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a b s t r a c t 

Empirical discovery, four decades ago, of polyamide membranes made by interfacial polymerization rev- 

olutionized large-scale desalination and has made desalinated water affordable to millions of people 

worldwide. The path to better understanding of the exceptional performance exhibited by these poly- 

meric films, critical for rational membrane design and the search for alternative materials, begins from 

understanding their formation and the resultantmolecular and nanostructure and has posed numerous 

questions. The self-limited, ultra-small thickness, irregular multiscale nanostructure, and the need for 

polyamide films to be formed on a support rather than in a bulk process pose formidable challenges for 

structural characterization and molecular modeling. Further challenges arise from insufficient understand- 

ing of the relations between polymer chemistry, multi-scale structure, and their impact on transport and 

mechanical characteristics. Extensive research conducted over the last decades, using dedicated experi- 

mental and theoretical approaches, have highlighted many remarkable features of polyamide thin films, 

and yet many questions still await conclusive answers. 

The present paper reviews the current state of understanding of polyamide thin films, and, in par- 

ticular, fully and semi-aromatic “winner” chemistries used for membrane separation, based on recent 

advances in the nanoscale characterization and theoretical investigations of their formation, chemistry, 

structure, morphology and barrier characteristics down to the molecular scale. These are reviewed in 

light of the recent developments in understanding of the interfacial polymerization process, reaction, 

packing and crosslinking of polymeric building blocks, formation and distribution of charge groups, and 

interaction of the resultant polymer network with water and ions. The proposed unified picture that 

links the emerging picture of the multiscale nano- and molecular structure of polyamide thin films with 

macro-scale characteristics, enables a consistent rationalization of their superior barrier characteristics. 

Furthermore, such a framework provides insight on inherent weaknesses of polyamides and the chal- 

lenges of overcoming these limitations and developing viable alternatives. With membranes fast becom- 

ing the choice for a growing number of challenging separations, and with the need to replace current 

materials with sustainable, environmentally benign alternatives, drawing on established knowledge will 

provide a solid foundation from which better controlled, tunable membranes can be fabricated from next- 

generation building blocks. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction and problem statement 

.1. Thin-film composites prepared by IP: a key breakthrough in 

embrane desalination 

Since their inception in the late 70s, polyamide membranes pre- 

ared by interfacial polymerization (IP) have been a key factor 

n the rapid growth of desalination technology [ 1 , 2 ]. The inven-

ion of thin-film composite (TFC) membranes and the discovery 

f the unique performance of fully-aromatic polyamide by Cadotte 

nd coworkers brought about a major breakthrough that achieved 
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List of symbols and abbreviations 

ATR attenuated total reflection 

AFM atomic force spectroscopy 

BW brackish-water 

DMSO dimethylsulfoxide 

EDS energy dispersive spectroscopy 

EELS electron energy loss spectroscopy 

EIS electro-chemical Impedance Spectroscopy 

FTIR fourier-transformed infra-red 

HAADF high-angle annular dark-field 

IP interfacial polymerization 

MD molecular dynamics 

MPD m -phenylene diamine 

NF nanofiltration 

OCT optical coherence tomography 

PALS positron annihilation spectroscopy 

QCM quartz-crystal microbalance 

QENS quasi elastic neutron scattering 

RBS Rutherford back-scattering 

RMS root-mean squared 

RO reverse osmosis 

SEM scanning electron microscopy 

STEM scanning transmission electron microscopy 

SW seawater 

TEM transmission electron microscopy 

TFC thin-film composite 

TMC trimesoyl chloride 

XPS X-ray photoelectron spectroscopy 

Latin letters 

A membrane water permeance [m/s �Pa] 

b geometric prefactor 

B membrane salt permeance [m/s] 

C concentration [mol/m 

3 ] 

D diffusion coefficient [m 

2 /s] 

G Aerial conductivity 

h solution layer thickness 

�H Enthalpy of reaction [J/mol] 

J molar flux [mol/m 

2 s] 

k reaction rate constant [1/s] 

L boundary layer thickness [m] 

L p membrane water permeance [m/s �Pa] 

Ma Marangoni number [-] 

r p pore radius 

R universal gas constant [J/mol �K] 

V M 

molecular volume [m 

3 ] 

V w 

water molar volume [m 

3 ] 

t time [s] 

T Temperature [ °C] 

Greek letters 

α tortuosity [-] 

δ thickness (membrane, film) [m] 

ε strain [-] 

φ porosity [-] 

� water fraction [-] 

λ wavelength [m] 

μ viscosity [Pa �s] 

σ surface tension [N/m] 

Sub- and super-scripts 

0 bulk or initial value 

c concentration dependent coefficient 

T temperature dependent coefficient 
2 
 99% salt rejection in seawater (SW) desalination by reverse os- 

osis (RO) and concluded a two decade-long effort to surpass the 

ellulosic membranes introduced in the late 50s by Loeb and Souri- 

ajan [ 2 , 3 ]. While cellulosic membranes were so-called ‘integrally- 

kinned’ asymmetric membranes, fabricated using a single phase- 

nversion step, TFC membranes comprised a selective layer added 

n top of a separately fabricated porous support [4] , as schemat- 

cally shown in Fig. 1 . The immense success of polyamide TFC 

embranes is partly due to the very concept of a composite – of- 

ering the potential to separately optimize each layer – but mostly 

ue to the serendipitous ability to form robust, ultra-thin films 

f polyamide via IP. Owing to the exceptional performance, along 

ith facile and readily up-scalable manufacturing, polyamide com- 

osites rapidly surpassed their cellulosic counterparts in most RO 

pplications [ 3 , 5 , 6 ], while also demonstrating great potential for 

ther applications such as organic molecule separations [ 7 , 8 ] and 

as separation [9] . 

Following the success of fully-aromatic polyamide membranes 

ame the early realization that the complete removal of all salts 

s not necessary in all applications. For example, water softening 

r removal of humic substances or colors mainly require high wa- 

er permeability and hardness retention, while NaCl rejection may 

e low. These applications paved the way for the development of 

nother family of polyamide composites - semi-aromatic nanofil- 

ration (NF) membranes that offer an order-of-magnitude higher 

ater permeability, but much lower salt rejection [ 3 , 4 , 11 ]. 

To date, several industrial companies have successfully devel- 

ped a line of polyamide-based products with a wide range of sep- 

ration capabilities, normally defined by two parameters: the wa- 

er permeance A (or L p ) and the salt (NaCl) rejection. The latter 

s an operational parameter, a combination of the permeate flux 

nd the solute permeance B (or ω s ) and so the membrane is bet- 

er characterized by its selectivity, A / B , i.e., the ratio of solvent and

olute permeances [ 4 , 12–14 ]. These properties vary widely, from 

F membranes with ∼20% NaCl rejection (but often with high re- 

ection, > 98%, of di-valent anions) and ultra-high permeance, A > 

 × 10 −11 m s −1 Pa −1 , up to the tightest SW RO grades (rejection

 99.7% and permeance of < 7 × 10 −12 m s −1 Pa −1 ), as well as in-

ermediate brackish-water (BW) and energy-saving (low-pressure) 

O grades [ 6 , 14 ]. 

.2. IP-based membranes and their chemistry: inception and 

evelopment 

The remarkable breakthrough achieved by Cadotte and co- 

orkers was both preceded and followed by numerous effort s 

o prepare membranes via the IP process, which was first con- 

eived by Morgan and Kwolek [ 15 , 16 ]. The IP process may involve

arious condensation chemistries, most commonly polyamides, 

olyureas, polyurethanes, polyesters, polycarbonates, and polysul- 

onamides; interfacial synthesis using addition polymers is also 

ossible [ 15 , 17 , 18 ]. Fig. 2 shows several representative chemistries

xplored as candidate membrane materials. We note that the use 

f IP for the fabrication of thin barriers is not limited to separa- 

ion membranes and has been used extensively for encapsulating 

rugs, biochemicals, food products, and catalysts [18–21] . For mak- 

ng membranes or selective films in general, IP is a viable alter- 

ative to other coating methods, offering several truly remarkable 

eatures, such as [ 1 , 3 , 22 ]: 

1) self-limiting kinetics, which considerably slow down the 

growth of film thickness in a self-controlled manner, yielding 

ultra-thin films; 

2) self-healing nature of the process that tends to direct the re- 

action to the most permeable spots (potential defects), seal- 
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Fig. 1. A schematic view of thin film composites membranes prepared via interfacial polymerization and a TEM cross-section image showing the morphology of a polyamide active 

layer on top of a porous polysulfone support. TEM image. [10] , Copyright 2010. Adapted with permission from Elsevier Science Ltd. 

Fig. 2. Representative IP chemistries of TFC membranes: (A) Fully-aromatic polyamide employed in most commercial RO membranes; (B) Semi-aromatic polyamides employed in 

many commercial NF membranes; (C) Interfacial poly(ethylene imine) cross-linking with a diisocyanate [24] ; (D) Interfacial polycondensation yielding a polyester membrane [25] ; 

(E) Alternative semi-aromatic polyamides reported by Arthur et al. [ 26 , 27 ] and by Hirose [28] . The shown resulting polymer is obtained from the first triacid monomer in brackets, 

cyclohexane tricarboxylic acid chloride. 
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ing them and producing films with an exceptionally low defect 

rate; 

3) in-situ polymer crosslinking through use of multifunctional 

monomers, resulting in mechanically robust films with tunable 

barrier properties. 

Excellent accounts of early membrane development, given by 

etersen [3] as well as by Linder and Kedem [23] , present numer- 

us examples of IP-based chemistries examined as candidates for 

aking RO and NF membranes. A substantial part of these candi- 

ate systems employed di- or tri-functional amines (see Fig. 2 A,B 

nd E) and polyamine ( Fig. 2 C) precursors such as poly(ethylene 

mine), poly(vinyl amine) or polyepiamine, which were interfacially 

ross-linked with di-isocynates or diacid chlorides to yield, re- 
3 
pectively, polyurea or polyamide films. Polyester chemistries were 

lso considered, where poly (vinyl alcohol) was used or blended 

ith polyamines for interfacial reactions. Aromatic polyester, in 

hich diphenols replaced alcohol monomers ( Fig. 2 D), as well as 

olyurea ( Fig. 2 C) and other chemistries were revisited much later 

 24 , 25 ]; however, from quite early on, the majority of research fo-

used on polyamides as the most promising candidates. Another 

ine of examined systems employed polyamides based on differ- 

nt monomeric acid precursors with three or more acid chloride 

roups ( Fig. 2 E). Many such examples, predominantly coming from 

ndustrial research in the pre-80s era, are presented in Petersen’s 

eview [3] . Papers by Arthur et al. [ 26 , 27 ] and by Hirose [28] of-

er a further glimpse into research directions pursued by major 
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Fig. 3. (A) Timeline of commercial membrane development and different classes of RO membranes based on permeance and salt rejection, after Kurihara and Sasaki [6] , Copyright 

2017. Reproduced with permission from Farnood Institute of Membrane Technology (FIMTEC) and Membrane Processes Research Laboratory (MPRL); (B) The correlation between 

reported water permeability and water/salt selectivity for commercial RO and NF polyamide membranes, from Yang et al. [14] , Copyright 2019. Reproduced with permission from 

Elsevier Science Ltd. Data are kindly provided by Chuyang Tang. 
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ndustrial players DuPont and Nitto Denko in the 80s and 90s. 

hese accounts tell a fascinating story of trials-and-errors and ra- 

ionales, e.g., considerations of molecular architecture, functionality 

nd packing, that gradually emerged from this largely empirical ef- 

ort. It seems, however, that following the widespread adoption of 

ully aromatic and semi-aromatic polyamide chemistries ( Fig. 2 A 

nd B, see the next section), the membrane industry downscaled 

he search for new materials and approaches and, at present, these 

ffort s continue mainly as academic research. 

.3. Fully aromatic and semi-aromatic polyamides: the “winner”

hemistries 

The first “winner” chemistry discovered by Cadotte and co- 

orkers was based on interfacial condensation of aromatic trime- 

oyl chloride (TMC) and m -phenylene diamine (MPD), yielding fully 

romatic polyamide membranes [2] ( Fig. 2 A). Notwithstanding an 

lement of serendipity, this discovery was a logical outcome of a 

ong and extensive effort that included not only scouting across a 

ost of possible IP reactions, but also development of other tech- 

ological components, such as supporting asymmetric porous poly- 

ulfone membranes and spiral-wound elements [4] . The resulting 

rototypes - culminating in Filmtec’s celebrated FT-30 membrane 

 reached the performance that eventually led to commercially vi- 

ble SW RO technology that became a global success within the 

ext two decades. 

Notably, at the time of invention, the membrane’s performance 

as not exceptional and some previously invented candidates 

howed commensurate and even superior fluxes and selectivity; 

et - except for chlorine resistance - the new membrane was 

emarkably robust, stable and easy to prepare and upscale [3] . 

ver the past four decades, its superiority in seawater desalination 

as remained unchallenged and subsequent improvements were 

ainly achieved through optimization and tuning of the manufac- 

uring procedures and synthesis conditions to specific needs, e.g., 

or treating low salinity and brackish waters [ 5 , 6 , 29 ]. Fig. 3 A il-

ustrates the progress and growing diversity of desalination mem- 

ranes during the last five decades [6] . 

Cadotte’s group also developed another important IP-based sys- 

em, in which MPD was replaced with an aliphatic diamine, piper- 

zine, and reacted with TMC or a mixture of TMC with its di- 

unctional analogue isophthaloyl chloride, yielding a film with 

arkedly different characteristics [30] ( Fig. 2 B). The salt rejection 

f this semi-aromatic membrane was too low for SW RO desalina- 
4 
ion, which was the primary target, therefore its application poten- 

ial was only realized years later, with the emergence of NF as an- 

ther commercially viable process. The key factor was the high wa- 

er permeance of NF membranes that allowed purification of low- 

alinity streams (e.g., softening and decoloring of drinking water) 

t significantly reduced cost and energy consumption, compared 

o RO membranes [ 3 , 11 ]. 

The two “winner” chemistries mentioned above, with some 

odifications, make up the majority of today’s commercial RO and 

F products, in which they form either the selective top layer or 

he key sublayer, when the membranes include extra layers, e.g., an 

ntifouling coating [31] . However, despite their widespread indus- 

rial use, and following decades of extensive research, these mem- 

ranes still pose a number of challenging questions, keeping them 

t the focus of ongoing research. For example, one of the key ques- 

ions revolves around the unrivaled performance of fully-aromatic 

olyamides, its relation to molecular structure and nanoscale mor- 

hology as well as formation and manipulation via synthesis con- 

itions and post-treatment [32] . Fig. 3 B displays the reported per- 

ormance characteristics for hundreds of polyamide membranes, of 

ominally the same chemistry. The data suggest a certain average 

ermeability and selectivity (defined as ratio of water and salt per- 

eabilities A / B ), as well as a possible upper bound of selectivity- 

ermeability tradeoff [14] . However, the large observed variations 

nd the lack of overall correlation between permeability and selec- 

ivity indicate a vast playground for further tuning performance via 

ubtle and poorly understood differences in the membrane struc- 

ure and chemistry. Fig. 3 B shows a fairly similar situation for NF 

embranes. 

Various modern microscopic and spectroscopic tools, as well as 

heoretical modeling of the IP process, reveal a formidably complex 

icture and hierarchy of structures spanning molecular to micron 

cales. It is generally agreed that in-depth understanding of these 

oints, which goes in parallel with the effort to unravel the physics 

f solute selectivity in RO and NF, is critical for further develop- 

ent of desalination and water purification technologies. This is 

lso expected to facilitate the development of alternative materials, 

hich would overcome inherent weaknesses of polyamides, such 

s low resistance to chlorine and insufficient rejection of certain 

icropollutants such as boron or persistent organic molecules. This 

eview presents the current level of understanding of polyamide 

embranes, in which different pieces gradually come together to- 

ards completing this fascinating puzzle. 
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. Polymerization mechanism and thin-film formation: theory 

nd experiments 

.1. IP process: effect of parameters and chemistry on film 

haracteristics 

The IP process is most commonly based on a polycondensa- 

ion reaction of two polyfunctional monomers, separately dissolved 

n immiscible solvents, thereby the reaction occurs at the inter- 

ace between the two liquid phases (see schematic drawing in 

ig. 1 ). Among many other types of reactions amenable to inter- 

acial polycondensation and polymerization (polyesters, polyureas, 

olyurethanes etc. [ 17 , 18 ]), formation of polyamide (Nylon) films 

s by far the best known, typically involving a difunctional, hy- 

rophobic acyl chloride and a hydrophilic diamine or analogous 

onomers of higher functionality (see examples in Fig. 2 ). The 

mine is placed in an aqueous solution, whereas acyl chloride is 

issolved in a hydrophobic organic solvent such as hexane, immis- 

ible with water. 

In the conventional preparation of polyamide TFC membranes, 

he aqueous phase is soaked into a porous support (a UF-like 

embrane typically made of polysulfone or polyethersulfone, see 

chematic in Fig. 1 ) and subsequently contacted with the organic 

hase, such that the film is fabricated in a way that intrinsi- 

ally provides it mechanical support. The reaction may also be 

arried out without a supporting membrane, at the interface be- 

ween free aqueous and organic liquid layers. This configuration, 

sed in Morgan’s original demonstration, produces free-standing 

lms that proved useful in some recent studies (see, for exam- 

le, [33] ). For research purposes, IP has also been carried out 

t a stabilized liquid-liquid interface, e.g. a single droplet of one 

f the phases surrounded by the other phase, in a pendant- 

rop goniometer or a microfluidic setup [34–39] . Such configu- 

ations allow fast optical and/or mechanical monitoring of the 

lm formation, useful for studying IP kinetics (see Section 2.2 for 

 more in-depth discussion of these aspects). Finally, outside 

f the realm of separation membranes, IP can be carried out 

round dispersed droplets in emulsified two-phase systems, result- 

ng in shell-like structures employed for encapsulation and con- 

rolled release of drugs, agrochemicals, enzymes, bacterial cells, 

tc. [ 19 , 20 , 40–42 ]. 

In order to diffuse and react with its counterpart, a monomer 

rst has to partition into the opposite phase. Since the solubility of 

he two monomers in the opposite phases is usually asymmetric, 

he reaction occurs in the phase that more readily dissolves both 

onomers. For example, in Nylon synthesis, diamines more readily 

artition into hexane than diacyl chlorides do in in water, thereby 

he reaction occurs and the film forms at the organic side of the 

nterface [ 15 , 22 , 43 ]. There are some exceptions to this rule; for ex-

mple, polymeric amine reactants, such as poly (ethylene imine) 

 Fig. 2 C), are hardly soluble in the hydrophobic organic solvents, 

hereby the reaction occurs in close vicinity of the interface, possi- 

ly, at the aqueous side [ 42 , 44 ]. 

An important requirement for successful film formation via IP is 

hat the reaction between the monomers occurs rapidly and irre- 

ersibly, otherwise it would not be limited to the interfacial region 

nd the polymer would form a homogeneous solution or disper- 

ion rather than a thin film [22] . Faster-reacting monomers tends 

o produce thinner films; for example, poly(piperazine amide) 

embranes have the thinnest active layer of all commercial 

olyamide TFCs, only 15–20 nm thick [45] , consistent with the ex- 

eptionally high reactivity of piperazine with acyl chlorides, ∼10 4 - 

0 6 L mol −1 s −1 [46] . 

