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ARTICLE INFO ABSTRACT
Keywords: Reverse osmosis (RO) membranes have been used for desalination for over 40 years. This review focuses on the
Thi"'ﬁlf“ comPOSit? mfembrane lab-scale synthesis of fully aromatic polyamide layers used to create RO membranes using the interfacial poly-
Imerlf_ama.l polymerization merization (IP) process between an amine monomer, m-phenylenediamine (MPD), and an acyl chloride mono-
E::t;::twn mer, trimesoyl chloride (TMC). This review extensively covers the numerous lab-scale synthesis protocols used in
Characterization research labs and proposed mechanisms and kinetics for synthesizing these fully aromatic polyamide layers using

Mechanism IP. Emphasis is placed on the support membrane used and the reaction conditions such as monomer concen-
tration, solution volume, aqueous solution soaking time, reaction time, reaction temperature, and the use of non-
reactive additives in the reaction solution. The effect of processing techniques for removing the aqueous solution
and for post-reaction cross-linking are discussed. These variables are compared by investigating their effect on
the membrane desalination performance. The numerous methods used to characterize the polyamide layers are
reviewed. The synthesis of fully aromatic polyamide layers on hollow fiber membranes is briefly discussed. The
goal of this review is to discuss the numerous synthesis parameters in reported lab-scale studies for control
membranes, which may help researchers to synthesize and improve RO membranes more effectively.
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Fig. 1. (a) Illustration of the IP reaction between MPD and TMC at the surface of a polyethersulfone (PES) microporous support and the chemical structure of the
polyamide layer [177]. The m and n in polyamide structure represent the crosslinked and the linear sections, respectively (m + n = 1). (b) Structure of the syn-
thesized polyamide RO membrane with the top and cross-sectional morphologies [177]. Reproduced with permission from Springer Nature under the Creative
Commons Attribution 4.0 International License. Color version of figure can be found online.

1. Introduction

Potable and clean water is becoming scarcer worldwide [1-3]. In
order to meet the demand of potable and reusable water, numerous
techniques are currently being employed, including filtration, sedi-
mentation, distillation, and membrane-based separations such as
reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and
microfiltration (MF) [4-6]. Among these techniques, RO has gained
significant attention due to its excellent desalination performance and
simple operation [7]. In RO membranes, the solutes, which are generally
monovalent salt ions, are separated by a non-porous layer via size
exclusion and charge repulsion between the ionized solutes and mem-
brane surfaces [8]. In order to have an efficient treatment of saline
water, the ideal RO membranes should have high water permeance and
be impermeable to solutes [8].

The first case of the fabrication of RO membranes was reported in
1959 by Reid and coworkers [9]. They were able to successfully syn-
thesize a cellulose acetate membrane to remove salts from water. The
fabricated membrane showed very good NaCl rejection (98%) [9].
However, the water permeance of the membranes was low (< 0.03 L/
m?/h/bar (LMH/bar)) [9]. Later, with an aim to improve the water
permeance, Loeb and Sourirajan were able to fabricate a cellulose ace-
tate membrane which exhibited improved water permeance (0.14 LMH/
bar) along with good NaCl rejection (99%) [10]. Although some of the
fabricated cellulose acetate membranes showed acceptable perfor-
mance, the application of this membrane was limited due to its low
thermal stability and chemical resistance [11,12], which influenced
researchers to conduct more studies to synthesize membranes with
better thermal and chemical properties. Then in 1971, Richter et al.

suggested the application of aromatic polyamide membranes as an
alternative, which had a better chemical and biological stability [13,14].
Although the water permeance from this membrane was found to be
lesser (0.01 LMH/bar) than the cellulose acetate membranes, it exhibi-
ted a comparable NaCl rejection (99%) [14]. Later in 1979, a major
milestone was achieved when Cadotte introduced polyamide thin film
composite (TFC) membranes [15]. The polyamide membrane was pro-
duced from the interfacial polymerization of m-phenylenediamine
(MPD) and trimesoyl chloride (TMC) on a microporous polysulfone (Psf)
support, which was supported by a non-woven polyester fabric [15].
Compared to the cellulose acetate membranes, the fabricated polyamide
membrane showed a higher water permeance (0.73 LMH/bar) and a
similar NaCl rejection (99%). This membrane also had better stability in
acidic and alkaline environments [15].

After achieving the groundbreaking success of the TFC membrane via
the introduction of the interfacial polymerization (IP) reaction between
the aromatic amine and aromatic acyl chloride, the research and
investigation on new chemistries for polymeric RO membranes have
been significantly reduced [16]. Current RO membranes in the market
are still mostly based on the polyamide chemistry that has been devel-
oped several decades ago, i.e., the interfacial polymerization of MPD and
TMC [16].

Although no new polymeric materials for RO membranes have been
introduced, the performance of the RO-TFC membrane, specifically
water permeance and salt rejection, has been dramatically improved
[16]. The alteration of monomers [16-18], synthesis parameters
[16,18], module structure [19], supporting layers [20-26], and the
introduction of different nanomaterials [16,18,19,27-29] has resulted
in the improvement of RO membrane performance [30-32]. The goal of
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Fig. 2. Illustration of a RO membrane with a field emission-scanning electron microscopy cross-sectional image of an ESPA2 RO membrane [171]. Reproduced with

permission from Elsevier. Color version of figure can be found online.

any modification is to push the boundaries of permeability/selectivity
trade-off [33], although selectivity is the more critical factor to improve
[34]. In addition, a better understanding of the RO membrane porous
structure and surface, characterized by different techniques, has played
a significant role in improving the RO membrane performance
[19,29,35]. For instance, the application of atomic force microscopy
(AFM) revealed that the roughness of the RO membrane could affect the
water permeance and salt rejection of the membranes [36].

Even though the fabrication of RO TFC membranes in industrial
settings is well established, there are numerous published variations to
the protocol to synthesize fully aromatic polyamide RO membranes at
the laboratory scale. When searching the literature, there appears to be
no standardized protocol for RO membrane fabrication. The goal of this
review is to help guide researchers wanting to synthesize fully aromatic
polyamide separation layers on a laboratory scale. We reviewed over
130 papers from 2016 to 2020 and have compiled the various ways fully
aromatic polyamide RO membranes have been synthesized
[22,23,37-165]. This review is broken down into each step of the IP
process with a summary of the techniques and conditions used for each
step.
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2. Synthesis of fully aromatic polyamide membranes
2.1. Mechanism of the interfacial polymerization reaction

There are several proposed mechanisms for the IP reaction to form
polyamide RO membranes [164,166-172]. Several researchers have
suggested that the IP reaction takes place in the organic phase by the
diffusion of the amine monomers from the aqueous phase, as the acid
chloride monomers have a highly unfavorable partition coefficient in
the aqueous phase [166,167]. As a result, the mixing rate of the re-
actants, specifically the mass transfer rate of amine molecules towards
the organic phase, governs the reaction rate of IP and affects the
morphology and microstructure of the polyamide separation layer and
the resultant membrane performance [166,167,173,174]. By nature, the
IP reaction is very fast due to the high reactivity of the acid chloride
monomers. However, the reaction rapidly begins to slow down signifi-
cantly as the diffusion of the MPD monomers towards the organic phase
is slowed due to the formation of the polyamide layer (i.e., a semi self-
limiting reaction) [168]. The polyamide layer is considered to contain
two layers: a dense and highly crosslinked base polyamide layer, which

Stage I: Stage II: Stage llI:
oligomer formation continuous PA film formation residual monomer reaction
. 2 ° L .

:Aqueous phase @ TMC

® MPD @’ oligomer

Fig. 3. Illustration of the formation mechanism of the polyamide layer using varying monomer concentrations [172]. Reproduced with permission from Elsevier.

Color version of figure can be found online.



S. Habib and S.T. Weinman

Organic Aqueous

1 HO . OH
- .
O O ls % £
a” a g RES ;’
- or é
oo |E
™C g | -

.——'no'e""—'cn

b

(1)0s (2)30s (3) 350 (4) S0s

owebso
snoanbe

.
e

(1)0s (2) 403 (3)45s (4) 60$

swedio

s
=

: bk
R EH?

Desalination 502 (2021) 114939

0 20 40 60 o 100
React

(6) 750

Time (s)

(5) 60. )

L~

(srvs (Ty75s () 100s

BED

Fig. 4. (a) Schematic of the interfacial polymerization between resorcinol (RES) and 9,9-bis(4-hydroxyphenyl) fluorene (BHPF) with TMC, (b) polyarylate film
formation between RES and TMC over time, (c¢) polyarylate film formation between BHPF and TMC over time, and (d) plot of polyarylate film thickness versus time.
Reproduced from [183] with permission from The Royal Society of Chemistry. Color version of the figure can be found online.

is formed at the very beginning of the reaction (incipient layer), and a
looser polyamide structure on top having the “ridge and valley”
morphology [169]. Fig. 1 shows a general formation mechanism of the
polyamide layer. It has been found that the polyamide layer has a sur-
face roughness on the order of 100 nm due to the presence of “ridge-and-
valley” structures, which increases the water permeance of the mem-
branes due to the enhanced surface area [175,176].

Careful characterization of the “ridge-and-valley” structures
revealed the presence of nanovoids in the polyamide layer [178].
Recently, Fujioka et al. performed the characterization of the polyamide
layer using positron annihilation lifetime spectroscopy (PALS) and
observed the free-volume hole-radius was 0.270-0.275 nm [170]. Fig. 2
shows the structure of the polyamide layer on top of the support mem-
brane. The thickness of the polyamide layer and the free-volume holes of
the polyamide layer play a crucial role in transporting water and solute
(s) through the RO membrane [170]. Ma and coworkers suggested that
the release of nanosized gas bubbles during the IP process, which they
termed as nano-foaming, are responsible for those nanovoids [164,179].
The nanobubbles occur due to the heat generated by the IP reaction and
are facilitated by the production of HCI, which reduces the solubility of
dissolved gases such as CO2, N, and Oy [164,179]. In their study, Shen
et al. found that using ultrasound during fabrication can produce a series
of compression and rarefaction waves, and when the ultrasound be-
comes high, the rarefaction forces surpass the intermolecular in-
teractions of the medium and produce cavitation bubbles on the medium
[167,180]. However, these cavitation bubbles are unstable and can

collapse suddenly, which produces a large amount of heat and high
pressure. The generation of energy improves the mass transport of amine
monomers, enlarges the mixing area, and accelerates the IP reaction
[167,180]. The RO membrane fabricated using ultrasound showed
better performance (water permeance was 3.44 LMH/bar and NaCl
rejection was 95.9%) than the control RO membrane (water permeance
was 1.99 LMH/bar and NaCl rejection was 94.7%) [167,180].

