2, FEI Tecnai) was used to resolve their cross-sectional structure.
Nanofilm thickness was determined by an atomic force microscope (AFM, Dimension 3100,
Vecco) with a scan rate of 6 Hz. The density of polyamide nanofilm was calculated by its
thickness and determined mass using a quartz crystal microbalance (QCM, Q-Sense E4, Biolin
Scientific, Supporting Information S3).1* 42 43 The crosslinking degree of nanofilm was
calculated by the determined O/N ratio using an X-ray photoelectron spectroscopy (XPS, Axis
Ultra DId, Supporting Information S4).1% 4445 The water contact angle was evaluated using a
contact angle analyzer (Attention Theta, Biolin Scientific). The charged carboxyl group content
within the polyamide nanofilm was determined at pH 10.5 using an AgNOs-based titration

method (Supporting Information S5). Silver ions could preferentially bind to charged
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(deprotonated) carboxyl groups.*® 4" Subsequently, nitric acid was used to elute the bound
silver ions. Finally, inductively coupled plasma spectrometry (ICP-MS, Agilent 7900) was
utilized to detect the concentration of silver ions for the calculation of the charged carboxyl
group density. It should be noted that the number of charged carboxylate groups is affected by
the pH of the AgNOs solution. According to the literature,*® 4" carboxyl groups are expected to
be fully deprotonated at pH 10.5, so the charged carboxyl group content within the polyamide
nanofilm was determined at pH 10.5 in the current study. Doppler broadening energy
spectroscopy (DBES, Institute of High Energy Physics, Chinese Academy of Sciences) was
used to characterize the S parameter of RO-1 and RO-60 films. DBES can reflect the
information of free-volume of the polyamide nanofilm at an atomic scale (e.g., 0.2-2 nm)
through positron annihilation.?® 8 The S parameter represents the ratio of the counts in the
energy range of 510.2-511.8 keV to the total counts (within 499.5-522.5 keV),* and its value
IS sensitive to the change of the positron states caused by nano-structural changes. When the
positron is localized in a free volume with a finite size, the observed S parameter is a measure
of the momentum broadening according to the uncertainty principle: a larger free volume could
result in a larger S parameter value.*®*® The DBES characterization was operated using a

positron source of 22Na with the positron energy range of 0-5 keV.

Separation performance.

The separation performance of polyamide nanofilms was tested on a laboratory scale crossflow
filtration setup.!* A testing coupon consisting of a polyamide nanofilm and a polysulfone
support was installed into the crossflow filtration cell with an effective filtration area of 12 cm?,

The coupon was then pre-compacted with a 5 L feed solution containing DI water, 2000 ppm

8
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NaCl, 5 ppm boron (in the form of boric acid (B(OH)s3)), 200 ppm xylitol, 2000 ppm MPD, or
100 ppm HA at 17.5 bar under 25 °C for 1 h. Samples were then collected to determine the
water flux and solute rejections of polyamide nanofilms. Water flux (Jw) and water permeance

(A) were calculated by:

_ Am

Jw = Atxaxp ()
_ Jw

A= AP — ATt @)

where Am is the mass of permeate water over the sample collection duration of At, a is the
effective filtration area (i.e., 12 cm?), p is the density of water (i.e., 1 g cm), AP is the applied

hydraulic pressure, and Az is the osmotic pressure between feed solution and permeate solution.

Solute rejection (R) and solute permeability (B) were determined by:

Cr—C
R = fo 14 (3)
B= "l @

where Crand Cpare the solute concentrations in feed and permeate solution, respectively. NaCl
concentration was measured by a portable conductivity meter (Myron I1). The concentration of
MPD was determined using an ultraviolet-visible spectrophotometer (UV, UH-5300, Hitachi).
HA and xylitol concentrations were tested by a total organic carbon (TOC) analyzer (TOC-L

CPH, SHIMADZU). The concentration of boron was detected by an ICP-MS (Agilent 7900).

Defect healing.

A vacuum-assisted deposition of HA was developed to partially heal the intrinsic defects within
the polyamide nanofilms. Briefly, a polyamide nanofilm was preloaded on a polysulfone
substrate following by the addition of 50 mL 1 ppm HA solution. The healing process was
performed by vacuum filtration of the HA solution at a vacuum pressure of ~ 1 bar for 1 min.