Apart from polymer chemistry, IP synthesis offers many other 

athways for optimizing film characteristics and film thickness via 

anipulation of monomer transport and reaction. One variable is 
5 
he monomer concentrations in the two phases. The overall effect 

ppears to be fairly complex, since increasing concentration may 

ither increase or decrease film thickness. Larger concentrations 

rive faster diffusion across the film and so faster film growth, 

owever, this also increases the reaction rate which reduces the 

nitial film thickness (see Section 2.3 ). For example, when prepar- 

ng aromatic polyamide membranes using the TMC-MPD reaction, 

he optimal composition was found to be about 0.1% of TMC in 

exane and 2% MPD in water [1] . It must be stressed that the 

igher concentration of MPD in the aqueous phase is not indica- 

ive of the actual TMC:MPD ratio in the IP reaction, which takes 

lace in the hexane phase, where the MPD concentration is much 

ower (see Section 2.3 ). 

The nature of the solvent also plays an important role in 

ontrolling the film characteristics, as it affects monomer solu- 

ility, diffusivity, and reaction rates. For polyamide synthesis, a 

ore polar organic solvent usually increases both amine solu- 

ility and reactivity. Accordingly, adding chloroform, a more po- 

ar solvent, to the hydrocarbon solvent phase for encapsulation 

as shown t to increase film permeability [41] . Although chlo- 

oform addition would not suit TFC membranes, as this would 

amage the polysulfone support, other additives have been pro- 

osed in the context of aromatic polyamide RO membranes. Ad- 

ition of water-soluble co-solvents such as acetone or dimethyl- 

ulfoxide (DMSO) was found to steadily increase the membrane 

ermeance. Remarkably, they may be added to either phase with 

 similar effect [ 29 , 47 , 48 ]. Presumably, the co-solvent diffusing to

he organic phase along with diamine enhances its solubility and 

ccelerates its reaction with acyl chloride, which should modify 

lm morphology and thus its effective thickness or permeation 

rea. The solvent viscosity may also significantly affect the ulti- 

ate film characteristics, since higher viscosity is expected to slow 

own the monomer diffusion. Thus, replacing hexane with isopar 

 (five times more viscous) substantially increased the membrane 

ermeance [49] . 

Monomer functionality was identified as another key factor in 

ontrolling film characteristics. Thus, difunctional amine and diacid 

hloride should form a linear, non-crosslinked polymer that may 

ack or crystallize more readily and form a uniform, dense film. 

owever, in absence of a cross-linker, such a film would also swell 

ubstantially, which may reduce its selectivity and, moreover, al- 

ow easier monomer diffusion and faster growth during IP , re- 

ulting in a thicker film with a lower permeance [50] . Increas- 

ng monomer functionality is a facile way to induce in-situ cross- 

inking in the polymer and thus modify its barrier characteristics. 

ence, polyamide membranes are usually prepared through the re- 

ction of a diamine, MPD or piperazine, and a tri functional acyl 

hloride, TMC. Curiously, the acid functionality does not need to 

ncrease all the way from 2 to 3, as a fractional functionality, ob- 

ained by mixing 25–75% diacid chloride (isophthaloyl chloride) 

ith TMC, produces films with characteristics nearly identical to 

00% TMC [51] . 

Table 1 summarizes the major synthesis variables and their ef- 

ect on the reaction, diffusion and solution thermodynamics that 

ontrol the IP process and resultantant polyamide film characteris- 

ics. These effects and corresponding changes in permeability point 

o systematic morphological changes, whose nature we will clar- 

fy below. The model presented in Section 2.3 offers a simpli- 

ed picture that facilitates understanding of the above-mentioned 

nd other effects, quantitative relations between different parame- 

ers as well as experimentally observed IP kinetics ( Section 2.2 ). 

ubsequently, this picture is extended to include more complex 

ffects, particularly various inherent instabilities responsible for 

he observed irregular and diverse morphology of the polyamide 

ayer. 
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.2. IP kinetics: experimental studies 

While there is a multitude of literature focused on IP-formed 

olyamide films as affected by various synthesis and formation 

onditions, these studies have mostly taken an ‘autopsy’ approach, 

hereby the film is characterized post-fabrication. Relatively few 

xperimental studies have been carried out with the focus on the 

ctual formation process, in-situ . This is primarily due to the chal- 

enges associated with such an experiment, requiring high resolu- 

ion for both the spatial and temporal scales involved – a very thin 

lm, forming at a (potentially mobile) liquid-liquid interface, over 

ime scales as short as fractions of a second but often extended to 

undreds of seconds. Nevertheless, there have been several note- 

orthy attempts, using a variety of techniques, primarily optical, 

hich provided valuable insight as well as an initial platform for 

urther development. 

The kinetic aspects of interfacial polymer growth were already 

entioned by Morgan and Kwolek [16] as part of their seminal se- 

ies of papers on the fundamentals of interfacial polycondensation. 

everal insightful observations were made concerning choices of 

onomers, their concentration and solvent. In particular, basic fea- 

ures of the polymerization process were established, namely, the 

redominant occurrence in the organic phase and the diffusion- 

imited character, in which the differentiation was made between 

imitations due to the acid-chloride or the amine monomer, at 

ow concentrations of either one, respectively. Furthermore, it was 

oted that at very low amine concentrations, it might be possible 

or the reaction to proceed at the interface or within the aqueous 

hase. Finally, the extremely fast reaction rates and self-limiting 

haracter of the process were highlighted. The first attempt at di- 

ectly measuring the polymer growth rate was made by Enkelmann 

nd Wegner [76] , who measured the polyamide film thickness vs. 

ime using a microscope. The experimental data fit rather well to 

 simple model based on first-order growth kinetics, proceeding 

apidly at short times and ultimately limited by the ‘blocking’ of 

he amine by hydrochloric acid generated in the reaction zone. 

mportantly, the long-time thickness was shown to scale as the 

quare of the amine concentration. This preliminary study, while 

nstrumental to the progress of such endeavors, can be viewed as 

ualitative since the accuracy of the thickness measurement is un- 

nown; furthermore, short times were not accessible. 

A more rigorous attempt to measure IP kinetics was made by 

hai and Krantz [36] , who pioneered both the use of direct imag- 

ng as well as, more importantly, the use of optical reflectometry. 

his method relies on the different optical properties of the poly- 

er solutions vs. the solid phase and so was able to capture rel- 

tively short-time changes in the system, demonstrating the ex- 

remely fast growth of the polymer film, as affected by variations 

f the monomer concentrations. These measurements also high- 

ighted the rapid early-time growth, followed by a significant ta- 

ering and self-limiting behavior, but were not able to resolve the 

rst few seconds of the reaction. These time scales, however, were 

ccessible using the direct imaging of a pendant drop of the aque- 

us phase immersed in the organic phase. This technique, known 

s pendant drop tensiometry, provided images of the drop shape 

rom which the change in surface tension could be estimated. 

hile it is not entirely clear what surface tension would physically 

epresent in the polymerizing system, the change in droplet shape 

oes reflect processes occurring at the interface, and as such are a 

ood proxy for the polymerization kinetics. 

What are the kinetics of film formation? Recent studies have 

een able to employ more elaborate methods and experimental se- 

ups to study film formation. Using diffuse reflectance, Matthews 

t al. [37] studied the formation of a polyamide film on top of a 

olysulfone support, representing a more industrially-relevant sys- 

em. With this method, a reduction of reflectance is attributed 
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o increased absorption by the growing polymer film. The results 

howed a pronounced effect of altering the amine monomer at a 

onstant concentration of TMC (0.1 wt%), with distinctively faster 

nitial growth at higher MPD concentrations (1 and 2%). Mean- 

hile, although thicker films resulted from higher TMC concentra- 

ions (at 2% MPD), the general kinetic time-evolution appeared to 

e unaffected. In all cases, initial polymer growth was rapid, and 

as followed by a noticeable tapering with an apparent power-law 

ehavior (particularly the constant MPD case). This is indicative of 

rowth limited primarily by supply of the amine. Measurements 

ere also carried out using Rutherford backscattering, which pro- 

ides the areal density, from which thickness may be deduced. 

hese measurements further established the very rapid formation 

f the polymer and, combined with the reflectance data, gave an 

stimate of 50% formation within the first 2s of the process, and 

p to 70% formed at lower MPD concentrations. 

Use of microfluidic platforms has also provided recent advances 

n experimental monitoring of IP; this was first demonstrated by 

hang et al. [77] , who created IP films in a co-flow microfluidic 

onfiguration, though kinetic information was not inferred from 

heir visualization. Nevertheless, the ability to control the interface 

nd provide a visualization platform has been used to provide spa- 

ial information on the distributions of monomer concentrations 

38] and temperature [39] . Using multiple-beam reflectometry and 

n immobilized oil-water interface, trapped in a microfluidic cell, 

owbahar et al. [38] measured the MPD concentration profiles dur- 

ng IP (see Fig. 4 A and B). These measurements were then used to

nfer the diffusive flux at the interface, and the total amine mass 

elivered to the polymerization. 

Furthermore, measurements made with different initial concen- 

rations of MPD and TMC enabled several insightful observations. 

he initial MPD flux varied linearly with its concentration, with a 

lope determined by the TMC concentration. It was further con- 

rmed that the initial flux is proportional to the multiple of the 

PD concentration and the square-root of the TMC concentration, 

ith the slope of this curve revealing the rate constant for the ini- 

ial stage of the reaction, before a significant obstruction is pre- 

ented by the forming film. In these experiments, a high concen- 

ration of MPD was employed (2.5–10 wt%), for which the reaction 

s expected to be controlled by the availability of TMC, generat- 

ng conditions that indeed conform with the picture of a reaction- 

iffusion boundary layer, so long as the TMC concentration is not 

oo low [22] . Furthermore, the scaling of the inferred MPD flux 

s. time showed a rapid decay after ∼1 s, consistent with other 

eported trends of significant ‘slow-down’ of the reaction leading, 

resumably, to self-limiting behavior. 

Is IP always self-limiting? This point appears to be widely agreed 

pon – the reaction is self-limiting. However, recent evidence 

hows that, while the reaction is indeed slowed down considerably 

s seen in practically all studies described herein, this is not nec- 

ssarily an intrinsic property of the film-formation process. Rather, 

his can be attributed to the actual barrier posed by the forming 

lm and, perhaps as importantly, to the availability of MPD. The 

econd point was suggested in some earlier IP models [79] and 

as illustrated by Ukrainsky and Ramon [39] , where films with 

hicknesses on the order of tens of microns were fabricated in a 

icrofluidic channel, indicating that so long as MPD is supplied 

o the system, the IP process continues, albeit at a slower rate. 

n an industrial setting, the MPD is supplied from a solution con- 

ained primarily within the pores of a supporting structure. Un- 

er such a scenario, it is conceivable that the support itself will 

ecome the limiting factor in the supply of MPD, eventually be- 

oming depleted and resulting in termination of the reaction. In- 

eed, typical support thickness and porosity suggest it contains an 

quivalent to a few tens of micrometers thick layer of 2% MPD so- 

ution, sufficient to form a polymer layer of the order of a tenth of 
7 
 micrometer thick, which reasonably compares with the typical 

olyamide layer thickness in TFC membranes. Further evidence of 

his may be found in a recent study by Li et al. [78] , who mea-

ured IP film formation using imaging based on low-coherence 

nterferometry (optical coherence tomography - OCT), see Fig. 4 C 

nd D. In these experiments, an MPD-soaked support was fixed in 

n optically-accessible flowcell, into which the TMC-containing or- 

anic phase (hexane) was flowed. In experiments mimicking stan- 

ard formulations (2 wt% MPD and 0.15 wt% TMC), the film thick- 

ess showed a marked two-stage process, with a rapid initial rate 

f formation, followed by a nearly constant rate which then drops 

o zero, after ∼100 s. The first two stages closely resemble, in 

erms of timescales and qualitative slope variations, the measure- 

ents made by Ukrainsky and Ramon [39] , based on the tempera- 

ure evolution of the reaction zone (see Fig. 4 E and F). This resem-

lance is remarkable, since the latter study measured the tempera- 

ure at the interface as a proxy of film formation, which appears to 

e quite representative. However, the abrupt end of the process, as 

een in Li et al.’s data [78] , suggests that the reaction ended due 

o MPD depletion, rather than transport limitations presented by 

he forming film. In another study, the IP of piperazine and MPD 

as monitored using FT-IR spectroscopy [80] , where the spectral 

esponse of C = O bond stretching was used as a proxy for film for-

ation. In these experiments, the reaction was deliberately slowed 

own by introducing transport barriers in the aqueous phase, ei- 

her as an intermediate film or via addition of long-chain poly- 

ers. An interesting aspect emerging from these transport mod- 

fications is the transition from typical kinetics that follow a fast 

nitial rate followed by pronounced tapering, to a nearly constant 

ate of formation, manifested by a linear growth rate in time. This 

uggests that the rate of initial growth plays a major role in creat- 

ng ‘self-limiting’ conditions. 

In summary, the demonstration of new experimental tech- 

iques, as well as possible extension of older ones, presents in- 

eresting opportunities to further investigate IP kinetics, by creat- 

ng well-controlled environments and measurement modalities –

otably temperature and concentration profiles, at high temporal 

esolutions. The studies discussed herein provide a foundation for 

nderstanding the basic features of the process - the dependence 

n monomer transport and availability – but given the many other 

ynthesis variables, much can still be learned through these direct 

easurements. 

.3. Continuum reaction-diffusion models 

IP is a complex hierarchical process involving simultaneous and 

trongly coupled reaction and diffusion of a multitude of species 

 monomeric, oligomeric and polymeric. Condensation of two di- 

unctional monomers results in a linear polymer; however, with 

 higher average functionality, e.g., condensation of di- and tri- 

unctional monomers or interfacial crosslinking of a polymer, an 

nfinite network is ultimately formed ( in general, for condensa- 

ion of monomers A and B of functionalities f A and f B , the mathe-

atic condition for formation of an infinite network is ( f A – 1)( f B 
1) > 1). The reaction is further complicated by side reactions, 

uch as acid chloride hydrolysis, steric and topological constraints 

n reactant species and difficulty to assess relevant kinetic param- 

ters. Rigorous modeling of IP kinetics is then a formidable task, 

urther complicated by the challenge of experimentally measuring 

he required kinetic parameters. Hence, simplified approaches have 

roven to be most productive. Berezkin and Khokhlov reviewed 

odels published prior to 2006 and defined three levels of IP mod- 

ling [81] : 

- kinetic, viewing IP as a homogeneous polymerization reaction 

with appropriate reaction rate constants. 
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Fig. 4. Experimental setups (left) and corresponding measurments (right) of IP kinetics. (A) Microfluidic chip designed with a hydrophobic patch, trapping an oil droplet. Incident 

white light is used for interferometric measurments of the MPD concentration in the adjacent aqueous phase. (B) The concentration profile of MPD, at different reaction times, 

measured near the oil-water interface. Adopted from [38] , copyright 2018, Reproduced with permission the American Chemical Society. (C) Microfluidic contactor used to measure 

the temperature evolution during IP, based on the temperature-dependent fluorescent signal of Rhodamine-B. (D) Temperature measured during IP, at the interface and 40 microns 

away. Adopted from [39] , copyright 2018, Reproduced with permission from Elsevier Science Ltd. (E) Low-coherence interferometry (also known as optical coherence tomography, 

OCT) setup used to measure the film thickness as it is being formed by IP in a flowcell. (F) Polyamide film thickness vs. time, measured by OCT. Labels indicate relative heights from 

base surface. [78] , Copyright 2019. Adapted with permission from John Wiley & Sons, Inc. 
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- local or microscopic, considering diffusion and reaction in a 

small volume and aimed at understanding the kinetics of local 

evolution of oligomeric and polymeric species. 

- macroscopic, aimed at understanding the ultimate result of the 

process, e.g., formation of the film and evolution of its charac- 

teristics over time. 

In the context of separation or encapsulation membranes, the 

atter has been of most interest. In this context, early models of IP 

onsidered the process to be diffusion-limited [ 76 , 79 , 82 , 83 ]. In this

icture, the film, of zero thickness, is assumed to form immediately 

fter the two solutions are brought in contact and its subsequent 

rowth is determined by the quasi-steady-state diffusion of the 
8 
mine monomer through the film. This model obviously assumes 

hat the rate of reaction is very large and has no effect on the over-

ll kinetics. If the film is further assumed to be uniformly dense, 

he monomer permeation rate and, ultimately, the rate of change 

f film thickness is inversely proportional to the film thickness, δ, 

nd bulk concentration of the diffusing monomer, C 0 , so that d δ /d t 

C 0 / δ. This relation predicts that the thickness increases approxi- 

ately as the square root of elapsed reaction time, 

∼ ( C 0 t ) 
1 / 2 

, (1) 

.e., may reach any thickness when allowed to grow for a suffi- 

iently long time. Such models showed reasonable agreement for 

ome polyamides that exhibited a significant permeability to the 
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mine monomer and could grow to thicknesses as large as sev- 

ral tens of microns [ 76 , 82 ]. Later, more sophisticated reaction- 

iffusion models confirmed this generic relation and offered in- 

ight into fine structural details such as molecular weight distri- 

ution of evolving polymer species [83–85] . 

However, fully-aromatic polyamide films do not exhibit unlim- 

ted growth, contrary to what is predicted by Eq. (1) . Usually, once 

ormed, the nascent film may still grow in resistance with in- 

reasing reaction time, yet it does not show any visible change 

n morphology or superficial thickness [ 36 , 37 , 86 ]. Eq. (1) also pre-

icts that, for a given reaction time, larger monomer concentra- 

ions would produce thicker films, which does not always agree 

ith experimental observations. Finally, the model ignores the role 

f monomer reactivity, long known to be of critical importance 

or film formation [46] ; furthermore, the solvent only affects the 

rowth rate through its impact on polymer permeability. 

Proposed mechanisms and stages of film formation. The above ob- 

ervations point to the existence of a termination mechanism, ab- 

ent in the diffusion-limited growth. A few studies introduced such 

echanisms in an ad hoc manner, e.g., by assuming a compet- 

ng hydrolysis reaction [76] or limited supply of a monomer [79] . 

uch limitations may indeed occur in actual IP settings (see pre- 

ious section), but, unfortunately, they alone cannot reconcile all 

xperimental findings. The treatment reviewed here in more de- 

ail reveals termination or an abrupt slowdown as an inherent fea- 

ure of simultaneous transport and reaction, particularly relevant 

uring initial stages of IP, when diffusion may be very fast and 

ossibly exceed the reaction rate [ 22 , 43 , 86 ]. This approach identi-

es three distinct, successive, kinetic stages during the course of 

he entire process, each with a different characteristic timescale 

 22 , 43 ], as highlighted in Fig. 5 . In the first stage, initiated after

he two solutions are brought in contact, monomer concentration 

rofiles develop within the boundary layer, of thickness L, adjacent 

o the interface on the organic side. The profiles (dotted lines in 

ig. 5 ) move until a quasi-stationary state (solid lines) is reached. 

he time required to reach such a quasi-steady-state is on the or- 

er of L 2 / D 0, the monomer diffusion time-scale across the bound- 

ry layer, where D 0 is the monomer diffusivity - it is less than 0.1

, assuming L is typically on the order of a few microns. The quasi-

tationary profiles eventually ensure a stoichiometrically balanced 

nflux of the monomers from opposite sides into a thin reaction 

one of initial thickness δ0 , in which the monomers are fully con- 

umed by the reaction. 