From previous studies, it has been found that the concentration of
MPD and TMC can greatly affect the morphology of polyamide mem-
branes. For example, An et al. observed that changing the MPD and TMC
monomer concentrations affect the morphological parameters (such as
surface curvature, Feret distance, thickness, perimeter, and area) of the
crumple features of the RO membranes [171]. However, they did not
investigate the effect of MPD and TMC concentration on the membrane
performance [171]. In another study, Xu et al. tuned the MPD and TMC
concentrations and found that the application of different concentra-
tions of monomers results in membranes with three types of polyamide
morphology [172]. Depending on the MPD and TMC concentration, the
surface morphology showed different structures, including smooth,
nodular, and leaf-like structures [172]. They used a MPD concentration
ranging from 0.2 wt% to 20 wt% and found that a smooth, void-free
structure formed at lower concentrations, a leaf-like, single-layer
structure formed at moderate concentrations, and a nodular, multi-layer
structure formed at higher concentrations [172]. Fig. 3 shows the for-
mation mechanism of these three types of polyamide layers. They also
found that the polyamide thickness depends on the morphology of the
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Fig. 5. Illustration of the role of the support membrane on the interfacial polymerization between MPD and TMC.

polyamide layers [172]. For example, in the case of the polyamide layers
with a multi-layer void structure, the thickness of the polyamide layer
was 361 + 23 nm, which was almost 7-fold higher than the polyamide
layer with a void-free cross-section (52 + 6 nm) [172]. Among the above
mentioned morphological features, the morphology with leaf-like
structures (using moderate concentrations of MPD and TMC) showed
the best membrane performance with a water permeance > 2.5 LMH/
bar and a NaCl rejection > 95% [172].

Chowdhury et al. used electrospraying to synthesize polyamide
layers [181]. The small droplet size and the low monomer concentra-
tions used result in smoother and thinner polyamide layers than con-
ventional polyamide layers. Fully aromatic polyamide layers of 15 nm
thickness had a roughness of ~8 nm, a water permeance of 2 LMH/bar,
and a NaCl rejection of 95.5% [181].

2.2. Interfacial polymerization kinetics

The kinetics of the interfacial polymerization reaction are chal-
lenging to study due to the very fast reaction (on the order of seconds)
between MPD and TMC to form a thin film [182]. Nevertheless, there
have been a few recent studies attempting to measure and model the
kinetics of the interfacial polymerization reaction. Nawbahar et al. used
microfluidic interferometry to measure the interfacial polymerization
kinetics at a water droplet-oil phase interface [182]. By measuring the
refractive index of the water droplet over time (i.e., as the reaction
consumes MPD), the authors were able to track the spatial and temporal
evolution of MPD concentration near the interface and determine its flux
from the aqueous phase. The flux was related to the reaction to measure
the reaction kinetics. They determined that the flux at the start of the
reaction scales linearly with [MPD], and /[TMC], and the reaction has
a rate constant of k = 110 L/(mol * s) [182]. However, as the polyamide
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Fig. 6. Box-and-whisker plots of (A) water permeance (LMH/Bar) and (B) NaCl rejection for fully aromatic polyamide membranes synthesized with varying aqueous
MPD solution soaking times. Specific synthesis conditions include an aqueous MPD concentration of 2 wt%, an organic TMC concentration of 0.1 wt%, and an organic

TMC reaction time of 1 min.
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Fig. 7. Time evolution of the temperature close to the interface and 40 pm into
the aqueous phase using MPD and piperazine (PIP) as the aqueous amine
monomers. Reproduced with permission from Elsevier [198]. Color version of
figure can be found online.

network beings to form, the amine fluxes decay more rapidly than
predicted with their model, thus providing evidence for the “self-
limiting” behavior of the MPD-TMC reaction.

Ren et al. used time-dependent FTIR microscopy to investigate the
mechanism and kinetics of the interfacial polymerization reaction
resorcinol (RES) and 9,9-bis(4-hydroxyphenyl) fluorene (BHPF) with
TMC [183]. They chose this polyarylate system instead of the MPD
polyamide one because the alcohol-TMC reaction is much slower than
the amine-TMC reaction and the length of one FTIR measurement was
~6.7 s. Fig. 4 shows that with the microscopy, they were able to see the
evolution of a film, including the reaction between BHPF and TMC
forming bubbles. Using FTIR, they were able to see a clear depleting of
the monomer peaks and a clear increase in the polyarylate peaks. They
determined that the reaction kinetics scales linearly with [RES], and

[TMC],, and the reaction has a rate constant of k = 119 L/(mol * s)
[183], similar to that found by Nawbahar et al.

Li et al. used low coherence interferometry (LCI) to study the film-
formation kinetics of the interfacial polymerization between MPD and
TMC on a polysulfone support membrane [184]. They soaked the sup-
port membrane in a MPD solution and flowed the TMC over top of the
membrane where it was subject to LCI. The used the surface-averaged
intensity (SAI) profiles from the LCI to interpret the film-formation ki-
netics [184]. The initial SAI profiles provided evidence for incipient film
formation, in which the polyamide is rapidly generated. This is followed
by a slowdown of the growth of the polyamide network, which is seen by
the abrupt change in the SAI increase rate. Then, the long period of
nearly constant increase in the SAI is indicative of a diffusion-controlled,
self-limiting growth [184]. However, they did not provide any data for a
suggested rate constant of reaction.

Behera and Akkihebbal pH-metry to study the interfacial polymeri-
zation of MPD and TMC in an emulsion [185]. The basic principle of pH-
metry is to measure the pH changes in the aqueous phase caused by the
reaction (HCI formation) to monitor the progress of reaction. This is an
extension of their previous studies using this technique [186-188],
where in this study, they combine their previous methods to account for
HCI generation from both the MPD-TMC reaction and from TMC hy-
drolysis. They found the kinetics fit a power law type, and they show
that the reaction is approximately first order in the acid chloride group
concentration and order 1.6 in the amine group concentration [185].
The authors found that when a surfactant is present, the rate of the re-
action approximately doubles [185]. They noted that the reaction usu-
ally stops well short of 100% conversion of the stoichiometrically
limiting monomer, and they attributed this to the lowering of pH which

Desalination 502 (2021) 114939

restricts the availability of the aqueous phase monomer at the reaction
interface. Because the reaction takes place in the organic phase, only un-
protonated amines can partition into the organic phase and react. As the
pH is lowered, the amines begin to protonate and cannot partition into
the organic phase and react. The authors do mention this pH-metry
technique is not sensitive enough for high conversions.

2.3. Support effects

The membrane support used to synthesize the polyamide layer on
top of plays a critical role in how the resultant polyamide membrane
performs. The support effects have been the focus of a recent 2017 re-
view [20], thus the discussion below will center on a few studies since
then. A recent study by Elfa Peng et al. investigated the effect of support
membrane pore size on polyamide layer structure and performance
[189]. They used polycarbonate (PC) track-etched membranes with a
pore size ranging from 10 to 900 nm as the membrane support. The top
surfaces of polyamide films showed significant leaf-like roughness fea-
tures for TFC membranes synthesized on 80 and 100 nm PC supports.
Increasing the PC pore size resulted in less of these features forming.
Decreasing the PC pore size resulted in a smoother polyamide layer. Not
surprising, as the pore size of the PC increased, the water permeance
increased [189]. The NaCl rejection of the membranes was compro-
mised at PC pore sizes above 100 nm, likely due to defects forming in the
polyamide layer over the pores and the polyamide layer over the
rupturing when pressure is applied [189]. When the authors synthesized
fully aromatic polyamide membranes on top of polysulfone (Psf) or PES
support membranes both the water permeance and salt rejection were
greatly improved, and as Fig. 5 shows, they suggested the interfacial
polymerization processes is more effective on sponge-like support
membranes [189]. The authors connect the PC pore size to the
confinement effects from their previous studies referenced above
([164,179]) for the nanobubbles to escape during polyamide formation.
Sharabati et al. found similar results when synthesizing polyamide
layers on Psf supports with pore sizes ranging from 18 to 120 nm [24].
As the pore size decreased, the salt rejection increased, with Psf pore
sizes below 40 nm producing polyamide layers with salt rejections above
95% [24].

Zhang et al. investigated the effect of Psf support porosity on the fully
aromatic polyamide membrane thickness and performance [25]. The
authors synthesized their own Psf membranes with varying porosity
from 63 to 80%. They found that as the support porosity increased, the
resultant polyamide layer water permeance decreased and the salt
rejection increased [25]. The authors suggested that the polyamide
layers synthesized on the lower porosity supports could delaminate
easily, resulting in lower salt rejection. Additionally, as the support
porosity increased, the polyamide layer roughness and thickness also
increased [25], which is similar to what was found by Wang et al. [23].
These studies indicate that there is an optimum support porosity
(70-80%) and pore size range (~20-80 nm) for fabricating high salt
rejecting polyamide membranes.

Finally, Aghajani et al. investigated the effects of porous support
resistance of commercial fully aromatic polyamide membranes [21].
Unsurprisingly, at low transmembrane pressures, they found that the
support membrane resistance is negligible compared to the polyamide
membrane. However, at higher transmembrane pressures (up to 8.3
MPa), the support increased the overall membrane resistance by ~30%
[21]. It would be worthwhile to further investigate this issue for appli-
cations where even higher transmembrane pressures are needed.

For the purposes of this study, the results discussed below will
pertain only to membranes synthesized on Psf or PES supports. Psf
supports with a molecular weight cut-off of ~20-30 kDa dominate the
MPD-TMC based membrane literature and the commercial membrane
products and provide the platform for our investigation of the polyamide
layer synthesis parameters.
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interfacial polymerization reaction. Reproduced with permissions from Elsevier
[162]. Color version of figure can be found online.

2.4. Reaction conditions

The synthesis parameters which are considered vital for fabricating
the TFC membranes are the MPD and TMC monomer concentrations,
MPD soaking time, and MPD-TMC reaction time. In this section, we
discuss the effect of each synthesis parameter on the membrane per-
formance. Additionally, we discuss the correlation between MPD and
TMC concentration (i.e., MPD/TMC ratio), MPD concentration and MPD
soaking time, and MPD soaking time and MPD-TMC reaction time in
Sections 2.4.1, 2.4.3, and 2.4.4, respectively.