The healed nanofilms were thoroughly rinsed by Milli-Q water to remove residual HA. Their
9
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separation performance was then systematically evaluated following the same protocol in the

previous section.

RESULTS AND DISCUSSION

Microscopic morphology.

SEM 200pm L1 TEM 100mm

Polysulfone

RO-0.5

Polysulfone

RO-1

RO-5

RO-10

Polysulfone

Polysulfone

TFC

Figure 1. The surface SEM micrographs and cross-sectional TEM micrographs of polyamide films
with different IP times (0.5 min, 1 min, 5 min, 10 min and 60 min). The micrographs of a TFC

10
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polyamide film fabricated by performing traditional IP process (1 min reaction time) on a polysulfone
substrate with otherwise identical conditions (2.0 wt. % MPD and 0.1 wt. % TMC) were also included
for comparison purpose. The relative darkness in TEM micrographs is related to the relative mass
density, with higher mass density showing darker color. For the membranes formed at free interface
(RO-0.5, RO-1, RO-5, RO-10, and RO-60), their polyamide layers are darker than their polysulfone
substrates due to the crosslinked nature of the polyamide layers. For the traditional TFC membrane,
the polyamide layer had a lighter color as a result of extensive presence of nanovoids inside its
polyamide layer,3 which reduces the effective mass density.

Figure 1 shows the surface (SEM) and cross-sectional (TEM) morphology of the polyamide
films prepared with different IP times. As expected, the adoption of the free-interface strategy
(RO-0.5, RO-1, RO-5, RO-10, and RO-60) successfully suppressed the formation of “ridge-
and-valley” appearance that is typical for traditional IP (TFC), resulting in relatively smooth
surfaces of the polyamide films. Similar low-roughness films have also been reported in the
literatures, ™ 14 38 which has been attributed to the weakened local heating** 5! and reduced
confinement effect®” 3 during IP reaction in the absence of substrate. This relatively smooth
surface morphology enables us to evaluate the evolution of the film thickness over time (Figure

2 AFM).

AFM measurements show that the film thickness was typically in the range of 14.5-15.6 nm
over time (Figure 2). To verify the statistical significance of the difference in thickness for RO-
60 and RO-0.5, we conducted a Student’s t-test for the data. The results show a p value of <
0.02 for RO-60 vs. RO-0.5, suggesting that the difference in thickness for the two polyamide
films is statistically significant. Nevertheless, the growth in film thickness over time was very
slow after t = 0.5 min. Our experimental observations appear to be in line with Freger’s and
Dickson et al.’s simulation studies®* 2 that the formation of a nascent polyamide film would
dramatically slow down the diffusion of MPD monomers from the aqueous phase to the organic
phase, thereby retarding the subsequent growth of the polyamide film. Nevertheless, a few
studies reported substantial growth of polyamide layer over time,>* > e.g., from ~40 to 110 nm

when the IP reaction time was increased from 10 sec to 600 sec.®® This contradiction could be

11
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potentially reconciled by the difference in the definition of intrinsic vs. apparent film
thickness.®* Conventional polyamide films formed by traditional IP generally show a ridge-
and-valley roughness structure containing numerous nanovoids'* % (around 30% by volume
fraction obtained from TEM images®’). Song et al.®* studied the polyamide morphology of four
commercial RO membranes and found that despite the major difference in the apparent
thicknesses of their rejection layers, their intrinsic thicknesses were all in the range of 10-20
nm, which is in line with the film thickness (~15 nm in Figure 2) observed in the current

study. 5861

The SEM micrographs in Figure 1 show the emergence and growth of some leaf-like features
on the surface of polyamide nanofilms at longer IP reaction times. This morphological change
is probably caused by the leakage of amine monomers through nanosized defects of the
polyamide films: the convection of the MPD solution through a defect and its reaction with
TMC in the organic phase forms a “leaf”. In a previous study, Song et al.*® observed nanosized
pinholes at the bottom surface of a polyamide film formed at a free interface, and these pinholes
seem to be co-located with leaf-like features. This explanation is also consistent with Grzebyk
et al.’s observation on the growth of additional roughness features over an existing polyamide
film (e.g., acommercial RO membrane): the formation of additional leaf-like roughness feature
is well correlated to the transport of MPD across the existing layer.5? Presumably, the presence
of defects would allow a faster localized MPD supply, which would promote the further growth

of polyamide near the defective regions.