Once the quasi-stationary profiles are established, a second 

tage - formation of a nascent film - begins, manifested as the 

lling of the reaction zone with the polymer at an approximately 

onstant rate, equal to the rate of monomer diffusion into the re- 

ction zone, which is determined by the diffusion resistance of the 

oundary layer, L / D 0 , and monomer concentrations. The thickness 

f the nascent film is roughly the thickness of the reaction zone δ0 , 

hich is related to the diffusivity and reactivity of the monomers 

bimolecular rate constant, k ) in the organic phase [22] , via 

0 
∼= 

(
D 0 L 

k C 0 

)1 / 3 

. (2) 

Here, the concentration C 0 is the sum of the amine and acid 

olar concentrations in the organic phase, each weighed by its 

unctionality, with the amine concentration determined by equi- 

ibrium partitioning from the aqueous to the organic phase. Typi- 

ally, the latter is on the order 10 −2 – 10 −1 , i.e., equilibrium amine 

oncentration in the organic phase is 10–100 times smaller than 

n the aqueous phase. Depending on the permeability of the film, 

his stage proceeds up to the point when either the resistance of 

he nascent film exceeds that of the boundary layer or it reaches a 

ompletely dense state. The latter is reached approximately after a 
9 
ime 

 0 
∼= 

δ0 L 

D 0 C 0 V M 

, (3) 

here V M 

is the monomer molar volume, thereby 1/ V M 

is approx- 

mately the polymer molar density. For conditions typical of mem- 

rane preparation, this time is on the order of a few seconds. 

The last stage, of diffusion-limited growth, may follow two dif- 

erent scenarios, depending on the permeability of the polymer to 

he amine monomer. If the nascent film reaches its maximal den- 

ity but is still more permeable than the entire boundary layer, its 

rowth continues at about the same rate, with the film resistance 

thickness) increasing linearly with t until it exceeds the bound- 

ry layer resistance and crosses over to the classical t 1/2 regime 

imited by the monomer diffusion across the film, as predicted by 

q. (1) . However, if the nascent film exceeds the boundary layer re- 

istance before reaching its maximal density, the growth will slow 

own more abruptly and proceed in a different manner. In this dis- 

inct scenario, a dense ultrathin sublayer will possibly form within 

he nascent film, without any detectable change in the overall film 

orphology. The ultimate thickness of such a dense inner barrier, 

mbedded within the nascent structure, is determined by a differ- 

nt combination of parameters, namely, 

∼= 

(
D 

k C 0 

)1 / 2 

, (4) 

here D << D 0 is the monomer diffusivity (or, more accurately, 

ermeability) in the polymer. Given sufficient time, this thin bar- 

ier would eventually increase in thickness via diffusion-limited 

rowth, following the t 1/2 dependence dictated by Eq. (1) . 

How do different factors affect film thickness? The kinetic scheme 

hown in Fig. 5 , along with Eqs. (2) and (4) seems to explain

any experimental observations [22] . For instance, it rational- 

zes the importance of high reactivity for forming a thin self- 

imiting film rather than a homogeneous bulk solution or disper- 

ion, as discussed in Section 2.1 . The high reactivity ensures that 

he reaction zone remains within the boundary layer, i.e., δ0 < 

 . The effect of reactivity also partly explains why the more re- 

ctive piperazine forms thinner and more permeable NF mem- 

ranes than MPD, which produces tighter films with RO selectiv- 

ty [3] . The model also explains the permeability-enhancing ef- 

ect of more polar solvents or additives such as DMSO or acetone 

 29 , 47 , 48 ]. Indeed, when added to the aqueous phase, these or-

anic solvents rapidly partition into the organic phase and increase 

he solvent polarity within the boundary layer. This has a two-fold 

ffect: increasing both reactivity ( k , correlating with medium po- 

arity [46] ) and, through larger amine partitioning, C 0 . Both factors 

ct to reduce the nascent film thickness and increase permeability. 

qs. (2) and (4) also point to solvent viscosity as a means of reduc- 

ng monomer diffusivity, resulting in decreased film thickness and 

ncreased membrane permeability; this effect was demonstrated 

xperimentally for Isopar G versus the less viscous hexane [49] . 

ang et al. explicitly confirmed an inverse relation between the 

iffusion rate and film thickness by varying amine diffusivity via 

ddition of benzene to the hexane and performing in-situ measure- 

ents of the diffusion rate in the organic phase [74] . 

Most importantly, the model agrees with the existence of opti- 

al monomer concentrations [ 2 , 3 , 36 ]. Indeed, Eqs. (2) and (4) both

ndicate that the nascent film thickness is inversely related to 

onomer concentration C 0 . However, for excessively large concen- 

rations, the thin nascent barrier will form fast, as predicted by 

q. (3) , and the growth will cross over to the third regime, i.e., 

he barrier will begin to grow in thickness, following the diffusion- 

imited mechanism. Eq. (1) indicates that growth in this regime 

ill proceed faster at larger C 0 , so that the ultimate film thickness 

ay increase with C and membrane permeability will decrease. 
0 
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Fig. 5. Schematic representation of interfacial polycondensation of multifunctional amine and acid chloride and formation of a polyamide film, indicating the typical length 

scales L, δ0 w and δ. The red and blue lines, to the right and left of the reaction zone, respectively, illustrate acid chloride and amine concentration profiles evolving over 

time. Dotted lines represent the initial, transient, moving profiles; solid lines correspond to the quasi-steady state established around the reaction zone during incipient 

film formation; and dot-dashed lines represent a quasi-steady state around a thin, dense barrier within the incipient film when its diffusion resistance exceeds that of the 

boundary layer. The discontinuity of the amine profile across the interface is due to its partitioning between aqueous and organic phases. The zoom-in picture highlights 

polymer formation as the growth and fusion of reactive particles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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ince C 0 affects the nascent (second) and diffusion-limited (third) 

rowth regimes in opposing manners, for a fixed time of the IP re- 

ction, their superposition is expected to yield a minimal thickness 

t some optimal concentration, as indeed observed in practice. 

Model predictions of film morphology A closer inspection of the 

bove reaction-diffusion mechanism reveals that the nanoscale 

lm morphology may develop in an even more complex and non- 

niform manner. Indeed, the picture presented in Fig. 5 may sug- 

est that all concentrations vary only in one (thickness) dimen- 

ion, ignoring fluctuations and lateral variations. However, such 

uctuations are likely to be inherent and significant. When two 

onomers of functionality 2 react and form an amide bond, the 

eaction does not change the total number of reactive sites of the 

rowing oligomer. The resulting linear polymer will tend to form a 

airly uniform dense film [87] . However, when - on average - re- 

cting monomers has a larger functionality, the number of reactive 

roups at the surface of growing oligomeric particles will increase 

xponentially, similar to the growth of dendrimers [ 88 , 89 ]. Due to

he large surface density of reactive sites, the growing particles will 

ctively scavenge free monomers at an increasing rate, at the ex- 

ense of growth of smaller aggregates, as illustrated in the zoom- 

ut in Fig. 5 . The reactive particles may assume different shapes, 

.g., be isotropic or sphere-like, when orientation of a newly and 

reviously formed bonds is weakly correlated, or be lamella-like, 

m

10 
hen new and previous bonds tend to remain in the same plane, 

s in fully aromatic polyamides [28] . Regardless of the shape, such 

articles will eventually begin to coalesce, and the interstices will 

rogressively fill, to the point where they and remaining reac- 

ive sites are no more accessible to free monomers. The resulting 

lm morphology is then expected to resemble fused particle ag- 

regates, with interstitial spaces filled with a looser polymer and 

ome small residual voids. Remarkably, a simple analysis concludes 

hat the characteristics particle size should be commensurate with 

lm thickness, suggesting that small-scale surface roughness must 

e an inherent feature of films formed by IP of multifunctional 

onomers [ 22 , 45 ]. 

.4. IP: the molecular scale picture 

The reaction-diffusion model reviewed in the previous section 

onsiders concentration variations of the monomers, as well as the 

olymer and its reactive groups, over time, but - due to its con- 

inuum nature - it cannot address molecular-level structural de- 

ails and thus shed light on the capability of different chemistries 

o form selective barriers. Before the wide adoption of molecu- 

ar dynamics (MD) as a primary molecular simulation tool, Hirose 

t al. presented an interesting attempt to rationalize the effect of 

onomer structure on performance, based on simple packing con- 
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iderations of network subunits formed by the reaction of differ- 

nt diamine and triacid precursors [28] . All analyzed monomer 

ystems (see Fig. 2 E), except for MPD-TMC, were shown to form 

inimal-energy substructures with various degrees of bending and 

wisting that prevented efficient packing of network segments. 

uch inefficient packing would produce significant amounts of frac- 

ional free volume, with relatively large cavities, which is likely 

o reduce selectivity. The MPD-TMC system was unique in that it 

ould form perfectly planar substructures, capable of tight and effi- 

ient packing, in a manner that resembles the packing of graphene 

heets in graphite. 

Molecular dynamics simulations of IP Over recent decades, MD 

imulations have become an important and common tool for in- 

ilico polymer design and computation of various thermodynamic 

nd kinetic characteristics, as well as structure. The first MD in- 

estigation of polyamide membranes was reported by Kotelyanskii 

t al. and mainly focused on understanding the transport proper- 

ies of polyamide, rather than its structure [ 90 , 91 ]. This and many

ater MD studies adopted fairly crude approaches for construct- 

ng the polyamide structure, such as simple crosslinking of linear 

hains, somewhat downplaying the irregular nature of the actual 

olymerization process [92–97] . Other studies adopted a more re- 

listic procedure to construct the polyamide structures, emulating 

he actual polymerization process as diffusion- or reaction-limited 

ggregation [ 93 , 98–103 ]. In this procedure, the model polymer is 

radually formed by randomly adding monomers to the simula- 

ion volume, allowing them to connect to the growing oligomers 

nd, ultimately, form a polymer network. Oligomeric species merge 

ntil possibilities for further monomer addition and bond forma- 

ion are exhausted. Such growth may seem to ignore the macro- 

copic density variations inherent of the IP process highlighted in 

ig. 5 but, as pointed out by Kolev and Freger [99] , it may reason-

bly emulate the conditions encountered within the reaction zone, 

here composition gradients are minimal and where the densest 

art of the polyamide film (i.e., the actual barrier) forms. 

A judicious choice of the time when such polymer “synthe- 

is” is terminated is critical for obtaining a film with character- 

stics representative of genuine membranes. The rate of polymer- 

zation slows down considerably when the polymer approaches its 

aximal density. Early termination might then produce too open 

 structure, while denser structures may require excessively long 

omputations, even when ad hoc modifications are applied to ac- 

elerate the process [ 93 , 102 ]. Many studies adopted an experimen- 

ally evaluated density of ∼1.3 g/cm 

3 for fully aromatic polyamide 

s the criterion to match, however, as it reflect average characteris- 

ics of the entire film including loose fringes, it may not represent 

he selective barrier part. A more appropriate termination criterion 

ay be based on experimental RBS data that estimated the de- 

ree of cross-linking and amount of unreacted groups in genuine 

lms [ 104 , 105 ]. Unfortunately, pioneering MD studies, performed 

efore the publication of the first RBS data, settled for quite open 

tructures with < 80% crosslinking. This was improved by Kolev 

nd Freger [99] who employed a much longer aggregation process, 

ventually reaching ∼94% cross-linking, which reasonably agreed 

ith the values obtained by RBS (94-96%). The resulting repre- 

entative structure then offered insights into finer details of the 

olecular packing and pore space within the polyamide, yet even 

he structure obtained in this manner can be too open, underes- 

imating the salt-rejecting properties compared with real mem- 

ranes [ 100 , 106 ]. 

Polyamide structure emerging from MD simulations Fig. 6 high- 

ights the main structural features of a polyamide molecule assem- 

led via the above aggregation procedure [99] . Fig. 6 A displays a 

etwork fragment containing a few tens of atoms, illustrating the 

ropensity of fully aromatic polyamide to form planar subunits 

hat tend to pack as dense lamella-like stacks containing very lit- 
11 
le free volume. However, along with dense fragments, simulated 

tructures typically contain a significant void fraction, made up 

f network defects entrapped within the polymer. The defects are 

artly due to orientation mismatch and frustration at the bound- 

ries between neighboring lamella stacks, as seen in Fig. 6 A, and 

artly due to insufficiently long synthesis time, over which the 

ense matrix severely restricts monomer access to voids and pre- 

ents their filling. Fig. 6 B shows the computed polymer density 

ap for water-swollen polyamide, time-averaged over about 10 ns, 

hich visualizes voids, colored dark blue, as a permanent and in- 

erent feature of the polyamide structure. Notably, local polymer 

ensity may exceed 2 g/cm 

3 , significantly above the average den- 

ity of dry polyamide, ∼1.2-1.3 g/cm 

3 . Presumably, high density 

epresents the most densely packed and thereby least permeable 

nd most selective fragments. Time-averaging highlights another 

ntriguing fact - over a time as long as 10 ns, most voids undergo 

nly minor fluctuations and remain open. This behavior resembles 

hat of a genuine porous solid and is quite unlike free volume cav- 

ties in soft solvent-swollen gels or rubbery polymers, which are 

ighly dynamic and may significantly fluctuate in size and posi- 

ion, subject only to topological constraints imposed by crosslinks. 

he existence of permanently open voids is a manifestation of the 

xceptional rigidity of the aromatic polyamide network and strong 

opological constraints that greatly reduce the amplitude of fluctu- 

tions. 

The water-filled void structure and spacing may be analyzed in 

 more quantitative manner using the computed radial correlation 

unction g ( r ) of water oxygens, presented as ln[ g ( r )-1)] in Fig. 6 C.

t displays two major features; a peak at the lower cut-off radius 

 min ∼ 0.25 nm and an exponential decay at r > r min . The cut-off

orresponds to the closest approach distance of water molecules, 

hile the decay may be related to the void size or spacing dis- 

ribution. Its exponential dependence is characteristic of a random 

orous material, with a widely distributed void size. Apparently, 

his feature is inherent to all parts of the film, including the dens- 

st part. However, the total free volume fraction might vary signif- 

cantly, reflecting differences in monomer accessibility to the dif- 

erent parts of the film, which favors more complete filling for the 

iddle, densest part of the film, as shown in Fig. 5 . 

What determines polyamide permeability and selectivity? Regard- 

ess of the exact structural details and free volume, it is the con- 

ectivity of the voids, i.e., the passages between the voids, rather 

han the voids themselves, which primarily determines the perme- 

bility and selectivity. Already in the first MD study, Kotelyanskii 

t al. concluded that transport of water and solutes in polyamide 

s controlled by fairly rare jumps between voids [91] , which was 

onfirmed in later MD simulations. 

Viewing passages that control jumps between voids as resis- 

ances and using the well-known general percolation theory ar- 

uments [ 107 , 108 ], the overall permeability may be related to 

 so-called critical resistance [109] . The critical resistance is the 

ne that just allows percolation across the entire film through a 

ub-network of passages, less resistant than the critical one. It 

s expected to be highly sensitive to the completeness of den- 

ification and cross-linking at the final stages of polymerization, 

hich determines whether solutes may find a percolating path 

hat goes entirely through the void space or have to traverse sec- 

ions partly or fully blocked by the dense polymer. Evidently, the 

atter is expected to yield lower permeability yet a much larger 

electivity. 

Curiously, virtually all published MD simulations predict a sim- 

lar water permeability, which compares reasonably well with that 

easured in polyamide membranes. However, different MD studies 

how large discrepancies in the value of salt permeability, which 

ay exceed the measured salt permeability of polyamide mem- 

ranes by as much as four orders of magnitude [100] . This sug- 
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Fig. 6. Molecular and nanoscale structure or polyamide revealed by MD simulations. (A) Simulated atomic structure of polyamide obtained by in silico synthesis, showing packing 

of planar segments of aromatic network. (B) Time-averaged map of polymer density highlighting presence of permanent cavities and dense fragments within polymer matrix. (C) 

MD-based pair correlation function of water oxygens within polyamide; the exponential slope is characteristic of a random porous material with a correlation length ξ = 1.25 nm. 

After Kolev and Freger. [99] , Copyright 2014, Adopted with permission from Elsevier Science Ltd. (For interpretation of the references to color in this figure, the reader is referred 

to the web version of this article.) 
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ests that subtle differences in the overall polyamide density might 

ffect the critical resistance to salt transport, more so than for 

ater. This is reasonable and anticipated, since salt permeation 

s also affected by charge exclusion mechanisms, which are far 

ore sensitive to the void or pore size than permeation of water 

r similarly-sized neutral molecules. This also suggests that even 

he densest structures simulated so far might be too open and 

o not adequately represent the transport properties of polyamide 

embranes, which may contain an ultra-thin yet nearly completely 

locked barrier. In such a case, RBS may be unable to supply the 

nformation, as it mainly reflects average properties of the entire 

lm. We return to this point in Section 3.4. 

.5. Inherent instabilities of IP process and their effect on morphology 

As previously discussed, a seemingly inherent feature of 

olyamide films is their tendency to evolve into rough surfaces. 

ne mechanism outlined in two previous sections is formation of 

he dense films via aggregation and fusion of reactive particles, 

hose remnants form asperities or nodules observed on the sur- 

aces of semi-aromatic NF and probably some ‘tight’, fully-aromatic 

O membranes [ 45 , 58 ]. However, for more open RO films, a vast

mount of evidence highlights a very different, characteristic ridge- 

nd-valley morphology. Evidently, this points to another cause, 

hich we attribute to the destabilization of the initially formed 

lanar nascent film, leading to extensive folding and crumpling, 

nd resulting in a highly irregular and rough morphology. Indeed, 

etailed microscopic analysis reveals that polyamide surfaces can, 

n many cases, be described as a ‘crumpled’ ultra-thin film (where 

he ‘real’ thickness is O [10 nm]) [ 6 , 110–113 ]. Since recent studies

emonstrated the capability of forming smooth PA films (notably 

ef. [60] ), a lingering question is: what are the possible causes of 

he transition from a smooth to crumpled morphology? Here, we 

peculate on several such ‘instability’ mechanisms, of varying ori- 

in – thermodynamic, kinetic, hydrodynamic, and elastic. A feature 

ommon to several of these instabilities is the temperature and 

hemical composition gradients in the reaction zone, as affected 

y the heat released and rapid chemical transformations during 

he reaction [ 39 , 60 ]. More specifically, the possibly non-uniform 

emperature and composition, due to spatially varying film growth 

ate, may be viewed as a trigger for an instability, manifesting 

tself as either a ‘wavy’ disturbance that propagates and grows 

n time, or a more ‘violent’ form of instability such as buckling, 

oaming or rupture. 

