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Abstract 

Thin-Film Composite (TFC) Membranes are a type of membrane with a thin selective layer on 

top of a porous support layer commonly used in water purification, desalination, and filtration 

processes. The selective layer controls the rejection and transport of components through the 

membrane and is typically a polyamide formed via interfacial polymerization (IP). However, 

IP uses hazardous organic solvents that are of great concern to human health and the 

environment. This dissertation focuses on the synthesis of a metal-phenolic network (MPN) as 

a selective layer for TFC nanofiltration membrane fabrication in a sustainable method, using 

only water as a solvent, for various applications. MPN are an emerging class of functional 

materials based on the self-assembly between metal ions and polyphenol ligands. Tannic acid 

(TA), a natural polyphenol, and metal ions (Fe3+) were used to fabricate the TA-Fe3+ MPN 

selective layer over a polyacrylonitrile (PAN) porous support. This unique approach to 

membrane fabrication leverages supramolecular chemistry to synthesize tunable and 

multifunctional separation layers.  

The TFC membranes were fine-tuned by systematically controlling the fabrication conditions. 

The influence of concentration, assembly time, pH of solutions and number of layers were 

investigated in detail to determine their effect on film formation, membrane microstructure, 

physicochemical characteristics, and separation properties. FTIR, SEM, EDX, and zeta 

potential measurements were used to confirm the formation of a TA-Fe3+ coating over the 

porous support. Backscattered electron (BSE) imaging shows that the thickness of the selective 

layer is approximately 10 nm, categorizing as an ultrathin layer for liquid separation. SEM 

analysis and water flux measurements illustrated that dense separation layers are fabricated at 

higher metal ion concentration, prolonged assembly time or alkaline solution. This 

demonstrates the MPN membranes exhibit tunable pore size characteristics. Moreover, the 

surface hydrophilicity of the membranes varied depending on the synthesis parameters. For 

instance, surface wettability of the TFC membrane increases for membranes fabricated at high 

Fe3+ concentration while it declines for those fabricated at high assembly time. The membranes 

exhibit up to 85 % flux recovery ratio during fouling tests indicating good antifouling 

properties.   

Selective membranes are highly desirable for membrane applications. The separation properties 

of the fabricated membranes against small organics of 200 – 1000 g/mol molecular weight from 

different charge groups were investigated in detail. It is observed that the MPN layers exhibit 

successful charge- and size-based selectivity towards organic solutes. Anionic dyes are highly 

rejected while the TA-Fe3+ membranes show a low rejection towards neutral organic solutes in 
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both single solute and mixed solute filtration tests. Size exclusion and the electrostatic 

interactions between the negatively charged membrane surface and organic molecules in the 

feed solution play key roles in the rejection behavior of the TA-Fe3+ membranes. Mass transport 

mechanism of dye solutions through the MPN membranes is also analyzed using the Spiegler–

Kedem–Katchalsky (SKK) model. The rejection property and selectivity to distinguish solutes 

based on size, charge, or chemical properties reiterate the potential of the TA-Fe3+ membranes 

for the separation and recovery of molecules from complex mixtures across various industries. 

The salt rejections performance of the MPN membranes are also evaluated to analyze their 

rejection efficiency and monovalent/divalent ion selectivity from different feed solution 

compositions. The fabrication conditions significantly affect the water flux and salt retention of 

MPN membranes. For instance, increasing the Fe3+ concentration of the casting solution 

enhances rejection while water flux significantly declines, depicting the permeability-

selectivity trade-off. The TA-Fe3+ thin-films generally showed good salt (NaCl, NaNO3, 

Na2SO4, MgCl2, MgSO4, and their mixtures) rejection, demonstrating their potential for NF 

applications in water and wastewater treatment. The TA-Fe3+ membranes especially exhibited 

high NO3
– removal property, outperforming commercial NF membranes. The effect of 

operating conditions such as pressure, feed concentration and composition on ion rejection are 

analyzed. In mixed salt retention tests, NO3
–/SO4

2– selectivity between 4.5 – 38.1 were obtained 

while 1.1 – 330 Na+/Mg2+ selectivities were achieved depending on the feed composition. 

The ion separation performance of the MPN membranes is elucidated using a mathematical 

model, the Donnan steric pore model with dielectric exclusion (DSPM-DE). Mass transport 

modeling of ions through the TA-Fe3+ NF membranes is described for various ternary and 

quaternary ion mixtures. It is demonstrated that the DSPM-DE can sufficiently well predict the 

separation properties of MPN membranes. In the cumulative part of the dissertation, insights 

into the dominant ion exclusion mechanisms and ion transport mechanisms that influence the 

selectivity and flux of ions, are provided. The effect of membrane parameters on 

monovalent/divalent ion selectivity (e.g., NO3
–/SO4

2–) are also explored in a sensitivity analysis. 

This reiterates the importance of transport models in understanding complex transport 

processes, predicting rejection performance, designing membranes with desired characteristics 

and optimization of membrane processes.  

Overall, MPN membranes offer a novel platform for membrane science, moving beyond 

traditional polyamide chemistry for TFC NF membrane selective layers. Their coordination-

driven assembly opens new pathways to create multifunctional, high-performance membranes 

with tunable properties suitable for desired separation applications. 
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Zusammenfassung 

Dünnschichtkompositmembranen (TFC-Membranen) sind Membrantypen mit einer dünnen 

selektiven Schicht auf einer porösen Trägerschicht, die üblicherweise in der 

Wasseraufbereitung, Entsalzung und bei Filtrationsprozessen eingesetzt wird. Die selektive 

Schicht steuert die Zurückhaltung und den Transport von Komponenten durch die Membran 

und ist in der Regel ein Polyamid, das durch Grenzflächenpolymerisation (IP) hergestellt wird. 

Bei der IP werden jedoch giftige organische Lösungsmittel verwendet, die für die menschliche 

Gesundheit und die Umwelt sehr schädlich sind. Diese Dissertation konzentriert sich auf die 

Synthese eines Metall-Phenol-Netzwerks (MPN) als selektive Schicht für die Herstellung von 

TFC-Nanofiltrationsmembranen in einem nachhaltigen Verfahren, das nur Wasser als 

Lösungsmittel verwendet, für verschiedene Anwendungen. MPN sind eine aufstrebende Klasse 

von funktionellen Materialien, die auf der Selbstorganisation zwischen Metallionen und 

Polyphenol-Liganden basieren. Gerbsäure (TA), ein natürliches Polyphenol, und Metallionen 

(Fe3+) wurden zur Herstellung der selektiven TA-Fe3+ MPN-Schicht auf einem porösen 

Polyacrylnitril (PAN)-Träger verwendet. Dieser einzigartige Ansatz zur Herstellung von 

Membranen nutzt die supramolekulare Chemie zur Synthese von einstellbaren und 

multifunktionalen Trennschichten. 

Die TFC-Membranen wurden durch systematische Kontrolle der Herstellungsparameter 

feinabgestimmt. Der Einfluss der Konzentration, der Anordnungszeit, des pH-Werts der 

Lösungen und der Anzahl der Schichten wurde im Detail untersucht, um ihre Auswirkungen 

auf die Filmbildung, die Mikrostruktur der Membran, die physikalisch-chemischen 

Eigenschaften und die Trenneigenschaften zu bestimmen. FTIR-, REM-, EDX- und Zeta-

Potential-Messungen wurden eingesetzt, um die Bildung einer TA-Fe3+-Schicht auf dem 

porösen Träger zu bestätigen. Die Bildgebung mit rückgestreuten Elektronen (BSE) zeigt, dass 

die Dicke der selektiven Schicht etwa 10 nm beträgt, was als ultradünne Schicht für die 

Flüssigkeitstrennung eingestuft wird. Die REM-Analyse und Wasserflussmessungen zeigten, 

dass dichte Trennschichten bei höherer Metallionenkonzentration, längerer Anordnungszeit 

oder alkalischer Lösung entstehen. Dies zeigt, dass die MPN-Membranen einstellbare 

Porengrößencharakteristika aufweisen. Außerdem variierte die Oberflächenhydrophilie der 

Membranen in Abhängigkeit von den Syntheseparametern. So nimmt beispielsweise die 

Oberflächenbenetzbarkeit der TFC-Membranen bei solchen zu, die mit einer hohen Fe3+-

Konzentration hergestellt wurden, während sie bei Membranen, die mit einer langen 

Anordnungszeit hergestellt wurden, abnimmt. Die Membranen weisen bei Fouling-Tests ein 
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Flux-Rückgewinnungsverhältnis von bis zu 85 % auf, was auf gute Antifouling-Eigenschaften 

hinweist.   