To verify the existence of defects, we performed filtration tests using Aldrich HA. According
to Song et al.,3* the macromolecular size of HA (approximately 1.1-5.4 nm®®) together with its

soft property could allow it to penetrate through the defects but not through an intact polyamide

12
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film. These features could enable HA to be used to verify nanosized defects. It is worthwhile
to note that HA and other macromolecules have also been commonly used to partially seal
membrane defects.®*% Figure S7 shows HA rejection of below 97%, which confirms the
presence of defects in the polyamide nanofilms. Song et al.3* also shows the presence of defects
in commercial RO membranes based on HA tracer tests: their TEM characterization confirms
that the colloidal HA molecules were able to penetrate through a polyamide layer into the
polysulfone substrate. The existence of nanosized defects would allow the convection of amine
monomers through the polyamide nanofilms, whose reaction with TMC monomers forms leaf-
like features. Such secondary growth of leaf-like features over the defective regions tends to
partially heal the defects, as reflected by the reduced passage of HA at longer IP rection time
(Figure S7). The implications of the formation and evolution of defects on membrane rejection

will be further discussed in the section “Membrane separation performance”.
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Figure 2. AFM characterization of polyamide films with different IP times (0.5 min, 1 min, 5 min, 10
min and 60 min). (a) Height profiles of various polyamide nanofilms with different IP reaction times.
The height profiles were obtained after polyamide films were transferred into silicon wafers. (b)
Thicknesses of polyamide films based on height differences between polyamide films and silicon wafers.
The error bars represent the standard deviation based on at least three replicate measurements using
different membrane coupons.

Physicochemical properties.

As shown in Figure 3a, increasing IP reaction time led to reduced O/N ratio (ron), revealing
the evolution of polyamide toward greater crosslinking degree (n) over time (e.g., from 50.1%
at 0.5 min to 94.3% at 60 min). Extended IP reaction time provides more opportunities for

amine monomers to diffuse into/through a polyamide film and to continue reacting with those
13
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unreacted acyl chloride functional groups of the film, which would promote greater
crosslinking of polyamide. Consistent to this increase in crosslinking degree over time, the
density of charged carboxyl groups (formed by the hydrolysis of unreacted acyl chloride groups
after IP reaction) dropped from 22.6 + 0.8 nm for RO-0.5 t0 9.2 + 0.9 nm2 for RO-60 at pH
10.5 (Figure 3b). The reduced number of charged carboxyl groups also led to an increase in
water contact angle, noting that the charged carboxyl groups are able to form hydrogen bonds
with water molecules and thus can improve film hydrophilicity.®’
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Figure 3. Physicochemical properties of polyamide films. (a) The O/N ratio (ro,n) and crosslinking
degree (n) of polyamide films. The O/N ratio was used to calculate crosslinking degree of a polyamide
film based on the equation: n = (4 — 2rom)/(1 + ron).: (b) Charged carboxyl group density and water
contact angles of various polyamide films. Charged carboxyl group density of polyamide was
guantified by a silver binding method in accordance with Ref. 46, 47 at pH 10.5. (c) Density and aerial
mass of different polyamide films (RO-0.5, RO-5 and RO-60). The density of polyamide film was
determined based on the thickness measured by AFM and the film mass measured by a quartz crystal
microbalance. The error bars represent the standard deviation based on at least three replicate
measurements using different membrane coupons.

Figure 3c shows significantly increased polyamide film density over longer IP reaction time
(1.25 +0.06 g cm at 0.5 min vs. 1.36 + 0.07 g cm™ at 60 min, p < 0.04). Despite that the film
thickness was only marginally increased (Figure 2), QCM results show increased aerial mass
from 1.81 x 108 g cm? at 0.5 min to 2.12 x 10 g cm™ at 60 min (Figure 3c), which confirms

the continued IP reaction over time. Consistent with the increased crosslinking degree, MPD
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molecules diffused into a polyamide film can react with dangling acyl chloride groups within
the film to result in higher film density. This growth of a denser film is in addition to (1) the
diffusion of MPD through the film whose reaction with TMC in the organic phase would
increase the film thickness (Figure 2) and (2) the convection of MPD through the defects of the
film whose reaction forms leaf-like features to heal defects (SEM, Figure 1). The evolution of
the polyamide nanostructure over time has major implications on its separation properties,

which is further discussed in the section “Membrane separation performance”.