Reaction-diffusion instabilities Non-linear reaction-diffusion sys- 

ems are susceptible to inherent fluctuations, which shift the 

eaction front from uniformity towards spatially varying multi- 
12 
imensional profiles, whose characteristic dimensions are con- 

rolled by reactivities and diffusivities of reactants and prod- 

cts. The IP process shares features extensively studied in pattern 

ormation observed for propagating reaction-precipitation fronts, 

hich can evolve in time from a uniform initial distribution to 

orm irregular patterns [114] (see illustration in Fig. 7 ). In the case 

onsidered here, of an IP reaction featuring two mobile reactants 

nd a single immobile polyamide product, the relevant characteris- 

ic dimensions were identified as δ0 and δ in Section 2.3 . In more 

omplex reaction-diffusion systems featuring a broken symmetry 

nd certain kinetic feedbacks, e.g., when different products with 

isparate diffusivities act, respectively, as a promoter and an in- 

ibitor, rich stationary patterns known as ‘Turing structures’ may 

rise [115–117] . It is unclear to what extent such conditions may 

e realized during IP. However, we mention an interesting, recent 

eport of a semi-aromatic polyamide film, which is normally quite 

mooth, fabricated such that its roughness increased considerably, 

nd also featured a transition from the usual nodular structure 

o a ‘wrinkled’ structure [73] . These patterns were attributed to 

 Turing-type instability. While there might be a superficial anal- 

gy to the IP process, it is not entirely clear how a Turing pattern, 

hich would normally describe the spatial segregation of differ- 

nt products, applies to the polymerization case, where polyamide 

s the only product and polyamidation reaction (see Fig. 2 ) does 

ot feature simultaneous promotor and inhibitor feedbacks that 

ould potentially give rise to Turing patterns. Furthermore, a Tur- 

ng pattern remains stationary only while the mass transfer rates 

re also stationary [115] , and this is not the case in IP. We believe

hat, while certain parallels between IP and conditions leading to 

uring patterns may be drawn, other instabilities discussed below 

re more likely to be involved in formation of the ridge-and-valley 

tructures. 

Thermo- and soluto-capillary instabilities Compositional fluctua- 

ions and differential heating of the interface between the two 

uid phases during early-times of formation can trigger soluto- 

nd thermo-capillary flows, driven by chemically or thermally in- 

uced gradients in surface tension, also known as Marangoni flow 

see Fig. 7 ). These chemo-hydrodynamic instabilities have been 

tudied in systems analogous to IP (usually with an acid-base 

eutralization reaction) [118–120] . The instability may be may 

e driven by buoyancy (Rayleigh-Benárd) and/or surface tension 

Benárd-Marangoni) [121] , where the latter case is far more likely 

o manifest over the spatial scales involved in IP. In these systems, 

atterns and plumes have been observed. In other cases, oscilla- 

ory flows have been shown to result from composition-induced 

ariations of surface tension [122] . Notably, the formation of these 

atterns is suppressed, for example, when the initial concentration 
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Fig. 7. Schematic illustration of hypothesized instability mechanisms leading to the rugose morphology of fully-aromatic polyamide films. (top) Fluctuations in the polymer 

formation rate result in non-uniform temperature and composition along the interface. Interfacial-tension variations drive flow and cause localized contraction. (right) 

Intense localized heat release can cause dissolved gas nucleation and growth into bubbles, as well as possible vaporization of the solvent. Differential thermal expansion 

at the interface between the formed film and underlying fluid/solid can result in crumpling. (left) Reaction-diffusion systems can evolve from uniform reaction fronts into 

random or periodic patterns, dependent on inherent disturbances and reaction kinetics. Fluid shear exerted through relative motion can result in interfacial waves and can 

amplify temperature and composition related instabilities. 
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f reactants is reduced [123] , i.e., onset of instability requires a cer- 

ain minimal (critical) driving force. 

When considering the stability threshold, one asks what is the 

ritical wavelength that may trigger an instability through an in- 

nitesimal disturbance, which is always present due to thermal 

uctuations. In this framework, the instability is defined by a 

lear boundary in the parameter space, embodied by a critical 

arangoni number, 

a = 

h �σ

Dμ
, (5) 

hich signifies the ratio of advective transport of mass or heat due 

o surface tension-driven flow and the respective rate of mass or 

eat diffusion. Here, �σ is the induced difference in surface ten- 

ion, h is the solution layer thickness, D is the respective mass 

r thermal diffusivity, and μ is the solution viscosity. �σ is re- 

ated to the respective perturbations in molar concentration �C or 

emperature �T , via the surface tension coefficients σC or σT , i.e., 

σ = σC �C or �σ = σT �T . In turn, �C or �T are related to the

verall reaction rate, i.e., average molar flux of the reactants into 

he reaction zone J or respective heat generation, J �H , where �H 

s the molar enthalpy of the reaction. In general, the reaction rate 

lways increases with reactant concentration and so does Ma. At 

 critical Marangoni number, the instability is triggered from the 

andom, thermal fluctuations that are always present, resulting in 

onvection that will progressively distort the planar geometry of 

he nascent film. 

Under moderate disturbances, the thin nascent film is expected 

o fold and crumple without rupturing, producing a highly perme- 

ble structure with a small effective thickness and a permeation 

rea significantly larger than its footprint. Under more extreme 

onditions, fast flows may generate stresses sufficient for rupturing 

nd fragmenting the film and inducing defects where a second- 

eneration film, capping the defect, may form. Such second- or 

igher generation films were indeed observed in some IP stud- 

es at a free liquid-liquid interface [124] as well as for supported 

embranes [112] and are likely to yield films with a small effec- 
13 
ive thickness and significantly increased permeation area (see Sec- 

ion 3.1.2). With sufficient control and reproducibility, both scenar- 

os should be beneficial for making high-flux energy-saving mem- 

ranes. 

Although transition from smooth to crumpled ridge-and-valley 

orphology above a certain limiting monomer concentration was 

emonstrated for IP carried out at the free interface between two 

olutions [60] , the stability limit may be modified considerably in 

he case where inherent perturbations exist. In IP, such a distur- 

ance may be manifested by the presence of the support structure 

its roughness and the location of pores, which dictate regions 

f faster reaction and, hence, greater heat release or concentration 

uctuations. These inherent disturbances manifest as geometrical 

eatures of the system or as boundary conditions and can gener- 

te different f eatures com pared with a ‘base’ state where these are 

bsent; in fact, liquid film rupture has been shown to occur when 

he substrate is rough [120] . This instability mechanism will induce 

onvective heat and mass transfer away from the hot regions, and 

o is expected to assist in speeding up the process. 

Bubble-formation Several studies presented evidence that the IP 

eaction may produce “nanofoaming” or nanobubbles that, due to 

egassing or possibly even boiling of the solvents at the high tem- 

eratures generated in the reaction zone [39] . The bubbles may 

emain “frozen” within the nascent film structure and/or burst at 

ater stages and thus favorably modify its morphology and trans- 

ort characteristics [ 58 , 125 ] (see Fig. 7 ). Nanobubbles evolving be-

ween the support and nascent film may produce morphological 

hanges similar to crumpling caused by surface tension-induced 

ow. Higher monomer concentration, mass transport enhanced us- 

ng ultrasound, and certain additives, such as sodium bicarbon- 

te, were all shown to presumably promote nanobubble formation. 

otably, all these factors enhance reaction rate and thereby also 

ause a stronger heating of the reaction zone, compositional fluctu- 

tions and gas evolution. For example, bicarbonate may help gen- 

rate CO 2 bubbles, yet it may also act as an acid scavenger that 

revents protonation of amine and speeds up the IP reaction, pro- 

oting both interfacial instabilities and nanofoaming. Bubble for- 
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ation may then come along as another special form or a “by- 

roduct” of capillary instability, triggered when the reaction rate 

xceeds a certain limit. Regardless of whether nanofoaming may be 

ategorized as such, it supplies an independent evidence of signifi- 

ant local overheating and destabilization within the reaction zone 

39] , as a general reason behind the characteristic rough morphol- 

gy of polyamide membranes. 

Hydrodynamic instabilities During a roll-to-roll IP process, an- 

ther disturbance comes from the relative motion in the two-layer 

uid system, namely the aqueous phase in the support, which 

oves with respect to the stationary, organic phase. In such a sys- 

em, the film, once formed, will be subjected to a shear stress, 

hich may be a source of instabilities of a different type. Consid- 

ring the film to be a thin membrane or a finite-thickness elastic 

ayer, it has been shown that shear can cause a fluid-solid insta- 

ility that would lead to an initially flat film to become wavy and, 

ossibly, folded and crumpled [126–128] . Alternatively, a viscosity 

ifference between the two layers, which may be manifested dur- 

ng polymerization, can induce a similar instability. This instability 

s primarily triggered by the shear-induced stretching of the fluid- 

uid interface or elastic film, in which case it is also enhanced by 

he presence of a second fluid on the other side [128] . The stabil-

ty threshold is dependent on the shear rate and film thickness, but 

lso very much on the viscosity ratio of the fluids and the elastic 

odulus of the film. Heating of the reaction zone can greatly mod- 

fy the mechanical properties of the film and adjacent fluid, and it 

s conceivable that during early times, the film would be very soft 

nd so more susceptible to this type of instability. 

Elastic crumpling, wrinkling and buckling Finally, we briefly men- 

ion another mechanism that could potentially come into play - 

he wrinkling of the already-formed film (see Fig. 7 ). Several such 

buckling’ instabilities have been studied in the context of thin 

olid films, at either solid-solid or solid-liquid interfaces [129–

31] . Crumpling of ultra-thin, dimensionally confined films (such 

s graphene) due to such instabilities has also been reported [132] . 

uckling and wrinkling instabilities may occur when there are 

ransmitted stresses between layers with unevenly-matched elas- 

ic properties, as well as by diffusion-driven transport processes in 

hin, soft layers (e.g. [ 133 , 134 ]). Again, connected with the heat re-

ease during film formation in IP, the film may deform due to the 

arying thermal expansion coefficients and elasticity of the sup- 

ort, resulting in buckling and delamination. 

. Experimental insights on chemistry and structure of the 

olyamide layer 

The plethora of possible scenarios and irregular structures that 

ay evolve in an IP process (as discussed in Section 2 ) pose 

ormidable challenges for characterization of polyamide mem- 

ranes. The largest difficulties come from the submicron thick- 

ess of the polyamide layer and chemical and physical non- 

niformities that span all scales from molecular to macroscopic. 

eatures that control permeability and selectivity, such as the 

ffective thickness, pore size, charge and dielectric characteris- 

ics, are of the greatest interest. Unfortunately, given the com- 

lexity of the IP reaction, its inherent propensity for fluctuations 

nd instabilities, and the resulting irregular structure, even the 

hickness is non-trivial to define and determine. The required 

echniques must therefore possess the capability to differentiate 

nd quantify the distribution of relevant chemical groups, with a 

anoscale lateral and depth-resolution. The characterization meth- 

ds that have so far supplied the most crucial inputs are TEM 

morphology), positron annihilation life-time spectroscopy (PALS, 

olecular porosity), RBS, X-ray photoelectron spectroscopy (XPS) 

nd ATR-FTIR (chemical composition and charge), AFM (rough- 

ess and swelling), and measurements of transport characteristics 
14 
or charged and non-charged permeant molecules based on fil- 

ration and electro-chemical impedance spectroscopy (EIS) [135] . 

ecently, significant insight has been obtained on the nanostruc- 

ure of polyamide thin films, using high-angle annular dark-field 

canning-tunnelling electron microscopy (HAADF-STEM) imaging 

136] . Nevertheless, many other techniques, including those specif- 

cally developed for studying ultrathin films and IP kinetics, have 

onsiderably helped put together different data into a unified pic- 

ure. The following sections review the main results. 

.1. Film structure and morphology 

.1.1. Geometrical characteristics: thickness, porosity and pore size 

How do we define film thickness? Film thickness is the primary 

tructural characteristic of a membrane, as it has an inverse re- 

ation with permeance [4] . For the nanoporous films obtained in 

P, thickness becomes poorly defined and non-trivial to measure. 

ompared to a dense film of the same overall thickness, pores 

nd voids reduce transport resistance, i.e., effective thickness, by 

 factor that correlates with the porosity and pore connectivity 

137] . Combining several types of measurements with thorough 

orphological investigation may help better understand the effec- 

ive thickness and clarify its relation to porosity. 

The superficial or volumetric thickness of polyamide films, i.e., 

he total volume of the film per footprint area, was evaluated 

y various imaging techniques. TEM and SEM are commonly em- 

loyed to image cross-sections of composite membranes, either 

reeze-fractured for SEM or embedded in a resin, diced and mi- 

rotomed for TEM [ 135 , 138 , 139 ]. The polyamide layer thickness

easured in this way is typically in the range 10 0-30 0 nm for 

ully aromatic membranes and the films often appear as crumpled, 

olded films with voids, bubble-like features etc. (see Section 2.5 ) 

 6 , 31 , 58 , 140 , 141 ]. On the other hand, semi-aromatic films usually

ppear to be much thinner, 15–50 nm, and uniform down to the 

cale of a few nanometers, i.e., the smallest features observable in 

uch films by TEM and SEM [ 10 , 43 ]. 

An important approach to high resolution characterization of 

anoscopic features of polyamide is based on the separation of the 

olyamide layer from its support and subsequent transfer to a pla- 

ar solid substrate, enabling thickness measurement using AFM or 

rofilometry [ 45 , 60 , 109 , 142 ]. AFM is a convenient method to mea-

ure superficial thickness, e.g., by scratching the film down to the 

ubstrate and measuring the height of the formed step or, more 

ccurately, by measuring the average height of a narrow strip. 

FM is also well suited to quantify surface roughness (see next) 

nd works under a liquid, which helps evaluate film swelling (see 

ection 3.2.2 ). Ellipsometry is another method that can evaluate 

olumetric thickness in air and liquid [143] , but it requires optical 

odeling and is critically dependent on planarity and uniformity 

f the film and underlying substrate. 

A major improvement in imaging the polyamide layer was 

chieved recently using TEM tomography, which revealed the 

pongey or crumpled morphologies of the aromatic polyamide, 

ith voids ranging in size from a few to tens of nanometers 

 110 , 113 , 144 , 145 ]. Since some interpenetration of the polyamide

nd supporting layers obscures the boundary between them, rep- 

esentative average thickness of the entire polyamide layer may be 

ifficult to evaluate [144] . Nevertheless, a thorough high-resolution 

D reconstruction combined with elemental mapping of adsorbed 

etal ions or nanoparticles, highlighted features that unequivo- 

ally indicate that the polyamide layer is a crumpled 10-20 nm 

hick parent film folded over, to varying degrees, to form a thicker 

tructure [110] , well in line with independent conclusions by 

TEM imaging combined with high-resolution elemental mapping 

 146 , 147 ] and other recent studies [ 6 , 32 , 111 , 112 ]. 
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Another group of methods supply mass thickness , i.e., polyamide 

ass per unit area. Such measurements may utilize adsorption or 

cattering of radiation by specific chemical groups or atoms, which 

akes it far less sensitive to the presence of voids and the poorly 

efined polyamide-support boundary. Among these methods, per- 

aps the most successful one is the RBS approach developed at 

he University of Illinois Urbana-Champaign, which supplied ex- 

ensive data on the thickness and structure of the polyamide layer 

f fully aromatic membranes [ 104 , 148 , 149 ]. The method is indirect

nd relies on sophisticated modeling for converting RBS spectra 

nto atomic density profiles, but the fact that it may directly an- 

lyze polyamide layer within the composite membrane made the 

ethod highly attractive. The first data, presented by Mi et al., 

ielded mass densities equivalent to 85-200 nm, assuming 1.06 

/cm 

3 density, in agreement with electron microscopy imaging 

148] . More recently, Perry and Coronell employed quartz-crystal 

icrobalance (QCM) to independently quantify the mass as well as 

mall mass changes of an isolated polyamide layer, which showed 

ood agreement with RBS data [150] . ATR-FTIR spectroscopy is an- 

ther mass-sensitive method; due to its simplicity and specificity, 

t became a routine tool for analyzing coated membranes [ 139 , 151 ],

nd proved useful for studying the polyamide film both within the 

omposite membranes as well as separately [ 109 , 143 ]. 

What is the film porosity? Combinations of different indica- 

ors offer insights into relations between structure and function 

f polyamide films. For example, the ratio of mass- and volume- 

ased thicknesses of the same film directly yield its density, which 

ay then be compared to that of the non-porous polymer (1.2–

.38 g/cm 

3 for aromatic and about 1.1 g/cm 

3 for semi-aromatic 

olyamides) to estimate film porosity or void fraction. Curiously, 

arly attempts to obtain such estimates using AFM and ellipsom- 

try (volumetric thickness) and EDS (mass thickness) measure- 

ents for polyamide films separated from commercial NF (semi- 

romatic NF200 and NF270) and RO (fully aromatic tight SWC1 

nd open ESPA1) membranes suggested a fairly small void fraction 

152] . While NF membranes indeed appear void-free in TEM, RO 

embranes clearly contain voids, as discussed above. Later, Karan 

t al. showed that a likely reason could be exposure to solvents 

sed when dissolving the support, which “open up”, i.e., swell and 

often the polyamide matrix, possibly leading to collapse of the 

arger voids under capillary forces that arise during drying [60] . 

uriously, despite void collapse, i.e., reduced overall porosity, sol- 

ent treatment was found to increase permeability, which suggests 

hat mesoscopic voids have little to do with the overall transport, 

ontrolled by much smaller molecular pores (polymer free vol- 

me). 

Due to possible pore collapse, correlating transport properties 

see next) with mass thickness rather than volumetric thickness 

hould be more appropriate, as was indeed found [153] . Such a 

omparison led Freger et al. to the conclusion that only a small 

raction of the polyamide acts as an actual transport barrier, par- 

icularly in the more permeable RO membranes such as ESPA1 

 32 , 109 , 154 ]. This conclusion is well in line with the IP mechanism,

onsidering both inherent heterogeneity of the ultrathin nascent 

lm ( Section 2.3 ) and its subsequent destabilization and crumpling, 

esulting in a superficially thicker film ( Section 2.5 ). Later studies 

emonstrated that this conclusion may be extended to the major- 

ty of fully-aromatic membranes, as discussed in Section 3.4.1 . On 

he other hand, semi-aromatic NF membranes behave more akin 

o uniform, non-porous films, with permeability consistently de- 

cribed by correlations between thickness, swelling or mesh size, 

eveloped for such films [ 45 , 137 ]. 

Given that the total volume or even mass of the polyamide 

ayer may not be a good representation of its transport proper- 

ies, looking at transport characteristics may provide yet another 

oute to estimating thickness, most relevant to the performance of 
15 
olyamide membranes as selective barriers. One such characteris- 

ics maybe the hydraulic resistance or pure water permeability L p 
aka A ) measured in regular filtration tests. Alternatively, diffusion 

ermeability for various solutes and ions or electric conductivity of 

solated films may be used. For example, L p may be related to the 

hickness of a planar film as 

 p = 

br 2 p φ

μαδ
, (6) 

here b = 1/8 for straight or random pores, r p is the pore radius, φ
he porosity, identified as the volume fraction water or membrane 

welling in the working conditions, α the tortuosity factor, usu- 

lly correlated with φ, μ the solvent viscosity, and δ is the effec- 

ive thickness. (We note that this is a potentially crude approxima- 

ion, given the molecular scales involved and complex geometry. 

evertheless, this provides surprisingly well-correlated approxima- 

ions). When porosity, i.e., polyamide swelling (see Section 3.2.2 ), 

nd r p are independently estimated, Eq. (6) , along with the mea- 

ured L p may estimate the effective thickness δ. When φ and r p 
re unknown but presumably similar for different membranes, L p 
r other permeability characteristics may be a convenient indica- 

or of differences in δ. Indeed, L p and electric conductivity, were 

ound to correlate well for different fully aromatic polyamide films 

see also Section 3.4.1 ) [155] , which suggests they are controlled 

y the same effective thickness, a few to a few tens of nanometers 

arge and much smaller than the total thickness of the polyamide 

ayer. 