Selektive Membranen sind für Membrananwendungen äußerst wünschenswert. Die 

Trenneigenschaften der hergestellten Membranen gegenüber kleinen organischen Stoffen mit 

einem Molekulargewicht von 200 - 1000 g/mol aus verschiedenen Ladungsgruppen werden im 

Detail untersucht. Es wurde festgestellt, dass die MPN-Schichten eine erfolgreiche ladungs- 

und größenbasierte Selektivität gegenüber organischen Lösungsmitteln aufweisen. Anionische 

Farbstoffe werden in hohem Maße zurückgehalten, während die TA-Fe3+-Membranen eine 

geringe Rückhaltung gegenüber neutralen organischen Stoffen zeigen, und zwar sowohl bei 

Filtrationstests für einzelne Stoffe als auch für gemischte Stoffe. Der Größenausschluss und die 

elektrostatischen Wechselwirkungen zwischen der negativ geladenen Membranoberfläche und 

den organischen Molekülen in der Zulauflösung spielen eine Schlüsselrolle für das 

Rückhalteverhalten der TA-Fe3+-Membranen. Der Mechanismus des Massentransports von 

Farbstofflösungen durch die MPN-Membranen wurde zusätzlich mit Hilfe des Spiegler-

Kedem-Katchalsky (SKK)-Modells analysiert. Das Rückhaltevermögen und die Selektivität bei 

der Unterscheidung von gelösten Stoffen auf der Grundlage von Größe, Ladung oder 

chemischen Eigenschaften unterstreichen das Potenzial der TA-Fe3+-Membranen für die 

Abtrennung und Rückgewinnung spezifischer Moleküle aus komplexen Gemischen in 

verschiedenen Industriebranchen. 

Die Salzrückhalteleistung der MPN-Membranen wurde ebenfalls bewertet, um ihre 

Rückhalteeffizienz und ihre Selektivität für einwertige/zweiwertige Ionen aus verschiedenen 

Zusammensetzungen der Einsatzlösung zu analysieren. Die Herstellungsbedingungen haben 

einen erheblichen Einfluss auf den Wasserfluss und die Salzrückhaltung der MPN-Membranen. 

So erhöht eine Erhöhung der Fe3+-Konzentration der Gießlösung die Rückhaltung, während der 

Wasserfluss deutlich abnimmt, was den Kompromiss zwischen Durchlässigkeit und Selektivität 

verdeutlicht. Die TA-Fe3+-Dünnschichtfilme zeigten im Allgemeinen eine gute Rückhaltung 

von Salzen (NaCl, NaNO3, Na2SO4, MgCl2, MgSO4 und deren Mischungen), was ihr Potenzial 

für NF-Anwendungen in der Wasser- und Abwasseraufbereitung belegt. Die TA-Fe3+-

Membranen wiesen insbesondere eine hohe NO3
–-Entfernungsleistung auf und übertrafen damit 

kommerzielle NF-Membranen. Die Auswirkungen von Betriebsbedingungen wie Druck, 

Zulaufkonzentration und -zusammensetzung auf die Ionenrückhaltung wurden analysiert. In 

gemischten Salzrückhaltetests wurden NO3
–/SO4

2– Selektivitäten zwischen 4,5 - 38,1 
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beobachtet, während in Abhängigkeit von der Zusammensetzung des Feeds Na+/Mg2+ 

Selektivitäten zwischen 1,1 - 330 erreicht wurden. 

Die Ionentrennleistung der MPN-Membranen wurde mithilfe eines mathematischen Modells, 

dem sterischen Donnan-Porenmodell mit dielektrischem Ausschluss (DSPM-DE), erläutert. 

Die Modellierung des Massentransports von Ionen durch die TA-Fe3+ NF-Membranen wird für 

verschiedene ternäre und quaternäre Ionenmischungen beschrieben. Es wurde gezeigt, dass das 

DSPM-DE die Trenneigenschaften von MPN-Membranen ausreichend vorhersagen kann. Im 

kumulativen Teil der Dissertation werden Einblicke in die vorherrschenden Ionenausschluss- 

und Ionentransportmechanismen gegeben, die die Selektivität und den Fluss der Ionen 

beeinflussen. Die Auswirkungen von Membranparametern auf die Selektivität 

einwertiger/zweiwertiger Ionen (z. B. NO3
–/SO4

2–) wurden ebenfalls in einer 

Sensitivitätsanalyse untersucht. Dies unterstreicht die Bedeutung von Transportmodellen für 

das Verständnis komplexer Transportprozesse, die Vorhersage der Rückhalteleistung, den 

Entwurf von Membranen mit gewünschten Eigenschaften und die Optimierung von 

Membranprozessen. 

Insgesamt bieten MPN-Membranen eine neuartige Plattform für die Membranforschung, die 

über die traditionelle Polyamidchemie für selektive TFC-NF-Membranschichten hinausgeht. 

Ihr koordinationsgesteuerter Aufbau eröffnet neue Wege zur Herstellung multifunktionaler 

Hochleistungsmembranen mit einstellbaren Eigenschaften, die für die gewünschten 

Trennanwendungen geeignet sind. 
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Chapter 1. Introduction 

1.1. Overview and Objective 

In 2010, an estimated 1.1 billion people lacked access to safe drinking water [1, 2]. By 2020, 

this figure raised to over 2 billion people [3], with projections from the World Water Council 

suggesting further exacerbation by 2030 [4]. The global demand for fresh water continues to 

grow, driven by factors that aggravate water scarcity such as rapid population growth, 

industrialization, rising energy demand, climate change and contamination by human activities. 

Addressing such demand necessitates a scientific and technological revolution in water 

purification and treatment. The development of innovative, affordable, and energy-efficient 

materials and technologies is crucial for advancing water purification methods [5]. Nowadays, 

membrane technology has emerged as a highly promising approach for extracting freshwater 

from sources such as groundwater, surface water, seawater, and even wastewater. 

A membrane is a thin film of a polymeric, inorganic or hybrid material, which acts as a selective 

barrier between two adjacent phases. Membranes are either porous or non-porous. Technically, 

membranes selectively restrict the permeation of certain components. A schematic of the 

membrane process is illustrated in Figure 1.1. After decades of advancement, membranes are 

now extensively applied for industrial wastewater treatment, desalination, potable water 

production, water reclamation, and reuse [6]. Compared to traditional and technological 

separation approaches, membranes provide superior separation efficiency, minimal energy 

requirement, a smaller carbon footprint [7], and eliminate the tedious multistep procedures in 

the purification process. To effectively utilize membranes for industrial applications, the 

imperative nature of developing new membrane materials that exhibit enhanced flux, 

permselectivity, and stability has remained crucial. Membrane performance is significantly 

influenced by both membrane composition and morphology. 
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Figure 1.1 Schematic illustration of a membrane process 

Thin-film composite (TFC) membranes, composed of an ultrathin film on top of a microporous 

substrate, have emerged as excellent candidates for a wide variety of separation applications, 

particularly nanofiltration (NF), reverse osmosis (RO), and forward osmosis (FO). The 

breakthrough in preparing thin-film composite membranes via interfacial polymerization was 

achieved by Cadotte in the late 1970s [8]. Since then, significant progress has been made that 

enabled interfacial polymerization to be the state-of-the-art technique of polyamide (PA) 

membrane synthesis for water and wastewater treatment. However, this fabrication method 

involves the use of toxic organic solvents and acid chlorides, raising environmental and safety 

concerns. Recently, polyphenol-based TFC membranes have emerged as promising 

alternatives, offering advancements in sustainable thin-film synthesis procedures. Tannic acid, 

in particular, exhibits the ability to form complexes with transition metal ions [9, 10]. Catechol 

or galloyl groups in polyphenols act as polydentate ligands, while metal ion centers serve as 

cross-linkers, similar to structures found in nature [11]. This supramolecular self-assembly 

process results in the formation of an ultrathin film of a metal-polyphenol network (MPN), 

which can be effectively utilized for the selective separation of components in nanofiltration. 