2.4.1. MPD and TMC concentration

Several studies have suggested that the surface properties and
membrane performance of TFC polyamide membranes can be altered by
the MPD and TMC monomer concentrations used in the IP reaction
[54,171,172,190-193]. In the reviewed papers, the concentration of
MPD in the aqueous solution ranged from 0.01 to 4.6 wt% and, the
concentration of TMC in the organic solution ranged from 0.001 to 10 wt
%. The most common MPD and TMC concentrations were 2.0 wt% and
0.1 wt%, respectively. Unfortunately, there is not enough data from
membranes synthesized with common conditions to adequately analyze
the effects of MPD and TMC concentrations across numerous papers.
Therefore, our discussion below will center around individual lab
studies. Xu et al. found that the concentration of MPD and TMC and
MPD/TMC ratio greatly impacted the membrane performance [172]. By
changing the MPD concentration from 0.1 to 20.0 wt% while keeping
the TMC concentration constant at 0.1 wt%, the membrane fabricated
using 2.0 wt% MPD had the highest water permeance of 4.0 LMH/bar
and NaCl rejection of 99.5% [172]. When the authors used low MPD
(0.2 wt%) and TMC (0.1 wt%) concentrations, they noticed semi-smooth
and continuous surface morphology [172]. The membranes made with a
MPD concentration between 1 and 4 wt% (using 0.1 wt% TMC)
exhibited a leaf-like structure [172]. Increasing the MPD concentration
to 20 wt% (using 0.1 wt% TMC) showed a continuous polyamide layer
with a stick-like structure [172]. By changing the TMC concentration
from 0.01 to 1.0 wt% while keeping the MPD concentration constant at
2.0 wt%, the membrane fabricated using 0.1 wt% TMC had the highest
water permeance of 4.0 LMH/bar and NaCl rejection of 99.5% [172]. In
order to understand the effect of monomer concentration and other
synthesis parameters, most experimental trials were performed using the
one-factor-at-a-time method, where only a single factor was modified in
each trial [190]. Chai et al. found that the thickness of the polyamide
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layer increases with the TMC concentration [191]. The authors found
the membrane surface to be smooth and featureless when they used a
lower TMC concentration [191]. When the TMC concentration was
increased, the polyamide layers were more cross-linked and had a higher
surface roughness [191]. Increasing the TMC concentration shifted the
rate-controlling step from being diffusion-controlled in the organic
phase to being diffusion-controlled in the polyamide film [191]. This
shift led the IP process towards being self-limiting, where the formation
of a dense cross-linked barrier prevented the MPD molecules from
reacting with TMC molecules [191]. Though there was a significant
change in polyamide layer thickness when the TMC concentration was
changed, the investigators did not see any apparent change in thickness
when the MPD concentration was increased [191]. In contrast, Roh et al.
found that the polyamide film thickness increased when both the MPD
and TMC concentrations increased [192]. The MPD concentration was
found to impact the polyamide layer thickness more than the TMC
concentration [192]. When the TMC concentration was increased from
0.01 to 0.1 wt/v%, the NaCl rejection of the membrane was increased by
6% from 90%, whereas the water permeance was decreased by 3% from
8.20 LMH/bar. Increasing the TMC concentration from 0.01 to 1 wt/v%
resulted in an increase of the polyamide layer thickness by 360% [192].
When the MPD concentration was increased from 0.01 to 1 wt/v%, the
thickness of the active layer increased [192]. Increasing the MPD con-
centration from 0.01 to 0.1 wt/v% dramatically decreased the water
permeance by 24% from 11.41 LMH/bar and the NaCl rejection
increased by almost 20% from 78% [192]. Increasing the MPD con-
centration than 0.1 to 1 wt/v% decreased the water permeance by 38%,
and the NaCl rejection was consistent at 95% [192]. In addition to the
changes in the thickness of the polyamide layer, the authors observed
that the MPD and TMC concentrations played a role in polyamide layer
hydrophilicity [192]. Increasing the TMC concentration increased the
hydrophilicity, whereas increasing the MPD concentration decreased
the hydrophilicity [192]. Xie et al. found there is an optimum MPD
concentration of approximately 1.5 wt% to obtain a high water per-
meance (> 2 LMH/bar) [193]. Increasing the MPD concentration from
1.5 wt% to 3 wt% at constant TMC concentration enhanced the driving
force of the diffusion of MPD molecules and reduced the water per-
meance by 24.6% [193]. Changing the MPD concentration did not affect
the salt rejection significantly in their study [193].

In another study, Khorshidi et al. found that at higher MPD con-
centrations and constant TMC concentration, the water permeance
decreased from 5.21 to 2.79 LMH/bar [190]. The higher MPD concen-
trations enhanced the driving force for the diffusion of the MPD mole-
cules, increased the polyamide layer thickness with bigger ridge-and-
valley structures, and reduced the water permeance [190]. When the
TMC concentration was increased from 0.15 to 0.35 wt% at constant
MPD concentration, the water permeance was increased from 1.38
LMH/bar to 5.21 LMH/bar, and the NaCl rejection decreased from
96.9% to 91.4% [190]. The authors assumed that the membrane per-
formance of their synthesized RO membranes not only depends on the
cross-linking density but also depends on the thickness of the loose
polyamide structure [190]. Reducing the MPD/TMC concentration ratio
by increasing the TMC concentration made the polyamide layer denser,
increased the cross-linking density, and reduced the driving force for the
diffusion of the MPD molecules [190]. At higher TMC concentrations, a
thin polyamide layer with nodular structures was formed instead of a
looser polyamide layer with a ridge-and-valley structure [190]. Thus,
even though the membrane with a lower MPD/TMC concentration ratio
had higher cross-linking density, the water permeance was higher due to
the formation of a thinner polyamide layer [190]. When Song et al.
increased the MPD and TMC concentrations and kept the MPD/TMC
concentration ratio constant at 10, the water permeance decreased and
the NaCl rejection increased [54]. Xu et al. made fully aromatic RO
membranes with different MPD and TMC concentrations, and they
found that when the membranes were fabricated with a 1-4 wt% MPD
concentration, a 0.05-0.2 wt% TMC concentration, and a MPD/TMC
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Fig. 9. Box-and-whisker plots of (A) water permeance (LMH/Bar) and (B) NacCl rejection for fully aromatic polyamide membranes synthesized without additives and
with co-solvents (additives) in the organic solution. Specific synthesis conditions include an aqueous MPD concentration of 2 wt%, an aqueous MPD solution soaking
time of 2 min, an organic TMC concentration of 0.1 wt%, and an organic TMC reaction time of 1 min.

concentration ratio in the range of 10-40, the produced membranes
showed a good water permeance > 2.5 LMH/bar and NaCl rejection >
98% [172]. They observed the effect of MPD and TMC concentration on
the formation of the polyamide layer and porosity of the back surface of
the polyamide layer, which results in changes in membrane perfor-
mance. When the MPD concentration was lower than 1 wt%, the RO
membranes had a lower water permeance of 1.39 LMH/bar due to the
formation of a non-porous back surface with a void-free cross-section
[172]. When the MPD concentration was in the range of 1-4 wt%, the
resultant membranes had higher water permeance values due to the
formation of single-layer void structures with porous back layers [172].
When they used a MPD concentration of 20 wt%, the water permeance
was zero due to the formation of a non-porous back layer with a multi-
layer void structure [172].

2.4.2. Aqueous and organic phase solution volumes

Most articles do not report the solution volumes used in either the
aqueous or organic phase for the interfacial polymerization process.
Additionally, the membrane area is not always reported with the solu-
tion volume(s) either [23,55,58,63,72,74,77,86,106,110]. Some articles
only report the aqueous MPD solution volume but not the organic TMC
solution volume [55,139]. Some articles are the opposite, where they
only report the organic TMC solution volume but not the aqueous MPD
solution volume [45,110,135,155]. Reported aqueous MPD solution
volumes can range from 10 mL to 100 mL [23,40,44,55,58,63,72,74,
77,83,86,89,92,97,104,106,111,117,118,139]. The average aqueous
MPD solution volume per membrane area is 0.20 mL/cm?
[40,44,83,89,92,97,104,111,117,118]. Reported organic TMC solution
volumes can range from 10 mL to 100 mL [23,40,44,45,58,63,72,
74,77,83,86,89,92,97,104,106,110,111,117,118,135,155]. The
average organic TMC solution volume per membrane area is 0.24 mL/
em?® [40,44,83,89,92,97,104,111,117,118,135,155]. Even though the
applied volume of the aqueous solution is not the volume that partici-
pates in the interfacial polymerization reaction due to the removal of the
excess aqueous MPD solution (see Section 2.5.1), the aqueous and
organic solution volumes and the membrane area the solutions are
contacting needs to be reported to adequately reproduce the synthesis
protocol. Additionally, the precise method for using each solution needs
to be described. In almost all cases, some sort of seal, whether a gasket,
ring, or tape, is used so that the organic TMC solution only contacts the
top surface of the membrane. However, there are two approaches used
with the aqueous MPD solution. In some cases, the same sealing
approach as the organic TMC solution is used, but other times the

support membrane is completely immersed in aqueous MPD solution.
Xie et al. did an excellent job of reporting the solution volumes and
membrane area used, and they provided pictures to show their exact
process used [193].

2.4.3. MPD soaking time

MPD soaking time is a very important part of the RO membrane
synthesis process. The soaking of amine monomers affects the
morphology of the polyamide separation layers. Inefficient soaking can
lead to the formation of pinholes on the separation layer, which results
in substandard RO membrane performance [193]. The most common
MPD soaking time is 2 min [22,37-39,41,44,49,52,55,57-59,67,71,73,
77,79,83,86,87,90-92,95,97,111,115,116,119,125,126,134,137-141,
146-148,150,151,158,164]. Fig. 6 shows the effect of MPD soaking time
on the resultant membrane performance while keeping the MPD con-
centration, TMC concentration, and TMC reaction time constant with
outliers removed (see Supporting Information for details). Statistical
analyses (see Supporting Information for details) show that the poly-
amide membranes made using a 5 min MPD solution soaking time had a
lower water permeance than the membranes made using a 1 min MPD
solution soaking time, and the polyamide membrane made using a 2 min
MPD solution soaking time had a lower NaCl rejection than the mem-
branes made using 1 and 5 min MPD solution soaking times. It has been
shown that by increasing the soaking time of the aqueous amine solu-
tion, the NaCl rejection increases and the water permeance decreases
[194,195]. Zargar et al. found that when the amine soaking time
increased from 2 to 10 min, the NaCl rejection increased from 84.3% to
91.9%, and the water permeance decreased slightly from 2.02 LMH/bar
to 1.86 LMH/bar [194]. When a longer soaking time is used, the support
membrane absorbs more MPD monomers and the monomers have a
chance to penetrate deeper into its porous structure [193,194]. The
impregnation of MPD monomers in the support membrane pores in-
creases the availability of MPD molecules, which enhances the driving
force for MPD diffusion towards the organic phase and results in the
formation of a thick polyamide layer and the reduction of water per-
meance of the resultant RO membrane [193-195]. In another study,
Vatanpour et al. immersed the supporting membrane in an aqueous MPD
solution accompanied by additives, and they found that by increasing
the MPD soaking time from 5 to 15 min, the NaCl rejection slightly
increased, whereas the water permeance was significantly decreased
[195]. The enhanced diffusion and absorption of the amine solution in
the supporting membrane pores due to the increased MPD immersion
time was responsible for the formation of a thick polyamide layer and
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Fig. 10. Effect of using acetone, diethyl ether, and ethyl acetate in the organic phase on water flux (A) and NaCl rejection (B). Reproduced with permission from

MDPI [148]. Color version of figure can be found online.

results in a decrease in water permeance [195]. The authors found that
when the MPD soaking time is increased with increasing MPD concen-
tration, the water permeance decreased [195]. The longer the MPD
soaking time with a high MPD concentration leads to more MPD mole-
cules available for absorption on the support membrane, which even-
tually leads to the formation of a thicker polyamide film, reduced
availability of free -COOH groups, and thus, a reduction in the water
permeance [195]. However, the authors did not observe much change in
the salt rejection when they increased the MPD soaking time for
different MPD concentrations [195]. In the study conducted by Zargar
et al., it was observed that though longer MPD soaking times increases
the penetration of amine monomers into the support layer porous
network, the formed polyamide layer cannot highly diffuse inside the
support membrane pores because of the restricted TMC supply to the
supporting layer due to the limited solubility of TMC in water
[193,194]. Thus, if the supply of TMC is limited, increasing the mem-
brane soaking time does not significantly reduce the water permeance

but greatly enhances the salt rejection [194].