Evaluating pore size We should note that, at present, constantly 

mproving high-resolution imaging allows identifying the effective 

arrier within an irregular polyamide structure and can supply in- 

ependent estimates of its thickness (ca. 10–20 nm [ 110 , 112 ]), yet

 p stays still far below imaging resolution. It is then more common 

o use Eq. (6) for deducing from thickness the pore size r p , which

s the last and perhaps most critical geometric characteristic of the 

lm, responsible for both its selectivity and permeability. Such es- 

imates yield pore radii of the order 0.15–0.2 nm for fully aromatic 

olyamide and 0.2–0.4 nm for semi-aromatic NF membranes. Simi- 

ar or slightly larger estimates may also be obtained from rejection 

f ions [156] or solutes of different sizes [157–159] . 

Alternative and somewhat more direct estimates of pore size 

ay be obtained by PALS. Although the method relies on mod- 

ling pores as spherical cavities [ 47 , 160 ] and is not specific to

he selective barrier, i.e., results are averaged over different parts 

f the film, it provides an analysis of the smallest pore sizes 

own to atomic dimensions and is relatively unaffected by large 

oids. Using PALS, Kim et al. discovered that molecular pores in 

ully aromatic polyamide have a bimodal distribution, featuring 

maller “network” pores of radii 0.21–0.24 nm, assigned to the in- 

erior of dense crosslinked particles, and larger, 0.35–0.45 nm “ag- 

regate” pores, presumably found in less cross-linked interstitial 

paces [ 66 , 161 ]. This picture is consistent with the IP mechanism

or the cross-linked nascent film, proceeding as growth and fu- 

ion of reactive particles ( Section 2.3 ) as well as atomistic, coarse- 

rained and dissipative particle dynamics molecular simulations of 

P [ 22 , 100 , 103 , 162 ]. The size of the smaller, network pores, agrees

ell with above estimates of r p deduced from water permeance 

easurements. The larger aggregate pores, such as seen in Fig. 6 B, 

ay indeed be a “byproduct” of incomplete filling of the intersti- 

ial regions. However, they may also belong to looser polymer at 

he surface of the folded nascent film (cf. Fig. 5 ), sensed by PALS 

ut less relevant to the barrier properties of polyamide. Note that 

 similar observation may apply to the two types of negatively 

harged groups with distinct pK a values [163] (see Section 3.2.1 ), 

here lower pK a groups assigned to aggregate pores may in fact be 

resent mainly in the surface regions and have little effect on the 
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ransport across the film, as was recently suggested by Ritt et al 

164] . 

.1.2. Morphology: nano-roughness, crumpling, and bubble-like 

eatures 

As already discussed in previous sections, fully-aromatic 

olyamide films are notoriously rough, exhibiting a wide range of 

ossible morphologies with roughness features reaching sizes of 

p to a few micrometers. The exact nature of these features has 

nly recently been amenable to scrutiny, and much progress has 

een made in establishing better ideas on how these morpholo- 

ies form, and what is their impact on performance. A particularly 

mportant, long-standing question concerning surface roughness is 

ts contribution to diffusive transport via, for example, increased 

urface area contacting the polyamide film and the feed solution. 

onflicting trends reported for the correlation between roughness 

nd permeance (e.g., [ 49 , 165–167 ], see Fig. 9 A) have made it clear

hat the quantification of the top surface area of the film is a better 

roxy than the more commonly-used, AFM-based RMS roughness 

 113 , 168 ]. Even then, simply quantifying the surface area is insuffi- 

ient if the internal structure of the film and, most importantly, its 

onnection with the permeate space are unknown [169] . 

Notably, recent advances in imaging have made it clear that 

hese roughness features can enclose significant porous structures 

voids, which are liquid-filled under operating conditions. The 

olume fraction of these voids has been assessed using a variety of 

echniques, including imaging in 2 and 3 dimensions using various 

orms of electron microscopy [ 110 , 111 , 113 , 140 , 144 , 146 , 170 ], as well

s complementary methods such as ellipsometry and water uptake 

easurements using QCM [140] . These have shown void fractions 

f up to ∼30%, but a much smaller void volume fraction, < 1%, was

ater argued to be more representative of the enclosed void vol- 

me fraction, as opposed to voids that communicate directly with 

he feed-side of the membrane [113] . It was further argued that 

ompression during operation also plays a role in the ultimate vol- 

me of these voids, though this seems to be mostly relevant to 

eawater RO membranes, subjected to pressures as high as 7 MPa. 

urthermore, a main question is the connectivity of the voids –

pecifically those truly separated from the feed side – to the per- 

eate side. Without such connectivity the transport enhancement, 

ue to roughness-increased surface area, is lost [169] (see further 

iscussion in Section 3.4.2). 

Are the voids bubbles? The exact mechanism leading to the for- 

ation of the nodular voids is not fully understood, and it is likely 

onnected to the instabilities that transform a smooth film into a 

rumpled one (as outlined in Section 2.5 and Fig. 7 ). One interest- 

ng pathway to their formation may be due to the nucleation of 

ano-bubbles/droplets, which become incorporated into the form- 

ng polyamide film. Bubble-like structures evolving during IP have 

een observed in-situ , first by Yuan et al. [124] and, more recently, 

y Ukrainsky and Ramon [39] . 

In both cases, the bubble-like features were observed using op- 

ical microscopy at resolutions of several micrometers [39] to tens 

f micrometers [124] (see Fig. 8 C and D), and were obtained for 

n IP process occurring at a free surface and for distinctly different 

mine chemistries (the reaction monitored by Yuan et al. [124] is 

onsiderably slower, while Ukrainsky and Ramon [39] used typical 

O chemistry). 

The formation of these bubbles has primarily been linked to 

ither: (i) the temperature increase in the reaction zone during 

he highly exothermic polymerization reaction [ 39 , 58 ], which can 

ead to release of dissolved gas or possibly solvent boiling (see 

ig. 8 B), or (ii) the coalescence, into droplets within the organic 

hase, of water carried into the reaction zone by the diffusing 

mine [ 82 , 124 , 171 ]. It is interesting to note that the latter route

o a porous film was already mentioned nearly 30 years ago and 
16 
hown theoretically by Ji et al. [79] , some 20 years ago, but has

ince received very little attention. 

In contrast, the currently prevailing hypothesis of heat-driven 

ubble formation has received much attention in recent years. 

ost notably, with the idea that bubble formation is primarily due 

o release of dissolved CO 2 from the aqueous phase, a series of pa- 

ers has systematically used carbonate chemistry to probe its in- 

uence on the morphology of polyamide films [ 58 , 71 , 168 ]. Several

ey findings may be highlighted from these papers: first, it was 

hown that degassing the aqueous solution resulted in reduced 

though still substantial) surface roughness, with nearly complete 

limination of ‘ridge and valley’ features [58] . Furthermore, it was 

hown that varying the initial pH of the amine solution led to pro- 

ressively larger nodules, which then evolved into extended struc- 

ures, overlaying the bottom, nodular voids [ 71 , 168 ]. These find- 

ng provide some support of the dissolved gas-bubble hypothesis 

since CO 2 solubility is strongly influenced by both temperature 

nd pH of the solution, which increase and decrease, respectively, 

uring IP, potentially promoting gas release. We note, however, 

hat the presence of carbonate may simply act as a buffer, much 

ike ‘acid scavengers’, whose effect is explainable in the context of 

lm growth intensity and associated instabilities, which can cause 

rumpling regardless of bubble formation. Another possible draw- 

ack of the gas bubble hypothesis lies in the fact that these bub- 

les are likely formed in the aqueous solution, whereas ultimately 

he voids are found within the film, formed within the organic 

hase. So, the bubbles formed in the aqueous phase must some- 

ow migrate into the reaction zone, as the film is being formed, to 

ecome entrained in the final film. Due to density differences, the 

queous phase is normally underneath the organic phase, which 

uggests that bubbles form will tend to rise. It is, however, highly 

nlikely that gravitational orientation would provide a sufficient 

riving force for nano-bubble protrusion into the organic phase, 

herefore, another mechanism might be at play (see Section 2.5 ). 

Configurational impacts on morphology: support membrane and 

praying As a final consideration, and following the discussion on 

ubble formation, we look at recent studies that have shown how 

oughness may be altered and even eliminated by performing IP at 

 free surface (or a high surface area support) [ 60 , 61 , 125 ]. These

tudies added important insight on links between synthesis con- 

itions and emerging morphologies. For example, under identical 

onditions, the presence of a support shifted the morphology from 

 smooth to a rough morphology [61] (see Fig. 9 B). Similarly, with 

 relatively ‘free interface’, increasing monomer concentrations and 

eaction time likewise shifted the morphology from smooth to 

ough [60] (see Fig. 9 C). Finally, changes in pH, controlled via car- 

onate chemistry, have been demonstrated as a route to creating 

arying degrees of roughness [71] (see Fig. 9 E). These observations 

ffer a clear indication pointing at the presence of interfacial in- 

tabilities, as described earlier (see Section 2.5 ). 

Another feature, with important implications on transport, are 

he perforations observed in the support-facing, back side of the 

esulting film, which are mostly absent in a smooth film formed 

t a free interface [172] (see Fig. 9 D). The presence of a support 

lso relates to the question of bubble formation and entrainment, 

hich may be partially explained based on the experiments of 

ong et al. [125] , whereby the bubbles, once formed, are confined 

y the presence of the support and so grow toward the organic 

hase. The deformation due to this growth is thus a possible mech- 

nism for creating crumpled morphologies that are highly con- 

ected to the permeate space. Switching the orientation, i.e., hav- 

ng the organic phase within the porous support, changes the mor- 

hology of the resulting film, while an unsupported membrane has 

irtually no prominent roughness features (under the same synthe- 

is conditions in terms of monomer concentration). An interesting 

oint to consider is that the confinement is equally absent in the 
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Fig. 8. Possible pathways for generation of ‘bubble-like’ morphologies during IP, as well as ‘self-healing of film rupture. A) Pinhole gaps and ‘defects’ in the initial film create sites for 

initiation of new, rapid growth, which creates hierarchical structures of subsequent polyamide layers. [124] , Copyright 2012. Reproduced with permission from the American Chemical 

Society. B) Gas bubbles, formed due to increased temperature in the reaction zone, lead to nodular structures. The resultant film may burst, creating defects which either remain or 

are capped by a secondary layer formed, on top. [112] , Copyright 2018. Reproduced with permission from the American Chemical Society. C) ‘Bubbly’ morphologies observed on the 

scale of 100’s of microns. [124] , Copyright 2012. Reproduced with permission from the American Chemical Society. D) Bubble-like features observed, on the scale of under 10 microns. 

[39] , Copyright 2018. Reproduced with permission from Elsevier Science Ltd. 
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flipped’ IP and the free-IP configurations, which would mean that 

lm deformation due to bubble-induced deflection should be sim- 

lar (in both cases, the organic phase is above the aqueous phase). 

he difference between the two cases, if indeed caused solely due 

o bubbling, is likely due to different rates of bubble formation 

nd, primarily, different bubble size. Curiously, a similar study of 

flipped’ IP [111] revealed a much smoother surface, with many 

oles; however, this may be due to incomplete support impregna- 

ion with the organic phase, or some other preparation difference 

etween the two studies. 

The configurational change offered by support-less IP may also 

e achieved using a hydrogel layer as the MPD reservoir [173] , cre- 

ting a continuous, relatively homogenous interface. Under these 

onditions, however, the MPD transport is significantly slower than 

he corresponding reaction at a ‘free’ surface. In contrast, when a 

eterogenous hydrogel was used, with a typical mesh size much 

arger than that of a conventional support membrane, the reaction 

roceeded faster and a thicker film was formed. The morphologies 

bserved at short reaction times were quite different for the two 

ystems, with the homogenous gel producing a seemingly smooth 

though with creases that are likely due to experimental artefacts), 

hile the heterogeneous gel produced morphologies more akin to 

hose observed during standard, supported IP. 

As a further means of controlling film roughness, spray-assisted 

P has been used, in two different ways; either by spraying the or- 

anic phase over a conventionally MPD-soaked support membrane 

174] , or as a dual-spray combining droplets of both phases, simul- 
17 
aneously applied onto a support [ 175 , 176 ]. In the former case, a

pray coating is first applied (droplet size on the order of tens of 

icrons), followed by a ‘conventional’ immersion into the organic 

hase. The obtained morphology was a typical ridge and valley 

tructure, where the first, spray-generated layer had small nodular 

eatures, while the second layer created larger roughness features. 

he second step was necessary in order to provide a continuous 

lm, while the duration of the first step allowed some degree of 

ptimization through control of the amount of initial polyamide 

ormed. In particular, it is likely that, due to the lag-time between 

he two steps, the polyamide layer was equilibrated with the 

mine solution, providing a good starting point for the second step. 

n contrast, the more recent work by Chowdhury et al [175] and 

a et al. [176] used an electrospray system that applied the or- 

anic and aqueous phases simultaneously, presumably resulting in 

 very large initial surface area for reaction and, hence, good mass 

ransfer properties. The method is able to produce smooth films 

ith variable thickness, which depends on the number of coat- 

ng cycles applied. The membranes produced in these two studies, 

hile producing similar morphological features, achieved different 

erformance, with the membranes fabricated by Chowdhuri et al. 

175] on par with the commercial benchmark. While the monomer 

oncentrations and support material varied between the two stud- 

es, it is highly likely that the different electro-spraying conditions 

re the crucial element here; the droplet size reported by Ma et al. 

176] was on the order of 100 microns, while Chowdhury et al. 

175] estimated a droplet size on the order of microns (this, how- 
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Fig. 9. Morphology variations of polyamide thin films. (A) Collection of literature data showing attaempts to correlate roughness with permeance. Adopted from [39] (data from refs 

[ 49 , 165–167 ] . Copyright 2018. Reproduced with permission from Elsevier Science Ltd. (B) Transition from smooth (left) to ‘crumpled’ (right) morphology, due to the presence of the 

support. Scale bars are 500nm. [61] , Copyright 2017. Reproduced with permission from Elsevier Science Ltd. (C) Transition from smooth (left) to ‘crumpled’ (right) morphology due 

to variation of MPD concentration and reaction time. [60] , Copyright 2015. Reproduced with permission from American Association for the Advancement of Science. (D) View of the 

thin-film ‘back’, facing the support, for a smooth (left) and crumpled (right) morphology, showing the perforation accompanying ‘crumpling’. [172] , Copyright 2017. Reproduced with 

permission from Elsevier Science Ltd. (E) Evolution of morphology with pH of the aquous phase, from a pH of 4.7 (far left) to 12.5 (far right). [71] , Copyright 2018. Reproduced with 

permission from the American Chemical Society. 
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ver, was not measured). Droplet size is likely to be a crucial factor 

n establishing rapid reaction conditions, while maintaining a thin 

ayer associated with each coating step. It is also notable that in 

his approach, especially, for finer droplet sizes, the rate of poly- 

erization is controlled by the rate of electro-spraying rather than 

onomer diffusion into the reaction zone. On the one hand, it of- 

ers a better control and eliminates instabilities inherent of IP re- 

ction, on the other hand, it no more features spontaneous self- 

ealing of defects thereby transport and selectivity of such films 

ay not be fully equivalent to films made via IP. The promising re- 

ults of this technique then warrant a closer scrutiny of the mech- 

nisms involved in a droplet-based process. 

.2. Physico-chemical characteristics 

Along with geometric parameters that control membrane per- 

eance, (e.g., thickness, area, and porosity), the inherent perme- 

bility and, to a greater extent, selectivity, are critically dependent 

n the physico-chemical characteristics of the polymer, such as po- 
18 
arity, fixed charge content, degree of cross-linking, and water con- 

ent (swelling). Quantifying these characteristics has been crucial 

ot only for optimizing the IP process and separation performance, 

ut equally for understanding salt rejection and selectivity in gen- 

ral, which is still incompletely understood and not amenable to 

redictive modeling. Compared with morphological characteriza- 

ion, measuring the relevant physicochemical properties often re- 

uires the quantification of species representing only a small frac- 

ion of the polymer, which entails techniques with unique sensitiv- 

ty and depth resolution. Methods that proved the most beneficial 

nd insightful, along with key findings, are summarized below. 

.2.1. Cross-linking, charge density, and ionization behavior 

Polyamide films produced by IP always contain some unreacted 

arboxylic and amine groups, which act as fixed charges that may 

nhance salt rejection [177] . It was also realized early on that, 

iven the overall stoichiometry of the polyamidation reaction, fixed 

harge is also complementary to the degree of cross-linking, since 

 reactive group of a monomer is ultimately converted to a fixed 
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harge whenever it fails to form a polyamide bond, i.e., a cross-link 

 104 , 161 , 178 ]. Fixed charges are also believed to be a significant

actor in fouling and biofouling [179–181] , in which case the focus 

s on the surface charges rather than within the film [ 151 , 182 , 183 ].

urface charges may also serve as anchoring points for modifying 

he surface properties via grafting [184–188] . For this reason, quan- 

ifying charge, its distribution and ways to manipulate it has been 

he focus of many studies. 

The challenge of measuring the fixed charge of polyamide is 

ue to the fact that results obtainable by different techniques are 

ot directly comparable and three types of data are distinguish- 

ble, namely, 

- Bulk charge density, i.e., the content of fixed charged groups per 

unit amount (mass or volume) of polyamide; this parameter is 

directly related to the Donnan ion exclusion mechanism and, 

therefore, salt rejection [177] . 

- Areal charge density, i.e., the total amount of ionizable groups 

within the polyamide layer per membrane area; in order to be 

relatable to performance metrics such as salt rejection, it re- 

quires additional information, e.g., membrane thickness, as ex- 

plained below. 

- Surface or bulk charge density, evaluated from transport or 

electro-kinetic measurements, such as streaming potential or 

electrical conductivity (impedance) measurements. These rep- 

resent only a fraction of the total membrane charge involved in 

the relevant transport or electrokinetic phenomenon. 

The first type of charge density is measurable by methods that 

nalyze overall atom- or chemical group-composition such as XPS 

r RBS, which possess a depth resolution commensurate with the 

lm thickness, i.e., less than about a micron. A few years following 

he discovery of aromatic polyamide membranes, Koo et al. pre- 

ented an XPS study showing that 28% of the TMC units at the 

embrane surface contain an unreacted carboxylic group, i.e., lack 

ne cross-link, which corresponds to a ∼1.1 M charge density, as- 

uming a polyamide density of 1.24 g/cm 

3 [178] . Since the pene- 

ration depth of XPS is around 5 nm [ 135 , 149 ], this charge content

s more representative of the surface characteristics, which left the 

pen question whether this is representative of the average charge 

f the entire film. 