By using water as the solvent for both the polyphenol and metal ion casting solutions, this 

strategy offers a more sustainable method of selective layer fabrication. Moreover, phenolic 

molecules are rich in hydroxyl groups enveloping their aromatic structure. This feature imparts 

polyphenol-based membranes with superhydrophilic surfaces, demonstrating enhanced water 

permeance due to their low resistance to water transport. 
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Besides film fabrication, efficient membrane separation in NF relies on a thorough 

understanding of the rejection and transport mechanisms of components across the membrane 

active layer. The transport of solutes through membranes at the ionic and molecular level is a 

critical area of study, both in terms of its fundamentals and its industrial implications. 

Accurately understanding and predicting the transport of molecules, ions, and other entities 

across membranes is of paramount importance in, for example, optimizing membrane processes 

and evaluating their performance. By bridging theory with experimentation, modeling plays a 

vital role in providing insights and predictions about complex transport processes. These models 

not only guide experimental design but also accelerate the development of advanced membranes 

with tailored functionalities. Therefore, a comprehensive understanding of the fundamentals of 

transport phenomena through mathematical models is crucial [12].  

Nanofiltration combines the removal of uncharged components performed at a nanoscale with 

the charge effects between the charged solute in a solution and the surface charge of the 

membrane [13]. In order to realize effective separation of neutral or charged solutes via NF, a 

good understanding of the synergistic effects of the partitioning mechanisms through transport 

models is required. A good predictive model allows the analysis of membrane performance and 

process optimization. Historically, several transport models including Spiegler–Kedem, space-

charge model, Teorell–Mayer–Sievers model, Donnan–steric partitioning pore model (DSPM) 

have been developed. The most commonly adopted models for NF nowadays are based on the 

extended Nernst-Plank equation (ENP) [13]. The ENP is based on the assumption that ion 

transport inside membrane pores occurs through convection, diffusion and electromigration. 

The Donnan steric pore model with dielectric exclusion (DSPM-DE), which accounts for the 

three exclusion mechanisms, was lately introduced by Bandini and Vezzani [14] with some 

modifications to the DSPM model by Bowen et al. [15] Separation performance of NF was long 

perceived as a combination of the exclusion mechanisms of sieving (steric-hindrance) and 

Donnan (electrostatic) effects [16]. However, the ionic partitioning at the interface between the 

bulk solution and the membrane surface was shown to be influenced from a third exclusion 

mechanism, the dielectric effect [17], due to the decrease in the dielectric constant inside the 

small pores compared to the bulk solution, leading to a solvation energy barrier. Selectivity and 

performance of NF membranes is governed by these three exclusion mechanisms. DSPM-DE 

widely used to describe transport of solutes through NF membrane pores. Nevertheless, 

elucidation of solute transport and partitioning mechanisms through non-polyamide membranes 

remains to be fully established. Thus, investigation of the performance of MPN selective layers 

requires the description of solute transport with appropriate models.  
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This thesis aims to contribute to the ongoing research on fabricating low-cost, sustainable, and 

highly selective non-polyamide TFC membrane active layers for solute separation. The study 

focuses on realizing the goals – i) the synthesis of thin-films through metal-polyphenol self-

assembly over a porous support in an ecofriendly technique via a layer-by-layer method, ii) 

investigation of MPN fabrication parameters that affect membrane structure and performance, 

iii) determination and characterization of membrane properties in detail, iv) provide the 

separation performance of the resulting MPN-based TFC membranes towards ions and small 

organic molecules separation, v) coupling experimental work with modeling and simulation to 

analyze solute transport across the MPN separation layer. Figure 1.2 briefly summarizes the 

desirable membrane process attributes. 

 

Figure 1.2 Desirable membrane process characteristics. The membrane material, the 

fabrication process and the process operation should be sustainable, low cost and easy to scale 

up. The membrane should also exhibit improved properties such as water flux, solute rejection, 

selectivity, anti-fouling property, and overall stability. Furthermore, for the predictability of 

the membrane performance is vital that the ideal membrane has well-defined separation 

characteristics 

1.2. Strategy of the thesis 

Membrane design and fabrication approaches are crucial in ensuring the efficiency and 

sustainability of membrane technology [18]. This involves innovative material selection and 

fabrication procedures that can effectively enhance key membrane characteristics such as 
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rejection, flux and stability. When we think of membrane fabrication materials and processes, 

it should be with high consideration that the overall process is green, fast and low cost, meeting 

the sustainability requirements. The first approach for sustainable membrane fabrication is the 

replacement of conventional toxic organic solvents, which pose significant risks to human 

health and the environment, with greener alternatives [19, 20]. 

With regard to the membrane operation efficiency and stability, reliable long-term operation of 

the processes is crucial. Fouling is the principal bottleneck that limits durable membrane process 

performance. While physical and chemical cleaning methods can partially remove foulants [21], 

the development of fouling-resistant membranes is a more effective strategy of controlling 

membrane shelf life. In general, hydrophilic and negatively charged surfaces are more prevalent 

in preventing membrane fouling. Thus, surface modification through coating with hydrophilic 

phenol containing materials such as polydopamine, tannic acid, and metal-polyphenol networks 

(MPNs) has been widely practiced [22-24]. MPNs are supramolecular network structures 

derived from the coordination between transition metal ions and phenolic ligands [25]. 

The tannic acid (TA)-Fe3+ coordination complexes are a prominent example of supramolecular 

metal−phenolic networks [26]. Hydroxyl-rich galloyl and catechol groups of TA provide 

chelating sites for transition metal ion (Fe3+ for example), resulting in a three-dimensional stable 

MPN structure [25]. This enables a rapid and low-cost conformal coating technique over diverse 

substrates. TA is a typical naturally occurring phenolic ligand, approved safe for use as a food 

additive by the US Food and Drug Administration (FDA) [27]. Its water solubility, high 

adhesive property, and metal chelation capability present a novel green approach to fabricate 

TFC membranes. 

TA-Fe3+ networks can be constructed in a one-step (co-depostion) or multi-step procedures 

(sequential deposition). Co-deposition involves simultaneous deposition of both solutions over 

the substrate surface. In contrast, sequential deposition is analogous to layer-by-layer (LBL) 

film synthesis in which the support is alternately immersed in the phenolic and metal ion 

solutions. The later method of self-assembly prevents the formation of small complex 

aggregates [25], and leads to less defective membranes. Beyond the fabrication procedure, 

several key factors such as solution concentration, ligand-to-metal ratio, pH, ionic strength and 

assembly time play an important role in regulating the thin-film characteristics. These 

parameters allow for precise control over the membrane’s physicochemical properties and 

separation performance. Taking this into consideration, TA-Fe3+ non-PA TFC membranes are 

fabricated in a LBL method in this study (Figure 1.3), by dissolving both constituents in a 
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typical green solvent, water. The impact of various synthesis parameters on the physicochemical 

properties and complex formation states of the fabricated TFC membranes is systematically 

investigated. These tannic acid–Fe3+ based membranes are fine-tuned to prepare organic solute 

selective thin-films. Furthermore, their performance in high-performance nanofiltration for salt 

removal is investigated. 

To date, numerous studies have explored the fabrication, modification or application of both 

PA and non-PA thin-film composite membranes. However, non-PA membranes of new 

materials seem relatively overlooked in quantitative analysis and understanding of their 

separation performance. Description of transport phenomena via the thin-films necessitates the 

knowledge of membrane and solute characteristics as well as process operating conditions [28]. 

Different membranes exhibit different intricate structures and complex physicochemical 

properties that make elucidating their transport mechanisms and selectivity behavior 

challenging. In this thesis, the fabricated membranes are first thoroughly characterized. Then, 

the rejection and transport mechanisms of the analyzed solutes are evaluated with physical 

transport models. The validation of Spiegler–Kedem–Katchalsky model for describing the 

transport of aqueous solutions of organics through MPN-based membranes is examined. The 

ion permeation and rejection mechanisms of the NF TFC membranes having TA-Fe3+ selective 

layers are elucidated using the Donnan steric-partitioning pore model with dielectric exclusion 

(DSPM&DE). 