2.4.4. MPD-TMC reaction time

In fully aromatic RO polyamide membrane synthesis, the MPD-TMC
reaction time is a very important parameter that determines the extent
of IP reaction. The most common reaction time found in the reviewed
studies is 1 min. By tuning the reaction time, the RO membrane per-
formance can be controlled. Unfortunately, there is not enough data
from membranes synthesized with common conditions to adequately
analyze the effects of MPD-TMC reaction time across papers. Therefore,
our discussion below will center around individual studies investigating
the effect of reaction time. For example, Vatanpour et al. studied the
effect of the MPD-TMC reaction time on the membrane performance and
found that by increasing the reaction time from 1 to 3 min, the water
permeance and salt rejection are increased [195]. Increasing the reac-
tion time led to an increase in the ratio of single bond -COOH to single
bond -CONH. During the formation of the polyamide layer, the MPD

Fig. 11. SEM top surface and back surface of Hydranautics ESPA2 (a,d), Dow BW30 (b,e), and a homemade fully aromatic membrane (c,f). Reproduced with

permission from Elsevier [40].
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Fig. 12. Cross-sectional TEM images of fully aromatic polyamide membranes made with different concentrations of SDS. Reproduced with permission from

Elsevier [161].

molecules initially diffuse to the organic layer, react with the -COCl
group, and form the primary polyamide layer [195]. As time progresses,
the remaining -COCI groups react with new entering MPD molecules and
make the polyamide layer more cross-linked. After the formation of the
primary layer and during the film growth, the diffusion rate of the MPD
molecules becomes slower comparing to the diffusion rate of TMC
[195]. Thus, the -COOH groups of unreacted TMC molecules becomes
more available, which enhances the water permeance of the membrane
[195]. When Kadhom et al. studied the effect of MPD-TMC reaction time
(5, 10, 15, 20, and 25 s at room temperature) on the membrane per-
formance, they observed that by increasing the reaction time, the water
permeance decreased due to the increased thickness and cross-linking of
the polyamide layer [196]. However, the NaCl rejection remained
approximately the same for all reaction times, which was attributed to
the fast nature of the IP reaction [196]. Due to rapid reaction, the
polyamide layer reduced the MPD transfer towards the TMC organic
solution [196]. As a result, no significant change was observed in salt
rejection for different reaction times [196]. A reaction time of 5 s pro-
vided the best water permeance when it was compared with other re-
action times [196]. At shorter reaction times, some of the TMC
molecules might not react with MPD, and the unreacted -COCI groups of
TMC was hydrolyzed to -COOH groups [196]. The formation of -COOH
groups increased the hydrophilicity, and thus, improved the water
permeance [196]. The authors also investigated the effect of increasing
MPD soaking time from 10 to 30 s on the membrane performance for
reaction times of 5 to 25 s [196]. They found that when the reaction time
was 5 s, increasing the MPD soaking time did not change the water
permeance or salt rejection significantly [196]. However, in the case of
other reaction times (10 s, 15, 20 s and 25 s), when increasing the MPD
soaking time, the salt rejection was increased [196]. When the reaction
time was 10, 15, 20, and 25 s, with increasing MPD soaking time, the
water permeance was increased [196]. According to the authors of the
study, by increasing the MPD soaking time, the MPD molecules react
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Fig. 13. Zeta potential of an MPD-TMC membrane (MPD) and two other
modified chemistry membranes (MpMPD and MpMPD-PA). Reproduced with
permission from Elsevier [59]. Color version of figure can be found online.
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more with the support, and one or both of the amine groups of MPD
molecules may get oxidized, which eventually makes the surface more
hydrophilic [196]. However, in the case of 15 s and 20 s reaction time,
increasing the MPD soaking time above 25 s reduced the water per-
meance, which might happen due to the reduction in the availability
of-COOH groups [196]. In another study, Dong et al. noticed a decrease
in water permeance and an increase in NaCl rejection when they per-
formed the reaction for a longer time [197]. For the reaction time below
12 s, the water permeance was 4.70 LMH/bar and the NaCl rejection was
98.5% [197]. Increasing the reaction time to 15 s resulted in a slightly
lower permeance of 4.54 LMH/bar and a similar NaCl rejection of 98.7%
[197]. When the reaction time was further increased, the permeance
was reduced to 4.06 LMH/bar and the NaCl rejection was similar at
98.9% [197].

2.4.5. Reaction temperature

In almost all cases, the temperature of the aqueous and organic so-
lutions is not reported. It is therefore assumed that the solutions are
approximately at room or ambient temperature [37,38,87,
91,97,98,149,150,1601], likely 20 to 25 °C [75,146,154,163]. MPD sol-
ubility and diffusivity in the organic solution changes with temperature,
and thus, impacts the properties of the resultant polyamide layer [169].
Ghosh et al. used four organic Isopar-G solution temperatures between 8
and 38 °C [169]. They found that as the temperature of the Isopar-G
solution increases, the water permeance remains approximately the
same from 0.02 LMH/bar at 8 °C to 0.03 LMH/bar at 38 °C, the salt
rejection decreases from ~98% at 8 °C to ~93% at 38 °C, the surface
hydrophobicity slightly increases, and the surface roughness increases
[169]. Bera et al. used an aqueous MPD solution temperature of 60 °C
and an organic TMC solution temperature of 30 °C for interfacial poly-
merization [157]. The produced membrane had a water permeance of
3.6 LMH/bar and a NaCl rejection of 96% [157]. Khorshidi et al. used
eight organic hexane solution temperatures between —20 and 50 °C for
interfacial polymerization [177]. They found that decreasing the
organic solution temperature led to a decrease in polyamide layer
thickness, an increase in cross-linking density, an increase in hydro-
philicity, a decrease in surface roughness, a decrease in NaCl rejection
from 99% at 50 °C to 94% at —20 °C and an increase in water permeance
from 1.3 LMH at 50 °C to 5.6 LMH/bar at —20 °C [177]. Interestingly,
the water permeance was lowest (0.7 LMH/bar) at 25 °C. Ali et al.
synthesized polyamide membranes using organic Isopar-G solution
temperatures of 20, 60, and 100 °C [163]. They found the surface
roughness increased, the polyamide layer increased, the water per-
meance decreased slightly from 0.83 LMH/bar at 20 °C to 0.75 LMH/bar
at 100 °C, and the NaCl rejection increased very slightly from 99.2% at
20 °C to 99.6% at 100 °C as temperature increased [163]. Zhao et al.
soaked the support membrane in a room temperature MPD solution and
then dipped the MPD-soaked membrane in a TMC solution in an ice bath
of ~10 °C [38]. The resultant membrane had a water permeance of 1.76
LMH/bar and a NaCl rejection of 98.2% [38]. Ma et al. used a different
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approach to change the temperature of the interfacial polymerization
[164]. The authors soaked the porous substrate in MPD, stored it at
—16 °C for 30 min, then poured the TMC solution on the frozen substrate
[164]. This membrane was not tested for desalination performance but
was characterized by scanning electron microscopy (SEM). The SEM
image showed a relatively smooth surface almost free of leaf-like or
nodular structures [164]. Recently, Ukrainsky and Ramon attempted to
measure the temperature of the interfacial polymerization reaction zone
by utilizing a temperature-sensitive fluorescent dye [198]. As shown in
Fig. 7, the authors found that the temperature of the IP was at least
50 °C, with many configurations being above 70 °C and the maximum
temperature reached of 86 °C [198].

2.4.6. Additives

Additives are commonly used in the aqueous or organic phase of the
interfacial polymerization process for improving membrane perfor-
mance by altering monomer solubility, diffusivity, and hydrolysis [169].
There has been a lot of work on using nanomaterials in the IP process to
improve RO membranes that have been recently reviewed
[16,18,19,27-29,199], however, the use of nanomaterials is out of the
scope of this review. Additionally, the use of alternative monomers or
other compounds that become part of the polyamide layer is also out of
the scope of this review [16-18,29,199]. This section will review the
most commonly used additives in the aqueous and organic phases.

2.4.6.1. Aqueous phase additives. Surfactants, co-solvents, and other
additives have been used in the aqueous phase of the IP process to
improve membrane performance [19,169]. Unfortunately, there is not
enough data from membranes synthesized with common conditions to
adequately analyze the effects of aqueous additives across papers.
Therefore, our discussion below will center around general information
from studies using aqueous additives with a few individual studies dis-
cussed in detail. The most common organic additives used in the
aqueous phase are triethylamine (TEA) at a concentration of 0.3-4.2 wt
% [37,40,44-48,53,56,61,63,65,66,68,69,76,81,82,84,85,92,93,95,96,
101-105,116,119,121,122,126,129,130,132,133,135,136,139,145,
147,154,156,161,165] and (+)-camphor-10-sulfonic acid (CSA) at a
concentration of 14 wt% [37,45,46,48,53,56,61,63,66,68,69,
76,82,84,85,92,95,102,104,105,116,119,121,126,129,130,132,133,
136,139,144,147,153,154,156,161]. TEA is most commonly used at 2
wt% and CSA is most commonly used at 2 wt%. TEA is an acid-acceptor
that is used to neutralize the HCI produced during the IP reaction which
accelerates the MPD-TMC reaction [47,48,102,119,139,154,
161,169,199,200]. NaOH at a concentration of 0.05-0.6 wt% is another
commonly used HCI neutralizing agent [52,99,153]. It is suggested that
TEA also can influence the polycondensation rate by controlling the
state of diamine dissociation [48,199,200]. CSA is suggested to improve
the absorption of the amine solution in the support membrane
[102,119,139,154,161,169,200], and CSA is suggested to protect the
microporous skin layer of the support ultrafiltration membrane from
annealing during curing [48,169]. TEA and CSA are almost always used
together  [37,45,46,48,53,56,61,63,66,68,69,76,82,84,85,92,95,102,
104,105,116,119,121,126,129,130,132,133,136,139,147,154,156,
161], with TEA occasionally being used by itself as an additive or a pH
adjuster [40,81,93,96,101,103,135,145]. CSA was used only once
without TEA but in the presence of sodium lauryl sulfate (SLS) [144].
Surfactants, most commonly sodium dodecyl sulfate (SDS) at a
concentration of 0.05-2.0 wt% [37-39,44-48,
53,56,63,65,68,69,85,91,92,105,116,122,134,136,153,161,165], are
used in the aqueous phase of the IP process to improve membrane per-
formance by improving the wettability of the support membrane
[19,38]. It is suggested that the surfactants form a self-assembled
network at the aqueous/organic interface allowing for fast, more ho-
mogenous diffusion of amine monomers across the interface [47,201].
The use of surfactants may lead to a more uniform pore size distribution
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in the polyamide layer. SDS is most commonly used at a concentration of
0.1 wt%. Sodium dodecylbenzenesulfonate (SDBS) at a concentration of
0.2 wt% [150] and SLS at a concentration of 0.1-0.15 wt%
[119,126,144] also have been used as a surfactant in the IP process.

Co-solvents have been used to promote polyamide formation [199].
Fig. 8 shows that it is suggested that the use of co-solvents, such as
dimethyl sulfoxide (DMSO) at a concentration of 0.5-5 wt%
[63,136,147,153,157,162], forms a transition layer between the
aqueous and organic phases which facilitates the IP process by
improving the amine monomer diffusion [16,162,169,199]. DMSO is
most commonly used at a concentration of 1.0 wt%. Lee et al. used
DMSO at concentrations of 1, 2, 3, and 5 wt% to synthesize fully aro-
matic polyamide membranes [162]. At DMSO concentrations of 1 and 2
wt%, the water permeance was 6.00 LMH/bar and the NaCl rejection
was 96.5% [162]. At DMSO concentrations of 3 and 5 wt%, the water
permeance was 7.80 LMH/bar and the NaCl rejection was 78.0% [162].
As DMSO concentration was increased, the polyamide layer thickness,
roughness, and cross-linking density decreased. When DMSO and glyc-
erol were used as additives, the water permeance was 2.20 LMH/bar and
the NaCl rejection was 95.5% [157]. When DMSO, CSA, SDS, glycerol,
and NaOH were used as additives, the water permeance was 5.80 LMH/
bar and the NaCl rejection was 99.0% [153]. 2-ethyl-1,3-hexanediol
(EHD) is suggested to facilitate MPD transport to the organic solution
[147,202]. When EHD was used at a concentration 0.2 wt% in the
presence of DMSO, TEA, and CSA, the optimal membrane possessed a
water permeance of 5.18 LMH/bar and a NaCl rejection of 87.8%
[147,202].