Membrane separation performance.

14 I JdwWater permeance | 1 Rejection
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0.0

RO-0.5 RO-1 RO-5 RO-10 RO-60

Figure 4. Water permeance and NaCl rejection of polyamide films with different IP times (0.5 min, 1
min, 5 min, 10 min and 60 min). Testing conditions: DI water (for pure water permeance
measurements) or 2000 ppm NacCl (for salt rejection measurements) at 17.5 bar with the crossflow
velocity of 22.4 cm/s under room temperature (25 °C). The effective filtration area of the crossflow
filtration cell is 12 cm?. The coupon was pre-compacted with feed solution (5 L) to achieve stable
separation performance. The error bars represent the standard deviation based on at least three
replicate measurements using different membrane coupons.

Extending IP reaction time had little effect on water permeance (Figure 4). In contrast, the
NaCl rejection increased from 95.0% to 99.2% when the IP reaction time was extended from
0.5 min to 60 min. The enhanced salt rejection can be at least partially attributed to the
improved film crosslinking (Figure 3a).% In the current study, we show that this improvement
in crosslinking of a polyamide film corresponds to an increased density of the film (Figure 3c),
which could enhance the size exclusion effect?” 2 and result in a more selective polyamide

rejection layer. In addition, healing of nanosized defects at longer IP time (Figure 5) is also
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expected to improve NaCl rejection. To further confirm the role of defects on membrane
rejection, we performed additional salt rejection tests for films treated with mild HA fouling
(Figure 5a). According to prior studies, HA macromolecules could partially plug nanosized
defects of polyamide films, thereby improving film rejection. Figure 5 shows obviously
improved NaCl rejection and water-NaCl selectivity after HA treatment, confirming impaired
rejection and selectivity due to defects in films with short IP times (e.g., 0.5 and 1 min). At
extended IP time of 10 and 60 mins, little difference in NaCl rejection could be observed before
and after HA treatment, which is consistent with less defects in these films at longer IP reaction
time. Figure 5 further allows us to resolve the role of size exclusion effect from that of defects:
longer IP time resulted in better rejection and selectivity even for the HA-treated films (e.g.,
higher NaCl rejection (99.4%) by HA-treated RO-60 than those of HA-treated RO-0.5 (96.8%)
and RO-1 (97.9%)), once again confirming the critical role of size exclusion for more

crosslinked polyamide films.

(a)m“ Pristine Membrane [ ] Membrane Treated by HA (b)
x T

96} :I : I

922 F

[ Pristine membrane

Membranes treated by HA
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84t

Water-NaCl permselectivity A/B (bar™)

RO-0.5 RO-1 RO-5 RO-10 RO-60 RO-0.5 RO-1 RO-5 RO-10  RO-60

Figure 5. Separation performance comparison of polyamide films with different IP times (0.5 min, 1
min, 5 min, 10 min and 60 min) before/after HA treatment. (a) NaCl rejection (2000 ppm) comparison
of polyamide films before/after HA treatment. (b) Water-NaCl permselectivity of polyamide films
before/after HA treatment. HA treatment was performed by depositing HA onto polyamide films by
using vacuum filtration. The volume of HA solution was 50 mL. The concentration of HA solution was
1 ppm, and the filtration time was 1 min. The error bars represent the standard deviation based on at
least three replicate measurements using different membrane coupons.

Conceptual model.
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Figure 6. (a) S parameter of RO-1 and RO-60 nanofilms tested by DBES, and rejection of (b) boron
and (c) xylitol by polyamide films with different IP times (0.5 min, 1 min, 5 min, 10 min and 60 min).
The effective filtration area of the crossflow filtration cell is 12 cm?. The coupon was pre-compacted
with feed solution (5 L) to achieve stable separation performance. The error bars represent the
standard deviation based on at least three replicate measurements using different membrane coupons.