 

Figure 1.3 Schematic representation of metal-polyphenol self-assembled TFC membranes via 

layer-by-layer technique followed in this work 
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1.3. Outline of the thesis 

The dissertation is organized into 11 chapters. Chapter 1 provides an overview of the general 

introduction, objectives and strategies of the thesis. Chapter 2 is dedicated to the literature 

survey. A comprehensive introduction about the membrane and membrane process 

classifications, methods of thin-film composite membrane fabrication, the concept of metal-

polyphenol self-assembly, and the fabrication of MPN containing TFC membrane are 

discussed. Additionally, the key elements affecting MPN film formation, membrane structure 

and membrane performance are discussed. Finally, transport models that describe separation 

mechanisms and component transport through a porous membranes are introduced. Chapters 3 

– 8 present the cumulative part of this dissertation. These chapters are part of the thesis that are 

published in different peer-reviewed journals. Chapter 3 deals about the successful deposition 

of tannic acid–Fe3+ thin films over a porous support and the fabrication of size- and charge-

selective non-PA TFC membranes. Chapter 4 explores the effect of assembly time on tannic 

acid–Fe3+ thin films. Furthermore, the performance of the TFC membranes during single and 

mixed solute filtration is investigated. In chapter 5, the influence of casting solution pH on the 

structure and performance of MPN layers is discussed. The membrane microstructure is 

optimized to achieve the highest separation selectivity between small organic molecules. 

Chapter 6 provides insights into the mass transport mechanism of organic dye solutions through 

an MPN selective layer containing TFC membranes. Chapter 7 evaluates the nitrate removal 

efficiency of the MPN membranes from aqueous solution. The rejection of nitrate from single 

salt and ternary ion mixtures is investigated together with the application of the Donnan steric 

pore model with dielectric exclusion (DSPM-DE) to elucidate the separation performance. The 

rejection performance of other salts as well as the description of the transport of ions using the 

DSPM-DE is provided in Chapter 8. This chapter provides a fundamental understanding of ion 

rejection property by the tannic acid–Fe3+ TFC membranes and the resulting ion-ion selectivity 

from various mixed ion systems. Finally, the comprehensive discussion as well as the summary 

of this dissertation are provided in chapter 9. Chapter 10 contains the appendix parts of this 

dissertation in which the supporting information for the papers in the cumulative part are also 

included. To fit with the format in the chapters in the cumulative part, references are provided 

after each chapter. 
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Chapter 2. Theoretical Background 

2.1. Membrane classification 

Membranes and membrane processes can be categorized into numerous groups according to 

certain characteristics. The transport of components through a membrane is driven by gradients 

in pressure, concentration, temperature, or electrical potential gradient. Pressure driven 

membrane processes include microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and 

reverse osmosis (RO) (Figure 2.1). MF and UF are low-pressure membrane processes primarily 

applied for the removal of microbial contaminants and suspended particulates. These processes 

typically control solute transport at least partially on the basis of size-based rejection. NF and 

RO on the other hand operate at significantly higher pressures, and separate dissolved 

inorganics and small sized organics. With properties in between UF and RO, NF utilizes porous 

membranes of 0.5 – 2 nm pore size with molecular weight cut-off from 200 – 1000 Da [1-4]. 

NF ensures reducing hardness, as well as the removal of organics, particulates, and microbes. 

Moreover, nanofiltration membranes are distinguished for their ion selective nature. Thus, they 

are extensively used in water and wastewater treatment, and desalination. Other applications 

include the removal of micropollutants, compound refinement, organic solvent separation and 

pharmaceutical applications.  

 

Figure 2.1 Illustration depicting the rejection capabilities of pressure-driven membrane 

processes in the order of the decreasing pore size (from left); microfiltration (MF), 
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ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). Adapted from National 

Research Council, 2012, National Academies Press. [5]. 

Synthetic membranes are classified into three groups according to their material composition: 

polymeric, inorganic and hybrid membranes. Inorganic membrane materials include ceramic 

membranes of alumina, silica, zirconia, titania, or zeolite, glass, metal, and carbon membranes. 

These membranes exhibit robust mechanical and chemical stability, high resistance to 

biofouling, and retain stable separation performance under extreme temperature and pH range 

[6]. Polymeric membranes are increasingly preferred in industrial applications due to their high 

performance and easy fabrication and modification [7]. Commonly used polymers include 

cellulose acetate, polysulfone (PS), polyethersulfone (PES), polyacrylonitrile (PAN), 

polyamide (PA), polyimide, polypropylene, polyurethane and poly(vinylidene difluoride) 

(PVDF). On the other hand, hybrid membranes contain materials of a composite structure 

combining a polymer matrix with inorganic fillers, nanoparticles, or other types of materials. 

Material selection is a key factor in controlling the membrane physicochemical properties as 

well as the permeant-membrane interaction, which influences the separation mechanisms. In 

addition to membrane materials, membrane morphology influences the rate of permeation and 

transport of species through its physical properties [7]. 

Over the past several decades, significant progress has been made in the fabrication of various 

types of membranes. According to their morphological structure, membranes can be categorized 

as symmetric or asymmetric membranes, as illustrated in Figure 2.2. Symmetric membranes 

generally consist a homogeneous morphology, with uniform structure and composition 

throughout their thickness [8]. Asymmetric membranes, in contrast, exhibit heterogeneous 

properties or structures along the membrane thickness. The introduction of anisotropic RO 

membranes by Loeb and Sourirajan in the early 1960s has led to the materialization of 

membranes for industrial application [8]. These membranes consist a thin active layer supported 

by a thick porous substrate of the same material. Asymmetric membranes are fabricated through 

the non-solvent induced phase inversion process which results in a heterogeneous structure with 

variations in porosity. Thin-film composite membranes, a typical membrane structure 

particularly in the field of RO and NF, include a ultrathin dense or microporous polymeric 

separation layer supported by a porous substrate in most cases composed of another material. 

This design maximizes water transport while maintaining mechanical support. 
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Figure 2.2 Schematic diagrams of the principal types of membrane structures (Adapted from 

Richard W. Baker, 2004, Membrane Technology and Applications [8]) 

2.2. Thin-film composite membranes 

The emergence of TFC membranes marked a significant breakthrough in the realm of 

membrane technology. TFC membranes are semipermeable membranes widely used in 

nanofiltration, reverse osmosis, forward osmosis, gas separation, and other water reclamation 

applications. The thin selective layer controls membrane performance while the porous 

substrate underneath primarily acts as a mechanical support without hindering mass transport. 

Unlike the integrally skinned asymmetric membranes, TFC membranes provide the possibility 

of optimizing the surface chemistry and performance of the top selective layer and the porous 

support layer independently [9]. A possible drawback, though, is delamination between the two 

dissimilar materials. Therefore, the design of TFC membranes involves a careful selection of 

materials and fabrication methods to achieve optimal performance. The development and 

optimization of TFC membranes involve advancements in material science, membrane 

fabrication techniques, and understanding of transport phenomena. Researchers continue to 

explore novel polymeric materials, surface modification strategies, and innovative fabrication 
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methods to enhance membrane performance and expand their application range. Over the past 

half century, the development of high-flux, high-selectivity, fouling resistant, low-cost and 

scalable TFC membranes for water purification and resource recovery has attracted significant 

attention.  

2.3. Interfacial polymerization 

As introduced in the previous section, thin-film composite membranes consist of two distinct 

layers: a thin active layer and a porous support layer. The active layer governs membrane 

separation properties while the support provides mechanical stability and facilitates fluid 

transport. The porous support layer is commonly made of materials like polysulfone (PS), 

polyethersulfone (PES) or polyacrylonitrile (PAN). The top skin layer is usually a polyamide 

fabricated in-situ through interfacial polymerization (IP) reaction. Figure 2.3 illustrates the TFC 

membrane fabrication process through IP. IP involves a reaction between monomers at the 

interface between two immiscible phases, usually a diamine dissolved in the aqueous phase and 

acryl chloride monomer in the organic phase, to fabricate a thin dense layer on the support 

substrate. IP is a fast process dominated by the diffusion rate of the diamine towards the organic 

phase. Then, the formation of highly cross-linked polyamide film hinders further diffusion and 

reaction, ensuing a thin selective layer [10]. 

 

Figure 2.3 Schematic representation of thin-film composite membrane fabrication via 

traditional interfacial polymerization 

Compared to other TFC membrane fabrication techniques such as coating and layer-by-layer 

assembly, IP allows the synthesis of ultra-thin less-defective selective layers with a thickness 

of around 50 nm [11]. Moreover, it is an easily scalable process, which has been widely 

commercialized for industrial applications. Membrane permselectivity can be effectively 

regulated through several procedures including optimization of the IP parameters, substrate 

modification, monomer selection and use of additives [12]. The thin active layer properties and 

performance are significantly affected by the solubility and diffusivity of the amine monomer 
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during IP reaction. Membrane characteristics such as pore size, thickness, surface charge, 

wettability, and roughness control membrane performances of flux, rejection, and selectivity. 