One study by Khorshidi et al. used a Taguchi method to investigate
the simultaneous effects of SDS, TEA, CSA, and DMSO on fully aromatic
polyamide membranes [161]. The use DMSO, CSA, and TEA from 0.5 to
2 wt% fabricated polyamide membranes with a higher water per-
meance, while the use of SDS from 0.1 to 0.4 wt% fabricated polyamide
membranes with a lower water permeance. Conversely, increasing the
amount of SDS increased the salt rejection, while increasing the DMSO
and TEA concentration decreased the salt rejection. Polyamide mem-
branes fabricated with 1 wt% CSA had the highest salt rejection. The use
of additives produced thicker and rougher polyamide layers with larger
surface features [161]. By increasing only the SDS concentration, the
resultant polyamide layer was thicker, rougher, more hydrophilic, and
had a higher degree of cross-linking. By increasing only the DMSO
concentration, the resultant polyamide layer was thicker, smoother,
more hydrophilic, and had a higher degree of cross-linking. By
increasing CSA concentration, the resultant polyamide layer was
smoother, of similar hydrophilicity, and had a slightly lower degree of
cross-linking. By increasing TEA concentration, the resultant polyamide
layer was thicker, slightly rougher, of similar hydrophilicity, and had a
slightly higher degree of cross-linking [161].

Inorganic salts are another aqueous phase additive that have been
used. CaCly is suggested to improve membrane hydrophilicity, and when
it was used at a concentration of 0.01 wt% in the presence of TEA and
CSA, the optimal membrane possessed a water permeance of 2.21 LMH/
bar and a NaCl rejection of 96.3% [61]. Ma et al. used 6.0 wt% NaHCO3
as a proton scavenger to enhance nanobubble formation during the IP
reaction [164]. The resultant polyamide membrane had a rougher
polyamide layer, a higher water permeance of 2.69 LMH/bar, and a
higher NaCl rejection of 98.6% compared to the membrane made
without NaHCO3 [164].

2.4.6.2. Organic phase additives. Of the papers reviewed, only 5 used
additives in the organic phase [57,82,140,147,148]. Co-solvents are the
most commonly used additives in the organic phase. Dichloromethane
(DCM) [57], dimethyl carbonate (DMC) [82], ethyl acetate (EA)
[140,148], diethyl ether (DEE) [140,148], and acetone [148] have been
used as organic co-solvents. When DCM was used as the only additive at
4 wt% in n-hexane, the membrane water permeance was 2.30 LMH/bar
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and the NaCl rejection was 95.5% [57], similar to membranes made
with no additives. When DCM at 4 wt% was combined with trimellitic
anhydride chloride (TAC), an acid anhydride with relatively low reac-
tivity that can be used as an acylating agent for amide bond formation, at
a concentration range of 0.02 to 0.08 wt%, the membrane water per-
meance was 5.50 LMH/bar and the NaCl rejection was 68.2%, indicating
TAC was not a worthy additive [57]. However, at 0.02 wt% TAC, the
membrane water permeance was 3.10 LMH/bar and the NaCl rejection
was 94.1%, indicating very low levels of TAC could be beneficial [57].
Increasing the TAC concentration led to polyamide membranes with a
similar thickness, lower degree of cross-linking, higher hydrophilicity,
and a multilayer-ring structure.

DMC is another co-solvent that has been used in heptane [82]. When
DMC was used at a concentration of 1.5 wt%, the water permeance was
the highest of the tested conditions at 4.52 LMH/bar and the NaCl
rejection was 98.7% [82]. When DMC was used as a co-solvent, the
resultant polyamide membrane was more leaf-like than nodule-like,
rougher, and thicker.

Fig. 9 shows the water permeance and NaCl rejection data with
outliers removed (see Supporting Information for details) for the organic
co-solvents while keeping the MPD concentration, MPD soaking time,
TMC concentration, and TMC reaction time constant. Statistical analyses
(see Supporting Information for details) show that the polyamide
membranes made with organic co-solvents had a statistically higher
water permeance than the polyamide membrane made without organic
co-solvents while the NaCl rejections were not significantly different
from each other. Al-Hobaib et al. used EA and DEE in heptane at con-
centrations of 0-5 wt% [140]. It was found that EA at a concentration of
5 wt% produced membranes with a water permeance of 3.49 LMH/bar
and a NaCl rejection of 97.0% [140]. DEE was found to work best at a
concentration of 3 wt%, producing membranes with a water permeance
of 2.72 LMH/bar and a NaCl rejection of 99.0% [140]. The addition of
EA and DEE produced polyamide membranes which were slightly less
rough and slightly more hydrophobic than membranes synthesized with
no co-solvent [140]. Al-Hobaib et al. used EA, DEE, and acetone at
concentrations of 0-3 wt% in both n-dodecane and n-hexane to produce
polyamide membranes [148]. In n-hexane, EA at 3 wt%, DEE at 1 wt%,
and acetone at 0.5 wt% provided the best results in terms of water
permeance and NaCl rejection for each co-solvent [148]. The best per-
forming membrane using n-hexane as the organic solvent was the EA at
3 wt% membrane, which had a water permeance of 2.75 LMH/bar and a
NaCl rejection of 98.0% [148]. In n-dodecane, EA at 3 wt%, DEE at 1 wt
%, and acetone at 0.5 wt% provided the best results in terms of water
permeance and NaCl rejection [148]. Fig. 10 shows the best performing
membrane using n-dodecane as the organic solvent was the EA at 3 wt%
and DEE at 1 wt% membranes, which has a water permeance of 3.38
LMH/bar and a NaCl rejection of 97.0-98.0% [148]. The addition of EA,
DEE, and acetone produced thicker polyamide membranes with a
slightly lower roughness and higher hydrophobicity compared to
membranes synthesized with no co-solvent [148]. Based on the dis-
cussed results, EA is a good additive to use in the organic phase
(regardless of solvent) at concentrations of 3-5 wt% to improve the
membrane permeance without sacrificing the NaCl rejection.

Tributyl phosphate (TBP) has been used in the organic phase as a
complexing agent to reduce TMC reactivity [147,202]. It is challenging
to deduce the direct effect TBP had on the resultant polyamide mem-
brane due to TEA, CSA, EHD, and DMSO also being included as aqueous
phase additives. However, when TBP was used in n-hexane, the resultant
polyamide membrane was more hydrophilic than the polyamide mem-
branes without the additives, and the polyamide membrane had a
decrease in NaCl rejection to 87.8% and an increase in water permeance
to 5.17 LMH/bar [147].
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2.5. Processing techniques

2.5.1. Removal of aqueous amine solution techniques

In the process of fabricating thin-film composite polyamide mem-
branes, a porous support membrane is first immersed in the aqueous
amine solution, and after a given time, the excess aqueous MPD solution
is removed from the top surface of the support membrane using one of
several methods. The complete removal of the excess aqueous amine
solution is critical as the presence of solution droplets on the membrane
surface can form pinhole defects and reduce the salt rejection signifi-
cantly [193]. Different methods have been used to remove the excess
amine such as (1) using an air knife or air gun on the membrane surface
[41,49,57,71,88,94,100,149], (2) applying compressed nitrogen on the
membrane surface [23,54,60,78,90,103,106], or (3) using a roller on
the membrane surface [22,40,43-48,50,51,53,55,58,59,61,64,65,68,
70,77,79,81,83,86,87,92,97,101,102,105,112,113,115,119,120,124,
125,131,136,137,141-144,146-148,150,152-154,156-159,161-164,
203,204] until no extra solution droplets remain on the surface. The
application of various methods can affect the lag time, which is defined
as the time spent for eliminating the excess amine liquid from the top
surface of the support until the amine-soaked support is exposed to the
organic TMC solution. Lag time is considered to be an important factor
in the synthesis process of TFC membranes, which affects the fabricated
TFC membrane performance [205]. In the investigation performed by
Fathizadeh et al., they found that increasing the lag time from 0 to 8 min
caused a decrease in permeance from 0.95 LMH/bar to 0.14 LMH/bar
[205]. However, regardless of lag time, any of the above-mentioned
methods seem to be acceptable for removing the excess amine solution.

2.5.2. Post-reaction cross-linking techniques

Curing after the IP reaction assists cross-linking via additional re-
action and increases the packing density, which results in the densifi-
cation of the polyamide selective layer [194,206]. Some studies have
suggested that the curing of the TFC membrane after the IP reaction has
a significant impact on membrane performance [169,206]. Moreover,
several studies have shown that curing is an important factor for stabi-
lizing and strengthening the polyamide layer [207-209]. The curing of
the polyamide layer via heat treatment increases the diffusivity of the
MPD monomers, which increases the availability of MPD molecules in
the reaction zone (and therefore increases the rate of reaction), enhances
the rate of cross-linking, forms thick polyamide layers, and helps to
shrink the pores of the substrate membrane, which enhances the salt
rejection [169,177]. Some studies have investigated the curing time
[194], other studies have investigated curing temperature [210], and
others have investigated the curing medium [130]. Zargar et al.
observed increased NaCl rejection and reduced water permeance when
the curing time was increased from 10 to 20 min at 60 °C in an oven
[194]. However, they were concerned about the fact that the longer
curing time may destruct the polyamide layer due to the shrinkage of the
polyamide layer, which will result in the formation of defects and a
reduction in salt rejection [194,208]. When Dong et al. performed the
post-reaction curing at 90 °C in an oven, they found that the water
permeance was increased and NaCl rejection was decreased when
increasing the curing time from 5 to 15 min [197]. They used TEA and
CSA salt in the post-treatment solution, which helps the TFC membrane
to withstand the heat treatment by protecting the reordering of the
polyamide structure and avoiding the structural damage of the support
membrane [197]. In another study, Ma et al. varied the post-curing
temperature from 40 to 60 °C and found that by increasing the curing
temperature in an oven, the NaCl rejection increased [210]. In other
studies, different curing mediums have been applied in the post-reaction
cross-linking process to investigate the effect of curing medium on the
membrane performance [130,193]. The most common curing mediums
are in an air-convection oven [37-41,43-48,50,52,53,55,59,61,66-68,
73,80,85-88,93-96,111,116,120,121,123,129,131,133,134,136,138,
139,142,143,145,152,159-162,165], a heated water bath [22,49,
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65,71,130,164], air at room temperature [64,104,106,124,130], or
steam [130], however numerous studies reported no post-reaction
curing [23,42,51,54,56-58,60,62,63,69,70,72,74-79,81-84,89-92,
97-103,105,107-110,112-115,117-119,122,125-128,132,135,137,
140,141,144,146-151,153-158,163]. The most common oven curing
temperature and time is 60 °C and 5 min. For instance, Xie et al. per-
formed the post-reaction thermal treatment on the RO membrane using
80 °C for 10 min in an oven or 100 °C for 10 min in water [193]. The
membranes cured in the oven showed higher water permeance (2.90
LMH/bar) compared to the water-cured membranes (2.45 LMH/bar)
[193]. However, the NaCl rejection was almost the same for both
membranes (99.2% for oven-cured and 99.5% for water-cured) [193].
Karimi et al. employed different curing mediums including air (8%
relative humidity), steam (70% relative humidity), and deionized water
for performing the post-curing reaction at 75 °C for 5 min [130]. They
found that the polyamide RO membranes cured in the water had the
highest NaCl rejection (99.7%), whereas the membrane cured in air
showed the lowest NaCl rejection (98.3%) [130]. The water permeance
for the steam-cured membrane (0.52 LMH/bar) was higher than the air-
cured (0.46 LMH/bar) and water-cured (0.30 LMH/bar) membrane
[130]. Membranes cured in air or steam were slightly more cross-linked
than membranes cured in water. Membranes cured in air were less rough
than membranes cured in steam or air. Membranes cured in water were
more hydrophilic than membranes cured in steam, which were more
hydrophilic than membranes cured in air.