To further understand the evolution of effective pore size and free volume of the nanofilms
over time, we performed DBES characterization for RO-1 and RO-60. Our DBES results
(Figure 6a) are in line with the reported range of S parameters (0.48-0.53) in the literature.?: %
Since a larger S value indicates a greater free volume in the polyamide film,%% 5! the lower S
parameter of RO-60 confirmed the reduced free volume inside the polyamide layer over longer
IP reaction time, which is consistent with the film crosslinking and density measurements
(Figure 3). Additional rejection tests were also performed for neutral molecules boron (in the
form of boric acid) and xylitol. Since the rejection of these molecules is not affected by
electrostatic interactions, their rejection behaviors allow a better understanding of the size
exclusion effect. Figure 6b,c shows improved rejection of both molecules over longer IP
reaction time, which confirms the reduced effective pore size over time. The extended IP
reaction time would provide more opportunities for amine groups to react with acyl chloride

groups within the polyamide nanofilm, which increases the crosslinking degree and the film
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density as well as decreases the free volume and effective pore size. In addition to the enhanced
size exclusion effect, healing of defects in polyamide over longer reaction time may have also
contributed to the improved rejection of the neutral molecules. It has been reported that IP
reactions can potentially lead to the formation of nanosized defects.®* ¢ Presumably, the
presence of defects would allow a faster localized transport of amine monomers, whose
subsequent reaction with TMC in the organic phase tends to partially heal the defects. We
further evaluated the rejection of MPD by the different polyamide films. The transport of MPD
across the polyamide films could provide additional information to better understand the
evolution of polyamide films over time. As shown in Figure 7, the polyamide films formed at
longer IP reaction time achieved less passage for MPD monomers. Since the growth in the film
thickness is dependent on the supply of MDP monomers,> 62 © the reduced transport rate of
MPD at longer IP reaction time explains the limited growth of film thickness over time. This
“self-limit” nature of film growth is critical for the formation of ultrathin polyamide films,
commonly in the range of 10-20 nm as reported in the literatures®®%! for RO membranes.
Furthermore, the reduced MPD passage is consistent with our conceptual model involving
increased crosslinking and improved defect healing over longer reaction time. On the other
hand, our experimental results revealed that this evolution in membrane structure did not impair
the water permeance (Figure 4), making it a potentially attractive strategy for the synthesis of

high-performance RO membranes.
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Figure 7. Rejection of MPD by polyamide films with different IP times (0.5 min, 1 min, 5 min, 10 min
and 60 min). The effective filtration area of the crossflow filtration cell is 12 cm?. The coupon was pre-
compacted with feed solution (5 L) to achieve stable separation performance. The error bars represent
the standard deviation based on at least three replicate measurements using different membrane
coupons.

Structure-property correlation.

Table 1. Correlation coefficients of key parameters (IP reaction time, thickness, crosslinking degree,
density, water permeance and NaCl rejection) of polyamide films. Due to potential nonlinear reaction
kinetics, the correlation was performed on a log-log scale. Microsoft Excel was utilized to analyze the
correlation coefficients based on the CORREL function. Correlation on a linear scale is presented in
Supporting Information S7 for comparison purpose.

IP reaction Thickness Crosslinking Density Water I_\laQI
time degree permeance  rejection
IP reaction
. 1 - - - - -
time
Thickness 0.82 1 - - - -
Crosslinking 0.93 0.68 1 ) i i
degree
Density 0.72 0.41 0.64 1 - -
Water 0.20 0.02 0.21 0.11 1 i
permeance
I_\IaC_:I 0.88 0.75 0.78 0.65 0.08 1
rejection

To better understand the structure-property relationship, we performed a correlation analysis
among the structural properties and performance parameters for the polyamide films formed at
different IP rection time (Table 1). Increasing the reaction time resulted in greater crosslinking
degree (correlation coefficient r = 0.93) and film density (r = 0.72), along with a marginal
increase in film thickness (r = 0.82). In the current study, the membrane water permeance seems

to be poorly correlated to these structural properties. This might be partially explained by the
19
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small differences in the membrane thickness (< 7.1%). Interestingly, enhanced salt rejection
could be achieved without sacrificing water permeance (r = 0.08), providing a potential way to
overcome the permeance-selectivity trade-off. The NaCl rejection was found to be strongly
dependent on the membrane structural parameters (r = 0.75, 0.78, and 0.65 for film thickness,
crosslinking degree, and film density, respectively). The strong dependence of NaCl rejection
on film thickness is possibly explained by the growth of the secondary leaf-like features at
longer IP reaction time, which tends to seal the defects in the polyamide film. At the same time,
a denser and more crosslinked rejection layer is favorable to increased NaCl rejection as a result

of enhanced size exclusion.
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