TFC membranes exhibit high solvent flux, solute rejection, and robust mechanical stability. 

Extensive research has been dedicated to studying and refining their structure and performance, 

and the fabrication process of these membranes is well developed.  

However, the permeance and selectivity trade-off still remains a challenge to the efficient 

application of membrane processes. Moreover, TFCs have several limitations yet to be fully 

resolved. One of the drawbacks of TFCs is that they are very susceptible to fouling, which 

deteriorates membrane performance over time [13]. Polyamide TFC membranes have low 

chlorine resistance due to N-chlorination which significantly inhibits membrane performance. 

More importantly, the IP process requires the utilization of toxic and hazardous organic solvents 

[14]. These solvents raise severe concerns of health and ecological hazards to humans and 

ecosystems, respectively. In fact, the fabrication of polymeric membranes generates 50 billion 

liters of wastewater that contains harmful solvents every year [15]. Furthermore, after 

fabrication, the release of residual solvents during the membrane lifecycle remains an issue 

[16]. Therefore, it is critical to stimulate the search for alternative ecofriendly methods of 

synthesis. To control our ecosystem’s pollution, the sustainability of membrane fabrication 

necessitates the replacement of organic solvents by green solvents. Hence, to address these 

limitations, several approaches were developed aimed at enhancing the membrane performance 

and sustainability. The primary focus lies in making alterations to the membrane synthesis 

procedure. In this dissertation, a metal-polyphenol coordination is employed to fabricate the 

separation layer for TFC membranes solely in water environment.  

2.4. Metal−Polyphenol self-assembly based TFC membranes(a) 

(a) Section 2.4 has been published as part of a review paper in a scientific journal (Kinfu H.H. 

and Rahman M.M., Membranes 2023, 13, 481) with slight modification. I, therefore, 

acknowledge that similarities with the published work exist, and declare that the published 

content is part of this PhD work. 

Xie et al. [17] proposed five strategies to improve the sustainability of the membrane 

manufacturing process: i) polymers from renewable sources, ii) greener solvents, iii) recycling 

and treating wastewater generated during fabrication, iv) reducing fabrications steps, and v) 

dissolving casting solution at room temperature to save energy. In a quest for sustainable thin 

film composite membrane fabrication, coating approaches using aqueous solutions have been 
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practiced for preparing non-polyamide thin films. They are simple, cost-effective and 

ecofriendly processes through which one can easily control film thickness and structure. 

However, these procedures suffer from low permselectivity principally due to the increased film 

thickness compared to PA-TFC membranes [18]. Recently, the emergence of polyphenol-based 

membranes has shown promising advancements in sustainable TFC membrane synthesis 

procedures [19-21]. The green synthesis method and anti-fouling property of the membranes 

have attracted considerable attention. 

This section (section 2.4) presents imperative background information about the metal-

polyphenol network (MPN)-based membrane development. More focus is given to the tannic 

acid-metal ion (TA-Mn+) TFC membranes. Properties of tannic acid, the coordination chemistry 

between phenolic ligands and metal ions, the different practices MPNs have been utilized to 

form membrane structures, the techniques and factors affecting TA-Mn+ membrane fabrication, 

as well as the latest application areas of MPN-based membranes are discussed. 

2.4.1. Tannic acid and its property of self-assembly with metal ions 

Tannic acid (TA) is a highly water-soluble [22] natural polyphenol found in plants such as oak, 

tea and fruits. One of the important features of tannic acid is its ability to adhere robustly onto 

various substrates. These include hydrophilic and hydrophobic, organic and inorganic, particle 

or surface substrates [23]. Adhesion occurs through different or a combination of many 

interactions such as hydrophobic interaction, hydrogen bond, electrostatic interactions, and 

coordination [24] [25]. Metal chelation is a salient feature of many polyphenols. Polyphenols 

act as organic polydentate ligands whilst transition metal ions play a role as crosslinkers. The 

coordination between tannic acid and transition metal ions, e.g. ferric ion, results in robust 

conformal films [26]. Natural polyphenols chelate metal ions to form metal–polyphenol 

network (MPN) complexes through coordination driven self-assembly. Tannic acid, a typical 

polyphenol, has the ability to form metal-ligand complexes by chelating many transition metal 

ions such as Fe3+, Cr3+, Co2+, Zn2+, Zr4+, Mn2+, Cu2+, etc. [26-29]. Iron is the most studied metal 

for self-assembly with TA. At optimum conditions, coordination between catechol or galloyl 

groups and ferric ion forms a stable octahedral complex [26]. However, this coordination is pH 

dependent as the number of organic ligands coordinated with the metal ion decrease with pH. 

Three complex formation states are mainly recognized as presented in Figure 2.4b. However, it 

is worth noting that several factors such as the ligand to metal ratio, the final concentration and 
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the mechanism of film formation significantly influence the resulting coordination complex [30, 

31]. 

 

Figure 2.4 (a) Structure of tannic acid and (b) pH-dependent tannic acid–metal ion 

complexation formation states.  

TA-metal ion (TA-Mn+) complexes have diverse applications in metal adsorption, water and 

wastewater treatment, drug delivery, nano-encapsulation, and many more [32, 33]. A newly 

introduced application for MPNs is in the field of membrane technology. TA-Mn+ based metal-

polyphenol networks are used for both membrane surface coating [23, 34, 35] and synthesis of 

a selective layer over a porous support [3, 18, 26]. For film synthesis, the foundation lies on 

polyphenol’s ability to complex with metal ions though coordination reaction, or particularly 

supramolecular self-assembly. This self-assembly results in a thin-film of few nanometers that 

can be used for the selective separation of components. Tannic acid containing membranes 

exhibit superhydrophilic property due to their abundant hydroxyl groups enveloping the 

polyphenol besides their sufficient rejection towards many salts and organic components [18, 

23, 36]. The nanofilm can be formed over various substrates in a simple, green, and fast facile 
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technique. Nevertheless, this TA−Mn+ coordination-based membrane synthesis technique is in 

its early developmental phase. 

2.4.2. MPN containing membranes 

The use of TA for the fabrication of NF membranes is an emerging trend. The presence of 

catechol and gallol groups in TA provide the utilization of both non-covalent and covalently 

bonded layers to coat porous substrates [3]. While TA and trimesoyl chloride (TMC) have been 

used as monomers for interfacial polymerization to prepare TFC NF membranes [37], TA-metal 

coordinated layers are the most popular choice due to their environment friendly casting 

procedure. This approach offers several advantages; both constituents are dissolved in water, it 

uses naturally occurring low-cost polyphenol and simplifies the small, as well as large-scale, 

membrane fabrication processes. The selective layer is synthesized through different 

coordination methods via the self-assembly approach. Supramolecular self-assembly between 

metal ions and the organic ligands allows the fabrication of NF membranes without the use of 

reprotoxic organic solvents [18, 19, 38]. Film thickness varies from a few nanometers to approx. 

30 nm. The self-assembled selective layers significantly improve membrane characteristics. 

Categorically, polyphenols, and tannic acid in particular, can be utilized for membrane film 

synthesis in three main ways depending on the chemistry and purpose: surface modification of 

membranes, interlayer construction and selective layer synthesis. 

Membrane surface modification 

Tannic acid is used for the surface modification of MF, UF, NF and RO membranes through 

sequential deposition or co-deposition with metal ions. The self-assembly between TA and Fe3+ 

is especially studied for coating and modifying the surface of various membranes [19, 35, 39-

41]. The main advantages of TA-based surface modification include improving surface 

hydrophilicity, decreasing surface transport resistance and thereby enhancing water permeance 

[42, 43] and improving anti-fouling properties [41, 44]. Furthermore, the surface modification 

procedure is simple, easy and fast [41]. Polyamide membranes are prone to performance loss 

owing to the degradation from the exposure to the chlorine in water [45]. TA-Mn+ networks 

enhance chlorine resistance by reducing the chlorine-sensitive sites. The strong free-radical 

scavenging effect of TA increases membrane chlorine resistance by lowering chlorine radical 

levels [44]. Enhanced permeability in MPN coated surfaces is associated with the abundance of 

-OH groups in the polyphenol. 
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Modification of membrane surface properties with TA-Mn+ coating tackles the main challenges 

of membrane filtration; organic-, oil-, and bio-fouling, and membrane contamination by 

microorganisms [41]. Furthermore, surface modification of membrane active layers using MPN 

films can enhance salt rejection as well as divalent to monovalent ion selectivity [35]. Guo et 

al. [40] also showed that surface modification of commercial NF membranes with MPNs can 

significantly improve the rejection performance towards organic contaminants. Moreover, 

surface coating via self-assembly between TA and iron, copper or zinc enhances the selectivity 

and recovery of dye contaminants and hydrophobic micro-pollutants in 2D MXene membranes 

[46]. This opens a new simplistic strategy for adjusting the selectivity and efficiency of 

numerous types of membranes. 