Along with thermal curing, chemical post-treatments have a signif-
icant effect on membrane performance [32]. In order to improve the
water permeability, several studies have focused on applying certain
chemicals after interfacial polymerization [32,211,212]. In some
studies, acids and bases have been employed for post-treatment
[213,214]. For example, Kulkarni et al. applied hydrofluoric acid with
a concentration below 5 wt% and observed an increase in the hydro-
philicity, water permeance, and salt rejection [213]. Shen et al. found
reduced salt rejection when they employed acids and bases during the
post-treatment [214]. In the first step of the post-treatment process, they
treated the TFC membrane with polyethyleneimine (PEI) [214]. In the
second step, the authors further treated the PEI-modified membrane
using an aqueous solution, where the pH was controlled in a range of 2
to 11 by varying the concentration of HCl and NaOH [214]. Among the
PEI-modified membranes, the membrane which was treated in the most
basic environment (pH = 11) was found to have the lowest salt rejection
[214]. Due to the hydrolyzation of the amide group in the polyamide
chain at the strong basic condition, the cross-linking density in the active
layer was reduced and the salt rejection of the membrane was decreased
[214]. Various solvents such as alcohols and other organics have been
used for improving membrane performance [212,215]. For instance,
when Idarraga-Mora et al. used short-chain (C;-C4) monohydric alco-
hols (specifically, methanol, ethanol, isopropyl alcohol, and 1-butanol)
on commercial reverse osmosis membranes, they noticed a significant
improvement in the water permeance [212]. Membranes contacted with
methanol, ethanol, and 1-butanol had an increased surface roughness. It
was suggested that an increase in free volume due to the disruption of
inter-chain hydrogen bonds caused the improved permeance [212]. In
another study, Mickols applied ethylenediamine and ethanolamine to
the polyamide layer as the post-treatment step and observed that
increasing the hydrogen bonding at the active layer can improve the
surface hydrophilicity, which led to an increase in the water perme-
ability of the membranes by 10% [216]. In another study, the applica-
tion of benzyl alcohol improved the water permeance by 140% without
compromising the salt rejection performance and decreased the surface
roughness of the membranes [215]. In the work conducted by Kuehne
et al., the water permeance of a synthesized polyamide membrane was
found to be improved by 70% when they soaked the membrane in
glycerol as the post-treatment step [211].

Redox initiation also has been used to improve RO membrane per-
formance [217]. The fabricated RO membranes were immersed in a
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potassium persulfate solution which initiates the cross-linking reaction
between the active layer and support layer and produced a thin poly-
amide layer with more functional groups and denser cross-linking [217].
The thin layer improved the water permeance and the denser cross-
linking enhanced the salt rejection [217]. Membranes exposed to po-
tassium persulfate had a lower surface roughness and higher hydro-
philicity compared to membranes not exposed to potassium persulfate.

2.5.3. Storage medium

Once the polyamide membranes have been cured, the membranes
are then stored in a solution until used or characterized. The most
common storage solution is DI water [38,39,41,43-45,47,50-52,55,58,
59,63-66,70,72-74,76,78,80,83,85-89,91-98,100,101,106,107,110,
111,115,117-119,121,124,128,130,133-135,138,139,143,144,155,
158,161,164], however, some researchers store the membranes in DI
water in a refrigerator at 4-5 °C [23,40,42,49,54,60,61,71,77,103,
104,125,131,132,137,140-142,148,150,165]. Storage in DI water is
used to prevent pore collapse of the support and polyamide layers.
Another storage solution used is aqueous 1.0 wt% sodium bisulfite
(NaHSO3) [37,57,67,105,114,116,123,127]. The NaHSO3 is used to
prevent bacteria growth in the storage water [105,123,127].

3. Characterization of polyamide layers

There are multiple ways RO polyamide layers have been character-
ized. Polyamide layer surface and cross-section morphology are often
characterized by SEM, transmission electron microscopy (TEM), and
AFM. Polyamide layer thickness has been determined through tech-
niques such as AFM, SEM, TEM, ellipsometry, and other techniques to be
discussed. The chemical composition of polyamide layers has been
determined through techniques such as X-ray photoelectron spectros-
copy (XPS), Fourier-transform infrared spectroscopy (FTIR), contact
angle goniometry, and others to be discussed. The free volume and in-
ternal structure of polyamide layers are determined using PALS, TEM,
and other techniques to be discussed. Mechanical properties of poly-
amide layers have been investigated using fracture strain and AFM nano-
indentation techniques.

3.1. Surface and cross-sectional morphology

SEM (and field emission (FE)-SEM) is the most common method used
to visualize the polyamide layer surface morphology and cross-section
[22,23,37-61,63-165,167,172,177,179,181,193,201,218-227]. Most
researchers rely on the cryo-cracking method to image the cross-section
of polyamide membranes with [37,40,41,52,55,63,66,71,75,78,80,
83,105,110,134,138,139,146,150,151,159,162,163,172,193,224,225].
This method can be done in one of two ways. One method requires the
polyester backing layer to be removed, then the polyamide + support
layers are immersed in liquid nitrogen, followed by immediate frac-
turing upon removal from the liquid nitrogen. The second method re-
quires immersing the whole membrane in liquid nitrogen, fracturing the
polyamide + support layer, and then physically removing the backing
layer. Another method to image the cross-section is what is called the
“cryo-cutting” method [219,228]. This method does not require the
removal of the polyester backing layer. Instead, the whole membrane
and a razor blade are immersed in liquid nitrogen with both being held
by a tool (such as a hemostat). Once the liquid nitrogen has stopped
boiling, the membrane and razor blade are removed from the liquid
nitrogen, and the razor blade is immediately used to slice the membrane.
Careful attention must be made to not use a sawing motion with the
razor blade as this will distort the membrane cross-section. Recently, as
shown in Fig. 11, isolated polyamide layers, with the active side down,
have been imaged by SEM to determine the number of pores and pore
size on the backside (the side facing the support layer) of the polyamide
layer [23,40,41,56,93,136,172,218].

Fig. 12 shows TEM is used to characterize the cross-sectional
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morphology of polyamide layers [22,42,47,50,51,56,58,61,67,71,
72,82,100,104,110,113,115,120,135,136,139,142,155,158,161,164,
177,179,181,201,220,221,223-225,229,230]. In TEM, this is achieved
by embedding the membrane in a resin and ultra-thin sections are cut
using a microtome. In some instances, polyamide layers have been
directly isolated on TEM grids to image the surface morphology of
polyamide layers [40,41,53,56,68,123,134,161,164,172,179,222-224,
230,231].

AFM in tapping mode is the most common method used to determine
the surface roughness of dry polyamide layers [22,23,37-39,41,42,
45-48,50,52-54,56,58-60,62-73,75-86,89-91,93,94,96,97,100-102,
107,109,111-118,120,122,124,125,127,129,130,132-135,138-140,
142,143,146-148,150,151,153,154,156-165,167,177,179,181,201,
218,219,221,223,229-231]. Typical dry surface roughnesses are in the
range of 90-190 nm [219,229]. Some researchers have imaged the
surface roughness and morphology of wet membranes by performing
AFM underwater [225]. Tip size and scanning speed are important
variables to consider when performing AFM. If the tip size is too large,
the tip will not measure the small features of the polyamide layer. This is
one reason why profilometry is not commonly used for polyamide layer
surface roughness [55]. If the scanning speed is too fast, then the tip will
not have time to measure the surface features adequately. Laser
measuring microscopy (LEXT) is a technique that can complement AFM
to determine surface roughness [232]. However, if a surface is too
rough, the laser will be too scattered to adequately calculate the poly-
amide surface roughness.

3.2. Thickness

Lin et al. characterized the thickness of six commercial polyamide
layers by comparing SEM, TEM, AFM, Rutherford backscattering spec-
trometry (RBS), quartz crystal microbalance (QCM), profilometry, and
ellipsometry techniques [220]. The authors found that AFM, RBS, QCM,
profilometry, and ellipsometry had consistent results (90-200 nm for
various commercial fully aromatic polyamide membranes) between the
techniques, with ellipsometry being the most advantageous. However,
this ellipsometry technique used by other researchers requires the
cumbersome isolation of the polyamide layer, typically done on a silicon
wafer [75,101,106,135,219,224,227,233]. Recently, Ogeiglo et al.
demonstrated the use of ellipsometry without isolating the polyamide
layer to determine the polyamide layer thickness [163,234].

SEM and TEM are common ways to determine the apparent poly-
amide layer thickness. In SEM, this is done by imaging the cross-section
of the membrane [37-41,44,46,49,52-55,57,58,63,64,66,68,
71,73,75,77,78,80,83,85-87,91,93,97,98,100,101,105,110-112,114,
118,119,121,132,134,135,138,139,146,149-151,155,159,162,181,
220,222]. In TEM, this is achieved by embedding the membrane in a
resin and ultrathin sections are cut using a microtome [22,42,47,50,51,
56,58,61,67,71,72,82,100,
104,110,113,115,120,135,136,139,142,155,158,161,164,
177,179,181,201,220-225,229,230]. Also, AFM is used to determine
the polyamide layer thickness [37,93,181,220,224,227]. To use AFM,
the polyamide layer is isolated on a silicon wafer, and the edge of or
scratch in the polyamide layer is measured by the AFM tip to determine
the thickness. Shaffer et al. used profilometry, a similar technique to
AFM, to measure the polyamide layer thickness of their layer-by-layer
grown films [235]. PALS can be used to estimate the polyamide layer
thickness by probing the membrane free volume in the z-direction
[110,236-239]. Where a large increase in free volume occurs indicates
the interface of the active skin layer and the supporting layer. QCM and
QCM-D (with dissipation) have been used to determine polyamide
thicknesses produced from a layer-by-layer technique on silicon wafers
[54,220,224,230]. QCM can determine the areal mass of the polyamide
layer by analyzing the change in the frequency of the vibration from a
bare QCM sensor and an isolated polyamide active layer on a QCM
sensor.
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3.3. Chemical composition

The chemical composition and properties of polyamide layers have
been  determined  through  numerous  techniques. FTIR
[23,43,67,69,73,80,81,85,86,111,112,128,132,135,1511, and typically
attenuated total reflectance (ATR)-FTIR [22,37,41,42,44,47,50-54,
56-62,68,70,74-78,84,89,91-96,98,100,102,104-106,108,109,
113-120,122,126,130,136,138-140,142,143,145-147,149,150,154,
155,157,159,160,162,167,172,177,193,219,221,225,231,2401, is
commonly used to identify the chemical composition of polyamide
layers. Some researchers have even isolated the polyamide layer for
FTIR [23] and ATR-FTIR analysis [41,231]. Tang et al. have an excellent
paper discussing the peaks associated with polysulfone, fully aromatic
polyamide, and semi-aromatic polyamide membranes [240]. The key
peaks for the fully aromatic polyamide layer are (1) ~1660 cm™* rep-
resenting the amide I band, (2) ~1610 cm ™ representing the aromatic
amide, and (3) ~1540 em! representing the amide II band [240]. A
semi-aromatic polyamide layer (piperazine based) will only show the
amide I band at ~1630 cm~! [240]. Raman spectroscopy is a less
common technique that is used to characterize the chemical structure
polyamide membranes [64,98,124,133,136,160]. X-ray diffraction
(XRD) also is sometimes used to characterize polyamide membranes
[110,119,126,144], however, this is mostly done when comparing
standard polyamide membranes with polyamide membranes containing
nanoparticles.