Two decades later, Cahill and co-workers pioneered the use of 

BS, another atom-counting spectroscopic technique with a much 

arger penetration depth, to obtain the overall fraction of charged 

roups across the entire thickness of polyamide, along with film 

hickness and other characteristics [ 148 , 149 , 161 , 163 , 189 , 190 ]. The

ccuracy was greatly improved by binding easy-to-count heavy 

ons to the fixed charges, thus enabling measurement of fixed 

harge at different pH so as to quantify dissociation behavior 

 149 , 150 , 163 ]. This showed that polyamide typically contains about 

.3–0.6 M of carboxylic groups, corresponding to 94–96% crosslink- 

ng, i.e., 8–15% TMC units missing a crosslink. Due to competi- 

ion with proton binding at lower pH, the fixed charges become 

ully dissociated only at pH > 9, while at lower pH charges get 

rotonated and lose part of their total ion-binding capacity. The 

ajority of membranes show two pK a values at around pH 5- 

 and 8-9, assigned to different types of pores and, correspond- 

ngly, different local environments within the polyamide, as sug- 

ested previously by Kwak et al. based on PALS measurements of 

olyamide porosity [66] (see Section 3.1.1 ). The higher pK a ∼ 8-9 

as assigned to the smaller, < 0.25 nm, “network” pores within the 

ense polyamide. Conversely, the lower value of pK a ∼ 5–6 was 

ssigned to larger > 0.35 nm “aggregate” pores, formed during IP 

n interstices between the aggregated clusters of denser polymer. 

he smaller network pores constitute a significantly less polariz- 

ble, water-lean environment, leading to the higher pK a , as com- 

on for low-dielectric media. 
19 
The second type of measurements is typically produced by 

inding suitable ions to the fixed charges and subsequently quan- 

ifying their total areal content directly or after leaching. Schaep 

nd Vandecasteele employed Cs + ions that were bound and subse- 

uently leached out, such that their content in the leachate could 

e accurately determined [191] . The areal charge density measured 

n this fashion for semi-aromatic membranes was of the order 10 −5 

ole/m 

2 or ∼10 charges per nm 

2 . This approach was improved 

nd elaborated by binding cationic dyes to the surface, which can 

e directly quantified spectroscopically, and Ag + ions that could 

e analyzed after leaching; these methods produced areal densi- 

ies commensurate with earlier estimates [ 192 , 193 ]. The resulting 

real density can be converted to bulk charge density and degree 

f cross-linking, when the volume or mass thickness is known (see 

ection 3.1.1 ). Inverting such a relation, i.e., comparing the bulk and 

real charge to estimate thickness may provide an estimated areal 

ass, i.e., mass thickness. For example, the bulk values reported 

y Coronell et al, 0.3–0.6 M per volume of dense polyamide (1.24 

/cm 

3 ) [ 149 , 163 ], and the areal charge density 6-20 nm 

−2 found

y Chen et al. [193] for SWRO membranes, indicate a film mass 

f ∼10–100 mg/m 

2 , roughly equivalent to 10–100 nm thickness of 

ense polymer. Although the uncertainty range is fairly large, this 

grees well with other estimates of the thickness and areal mass 

e.g., [ 143 , 150 ]). The two types of measurement produce fairly con- 

istent results for the overall charge, when combined with film 

ass. 

Given the very different penetration depth of XPS (a few 

anometers) and RBS (over a micron), Coronell et al. [193] applied 

oth methods to analyze the difference between surface and over- 

ll charge density, i.e., the possible charge heterogeneity, for sev- 

ral commercial membranes. For a few membranes, XPS showed a 

omewhat larger charge, as might be expected for an IP process, 

here the outer surface faces a large stoichiometric excess of the 

cidic monomer TMC. However, surprisingly, about half of the ex- 

mined membranes yielded nearly identical results via both meth- 

ds, indicating that the charge density was fairly uniform across 

he polyamide layer. One reason could be that excessively acidic 

nd therefore less cross-linked polymer at the surface was re- 

oved during sample preparation. Indeed, it was found that the 

real charge drops after isolating polyamide films from commer- 

ial membrane and thus exposing them to organic solvents, which 

ndicates that solvent treatment removes some loose and most 

harged fraction [193] . On the other hand, elemental profiling by 

lectron energy loss spectroscopy STEM (STEM-EELS), particularly 

f N atoms, showed that both supported films in genuine com- 

osite membranes and free-standing films prepared in a controlled 

anner between two free liquid layers, have a fairly uniform ele- 

ental composition [ 6 , 147 ]. 

Apparently, without ruling out options such as the presence of 

 distinct coating layer, the charge distribution may depend on 

he preparation time and conditions that manufacturers may use 

o tune the chemistry of each specific type of membrane. For in- 

tance, the kinetic mechanisms outlined in Section 2.3 suggests 

hat the incipient films are likely to be less charged, yet the sub- 

equent diffusion-limited growth may tend to increase the sur- 

ace charge. This is since the reaction zone, in which incipient 

lm forms, inherently contains a stoichiometric ratio of monomers, 

owever, subsequently, amine monomer diffusing across the film 

as to react with a large excess of TMC [ 22 , 43 ]. That could also

xplain the results of the early XPS study by Koo et al. [179] who

eported a much larger surface charge and smaller crosslinking 

han all later estimates. Nonetheless, another likely reason for the 

elative chemical uniformity of polyamide layer is that, in many 

ases, it constitutes a structure composed of a crumpled or highly 

olded nascent film, only 10–20 nm thick. Thereby, surface or bulk 

nalyses, even as surface-sensitive as XPS, nearly randomly sam- 
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le various parts of the ultrathin nascent film or simultaneously 

robe several folded layers, essentially yielding average character- 

stics, also produced by RBS. 

Recently, Ritt el al compared the areal charge density of com- 

ercial semi-aromatic polyamide NF270 membrane with several 

hemically identical but thicker non-porous membranes prepared 

ia a layer-by-layer approach [164] . Similar to fully-aromatic RO 

olyamide layer, the semi-aromatic films featured two types of 

arboxylic charges with two pKa values. However, the amount of 

harges with the lower pK a ∼ 4-5 was nearly constant and inde- 

endent of thickness, while those with the higher pK a ∼ 9 cor- 

elated well with thickness. Given that all examined films were 

ense, this indicates that the more readily dissociated groups are 

anly located on the surface, where they face a more polar aque- 

us environment facilitating dissociation, while the inner bulk 

harges all have a higher pK a . Based on this result, the same con-

lusion may apply to RO membranes, i.e., carboxylic groups with 

ower pKa belong to the surface of the folded nascent film rather 

han the aggregate pores or, alternatively, such pores are in fact 

eso- or nanoscopic voids. The main implication of this conclusion 

s that, since water and salt permeation is controlled by the inner 

roperties of the dense nascent film (cf. MD results by Kolev and 

reger [100] ), low-pK a charges are irrelevant for transport, while 

igh-pKa charges would be inactive in the operational pH range. 

ndeed, a recent impedance study by Stolov and Freger demon- 

trated that in mid-pH range, where low-pK a charges should come 

nto play, the ion permeability of fully-aromatic polyamide films 

nly weakly correlated with their nominal content, as measured 

y RBS [194] . 

The latter results suggests that the data, based on ion trans- 

ort characteristics or surface electro-kinetics, may have a more 

irect relation to membrane performance or, particularly, fouling 

ropensity, since the relations between charge and ion transport 

n membranes are still poorly understood and much of the nom- 

nal charge may be associated and inactive [ 177 , 194 ]. Converting 

uch data to an effective charge density using available models may 

ead to major inconsistencies. For example, Schaep and Vandecas- 

eele [191] evaluated the areal charge density using titration and 

treaming potential and bulk charge density using membrane po- 

ential measurements for several NF membranes. Taking as an ex- 

mple their data for semi-aromatic NF40 membrane and assuming 

 50 nm-thick polyamide layer as representative for this membrane 

ype and a permeability of 4 LMH/bar, the reported data trans- 

ates to the largely disparate equivalent bulk charge densities of 

.6 M, 0.001 M, and 0.0 0 04 mM for titration, streaming potential 

nd membrane potential, respectively. Clearly, only the first num- 

er agrees with later RBS or XPS measurements. The obtained dis- 

repancy indicates that the effective charge that controls transport 

s very different from the nominal, chemical composition-based 

BS values. Most likely, the standard ion rejection mechanism, i.e., 

elation of rejection to nominal charge, calls for a thorough re- 

ssessment [177] . Comparing different types of charge measure- 

ents will be crucial for developing better models that can guide 

uture membrane design. 

.2.2. Water uptake and swelling 

The water-swollen state of polyamide films most closely repre- 

ents their working conditions. As a small molecule, water read- 

ly fills voids within the polyamide (aggregate pores) as well as 

ost free volume (smaller network pores). Therefore, the water 

ontent of polyamide membranes plays the role of porosity and, as 

uch, is expected to correlate with water permeability (cf. Eq. 6 ). 

ater-filled pores are also pathways for transport of small solutes 

nd, in addition, the water fraction has a strong effect on exclusion 

f ions, membrane affinity towards various solutes and their con- 

ective drag (if significant) by permeating water. Water uptake, or 
20 
welling, is therefore critical for understanding the selectivity and 

ermeability of polyamide membranes. 

Before the advent of modern ultrasensitive techniques, Arthur 

27] measured the water uptake by aromatic polyamide by weigh- 

ng aromatic polyamide powder, dry and exposed to near-saturated 

apor, which showed a water content of about 40% at saturation. 

ater, more accurate measurements of water uptake using films 

solated from commercial membranes or synthesized in situ and 

xposed to saturated or near-saturated vapor, produced generally 

maller values. For instance, using a QCM, Liu et al reported ∼30% 

ater uptake by isolated commercial films [195] . Microgravimetric 

easurements of the entire vapor adsorption isotherm for both in 

itu -prepared and isolated commercial films reported by a Lee at 

l. [196] showed a somewhat smaller but comparable uptake that 

xtrapolated to about 18–25% at saturation. These numbers agree 

ith MD studies that indicated a content of 23–30% in water- 

quilibrated polyamide [ 92 , 98 , 99 , 197 ]. 

However, measurements of volume expansion (swelling) by the 

FM-based scratch method [ 45 , 109 ] andmore accurate deflection 

easurements by Zhang et al. [198] demonstrated that the poly- 

er volume expansion upon swelling in water is much smaller, on 

he order of 3–12%. The MD study of a dry and water-equilibrated 

olymer by Kolev and Freger [99] supplied possible clues explain- 

ng these discrepancies. The simulations show that water read- 

ly fills the nano- and mesoscopic voids within the polyamide 

ayer ( Fig. 3 B), which significantly increases the overall polyamide 

ass yet produces only small volumetric expansion of the dense 

nd rigid matrix surrounding the voids and forming the struc- 

ural skeleton of the film. The polyamide may then gain much 

eight but exhibits only slight dimensional changes. If the voids 

o not form a contiguous network across the entire film, wa- 

er within voids would have little effect on permeability and se- 

ectivity. Recent high-resolution imaging and elemental mapping 

see Section 3.1 ) indeed shows that this is apparently the case, as 

he dense polymer appears to encase most observed small voids 

n tight RO membranes. On the other hand, in ‘open’ membrane 

ypes, more voids correlate with a larger permeability. These ob- 

ervations are consistent with the mechanism of IP, which ter- 

inates or slows down significantly only after a dense film is 

ormed and blocks monomer permeation (see Section 2.3 ). When 

his ‘blocking’ sublayer increases in resistance, the relative con- 

ribution of the nano-voids surrounding the blocking part to the 

verall resistance and selectivity drops progressively. This is ex- 

ected to be even more prominent for larger voids, formed when 

he film gets crumpled in the process ( Section 2.5 ). The ultimate 

onclusion is, again, that the effective thickness of the polyamide 

s equivalent to a dense film, whose thickness is only a small 

raction of the total superficial thickness. This point was perhaps 

ost convincingly demonstrated by Jiang et al. who prepared ul- 

rathin sub-10 nm films and showed that their water permeabil- 

ty was similar to much thicker polyamide layers of commercial 

embranes [33] . 

The above results also suggest that the water fraction perti- 

ent to transport must be that of the dense polymer, rather than 

he overall water mass uptake. Accordingly, the volumetric ex- 

ansion or swelling, e.g., as measured by AFM, rather than the 

uch larger mass gain, should be the more appropriate measure 

f water uptake. Indeed, Draževi ́c et al. found that that swelling 

f isolated polyamide films measured by AFM led to a reason- 

ble correlation between swelling (water fraction) and intrinsic 

hickness-normalized water permeability, in agreement with ear- 

ier data [ 45 , 109 ]. To address the membrane porosity, this study 

mployed two methods to evaluate thickness: ATR-FTIR spec- 

roscopy quantified the polyamide areal mass and AFM measured 

uperficial thickness as the height of a narrow strip. The combi- 

ation of the two measurements also evaluated the film poros- 
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Fig. 10. (A) General correlation between intrinsic water permeability L p d and water volume fraction � in polyamide for different RO membranes. Water fraction � was evaluated 

as the difference between dry and wet thickness of isolated films on a solid substrate was measured by AFM and normalized by the wet thickness d. The crosses and red circles 

represent permeabilities normalized by d taken as AFM-based wet thickness and FTIR-based spectroscopic thickness, respectively. The previous data for semi-aromatic NF films [45] , 

fully aromatic polyamide film reported by Lee at al. [196] , and for homogeneous cellulose acetate and poly (vinyl alcohol) films reported by Meares [199] are shown for comparison. 

(B) Correlation between intrinsic salt permeability Bd and water fraction �, d being spectroscopic thickness for different RO membranes. In both plots the star is the results for the 

ESPA1 membrane based on spectroscopic thickness and water fraction tripled (3D swelling). The dotted lines indicate the general trends. [109] , Copyright 2014. Reproduced with 

permission from Elsevier Science Ltd. 
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ty, which could differ by as much as an order of magnitude, be- 

ng largest for the more permeable BW membranes and small- 

st for tightest SW membranes, in agreement with TEM tomog- 

aphy reported by Pacheco that visualize voids and void fraction 

n different membranes [144] . Draževi ́c et al. concluded that the 

ost appropriate thickness, δ, for converting water permeance, L p , 

o intrinsic water permeability, δL p , for correlating permeability 

ith swelling was the “spectroscopic”, mass-based thickness eval- 

ated using FTIR rather than the larger superficial (volume) thick- 

ess measured by AFM [109] . Fig. 10 A summarizes the resulting 

ermeability-swelling “master” correlation for different RO mem- 

ranes, which agrees well with results for homogeneous cellulose 

cetate films compiled by Meares [199] . Curiously, the most per- 

eable and porous ESPA1 membrane strongly deviated even from 

uch corrected “master” relation. Given the particularly large, > 90% 

orosity of this membrane, as indicated by a 10-fold difference 

etween the volume (AFM) and spectroscopic (FTIR) mass thick- 

esses, a highly folded polyamide film may swell in a different 

anner compared to other, denser membranes, exhibiting equal 

xpansion in all dimensions. In this case, expansion in thickness 

ould only represent ∼1/3 of the total swelling; indeed, multiply- 

ng AFM-based swelling by a factor of 3, ESPA1 results move well 

ithin the general trend shown in Fig. 10 A. In addition, the differ- 

nce could also be partly related to the crumpling and increased 

urface area of the polyamide layer of ESPA1, significantly exceed- 

ng the footprint area used to normalize L p (see Sections 2.5 and 

.2.1 ). 

The fact that different films follow a general correlation be- 

ween intrinsic permeability and swelling suggests that the effect 

f swelling on permeation of water molecules is mainly geomet- 

ic. Essentially, a lower water fraction appears to mainly reduce 

he permeable area and increase the tortuosity of the percola- 

ion paths, while the mobility of water molecules remains bulk- 

ike even in smallest pores and down to small degrees of swelling. 

D simulations [ 90 , 92–94 , 98 , 99 ] and water mobility probed by

dvanced techniques such as QENS [200–202] reveal subtle dif- 

erences in mobility for different states of water and co-existence 

f several water diffusion regimes within polyamide structure. Yet, 

verall, they collectively produce an average mobility reasonably 

lose to that of bulk water within typical uncertainties of mea- 

ured permeability and estimates of effective thickness. 
b

21 
.3. Nanomechanics of polyamide films 

Mechanical properties of polyamide layer are of interest in sev- 

ral contexts. First, in relation to functioning as a semipermeable 

arrier, the rigidity of the polyamide controls its swelling (water 

ptake) and thus permeability and selectivity. Mechanical proper- 

ies also impact membrane robustness when packed into modules, 

tability during operation and cleaning, sensitivity to presence of 

hemicals or particulates in the feed flow, and membrane longevity 

n general. 

Khare et al. [35] adapted, for mechanical measurements, the 

endant-drop setup used earlier by Chai and Krantz for real-time 

ensiometry-based monitoring of IP kinetics [36] . In these experi- 

ents, a film was first formed around a pendant drop and, subse- 

uently, was strained by injecting a predetermined liquid volume 

nto the drop volume and monitoring stress changes or observ- 

ng film rupture. Such experiments allowed measuring the elas- 

ic modulus, rupture strength and relaxation behavior. This ap- 

roach was also employed by Roh et al., who found that for films 

hicker than ∼100 nm, formed after 2 min of reaction at monomer 

oncentrations exceeding 0.0025% TMC and 0.01% MPD), the film 

upture pressure was linearly dependent on the superficial thick- 

ess, measured by profilometry. This translates to a roughly con- 

tant rupture modulus of 37 MPa, representing in-plane rigid- 

ty. Notably, the modulus is about an order of magnitude smaller 

han the yield strength of Nomex ( ∼300 MPa [203] ), a linear ana-

ogue of the MPD-TMC-based polyamide; the much lower rup- 

ure strength is likely indicative of a significant film porosity and 

morphous structure lacking crystallinity of Nomex. Such a con- 

tant thickness-normalized rupture modulus suggests that films 

hicker than 100 nm had uniform mechanical characteristics and, 

ence, likely similar porosity. In contrast, the flux and selectiv- 

ty of these films exhibited a weak dependence on the measured 

hickness, i.e., in terms of transport resistance, the films had about 

he same effective thickness, consistent with the conclusion (see 

ext section) that a small fraction of the layer, or a crumpled thin 

lm, determines its transport properties. On the other hand, films 

hinner than 100 nm, prepared using lower monomer concentra- 

ions, showed a progressively lower thickness-normalized rupture 

odulus, along with lower salt rejection. Based on the model of 

ection 2.3 , these results seem to manifest the reciprocal relation 

etween the monomer concentration and the time t 0 required to 
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Fig. 11. Overview of the combined wrinkling-cracking method: (A) a thin rigid membrane on a soft elastic substrate; (B) longitudinal wrinkles induced by uniaxial stretching 

generating a strain ε, characterized by a wavelength λ; (C) transversal cracks, of length d, developed when the applied strain exceeded failure strain. The bottom row represents 

an optical microscope images of the aromatic polyamide layer of a reverse osmosis membrane on a poly(dimethylsiloxane) substrate. Scale bars are 50 μm. [204] , Copyright 2011. 

Adopted with permission from American Chemical Society. 
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omplete the initial dense barrier formation. Since Roh et al. fixed 

he reaction time at 2 min, the thicker films contained a well- 

ormed dense barrier and the growth could proceed well in to the 

econd stage, resulting in a thicker and perhaps more crumpled 

i.e., multilayer) film of relatively uniform porosity and mechanical 

haracteristics. Conversely, at lower monomer concentrations, the 

eaction rate was apparently terminated before the polymer den- 

ity and crosslinking could reach the maximum, resulting in a me- 

hanically weaker, thinner and less selective layer. 