Interlayer construction  

Over the last decade, polyphenols such as polydopamine and TA have received significant 

attention as bridging agents (i.e. gutter layer) between porous supports and the selective layer 

from IP. The primary goal of phenolic interlayers is to facilitate the wetting of the porous 

substrates and control the diffusion of aqueous phase components such as piperazine (PIP) 

during the IP process [10]. TA-based interlayers are typically co-deposited with a crosslinker 

or reactant such as diethylenetriamine [10], polyethyleneimine (PEI) [47], dual diazonium salt 

(DDS) [48] or transition ion metals. TA-Fe3+ intermediate layer, for instance, increases surface 

hydrophilicity and regulates amine monomer adsorption/diffusion during IP [49]. Furthermore, 

it allows the construction of smooth, ultrathin, dense PA surface structure. MPN interlayer 

containing membranes exhibit high separation performance and solvent permeability, 

presenting a potential for organic solvent nanofiltration [49]. 

TA-metal ion complex interlayers allow the fabrication of defect free thinner polyamide TFC 

membranes [10, 50]. Razavi el at. regulated the thickness, hydrophilicity, pore structure and 

surface roughness of a polyamide membrane by using TA-Fe3+ interlayer [51]. A triple-layered 

TFC membrane was fabricated by coating a PVDF microfiltration support with MPN before the 

IP reaction between MPD and TMC. The interlayer containing TFC membrane showed almost 

three times water flux compared to the membrane without MPN interlayer. The proposed 

synthesis technique ensures high controllability of chemical and physical structures and scale-

up prospects for industrial applications. In a similar investigation, Yang et al. [50] constructed 

a TA-Fe3+ nanoscaffold layer over polysulfone substrate prior to interfacial polymerization of 

TMC and PIP, Figure 2.5a. Due to its smaller pore size, the MPN based interlayer prevents 

intrusion of polyamide to the pores of support substrate. Moreover, TA-Fe3+ interlayer enhances 
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uptake of amine monomers in addition to regulating their controlled release. The MPNs 

interlayer containing TFC membrane showed a water permeance of 19.6 L∙m−2∙h−1∙bar−1 while 

that of the control TFC membrane was 2.2 L∙m−2∙h−1∙bar−1. The rejection of salts was also 

improved [50]. MPN interlayers can also act as metal precursors for metal-organic framework 

(MOF) membrane synthesis [52]. It provides sufficient controllability of the MOF membrane 

synthesis, Figure 2.5b. 

 

 

Figure 2.5 (a) Schematic diagram showing the synthesis of the conventional TFC membrane 

(TFC0) and the TA-Fe3+ nano-scaffold interlayer containing TFC membrane (TFCn). To 

prepare the TFCn membrane, a PSF substrate was first coated with a TA/Fe nanoporous layer, 

followed by interfacial polymerization of PIP and TMC. Reprinted from ref. [50] with 

permission from American Chemical Society. b) Schematic representation of the synthesis of 

ZIF-8/(TA-Zn2+)n/PES membrane with TA-Zn2+ network as interlayer and zinc precursor. 

Reprinted from ref. [52] with permission from Elsevier. 

Tannic Acid-Metal Ion Selective Layer 

TA-metal complex layers deposited on a porous support can also act as the main separation 

layer in many membrane technology processes. As MPN active layer synthesis is a relatively 
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new topic, TA-Fe3+ based films dominate the research, while other transition metal ions have 

also been explored. A study by You et al. [53] showed that membrane properties can be tailored 

using different metal ion crosslinkers. NF films containing TA-Ag+, TA-Cu2+ and TA-Fe3+ 

selective layer exhibited a relatively low water permeance compared to TA-Co2+ and TA-Ni2+ 

films. At 1:1 molar ratio of tannic acid molecule to metal ion, the membranes displayed a pure 

water flux in the range of 8 – 47 L∙m−2∙h−1∙bar−1 while maintaining more than 94% rejection 

towards methylene blue (MB) as shown in Figure 2.6c. Additionally, the variation in molar ratio 

between tannic acid and Ni2+ can be used to fine-tune the selective layer characteristics, Figure 

2.6d. Higher Ni2+ content decreases surface hydrophilicity as more phenolic hydroxyl groups 

in TA interact with Ni ions [53], limiting the available hydrophilic groups. MPN selective layers 

have high water/organic molecule selectivity [20]. This provides an insight into the potential of 

metal-polyphenol coordination chemistry as a sustainable alternative to conventional solvent-

intensive TFC membrane fabrication. 

Wang et al. [54] reported an in situ technique of preparing superwetting membranes for oily 

wastewater treatment though TA-metal ion assembly. They have proven that those metal ions 

with a high ionization potential, have a higher coordinating affinity with tannic acid to form 

stable complexes. Cu2+, Zr4+ and Fe3+ based selective layers show rough surfaces with larger 

pore sizes compared to those from Ni2+, Co2+ and Fe2+. On the other hand, TA-Ni2+ and TA-

Cu2+ complexes show a higher stability [54]. In addition to the morphological characteristics, 

membrane properties such as wettability, flux and rejection of TA-metal ion thin films are 

affected by the choice of the complexing metal ion. In another study, a TA-Cu2+ active layer 

containing membrane maintained a rather constant flux for several days [55], implying good 

mechanical stability. The thin layer can be fabricated from ethanolic solutions of metal ions and 

TA.  
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Figure 2.6 (a) Schematic diagram of the preparation process of TA-Fe3+ self-assembled TFC 

membranes, and (b) reactions and the possible structure of the resultant Fe3+−intermediated 

TA thin film, reprinted from ref. [18] with permission from Elsevier. (c) Separation 

performance of TA-metal ion coated composite nanofiltration membranes, and (d) the effect of 

TA/Ni2+ molar ratio on water contact angle of membrane surface, reproduced from ref. [53] 

with permission from The Royal Society of Chemistry. 

In coordination chemistry, it is essential to utilize the adhesion, adsorption and electrostatic 

interactions between the support, the polyphenol and metal ions. Consideration of the molecular 

interactions allows the regulation and formation of defect free thin film. For instance, in 

fabricating TA-Fe3+ TFC membranes (Figure 2.6a), the electrostatic and coordinative affinity 

of Fe3+ with the –COOH rich support layer (Figure 2.6b) facilitates the formation of 

homogeneous TA-Fe3+ selective layer and further improves the structural stability of the 

membrane [18]. A comprehensive investigation on the as-synthesized membrane morphology 

and properties revealed that the structure and performance of the selective layer can be 

controlled by the fabrication conditions. The rapid fabrication process makes it an ideal strategy 

for large-scale membrane production processes. Moreover, a variation in pH of monomer 

solutions showed that a slightly alkaline condition is ideal for the formation of a dense TA-Fe3+ 

selective layer due to the fact that a tris-complex of tannic acid and iron ion is established under 

alkaline condition [18]. 



Chapter 2. 

29 
 

A very detailed study regarding the the synthesis of superhydrophilic membrane was performed 

by Xiao et al. [36], who proposed LBL assembly to realize a facile process of fabricating 

multilayered crosslinked metal-polyphenol networks. This prevents the precipitation of metal 

ion, TA molecules, or TA-Mn+ complexes as aggregates in water before depositing on the 

support surface, for preparing a defect free TA-Fe3+ selective layer. An MPN TFC membrane 

prepared at pH = 8 of precursor solutions resulted in the most compact selective layer with the 

highest retention. Similar thin selective layers for NF application were also synthesized via LBL 

technique in another study [38]. Alternate deposition of low concentrations of TA and 

Fe(NO3)3·9H2O solutions generated an ultrathin and defect-free multilayered nanofilm. The 

tailored pore size of less than 1 nm confirmed that the films can be used for NF.MPN-based 

active layers prevent the decline of water flux caused by concentration polarization during 

operation. Table 2.1 summarizes the performance of MPN selective layers based on the self-

assembly between transition metal ions and tannic acid for membrane application. 