XPS is commonly used to identify chemical composition and cross-
linking density of polyamide layers [22,23,38,41,42,45,47,52,54,
56,57,59,60,62,63,66,67,69,72-75,78,83-85,88-91,94-98,100,102,
104,105,109,110,113-118,128-131,138,143,144,146,149,155,
158-164,167,172,177,201,240,241]. The cross-linking density is
determined by the nitrogen to oxygen (N/O) ratio using Egs. (1) and (2),
where m and n represent the cross-linked and linear part of the poly-
amide layer, respectively [161,177]. The N/O ratio can vary between 1,
a fully cross-linked polyamide network where m = 1 and n = 0, and 0.5,
a fully linear polyamide network where m =0 andn =1 [161]. Swelling
ellipsometry experiments using the Painter-Shenoy equation are a good
complement to XPS to determine the crosslinking density of the poly-
amide layer [219,234,242]. Also, energy dispersive X-ray spectroscopy
(EDX) can be used to perform an elemental analysis of polyamide layers
[43,44,49-52,63,65,70,73,80,92,125,131,134,137,141,147,
148,152,181]. Silver ion binding experiments also have been used,
sometimes paired with RBS experiments [243,244], to determine the
carboxylic acid density of polyamide layers [219,245].

m

Crosslinking Density (%) = x 100 (@D)]
m+n

N 3m+2n

X (2

O 3m+4n

Membrane surface charge is characterized by zeta potential (also
called streaming potential) measurements [22,39,424553,55-57,
59,60,62,64,66,67,75,78,81,84,85,89,94-96,98,100,101,106,108,
112,113,117,120,122-124,127,132,133,135,145,146,162,163,201,
221,225,229]. Fig. 13 shows this data obtained over a range of pHs, but
it can also be obtained at a single pH. The data is then fit to either the
Fairbrother-Mastin or Helmholtz-Smoluchowski equations. Uncoated
fully aromatic polyamide membranes always show a negative surface
charge at near-neutral pH due to the unreacted surface carboxylic acid
groups present in the polyamide layer.

Contact angle goniometry often is used to characterize the hydro-
philicity of polyamide layers [37-39,42-46,48,49,51-61,64-70,72-78,
100-102,104-108,111-114,116-135,137,138,140-154,156-158,160,
161,167,177,181,219,221,229]. Polyamide membranes contact angles
are measured in the dry state using the sessile drop method or in the wet
(swollen) state using the captive bubble method. Typical fully aromatic
polyamide layers have sessile drop water contact angle values that range
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from 40 to 100° [54,59,161,167,219,221,229]. However, contact angle
measurements cannot fully describe the hydrophilicity of a polyamide
surface because contact angle results are drastically affected by surface
roughness and fully aromatic polyamide membranes are often very
rough. The smooth fully aromatic polyamide membranes (~11 nm root
mean square (RMS) roughness) made via 3D printing had a water con-
tact angle of ~80° [181].

The thermal analysis of polyamide layers is challenging. Thermal
gravimetric analysis (TGA) and differential scanning calorimetry (DSC)
require a significant amount of the isolated polyamide layer to get
adequate results, which is not practical. However, Ali et al. used DSC to
show the effect of reaction time on Tg [165]. As the reaction time
increased, the Ty increased [165]. To get around this, Maruf et al. used
nano-thermal analysis (TA) to determine the Ty of polyamide layers
[246,247]. Nano-TA utilizes a specialized AFM probe, which locally
heats the polyamide surface in contact with the AFM probe. As the
surface heats, thermal expansion of the surface occurs, and once the T is
reached, the probe will penetrate the surface. Maruf et al. used this
technique to show changes in T; when the polyamide layers have been
exposed to a chorine solution typically used for membrane cleaning
[246,247].

3.4. Internal structure of polyamide layer

PALS is used to probe material defects, voids, and free volume at the
sub-nanometer scale and, therefore, it is a useful tool for characterizing
porous polyamide layers [166,236,239,248]. Other pore size analytical
methods, such as BET (gas adsorption and desorption) and DSC, do not
have enough sensitivity to quantify sub-nanometer holes [249]. PALS
has been used to characterize the free volume of commercial and syn-
thesized polyamide layers of NF and RO membranes
[56,67,82,101,109,110,166,167,201,226,239,248,250-266]. The
studies have found an average free-volume hole-radius of 0.2-0.29 nm
[267]. Tuning of the free-volume hole-radius may be critical for fully
aromatic polyamide membranes to adequately reject small, neutral
molecules [267]. Molecular weight cut-off measurements of RO poly-
amide layers have been used to estimate pore size using various mo-
lecular weights of poly(ethylene glycol) (PEG), ethylene glycol,
diethylene glycol, triethylene glycol, and sugars [81,162]. Wang et al.
used small-angle X-ray scattering (SAXS) to quantify the polyamide
layer pore size to be ~0.48 nm [93].

Lin et al. determined the polyamide layer pore volume using QCM
measurements [224,230]. Some researchers have characterized the
porous structure of polyamide membranes using SEM, TEM, and pro-
jection area (PA)-TEM [40,41,222,224]. Ogeiglo et al. used ellipsometry
to approximate the polyamide layer average porosity (void volume
fraction) and swelling in water and ethanol which is important for un-
derstanding molecular transport properties [234]. Lin et al. used
ellipsometry, scanning transmission electron microscopy-energy
dispersive X-ray spectroscopy (STEM-EDS), and scanning transmission
electron microscopy-electron energy loss spectroscopy (STEM-EELS) to
characterize the porous structure of polyamide membranes [224]. Kto-
sowski et al. used focused ion beam (FIB)-SEM and a combination of
staining with STEM to estimate a 3D structure and permeation pathways
of polyamide membranes [268]. Culp et al. used resonant soft X-ray
scattering (RSoXS) and near-edge X-ray absorption fine structure
(NEXAFS) spectra to correlate membrane structure and cross-linking
density [231].

Recently, Chan et al. used small-angle neutron scattering (SANS) and
quasi-elastic neutron scattering (QENS) to characterize the structure of
and water transport mechanism in polyamide membranes [269]. They
showed using QENS measurements that water diffuses through the
polyamide layer at a rate similar to bulk water [269]. SANS revealed
that the polyamide layer swelled relatively uniformly, but it did not
swell enough to cause a significant change in length scale in the poly-
amide structure [269]. These results are confirmed by SANS
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measurements by Pipich et al. [226]. Culp et al. used electron tomog-
raphy (HAADF-STEM) to render 3D morphologies of polyamide layers
[270]. The authors claim that internal voids that are not open to the
porous support layer make up < 0.2% of the total polymer volume
[270]. This claim is two orders of magnitude less than what was pre-
viously reported by Pacheco et al. using TEM tomography [223].

3.5. Mechanical properties

The mechanical properties of polyamide layers are extremely chal-
lenging to measure due to the polyamide layer’s thinness and fragility. A
combined wrinkling-cracking method has been done to determine the
polyamide layer elastic (Young’s) modulus, strength, and fracture strain
[271,272]. This technique, which requires the isolation of the polyamide
layer, was used to detect embrittlement in polyamide layers after
exposure to chlorine. The authors found the Young’s modulus was 1.40
GPa, the fracture strength was 67 MPa, and the onset fracture strain was
14% for fully aromatic polyamide layers [272]. AFM nano-indentation
experiments have been used on composite polyamide membranes to
determine the Young’s modulus of polyamide layers [219]. The authors
found a commercial fully aromatic polyamide membrane had a Young’s
modulus of 2.7 GPa [219], slightly higher than what was found using the
fracture strain method.

4. Hollow fiber fully aromatic polyamide membranes

There are only a few literature studies on hollow fiber (HF) fully
aromatic membranes for RO. In most cases, the TFC layer is fabricated
on the lumen or inner side of the HFs [273]. The challenge for RO HFs is
to produce high NaCl rejecting membranes [273]. There are numerous
studies on producing MPD-TMC polyamide layers on hollow fibers for
water vapor permeation applications [274-278] and osmotic processes
[279-285]. Khulbe and Matsuura recently reviewed strategies for TFC
membranes for water treatment and other applications [273]. Gai et al.
synthesized fully aromatic RO HF membranes using an aqueous solution
containing 2 wt% MPD and 0.1 wt% SDS and a n-hexane solution con-
taining 0.15 wt% TMC [286]. The produced HF membranes had a water
permeance of 1.74 LMH/bar and a NaCl rejection of 98.2% [286]. The
fabricated HF membranes had a similar surface structure and roughness
as flat sheet membranes. Mondal and De synthesized fully aromatic NF
HFs using an aqueous 2 wt% MPD solution and 0.1-1 wt% TMC in
hexane solutions [287]. NaCl rejection was not reported, but the
membrane made using 1.0 wt% TMC in hexane had a really low surface
roughness of 4.3 nm, a water permeance of 4.10 LMH/bar and a mo-
lecular weight cut-off of 360 kDa [288]. Mohammadifakhr et al. pro-
duced polyamide RO HFs with at least 85% NaCl rejection by using a
polyelectrolyte complex as an intermediate layer on the support HF
[289]. The membranes produced using 2.5 wt% MPD in water and 0.15
wt% TMC in hexane had a water permeance of 0.3 LMH/bar [289].
Yabuno et al. synthesized RO HF membranes on the outside of the fibers
by hydrolyzing a polyvinylidene difluoride (PVDF) or Psf support with
poly(vinyl alcohol) (PVA) [290]. The polyamide synthesis was done
with an aqueous solution containing 3 wt% MPD, 1.65 wt% TEA, 3.4 wt
% CSA, 0.225 wt% SDS, and 1.5 wt% hexamethylphosphoric triamide
and a hexane solution containing 0.15 wt% TMC [290]. When PVA was
used the water permeance for membranes made on both supports was
2.26 LMH/bar and the NaCl rejection was 91.9% [290]. Without the
PVA layer, the average membrane water permeance was 2.22 LMH/bar
and the average NaCl rejection was 69.3% [290]. Lin et al. fabricated RO
HF membranes on the inner side of the fiber using a 1.2 wt% MPD in
water solution and a 0.1 wt% TMC in cyclohexane solution [291]. The
produced HF membranes had a water permeance of 3.72 LMH/bar and a
NaCl rejection of 96.5% [291]. Zhang et al. fabricated RO HF mem-
branes on the inner side of the fibers using an aqueous solution con-
taining 2 wt% MPD and 0.1 wt% SDS and a hexane solution containing
0.15 wt% TMC [292]. The produced HF membranes had a water
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permeance of 7.39 LMH/bar and a NaCl rejection of 98.0% [292]. In an
earlier work, Verissimo et al. used a new technique to prepare RO HFs
with the selective layer on the inner side [293]. Their technique used an
inert liquid buffer of cyclohexane or FC-75 (a fluorinert liquid from 3M)
between the aqueous MPD and the organic TMC solutions [293]. The
produced membranes had a water permeance of 0.6 LMH/bar and a
NaCl rejection of 99.5% [293].