An elegant alternative technique, termed surface wrinkling, par- 

icularly suitable for measuring both stiffness and rupture strength 

f rigid ultrathin films such as polyamide films, was developed 

y Stafford and co-workers [204] . In this method, a free-standing 

lm is fixed on top of a soft elastic PDMS substrate and, there- 

fter, substrate stretching causes formation of longitudinal wrin- 

les, whose spacing as a function of applied strain is uniquely re- 

ated to the film stiffness ( Fig. 11 A). Furthermore, when longitu- 

inal strain exceeds the rupture strain, transversal cracks emerge 

nd grow denser as applied strain increases. Extrapolation of ap- 

lied strain vs. crack spacing then yields the rupture characteris- 

ics ( Fig. 11 B). This approach yielded a rupture strength, for the 

olyamide layer of a SWC4 + membrane, of ∼65 MPa, which is 

easonably close to the pedant drop results, given inevitable un- 

ertainties of estimated thickness and porosity [ 34 , 35 ]. It also con-

rmed that chlorine attack causes stiffening and reduced rupture 

trength of polyamide. Notably, the strain that marks onset of rup- 

ure, ca. 14%, is significantly larger than the yield strain of Nomex 

bers, ∼2-3% [203] . Since crosslinked polyamide is expected to be 

ess ductile than linear and semicrystalline Nomex, the failure of 

he former, i.e. appearance of cracks, at a much larger strains may 

e due to partial unfolding of the crumpled film, which involves 

isruption of much fewer bonds or weaker adhesive forces, before 

he crumpled film straightens up and ultimately ruptures. 

More recently, the wrinkling method was employed by Karan 

t al. to investigate the changes occurring in polyamide films dur- 

ng IP synthesis, including the changes over time, not addressed 

n Roh et al.’s pendant drop study [60] . Most notably, it was ob-

erved that when the time of IP reaction (for 0.1% MPD in water 

nd 0.005% TMC in hexane), yielding a planar non-crumpled film, 

ncreased from 1 to 10 min, the superficial film thickness increases 

nly slightly, from 7.5 to 8.4 nm. However, film stiffness evaluated 
d

22 
y surface wrinkling increases 3-fold, from 0.9 to 2.7 GPa, which 

s also consistent with a 3-fold increase in areal mass measured 

y QCM. This is equivalent to the estimated film density increasing 

rom 0.56 to about 1.4 g/cm 

3 , comparable with the density of the 

hemically similar but non-porous linear polyamide Nomex, 1.38 

/cm 

3 . According to the model of Section 3.2 , this growth may 

e understood as densification and thickening of the thin barrier 

ithin the nascent film, in which polyamide initially constituted 

nly a fraction of the film, but after 10 min filled its entire vol- 

me. 

.4. Transport characteristics 

.4.1. Barrier properties towards water and salts 

The use of polyamide as the selective barrier in desalination 

embranes is based on two key characteristics, namely, a high 

ater permeability and a low permeability to salt. The two are 

sually expressed as respective permeances, A and B [205] . These 

oefficients are normally deducible from standard filtration tests 

ased on the measured water flux and salt rejection at a given ap- 

lied pressure. Since they both inversely depend on the membrane 

hickness, the corresponding intrinsic permeabilities, genuine ma- 

erial characteristics, are obtained by multiplying A and B with δ, 

he effective membrane thickness. The ratio A / B or its dimension- 

ess counterpart, ( A / B ) RT / V w 

, where V w 

is the molar volume of wa-

er, is a material property as well. It quantifies the selectivity, with 

he dimensionless ratio currently reaching about 10 5 for the tight- 

st seawater membranes [205] . 

Measurements of barrier properties A and B, under different 

onditions, help clarify the mechanisms governing transport and 

electivity and understand the physical basis of the outstanding 

erformance of fully aromatic polyamide membranes. However, 

uch measurements may also shed much light on the membrane 

tructure due to the sensitivity of barrier properties to fine struc- 

ural and morphological details that may elude even the highest- 

esolution microscopic and spectroscopic methods. 

Different studies have generally agreed that transport of wa- 

er molecules within polyamide occurs mainly by molecular dif- 

usion. Since water is a small molecule and polyamide is abundant 

n hydrophilic sites, transport of water molecules within polyamide 

oes not encounter kinetic barriers significantly different from self- 
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iffusion in bulk water. The mobility of water in polyamide is then 

ainly controlled by geometry, i.e., porosity and tortuosity of the 

pace occupied by water, both of which correlate with polymer 

welling (see Section 3.2.2 ). 

Compared to water transport, the mechanism of salt trans- 

ort is inherently more complex and shows a larger sensitivity to 

ne structural details. At present, the mechanism of salt transport 

nd rejection is still actively debated and extensively researched 

 205 , 206 ]. It is complicated by the existence of at least three pos-

ible physical mechanisms of ion exclusion and the fact that salt 

ransport involves coupled permeation of at least two ionic species, 

amely, the anion and cation [177] . Salt transport is also noticeably 

ependent on solution composition, which requires more elaborate 

easurements and more involved modeling [207–211] . Neverthe- 

ess, there is a strong physical basis and sufficient evidence that 

he dielectric and steric mechanisms are the main contributions 

esponsible for ion rejection in RO [ 137 , 205 , 212–214 ]. Both criti-

ally depend on the pore size and are greatly enhanced when the 

ore size approaches the ion size [ 212 , 215 ], which is most closely

ealized in dense, rigid and weakly hydrated polymers. Although it 

as been long believed that fixed charges within the polymer play 

 large role (Donnan exclusion), recent analysis of the dependence 

f salt permeability and conductivity on the fixed charge indicates 

hat this effect is fairly moderate in RO membranes [194] , though 

t is apparently stronger in NF membranes [ 216 , 217 ]. 

Since exclusion and permeation of all ions is coupled through 

lectroneutrality, the value of salt permeance B lumps cation and 

nion permeances B + and B - , e.g., for monovalent salts such as 

aCl, B = 2( B + −1 + B - 
−1 ) −1 , and it alone supplies incomplete in-

ormation. However, decomposition of B to B + and B - is possible 

hrough complementary measurements of ionic conductivity. Such 

easurements are best performed using impedance spectroscopy 

f free-standing films supported on a solid electrode and immersed 

n an appropriate salt solution [ 153 , 194 , 218 , 219 ]. The measured

real conductivity G is proportional to the sum B + + B - and, simi- 

ar to B , must show an inversely relation to the effective thickness, 

imilar to the water permeance. Indeed, the measured conductiv- 

ties of high-flux ESPA1 and tight SWC1 membranes differed by 

bout the same factor as their A values, as expected for films of 

he same polymer differing only in the effective thickness and/or 

rea [155] . 

Although conductivity, G, or salt permeance, B , of different 

embranes may be useful as a relative measure of effective thick- 

ess, these still cannot reflect the absolute effective thickness, 

.e., equivalent thickness of a hypothetic dense polymer, with- 

ut a representative reference material. As an appropriate ref- 

rence, Fridman-Bishop and Freger considered chemically similar 

oly(m-phenylene isophthalamide), known as Nomex, that may be 

ast as dense films of a well-packed non-porous structure resem- 

ling the densest polyamide fragments within RO membranes (see 

ection 2.4 ) [32] . Remarkably, the conductivity of Nomex up to 

aCl concentrations C ∼ 1 M at pH < 6 showed unusual depen- 

ence and scales as C 1/2 (see Fig. 12 ). This was explained by the

10 3 times larger affinity of polyamide to H 

+ compared with Na + , 
hereby the polymer takes up Cl − anions along with H 

+ , rather 

han Na + [220] . Fig. 12 shows that the SWC4 RO membrane ex- 

ibited a C 1/2 dependence as well, however, its conductivity was 

wo orders of magnitude higher than that of Nomex films of com- 

ensurate thickness ( ∼100 nm). Although the intrinsic conductiv- 

ty of the polyamide layer in RO membranes, even in its densest 

art, may still be somewhat higher than in well-packed, dense, and 

emicrystalline Nomex, this result suggests that the barrier prop- 

rties of RO membranes are equivalent to a few nanometers-thick 

lm of a dense and nearly neutral polyamide. This conclusion again 

grees well with the polyamide layer being essentially a crumpled 

r folded ultrathin 10–20 nm films (see Sections 2.5 and 3.1 ). 
23 
It is important to note that the characteristics of the ultrathin 

arrier films are not necessarily identical and may somewhat vary 

etween membranes. Indeed, films having different thicknesses, 

.e., permeance A , but identical intrinsic properties, are expected to 

how the same selectivity A / B . However, Fig. 3 B, summarizing the 

ermeability-selectivity relation for many commercial polyamide 

embranes shows that selectivity varies widely. The primary rea- 

ons may be widely different def ect rates or the effects of the 

upporting layer or varying degrees of nascent film folding, i.e., 

urface area (see next). Yet, different RO membranes may also 

ary in swelling, thereby more swollen, i.e., more “open” (and, 

ence, more permeable) membranes also have a larger salt per- 

eance B and so are inherently less selective [ 45 , 109 ]. For exam-

le, Fig. 10 B presents the results by Drazevic et al [109] , showing

 strong dependence of the thickness-normalized salt permeabil- 

ty, B δ, (based on spectroscopic mass thickness) and membrane 

welling, complementary to the similar correlation for water per- 

eability in Fig. 10 A. The differences may arise from adjustments 

o the IP process introduced by manufacturers, increasing perme- 

bility at the expense of selectivity. For example, large variations 

f the reaction time may modify the intrinsic barrier characteris- 

ics of polyamide. As explained in Section 2.3 , initial formation of 

he dense barrier is followed by diffusion-limited growth that in- 

reases its thickness. During the latter stage, diffusing and reacting 

onomers may keep densifying the barrier by filling and block- 

ng the residual interstitial free volume. Such blocking will tend 

o first eliminate the most accessible, larger pores, and this will 

rogressively reduce both the average and maximum pore sizes. 

his will tend to more greatly affect B , which is more sensitive to 

he pore size than A . A similar result may be obtained by a post-

reatment that blocks the pores or modifies the intrinsic proper- 

ies of the polymer [ 221 , 222 ]. The effect of post-treatment may 

lso be opposite as well; for instance, depending on the conditions 

nd time, chlorination may either increase or decrease hydropho- 

icity of polyamide and thus increase or decrease its selectivity 

 194 , 223 ]. 

.4.2. Impact of nanostructure on transport 

In the ‘traditional’ view of membrane transport, the membrane 

s viewed as a homogenous, smooth, contiguous film. The reality 

f polyamide films is far from this ideal image. It is long known 

hat these films can be extremely uneven and roughness features 

ay have an amplitude that is far greater than the apparent av- 

rage thickness of the film. Furthermore, recent evidence from the 

ast 5 years has shown that the ‘effective’ film is in fact a ‘crum- 

led’ and/or nodular structure of a much thinner polyamide film 

as discussed extensively in previous Sections 2.5 and 3.1.2 ). With 

uch improved resolution and careful use of electron microscopy 

maging techniques (both SEM and TEM) it has been shown that 

he structure of aromatic polyamide membranes contains distinc- 

ive voids (see, for example, [ 110 , 113 , 144 , 146 , 170 , 224 ]). More im-

ortantly, these voids have been found to be in direct connection 

ith the permeate space via holes easily detectable upon exami- 

ation of the polyamide layer facing the support (see schematic in 

ig. 13 a). While it is not clear yet to what extent this connectiv- 

ty persists and what controls it, experiments have demonstrated 

hat these holes lead into closed cavities – when tracers were in- 

roduced into the membrane from the support side, they were cap- 

ured within the voids (seen by TEM, Fig. 13 b), thus proving that 

he voids were connected to the permeate space [ 112 , 225 ]. 

The impact of this morphology on transport, traditionally mod- 

led as that through a homogenous layer, is yet to be fully scruti- 

ized theoretically. Two reported attempts at modeling transport 

hrough composite membranes, including the presence of voids, 

ere published by Wong et al. [169] and Lin et al. [226] . In these,

oids were considered to be as regions within the film, in which 
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Fig. 12. Conductance G m of polyamide films on a solid electrode vs. salt (chloride) solution concentration in CaCl 2 and NaCl solutions at pH 3.7 (0.2 mM HCl added) and 5.7 

(no HCl added). The RO film was isolated from a SWC5 membrane (Hydranautics) and Nomex film was cast on the electrode from a Nomex solution. Membrane area 0.071 cm 

2 . 

[32] ,Copyright 2017. Adopted with permission from Elsevier Science Ltd. 
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he diffusivity is large compared with that of the surrounding ma- 

erial, and accounting for the void fraction within the film. Wong 

t al. [169] also considered the presence of support pores and their 

ocations relative to an undulating, void-containing film. The sup- 

ort layer has been shown to strongly affect the observed transport 

haracteristics of composite membranes (see, for example [227–

30,234–240] ). The results obtained by Lin et al. [226] led to the 

onclusion that the intrinsic transport properties of the film (i.e., 

he actual diffusivity of the permeating species within the poly- 

er) dominated over partitioning or morphological features of the 

lm. Nevertheless, these results indicate that converting membrane 

ootprint area-normalized permeances such as A ( L p ) or B to in- 

rinsic characteristics, e.g., estimating r p from L p and Eq. (6 ), has to 

ccount for correct morphology corrections, i.e., true rather than 

uperficial thickness and permeation area. 

The model framework, however, did not consider void connec- 

ivity, position within the film and, most importantly, their com- 

unication with the permeate space. When these are considered, 

t was shown by Wong et al. [169] that film permeance may 

e substantially affected by morphology. Specifically, a ‘crumpled’ 

tructure with a voids open to the permeate space (as seen in im- 

ges of the perforated back-face of the polyamide film, see Fig. 9 d) 

xhibits a positive correlation with film roughness, due to in- 

reased contact area with the feed solution [169] - a long-debated 

ssue in the literature, where inconsistent impact of roughness 

n permeance has often been reported. These calculations show 

hat when interconnectivity results in a greater effective surface 

rea for transport, this quite intuitively leads to enhanced perme- 

nce (see Fig. 13 c). In contrast, when no connectivity exists rough- 

ess has a weak effect on permeance. Further, a similar model- 

l

24 
ng framework had previously shown that, treated as a continuous 

lm, roughness will only reduce permeance [232] . This serves as 

n illustration that creating such morphologies, in a controllable 

anner, is a desirable strategy for making more permeable mem- 

ranes. 

. Putting the puzzle together 

.1. What makes a perfect membrane: combining chemistry, 

orphology and mechanics 

The quest for the best performing membrane - highly perme- 

ble, selective, and robust - has not always been driven by solid, 

heory-driven rationales and has undergone many trials and er- 

ors. Nevertheless, extensive research and insight developed over 

he last few decades enable the formulation of key criteria that, 

hen combined, could define the best membrane. First, a high se- 

ectivity , i.e., a low ratio of salt and water permeabilities, is a pre- 

equisite. Mechanisms such as steric and Donnan exclusion have 

een long believed to control selectivity. However, as recently clar- 

fied, the dielectric mechanism, i.e., the high energetic cost of ion 

ehydration un-compensated by solvation within the membrane, 

s apparently key to achieving the required level of selectivity for 

WRO membranes (currently ∼10 −5 ) [205] . Common past misin- 

erpretations may have stemmed from the fact that the dielec- 

ric and Donnan exclusion may show a similar dependence on ion 

harge [ 207 , 212 ], while the dielectric and steric mechanism share 

 sensitivity to pore size [ 215 , 233 ]. 

Maximizing dielectric exclusion sets two main requirements: 

ow polarity of the polymer and the smallest possible ‘pore’ size. 
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Fig. 13. Effect of polyamide morphology on transport. (a) Schematic representation of the ‘voids’ within the crumpled structure of a polyamide thin film, highlighting the potential 

connectivity between the inner volume of the voids and the permeate space. [111] , Copyright 2015. Reproduced with permission from Elsevier Science Ltd. (b) Electron microscopy 

visualization of flow-path connectivity. Nanoparticles are shown, deposited on the inner surface of the voids while been filtered with the flow coming from the support side into 

the feed. [225] , Copyright 2017. Reproduced with permission from Elsevier Science Ltd. (c) Positive correlation between roughness and permeance, based on model calculations of 

transport through a film containing voids with good connectivity with the permeate space. [169] , Copyright 2016. Reproduced with permission from Elsevier Science Ltd. Marked 

points on the figure refer structures appearing on the right, showing the calculated transport pathways and concentration field. [231] , Copyright 2019. Reproduced with permission 

from Elsevier Science Ltd. 
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hese requirements are interrelated, to some extent, since both 

verall polarity and effective pore size are controlled by water en- 

ering the polymer when it swells. As water tends to cluster and 

orm molecular channels, these clusters play the role of a pore 

etwork or transport pathways for both water and ions. However, 

dditional factors, such as polymer rigidity, usually controlled by 

ackbone stiffness and crosslinking, may reduce the propensity for 

lustering and partly decouple it from the degree of swelling. As 

arly as 1977, Strathmann and Michaels [234] noted that reduced 

ater uptake is beneficial for selectivity, however, polymers with 

imilar water uptake may still significantly differ in selectivity, 

hich correlated well with differences in clustering. Excessive clus- 

ering is analogous to an increased pore size; within larger water- 

lled pores, significantly exceeding the size of salt ions, dielectric 

nd steric exclusion would be significantly weakened [ 212 , 233 ]. 

uppressing overall swelling and reducing average cluster (pore) 

ize is, then, essential for maximizing selectivity. A dense and rigid 

atrix that effectively prevents both swelling and clustering of wa- 

er will be most beneficial for increasing selectivity. However, in a 
25 
atrix that is too hydrophobic and totally lacks hydrophilic sites, 

ater uptake may be so low that water will be unable to form 

 connected, percolating network, which will lead to impractically 

ow water permeability . Therefore, the best combination seems to 

e a dense matrix that is both rich in mildly hydrophilic groups, 

apable of binding water molecules, and possesses a highly rigid 

tructure that prevents excessive hydration and clustering. This re- 

uirement should be fulfilled by selecting the appropriate chem- 

stry, inherent polymer rigidity and degree of crosslinking. 

The downside of increasing polymer density and rigidity is that 

uppressed swelling also reduces water permeability, though not 

s much as salt permeability (cf. increased selectivity). To a cer- 

ain degree, the drop in permeability may be offset by reduced 

embrane thickness, so as to keep the permeance within practical 

imits. However, conventional (non-IP) coating technology sets the 

owest possible coating thickness around 100 nm or somewhat be- 

ow. Thinner films prepared by regular solution-based coating are 

ncreasingly likely to contain defects and may lack mechanical ro- 

ustness required for packing membranes into modules and sta- 



V. Freger and G.Z. Ramon Progress in Polymer Science 122 (2021) 101451 

b

c

p

n

t

s

a

i

r

p

a

m

b

4

h

a

c

p

(

(

i

t

s

s

r

l

r

e

p

i

c

l

t

w

w

p

i

p

i

p

m

p

c

m

n

l

m

a

s

e

a

a

p

e

t

s

o

l

t

f

c

n

t

fi

o

l

l

m

r

p

v

o

a

r

t

i

t

t

-

f

5

5

s

m

m

t

w

w

n

t

s

u

t

r

i  

w

c

i

u

t

e

g

p

i

w

w

p

a  

r

l

e

s

m

5

t

o

a

o

le operation for extended time including periodic cleaning. Novel 

oating approaches such as layer-by-layer (L-b-L) deposition or 

olymer grafting may yield thinner films, yet the technology has 

ot matured yet to yield RO-level selectivity [235] or is limited 

o polyamide films for research [219] . The optimal polymer den- 

ity and rigidity would then be the maximal one that still allows 

 reasonable water permeability for ca. 100 nm film, which also 

mposes an upper limit on selectivity. Nevertheless, a significant 

eduction in film thickness, without sacrificing robustness, would 

ermit keeping reasonable permeability yet use a denser polymer 

nd thus increase selectivity. This combination appears to be the 

ain factor behind the superiority of aromatic polyamide mem- 

ranes, as elaborated next. 