Table 2.1 Separation performance of metal–polyphenol-coordination-based thin selective 

layers 

Membrane Support Preparation 

method 

Permeability 

(L∙m−2∙h−1∙bar−1) 

Rejection (%) Reference 

TA-Cu2+ PAN Co-

deposition 

52 Methyl orange: 65 

Brilliant blue: 99 

[55] 

(TA-Fe3+)5  * PAN Layer-by-

layer 

40.9 93.9–100 towards 

various dyes 

[36] 

(TA-Zn2+)5 PAN Layer-by-

layer 

32 Static blue carmine 

red: 60 

rose red sodium 

salt: 78 

[36] 

TA-Fe3+ Polyamide 

TFC 

Co-

deposition 

7.52 Na2SO4: 99.5 [35] 

TA-Fe3+ PES Co-

deposition 

27.2 Congo red: 99 [19] 

TA-Ni2+ P84 Co-

deposition 

45.6 Methyl Blue: 94.1 [53] 

TA-Fe3+ P84 Co-

deposition 

9.8 Methyl Blue: 95 [53] 
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(TA-Fe3+)2 PES Layer-by-

layer 

12.4 Methyl orange: 90 

VB12: 98.9 

[38] 

TA-Fe3+ PES Co-

deposition 

116 Heavy metals (Cu, 

Fe, Cd, Mn): 78-93 

[41] 

TA-Ti4+ PSF  one-step 

assembly 

9 Methyl blue: 96.8 

Congo red: 97.2 

[56] 

TA-Fe3+ Hydrolzed 

PAN 

Co-

deposition 

 13.6 Dyes: >99 

Na2SO4 : 90.2, 

MgSO4: 83.4 

[18] 

* Subscripts represent the number of TA-Mn+ self-assembled layers deposited over the support. 

2.4.3. Synthesis strategies of MPN membranes 

Metal-polyphenol networks are spontaneously assembled with the network growing in all 

orientations. However, a well-structured, highly permeable and selective thin film synthesis 

requires a controlled and systematic fabrication procedure. So far, co-deposition and layer-by-

layer self-assembly are the two widely used techniques for MPN selective layer synthesis, 

although interfacial polymerization (IP) has also been applied [3]. In IP, aqueous solution of 

TA dissolved in water and organic phase of tris(acetylacetonate)iron(III) (Fe(acac)3) dissolved 

in n-hexane are used to synthesize TA-Fe3+ networks. However, synthesis of MPNs via IP is 

rare and involves toxic organic solvents. 

One of the facile and fast synthesis techniques of MPNs is co-deposition, often referred to as 

one-step self-assembly. In this method, the top layer of a UF or MF membrane support is 

exposed to the aqueous solutions of the polyphenol and metal ions, either by pouring one 

solution shortly after the other [18, 20, 55], or immersing the support in a fresh mixture of the 

reagents [53]. A schematic representation of co-deposition is shown in Figure 2.7a. A thin and 

stable skin layer with MWCO of ~600 Da can form via one-step process of coordination using 

ethanolic solutions of TA and Cu2+ ions [55]. The reagent solutions are poured into PAN support 

mounted between Teflon plate and frame in 10 seconds difference and allowed to react for 10 

minutes. Gou et al.’s [20] research is one of the pioneering works on metal-polyphenol based 

non-polyamide NF membranes synthesis via rapid assembly (less than 2 min) over a porous 

PES support. The obtained TA-Fe3+ based membranes show a potential breakage of the 

permeability-selectivity trade-off during pharmaceutical products removal. MPN thin-films 

synthesized via co-deposition generally show low salt rejection, insufficient for high 

performance nanofiltration. However, optimization of the separation layer via one-step self-
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assembly of TA and Fe3+ shows that the MWCO can be finetuned to fabricate thin-films with 

high rejections for salts Na2SO4 (90.2%), MgSO4 (83.4%), NaCl (50.0%) and MgCl2 (35.2%) 

[18]. One-step assembly has also been widely used for surface modification of membranes [19, 

40-42]. Membrane morphology and separation performance are regulated by several factors, 

which are discussed in section 2.4.4. 

MPN layers can also be fabricated via sequential deposition of precursor solutions over a 

substrate as in layer-by-layer (LBL) self-assembly. A porous support is alternately immersed in 

polyphenol and metal ion solutions (Figure 2.7b). This process is analogous to synthesis of 

polyelectrolyte multilayer films. LBL offers better control over  membrane thickness, surface 

porosity and pore size compared to co-deposition [38]. Layer thickness increases with the 

number of deposited layers. LBL mitigates the challenge of loose network formation. In 

contrast, co-deposition may lead to defective and loose polyphenol-metal network due to the 

formation of Fe3+ aggregates which cannot penetrate the growing the TA-Fe3+ layer to further 

crosslink with phenolic ligands. MPN NF membranes fabricated via LBL technique exhibit a 

narrow pore size distribution [38] and exceed the upper bound in a permeability-selectivity plot 

compared to other nanofilms (Figure 2.8). The LBL technique enhances surface hydrophilicity 

by increasing the bilayer number and subsequent introduction of abundant phenolic groups [36]. 

Moreover, MPN membranes synthesized via LBL show superior rejection compared to co-

deposited film [36]. 
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Figure 2.7 Schematic representation of metal-polyphenol NF membrane fabrication through 

(a) co-deposition. Reprinted from ref. [40] with permission from American Chemical Society. 

(b) Layer-by-layer TA-Mn+ membrane synthesis technique, analogous to sequential dip-coating 

process. c) Membranes fabrication process via confined coordination by aqueous contra-

diffusion. Reprinted from ref. [57] with permission from American Chemical Society 

Another novel method of MPNs membrane synthesis is contra-diffusion that allows thin layers 

construction through a coordination restricted within a confined space. Unlike co-deposition 

and LBL, this method prevents undesired thickening of the active layer in TA-Mn+ TFC 

membrane by regulating the competition between diffusion of precursors [57]. Fe3+ diffuses 
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faster than TA, and diffuses through the porous structure of the membrane to coordinate with 

TA at the membrane active layer side. As a result, a defect free selective layer is generated. A 

schematic representation of the aqueous contra-diffusion method is shown in Figure 2.7c. 

MPN films can also be deposited on porous substrates through solvent/nonsolvent exchange 

during phase inversion process [54]. This method involves membrane support fabrication via 

the nonsolvent vapor-induced and liquid-induced phase separations. This allows integrating the 

MPN complex into the membrane matrix and coupling surface modification with pore structure 

and morphology control, which is challenging when using an already prepared support. 

Technically, TA is mixed with the casting solution and casted. Subsequently, the obtained film 

is immersed in non-solvent aqueous solution containing metal ion to induce precipitation as 

well as coordination. This technique prevents the surface pore blockage from the rapid 

complexation of TA and metal ions. TA-Fe3+ complexes are employed as additives to regulate 

membrane surface properties [39]. However, the dispersion of TA-Mn+ networks in the integral 

membrane structure signifies increase of the selective layer thickness.  

 

Figure 2.8 Comparison of the selectivity−permeability between the TA/Fe3+ nanofilm and other 

nanofilms made of various materials (carbon nanotube (green triangle), graphene oxide, 

molybdenum disulfide, and tungsten disulfide (blue and white square), polyelectrolyte (orange 

square), polyamide (orange triangle), other materials (black square)). Reprinted from ref. [38], 

©2018, with permission from Elsevier. 
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2.4.4. Factors affecting metal–polyphenol complex formation, 

membrane selective layer characteristics and performance 

Effect of concentration and TA to metal ion ratio  

Monomer concentration significantly impacts thin-film growth via self-assembly or 

coordination reaction [41]. Higher monomer concentrations lead to thicker, more compact 

coatings by enhancing the degree of coordination. Moreover, an increase in monomer 

concentrations improves membrane surface hydrophilicity [18], attributed to the introduction 

of abundant TA hydroxyl groups. Membranes containing a TA-Fe3+ selective layer exhibited 

an increase in salt removal efficiency when the TA and Fe3+ concentrations of the casting 

solution increased [18]. The pure water flux declines as anticipated, as also observed in TA-

Cu2+ membranes [55]. At low monomer concentrations, the selective layer is porous, while it 

becomes dense with the introduction of more components into the network. Higher metal ion 

concentrations promote more tannic acid binding on the membrane surface, resulting in thicker 

coatings. However, excess concentrations may result in a loose separation layer. Excessive 

reagents provoke rapid aggregation of TA-Fe3+ complexes at the membrane surface, leading to 

the development of particles, wrinkles, and defects in the constructed thin film [18]. 