5. Conclusions, recommendations, and future perspectives

In conclusion, there are numerous ways to synthesize fully aromatic
polyamide RO membranes. While there is not one consistent way to
synthesize a standard fully aromatic polyamide RO membrane, there is a
common way RO membranes are synthesized based on the papers
reviewed. The most common method is to immerse or contact a Psf
membrane support in an aqueous 2 wt% MPD solution at room tem-
perature for 2 min, remove the excess aqueous solution using a roller
(often made of rubber), contact the MPD soaked membrane support with
a 0.1 wt% TMC in n-hexane solution at room temperature for 1 min,
remove the excess organic solution, cure in an oven at 60 °C for 5 min,
rinse with copious amounts of water, and store in water until needed.
The use of non-reactive additives and co-solvents can help improve
membrane performance, if they are used in appropriate quantities. Ul-
timately, different labs synthesize RO membranes at the same conditions
and get different results. Therefore, each lab has to determine what
conditions work best for them. The characterization of RO polyamide
layers is very standard in research labs across the world.

That being said, there is a need to understand why the same (or very
similar) synthesis conditions can produce different results in different
labs. More investigation into the interfacial polymerization kinetics on
membrane supports could be beneficial to determining this answer.
Determining the MPD concentration in the support membrane pores
after excess aqueous solution removal and the diffusion rate and con-
centration of MPD in the organic solution from a MPD soaked membrane
would provide further insight into the IP kinetics. The nano- and
Angstrom scale characterization of polyamide layers also might provide
further details into why this is the case. One important piece of infor-
mation that is often missing in papers is the amount of MPD and TMC
solutions used per membrane area. While the IP reaction is semi self-
limiting, in order to adequately reproduce a membrane, all the details
in the entire process must be known. Also, the reaction or solution
temperature, even if at room temperature, needs to be reported more
often to clarify the solution temperature at the start of the IP reaction. It
would be very helpful to have a video accompanying the description of
the synthesis to provide further clarification on the process used to
synthesize the fully aromatic polyamide membranes. Many labs have
successfully synthesized standard fully aromatic polyamide RO mem-
branes, and thus, utilizing their expertise will be valuable for researchers
learning to synthesize polyamide RO membranes.
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AFM atomic force microscopy

ATR attenuated total reflectance

BHPF 9,9-bis(4-hydroxyphenyl) fluorene

CSA (+)-camphor-10-sulfonic acid

DCM dichloromethane

DEE diethyl ether

DMC dimethyl carbonate

DMSO  dimethyl sulfoxide

DSC differential scanning calorimetry

EA ethyl acetate

EDX energy dispersive X-ray spectroscopy
EHD 2-ethyl-1,3-hexanediol

FE field emission

FIB focused ion beam

FTIR Fourier-transform infrared spectroscopy
HF hollow fiber

P interfacial polymerization

LCI low coherence interferometry

LEXT laser measuring microscopy

LMH/bar L/m?/h/bar

MF microfiltration

MPD m-phenylenediamine

NEXAFS near-edge X-ray absorption fine structure
NF nanofiltration

PA projection area

PALS positron annihilation lifetime spectroscopy
PC polycarbonate

PEG poly(ethylene glycol)

PEI polyethyleimine

PES polyethersulfone

PIP piperazine

Psf polysulfone

PVA poly(vinyl alcohol)

PVDF polyvinylidene difluoride

QCM quartz crystal microbalance

QCM-D quartz crystal microbalance with dissipation
RBS Rutherford backscattering spectrometry
RES resorcinol

RMS root mean square

RO reverse 0smosis

RSoXS  resonant soft X-ray scattering

SAI surface-averaged intensity

SANS small-angle neutron scattering

SAXS small-angle X-ray scattering

SDBS sodium dodecylbenzenesulfonate

SDS sodium dodecyl sulfate

SEM scanning electron microscopy

SLS sodium lauryl sulfate

STEM-EDS scanning transmission electron microscopy-energy
dispersive X-ray spectroscopy

STEM-EELS scanning transmission electron microscopy-electron

energy loss spectroscopy

thermal analysis

trimellitic anhydride chloride

TA
TAC
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TBP tributyl phosphate

TEA triethylamine

TEM transmission electron microscopy
TFC thin-film composite

TGA thermal gravimetric analysis
TMC trimesoyl chloride

UF ultrafiltration

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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Outliers

Outliers were removed from the data in Figures 6 and 9 from the main manuscript. Lower
outliers were determined as values which were lower than quartile 1 (Q1) minus 1.5 times the
inter-quartile range (IQR) (Q1 — 1.5*IQR). Upper outliers were determined as values which were

greater than quartile 3 (Q3) plus 1.5 times the IQR (Q3 + 1.5*IQR).

Statistical Analysis

Hypothesis testing for the mean results from Figures 6 and 9 from the main manuscript
was done to determine the statistical relevance of the data sets. The Analysis ToolPak of Microsoft
Excel for Office 365 was used for all statistical analyses. Interpretation (what is statistically
different) of a multiple mean hypothesis test was done using an Analysis of Variance (ANOVA).
A post-hoc test with the Bonferroni correction was used when at least two means were statistically
different in the ANOVA test. ANOVA tests were done using 95% confidence (o = 0.05); therefore,

if the p-value is greater than o then all the means are considered to be statistically the same and if



the p-value is less than o then at least two of the means are considered to be statistically different.
When doing a post-hoc test, a Bonferroni correction was used. The Bonferroni correction is done
by dividing a = 0.05 by the number of means used in the analysis. For the post-hoc test, if the p-
value was greater than o then the means are considered to be statistically the same and if the p-
value was less than o then the means are considered to be statistically different.

The effect of aqueous MPD solution soaking time on the water permeance data from Figure
6A in the main manuscript was analyzed using an ANOVA test. Table S1 shows the results for
the statistical analysis for MPD soaking times of 1 (n =6) 2 (n = 15), and 5 (n = 9) min. At least
two of the average water permeances were found to be statistically different. A post-hoc test with
a Bonferroni correction was done where an o = 0.05/3 = 0.0167 was used. According to the post-
hoc analysis, the water permeance of the 1 min and 5 min MPD soaked membranes was statistically
different. The water permeance of the 1 and 2 min and the 2 and 5 min MPD soaked membranes

were found to be statistically the same.

Table S1. Statistical analysis results of the water permeance of 1 min, 2 min, and 5 min aqueous

MPD solution soaked membranes.

. Equal Means Interpretation
Test Variable Test p-value (95% Confidence)
Water permeance of 1 ANOVA 0.00106 Stgtlstlcally
min, 2 min, and 5 min different
Water permeance of 1 Post-hoc test with Statistically the
. . . . 0.02130
min and 2 min Bonferroni correction same
Water permeance of 1 Post-hoc test with 0.00009 Statistically
min and 5 min Bonferroni correction ' different
Water permeance of 2 Post-hoc test with Statistically the
. . . . 0.05839
min and 5 min Bonferroni correction same




The effect of aqueous MPD solution soaking time on the NaCl rejection data from Figure
6B in the main manuscript was analyzed using an ANOVA test. Table S2 shows the results for
the statistical analysis for MPD soaking times of 1 (n=15) 2 (n=15), and 5 (n = 10) min. At least
two of the average NaCl rejections were found to be statistically different. A post-hoc test with a
Bonferroni correction was done where an a = 0.05/3 = 0.0167 was used. According to the post-
hoc analysis, the NaCl rejection of the 2 min and 5 min MPD soaked membranes was statistically
different. The NaCl rejection of the 1 min and 2 min and the 1 min and the 5 min MPD soaked

membranes were found to be statistically the same.

Table S2. Statistical analysis results of the NaCl rejection of 1 min, 2 min, and 5 min aqueous

MPD solution soaked membranes.

. Equal Means Interpretation
Test Variable Test p-value (95% Confidence)
NaCl reJectlon of 1' min, ANOVA 0.00400 Staﬁs‘ucally
2 min, and 5 min different
NaCl rejection of 1 min Post-hoc test with Statistically the
: . ) 0.08687
and 2 min Bonferreni correction same
NaCl rejection of 1 min Post-hoc test with Statistically the
: . ) 0.17358
and 5 min Bonferreni correction same
NaCl rejection of 2 min Post-hoc test with 0.00306 Statistically
and 5 min Bonferreni correction ’ different

The effect of different organic co-solvents used during interfacial polymerization on the
water permeance data from Figure 9A in the main manuscript was analyzed using an ANOVA test.
Table S3 shows the results for the statistical analysis of the water permeance of membranes made
with no co-solvent (n = 18) and Ethyl Acetate (n = 13), Diethyl Ether (n = 13), and Acetone (n =
7) as co-solvents in the organic solvent during interfacial polymerization. At least 2 of the average

water permeances were found to be statistically different. A post-hoc test with a Bonferroni



correction was done where an a = 0.05/4 = 0.0125 was used. According to the post-hoc analysis,
the water permeance of the no co-solvent membranes were statistically different than the Ethyl
Acetate, Diethyl Ether, and Acetone organic co-solvent membranes. The water permeance of Ethyl
Acetate and Diethyl Ether, Ethyl Acetate and Acetone, and Diethyl Ether and Acetone organic co-

solvent membranes were found to be statistically the same.

Table S3. Statistical analysis results of the water permeance of membranes made with no co-
solvent and Ethyl Acetate, Diethyl Ether, and Acetone as co-solvents in the organic solvent during

interfacial polymerization.

. Equal Means Interpretation
Test Variable Test p-value (95% Confidence)
Water permeance of No Co- Statisticall
Solvent, Ethyl Acetate, Diethyl ANOVA 0.00003 . y
different
Ether, and Acetone
Water permeance of No Co- Post-hoc test with 0.00146 Statistically
Solvent and Ethyl Acetate Bonferreni correction ' different
Water permeance of No Co- Post-hoc test with 0.00111 Statistically
Solvent and Diethyl Ether Bonferreni correction ' different
Water permeance of No Co- Post-hoc test with 0.00175 Statistically
Solvent and Acetone Bonferreni correction ) different
Water permeance of Ethyl Post-hoc test with 0.67868 Statistically the
Acetate and Diethyl Ether Bonferreni correction ) same
Water permeance of Ethyl Post-hoc test with Statistically the
s . 0.08384
Acetate and Acetone Bonferreni correction same
Water permeance of Diethyl Post-hoc test with 0.24067 Statistically the
Ether and Acetone Bonferreni correction ' same

The effect of different organic co-solvents used during interfacial polymerization on the
NaCl rejection data from Figure 9B in the main manuscript was analyzed using an ANOVA test.
Table S4 shows the results for the statistical analysis for of the NaCl rejection of membranes made
with no co-solvent (n = 18) and Ethyl Acetate (n = 13), Diethyl Ether (n = 11), and Acetone (n =
7) as co-solvents in the organic solvent during interfacial polymerization. The average NaCl

4



rejections were found not to be statistically different, therefore the post-hoc analysis was not

required.

Table S4. Statistical analysis results of the NaCl rejection of membranes made with no co-solvent

and Ethyl Acetate, Diethyl Ether and Acetone as co-solvents in the organic phase during interfacial

polymerization.
. Equal Means Interpretation
Test Variable Test p-value (95% Confidence)
NaCl rejection of No Co- .
Solvent, Ethyl Acetate, | ANOVA |  0.13724 Stat‘S:;‘r’lilely the
Diethyl Ether, and Acetone
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