.2. Why fully aromatic polyamides are unrivaled: structural 

ierarchy 

The vast literature on the chemistry, morphology, mechanics 

nd barrier properties of polyamide films, reviewed in the pre- 

eding sections, suggests that the superior properties of aromatic 

olyamide membranes rely on two key features: 

a) high density and low swelling of the polymer, ensuring excel- 

lent salt rejection; and 

b) very small effective thickness that provides good water perme- 

ance. 

The former apparently results from the exceptionally high rigid- 

ty of the fully aromatic network and tight packing of its flat struc- 

ural units (see Section 2.4 ). These features help prevent excessive 

welling and keep the film moderately hydrophobic. The planar 

tructure formed in the reaction of aromatic, planar and symmet- 

ic TMC and MPD monomers, lacking inherent bends and twists, is 

ikely to be a key factor in producing an exceptionally dense and 

igid polymer. Indeed, seemingly minor changes of structural units, 

.g., replacement of MPD with the aliphatic, non-planar piperazine, 

romotes packing defects that increase network flexibility, reduce 

ts density and increase free volume. Packing imperfection also in- 

reases the size of free-volume cavities, ultimately resulting in a 

ooser network that takes up much more water (despite the fact 

hat piperazine amide is nominally more hydrophobic than MPD), 

hile larger cavities may facilitate clustering. This is consistent 

ith the drastically lower selectivity observed for semi-aromatic 

iperazine-based membranes and other membranes, in which MPD 

s substituted with alternative diamines. 

The small effective thickness, established by comparing barrier 

roperties to uniform films of a dense polymer, high-resolution 

maging or, more directly, by analyzing planar ultrathin films pre- 

ared via modified IP procedures (cf. ssections 3.1 and 3.4.2), 

ay be a fortuitous feature obtained with IP of fully aromatic 

olyamide. However, we believe that it is likely to be a direct out- 

ome of its inherently high density and selectivity and low per- 

eability. The combination of selectivity and thinness is, therefore, 

ot coincidental and follows naturally from the IP mechanism out- 

ined in Section 2.3 , which predicts that a polymer of lower per- 

eability will produce a thinner barrier (cf. Eq. 4 ). The exception- 

lly low intrinsic permeability may then yield particularly thin and 

elective films. 

The overall view on the evolution and resulting structural hi- 

rarchy of fully aromatic polyamide films, spanning molecular to 

bout a micron scale, is conceptually depicted in Fig. 14 . Under re- 

listic conditions and relatively high monomer concentrations em- 

loyed in preparation of composite membranes, very thin films are 

xpected (cf. inverse relation between concentration and incipient 

hickness, as predicted by Eqs. (2) and (4) ). However, during their 

ynthesis, such ultrathin films are prone to instabilities of vari- 

us nature, e.g., thermal, mechanical, interfacial etc. ( Section 2.5 ), 
26 
eading to folding, crumpling, and, possibly, rupture of the ini- 

ially formed first-generation film and formation of transient de- 

ects. When formed, the defects will, however, immediately be- 

ome new preferential reaction sites and will be rapidly healed by 

ext-generation films. Notably, the latter will not form exactly at 

he defect site but, rather, at some distance (cf. the first-generation 

lm forming at some distance from the interface), forming a dome- 

r cap-like patch over the defect site. Repeated events of destabi- 

ization - crumpling, rupture and patching, occurring in multiple 

ocations all over the forming film, will result in a hierarchical, 

ulti-generation structure, whose morphology will most closely 

esemble a well-drained foam with voids formed by folds and 

atches. The resulting polyamide layer should have a significant 

oid fraction but an effective thickness commensurate with that 

f the first-generation films, containing much smaller molecular 

nd sub-nanometer pores. The films surroundings the voids and 

esponsible for barrier properties of the entire polyamide layer will 

hen be embedded and protected in a thicker, porous film, featur- 

ng a mechanically robust “composite” hiding inside and protecting 

he ultrathin selective barriers. Remarkably, all of its three key fea- 

ures - selectivity, thinness (permeability), and mechanical strength 

 apparently originate from the unique density and rigidity of the 

ully aromatic polymer network. 

. Open questions and current challenges 

.1. Barrier properties towards neutral solutes and enhancement via 

urface grafting and molecular plugs 

Polyamide membranes have, generally speaking, been opti- 

ized for removal of salts. Governed by the dielectric exclusion 

echanism (ion solvation), the mild hydrophobicity of polyamides 

urns out to be very beneficial for high water-salt selectivity and 

ater permeability. Unfortunately, this feature is far from optimal 

hen it comes to neutral solutes, for which the dielectric and Don- 

an mechanisms are absent. Rejection of neutral permeants must 

herefore rely on weaker steric exclusion and physically different 

olvation within the membrane, which often favors a preferential 

ptake of neutral, especially organic, molecules from water rather 

han exclusion. Most notable examples of chemical species, whose 

ejection by polyamide membranes is unsatisfactory, are boric acid 

n the context of seawater desalination [ 236 , 237 ] and, in drinking

ater purification, arsenic and organic micropollutants of emerging 

oncern such as bisphenol-A (BPA) [238–240] . Boric acid is present 

n seawater at concentrations of 5–7 ppm and must be reduced to 

nder 0.3–0.5 ppm in the permeate. Since it is uncharged at neu- 

ral pH, its rejection is typically only around 85–90% for the tight- 

st SWRO and the required removal cannot be achieved in a sin- 

le pass, necessitating a more sophisticated and costlier multi-pass 

rocess design [241] . Although boric acid has no particular affin- 

ty to polyamide, its small size and strong H-bonding with water 

ithin the polyamide enable it to pass the membrane along with 

ater. Essentially the same factors reduce removal of arsenic, often 

resent in drinking water sources as arsenite, small and uncharged 

t neutral pH [ 242 , 243 ]. On the other hand, the reason for the low

ejection of aromatic molecules such as BPA and similar pheno- 

ic compounds is quite different. While their size may be large 

nough for a steric retention, their high affinity to polyamide re- 

ults in preferential uptake, enhancing their transport through the 

embrane [ 143 , 240 , 244–246 ]. The rejection may be insufficient, 

0–90%, even for ‘tight’, fully aromatic membranes, and becomes 

otally unacceptable for more ‘open’ NF membranes, which would 

therwise be the primary choice for drinking water purification. 

Since there is no viable alternative for polyamide membranes 

t present, adjusting their selectivity for neutral molecules, with- 

ut sacrificing other beneficial characteristics, presents an attrac- 
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Fig. 14. Conceptualization of the formation and structural hierarchy of the polyamide thin film, along with representative spatial scales. (A) Monomers. (B) Oligomers forming 

planar structures. (C) ‘Reactive particles’ formed from oligomers. (D) Aggregation and clustering of reactive particles into progressively larger particles. (E) formation of an 

incipient film out of polymer particles. (F) increased film growth (G) film destabilization and transition from smooth to rough morphologies, including possible rupture 

(defect formation) followed by capping. 
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ive, though challenging, option. One simple approach pursued by 

 few groups is to add another layer on top of the polyamide, 

hose rejection characteristics have been optimized for the prob- 

ematic solutes [ 182 , 183 , 188 , 247–251 ]. For instance, it was con-

luded that hydrophobic polymers should have a low affinity to 

oric acid and increase its rejection [ 180 , 183 ]. Conversely, charged 

r hydrophilic non-aromatic coatings could help reject organic pol- 

utants [ 188 , 247 , 249 , 250 ]. Curiously, it turns out that such coatings

mprove selectivity, not so much due to their own properties, but 

ather by maximizing the selectivity of the polyamide layer itself 

 183 , 247 ]. As highlighted in previous sections, polyamide films, es- 

ecially fully aromatic ones, possess a highly irregular structure, 

hose overall selectivity may be controlled by a few ‘leaky’ spots, 

hrough which solutes pass at an increased rate. This was per- 

aps most explicitly demonstrated recently by measuring gas per- 

eability of reverse osmosis membranes [251] . These leaky sites 

ay either be inherently present in the polyamide layer or may 

e the result of minor damage during handling and packing of 

he membranes into modules. A sufficiently selective and well- 

dhering coating may block leaky spots and reduce their contri- 

ution to water, solute and gas permeation, which would bring 

he overall selectivity closer to the one representing the average 

f the entire film rather than the few leakiest spots. Indeed, it has 

een shown that a very thin coating, able to block most of these 

pots, is sufficient for a significant improvement, while further in- 

reasing the coating thickness usually shows only a minor effect 

 183 , 247 ]. This result highlights the fact that there could still be

 significant potential for increasing polyamide selectivity through 

mproving uniformity, increasing robustness, and reducing the 

efect rate. 

Another attractive approach could be to tune rejection proper- 

ies of the polyamide layer through uptake or binding of molecules 

hat may tighten its inner structure and modify its chemistry or 
27 
olarity [221] . In the early days of polyamide membranes, it was 

oted that treatment with tannic acid, a natural polyphenol, may 

ramatically improve salt rejection [3] . Similar to other phenols, 

annic acid should have a high affinity to polyamide and adsorb 

nto the polyamide surface, acting as an ultrathin coating block- 

ng the leakiest sites. However, its relatively small size, ∼1700 

a, suggests that it might also penetrate the largest pores in the 

olyamide, modifying its inner structure and effectively reducing 

he pore size, which should enhance rejection. A similar concept 

as recently examined by Shultz et al. [ 221 , 252 ] who found that

oderately long alkyl amines act as “molecular plugs”, taken up 

y the polyamide, capable of increasing the rejection of boric acid 

p to 98%. The rationale behind the choice of alkyl amines is that 

ositively charged amine groups can serve as an anchor, binding 

he alkyl chain to negative charges within polyamide, while bulky 

nd hydrophobic alkyl chain fill the pores, reducing both their size 

nd polarity, which is known to increase boron rejection. Decyl 

mine was found to produce the largest effect, reflecting the opti- 

al balance between amine hydrophobicity, which increases with 

he alkyl group size, and the ability to fit in pores that control 

oric acid permeation. Other studies explored this concept further, 

sing other types of plug molecules. For example, a flexible chain 

olymer, polyisobutylene (PIB), was added to the organic phase 

uring IP and thus incorporated within the PA film, hypothesized 

o interpenetrate the film structure and, as mentioned above, re- 

uce larger spaces within the network and increase size exclusion 

253] . A recent study showed a similar effect im parted by uptake 

f 4-nitrobenenesulfonyl, reaching a boron rejection of 93.1% [222] . 

Finally, we briefly mention what is perhaps the most widely- 

xplored approach to modifying polyamide membranes – incorpo- 

ation of nanoparticles within the active layer, creating thin-film 

anocomposites (TFN). While mostly studied in the context of im- 

roving permeance and salt rejection [254] , there have also been 
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everal studies aimed at targeting improved selectivity towards 

oron and micropollutants. A large array of possible filler materials 

as been tested, with some interesting approaches demonstrated 

ased on functionalized nano materials such as silica [255] , car- 

on nanotubes [256] and metal-oragnic-frameworks [257] . The in- 

erested reader is referred to the recent review [258] on TFN mem- 

ranes. 

.2. Alternative materials 

While our focus here is on the superior performance of 

olyamide films, the discussion would not be complete without 

ention of possible future alternatives to polyamide. Notable ex- 

mples are briefly discussed, with references made to relevant 

tudies, for the interested reader. 

Biomimetic approaches, such as artificial water channels, at- 

empt to replicate the functionality of cell-membrane proteins 

Aquaporins). These artificial water channels have been successful 

n exhibiting extremely fast transport while maintaining high se- 

ectivity [259–261] . Challenges remain, however, in scale-up capa- 

ility and process adaptations, including, for example, the choices 

ade with respect to the matrix in which the channels are em- 

edded [ 260 , 262 ]. Other promising approaches are based on nano- 

aterials such as nanotubes and nanosheets, mostly carbon-based 

263–266] . Here, again, fast water transport has been observed 

oth theoretically and experimentally, particularly for the case 

f carbon nanotubes [267–269] . Layered nanosheets, particularly 

raphene and graphene-oxide, have also been the focus of several 

tudies, but uncertainties remain with respect to the actual trans- 

ort mechanisms and properties, primarily due to the unknown 

orphology of constructed layers, and their response to solution 

haracteristics [270] . 

To place in a more general perspective, three contexts may 

e considered as the motivation for replacing polyamide; (i) in- 

reased permeance, (ii) increased selectivity and (iii) sustainabil- 

ty. The latter is an important prospect for future development of 

embrane materials and fabrication, based on sustainable prac- 

ices and green chemistry [263] . Increased permeance, possibly the 

ost commonly encountered motivation for studying various next- 

eneration materials over the years, is usually considered as a pos- 

ible route to reduced energy consumption. However, it would ap- 

ear that improvements to energy efficiency is unlikely to result 

rom alternative materials without significant process-based en- 

ancement [206] . Finally, improved selectivity appears to provide a 

trong motivation for future material development [ 13 , 271 ]. In par- 

icular, tuning selectivity holds great promise in targeting specific 

eparation requirements, for example the removal of boron from 

eawater and micropollutants from wastewater (see previous sec- 

ion). Nanochannel-based approaches may prove a vital component 

or the success of future membranes incorporating such materials 

272–275] . 

. Summary and outlook 

The current state of desalination and water purification is much 

ndebted to the advent of polymeric, thin-film composite mem- 

ranes, based on interfacially-polymerized polyamide. It will likely 

emain the material of choice in the foreseeable future. Here, we 

ave strived to provide a wide overview of various features that 

ontributed to this success. These include various synthesis con- 

itions used, fundamental experimental and theoretical aspects of 

nterfacial polymerization, characterization methods and, in partic- 

lar, insight into the unique nano-scale structure of the polyamide, 

oth in terms of its molecular packing as well as its arrangement 

s a continuous film. A combination of improved characteriza- 

ion methods and tailored experimental visualization of polyamide 
28 
tructure, has enabled distinctive conclusions to be made with re- 

pect to the impact on transport. At the molecular scale, a balance 

etween water uptake, facilitating the formation of pathways, and 

aintenance of high confinement, conspire to produce good selec- 

ivity. Most importantly, the defining feature of the interfacial poly- 

erization process is an intrinsically thin film, essential as com- 

ensation for the relatively ‘tight’ structure. 

Despite major advances in understanding, as outlined herein, 

here remain several gaps which, if successfully bridged, could 

ead to better control over membrane properties and result in im- 

roved membranes, geared towards specific separations. Further- 

ore, such level of control would be crucial on the path to use 

f more sustainable chemistries and production practices. These 

ostly revolve around a better fundamental understanding of the 

orphological evolution of polyamide under various interfacial 

olymerization conditions, consisting of insight gained through ad- 

anced modeling, in-situ visualization and high-resolution post- 

abrication characterization. 

A main conclusion presented herein is the importance of the 

orphological features of the polyamide layer and its role in estab- 

ishing the ‘structural hierarchy’ ( Fig. 13 ), deemed crucial in creat- 

ng the correct balance between permeability and selectivity. While 

everal possible mechanisms may be identified as involved in the 

tructural evolution of the thin-film as it forms, these are mostly 

peculative at this point, and require further future study. However, 

 main point is the implication of heat release during IP, inher- 

nt irregularities present in the configuration, such as the support 

embrane, and the ensuing instabilities that may consequently 

rise. In particular, new configurations used for the fabrication pro- 

ess, such as electro-spraying or layer-by-layer synthesis, offer new 

egrees of freedom with respect to control of the polymerization, 

articularly in terms of heat and mass transfer and, hence, the re- 

ulting ‘bulk’ morphology of the film. 

While outside the scope of the current paper, it is worth noting 

nother aspect related to the morphology of the polyamide thin 

lm – the propensity for fouling. Indeed, the rough morphology 

f the polyamide active layer has long been associated with in- 

reased fouling propensity. Theoretically, it has been shown that 

f roughness creates significant heterogeneity in the distribution of 

ermeance along the membrane surface, this can translate to foul- 

ng ‘hot-spots’ [232] . Further, for particles with sizes on the same 

cale as the roughness, modification of colloidal interfacial interac- 

ions can also enhance adhesion [276] . On the other hand, a recent 

tudy showed that smooth and crumpled membranes showed little 

ifference in their fouling propensity [277] . Theoretical considera- 

ions suggest that it may be more likely that the porous support 

nd its distributed pores impact the variability of the local perme- 

nce more so than the thin film itself, and this may again translate 

nto increased fouling propensity [ 169 , 227 ]. 

Future work should be aimed at establishing a better degree 

f control over the resulting morphology, utilizing this property 

o further tune membrane performance. A strong emphasis should 

e placed on studying fundamental aspects of the polymeriza- 

ion process, as affected by the configuration used and synthe- 

is parameters. In particular, identifying and understanding the 

arious instability mechanisms leading to film crumpling, rupture 

nd general structural properties, may play a key role in estab- 

ishing improved control over the polymerization process. Link- 

ng multi-scale, model-based insight with advanced in-situ obser- 

ation and post-reaction characterization has recently been em- 

loyed to gain large leaps in understanding, though the link be- 

ween model and experiment requires significant improvement. 

hese approaches must be further utilized and developed, not 

nly in pursuit of better polyamide membranes, but also for pro- 

iding the guidelines to membrane fabrication from sustainable 

aterials. 
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A unique feature of interfacial polymerization is that it of- 

ers a playground for independently varying, over a wide range, 

hree key membrane characteristics: thickness, permeation area 

nd roughness. That being said, actual control over the features 

s still not complete and the large parameter space probed ex- 

erimentally over the years is often muddled by conflicting ef- 

ects. Better understanding of the physics underlying the process, 

s affected by synthesis conditions, is essential for future develop- 

ents of membranes with well-designed morphologies. The choice 

f which characteristic to focus on varies with specific applica- 

ions and developments that affect the relative importance of dif- 

erent factors. For example, it appears that surface roughness may 

ot be as detrimental as was initially thought and post-coating 

ith low-fouling materials could be an easy means to mitigate its 

egative impact on performance. The overall trend over the past 

ecades has been primarily on increasing permeability by modi- 

ying the process in empirical ways that affected the membrane 

hickness and permeation area. Likely, the potential for pursuing 

his direction further, without concurrent increase in selectivity, 

ay be limited by other factors, such as concentration polarization, 

nd result in minor benefits in terms of process efficiency and en- 

rgy consumption. In this respect, we presume that future efforts 

eed to focus on enhancing selectivity, dictated by the intrinsic 

roperties of polyamide. This includes both its inherent physico- 

hemical characteristics and molecular-scale defects formed within 

he polyamide network during polymerization. Deep understanding 

nd control of interfacial polymerization and, especially, evolution 

f the complex, aggregated morphology down to molecular scale, 

re key to achieving this goal, while continuing to rely on the clas- 

ical “winner” chemistries. Another potentially beneficial approach 

ould be in boosting the selectivity of the classical systems by ju- 

iciously modifying their chemistry or filling network defects, e.g., 

sing post-coatings or by incorporation of other moieties (“molec- 

lar plugs”) during or post-polymerization. This approach may be 

articularly beneficial for applications, where the intrinsic selectiv- 

ty of polyamide has thus far been insufficient, such as boron or 

rsenic removal, or in new rapidly growing fields, such as organic- 

olvent NF/RO. 
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