At constant TA concentration, the increase in Fe3+ concentration leads to a decrease of water 

permeance with high rejection towards salts and organic molecules due to the synthesis of dense 

and highly crosslinked thin layers [40]. However, further increase of ferric ion concentration 

results in a decrease of salt rejection and an increase of pure water flux. On the other hand, an 

increase in TA concentration demonstrates the formation of smoother and compact membrane 

surfaces as revealed by SEM [19]. Increasing TA concentration from 0.5 to 1.5 g/L at a Fe3+ 

concentration of 1 g/L dramatic changes membrane performance: water flux evidently declined 

from 161.4 to 45.6 L∙m−2∙h−1, while orange II and Na2SO4 rejection increased from 71.5% to 

94.8% and from 20.6% to 62.1%, respectively. Further TA concentration increases to 3 g/L had 

minimal impact on flux and rejection. 

Effect of solution pH  

Acidity or alkalinity of solutions govern the complex formation states of metal-polyphenol self-

assembly. Membranes synthesized at various pH values exhibit diverse morphological 

characteristics. With an increase in pH value of monomer solutions, an increase in the 

protrusions size on membrane surfaces can be observed [36]. Oxidation of catechol groups into 

reactive quinones is accelerated at high pH. Quinones undergo a self-crosslinking reaction and 
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contribute to the TA aggregate formation (Figure 2.9). TA aggregates result in an increase in 

protrusion size on the surfaces of the membranes. In contrast, lower pH leads to hydroxyl group 

protonation, promoting TA-metal mono-complex formation and thinner selective layers. A rise 

in pH induces the ionization of the tannic acid functional groups (Figure 2.9), enhancing self-

assembly and the formation of a dense top layer. In general, an increase in pH changes the 

complex formation from the mono- via bis- to tris-complex state (Figure 2.4b). Increasing 

solution pH also results in the fabrication of a thicker separation layer [36].  Nonetheless, in the 

case of ferric salt solutions, at a pH of 9 or more, generation of ferric hydroxide is facilitated 

[19]. This phenomenon interferes with the assembly between TA and Fe3+ [19, 36]. Membranes 

synthesized at high pH exhibit a low water contact angle [36]. This improves the membrane 

superhydrophilic property, increasing the interaction between membrane pore walls and water 

molecules that enhances water permeability by increasing the infiltration capillary force [58].  

 

Figure 2.9 Ionization of catechol groups of tannic acid in aqueous solutions of various pH 

levels and their respective coordination ability with transition metal ions. An increase in pH 

leads to the increase in crosslinking and the subsequent formation of thicker films with a 

decrease in surface porosity. However, at highly alkaline conditions, TA oxidation to quinone 

induces the formation of aggregate on the membrane surface. 

Assembly time 

Assembly time affects MPN film formation but has minimal impact on membrane performance, 

as coordination occurs instantaneously and does not improve significantly with extended time 

[19]. Studies on TA-Cu(II) complex based film synthesis show that increasing coating time 

reduces water permeability until reaching a steady state [55]. TA-metal ion complex formation 

is a rapid process, with one minute being sufficient to create a dense selective NF membrane 

(ii) (i) 
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layer [36]. Further prolonging assembly time slightly improves dye rejection but significantly 

decreases water permeance. Liu and colleagues [18] also confirmed less than two minutes were 

adequate for preparing TFC membrane selective layers for salt removal. 

Besides coordination time, storage time of precursor solutions affects membrane structure and 

performance. Prolonged storage of iron solution results in aggregation [38]. Iron ion 

aggregation alters the TA-Fe3+ complex, creating defects and large pores, as illustrated in Figure 

2.10c. Prolonged storage increases Fe3+ to TA ratio, preventing homogenous distribution of 

metal ions for film formation. Fe3+ aggregates are too large to penetrate into the growing TA 

films to coordinate. This results in a much looser film and large gaps (defects). Using fresh 

metal ion solutions ensure uniform crosslinking, leading to defect-free membranes having 

narrow pore size distribution with precise separation. 

Number of deposited layers  

Nanofilm thickness increases linearly with the number of bilayers in LBL construction, with 

each TA-Fe3+ bilayer measuring about 2.5 nm. [38]. A bilayer consists of one TA-metal ion 

self-assembled layer. The increase in the number of deposited layers lead to a thicker selective 

layer, causing flux decline. To date, research on LBL assembly has focused on ferric ions, and 

hence the effects associated with multilayer growth involving other metals are still unknown. 

Xiao et al. [36] prepared a TA-Fe3+ based NF membranes via LBL self-assembly technique. 

This method improves atom economy compared to co-deposition. In LBL, the first layer of TA 

adheres to the PAN support due to its substrate-independent adhesive properties, followed by 

ferric ion coordination with the surface-bound TA’s -OH groups. For subsequent layers, 

incoming TA molecules self-assemble with the pre-deposited Fe3+ ions, continuing until the 

desired membrane characteristics are acquired. With an increase in the number of layers, a 

decrease in water contact angle to as low as 28° was achieved, due to the formation of a rough 

surface [36]. A single bilayer membrane exhibits low dye rejection and high water permeance, 

whereas increasing the number of bilayers enhances dye rejections while reducing water 

permeance. For example, a membrane with five bilayers deposited achieved 85.9% rejection of 

static blue carmine red dye (IR), 98.2% rejection of rose red sodium salt dye (RB) and a water 

permeance of 25.9 L∙m−2∙h−1∙bar−1, compared to 40%, 90% and 76 L∙m−2∙h−1∙bar−1 for single 

bilayer containing membrane, respectively. 

 

 



Chapter 2. 

37 
 

The effect of ionic strength  

Increasing ionic strength leads to the formation of rougher and thicker films. High salt 

concentration causes galloyl groups to extend out from the Fe3+ center and interact with other 

TA-metal ions complexes [59]. Further increase in salt concentration results in increase of 

surface roughness. At low salt concentration, TA solution is homogenous. However, when ionic 

strength is increased, TA particle size extends and the solution becomes turbid [3]. Electrostatic 

repulsion forces TA molecules to disperse well in aqueous solution. However, with severe 

increase of salt concentration, repulsion is screened and results in the aggregation of TA 

molecules and TA-Mn+ complexes. The effect of ionic strength on TA-Fe3+ complex formation 

in solution is shown in Figure 2.10a.  Individual TA-Fe3+ complexes agglomerate and form 

clusters when the salt concentration is increased. Besides, ligand-to-metal charge transfer 

(LMCT) depicting the formation of tris-complex of TA-Fe3+ increase. In this phenomenon, 

screening of charges plays an important role in the formation and growth of the film. MPN 

complexes undergo conformational changes depending on the ionic strength of the solutions 

[59]. 

Generally, change in ionic strength affects surface inhomogeneity and film thickness due to 

screening of charges in solution [59], leading to the deposition of more open and defected films. 

Shen et al. [3] studied the effect of ionic strength on TA-Fe3+ membrane fabricated via 

interfacial polymerization, finding that higher ionic strength increased VB12 rejection but 

decreased permeability (Figure 2.10b). At low ionic strength, steric effects limit TA-Fe3+ 

complexes to mono- and bis-complexes, while higher salt concentrations promote tri-complex 

formation that results in dense membranes of low porosity [3]. Nevertheless, excessive salt 

concentration above a threshold level causes aggregation and results in large gaps between 

consecutive TA-Fe3+ complex aggregates. Hence, defective selective layers are fabricated. 

Nonetheless, the impact of ionic strength on membranes formed via direct polyphenol-metal 

ion self-assembly in aqueous solutions remains unexplored. 



Chapter 2. 

38 
 

 

Figure 2.10 a) Influence of salt concentration on the structure of the Fe3+−TA complexes in 

solution. Reprinted from ref. [59] with permission American Chemical Society. b) Effect of salt 

concentration in aqueous solutions on the filtration performance and the appearance of PES 

and TA-Fe3+ composite membranes Reprinted from ref. [3] with permission from Elsevier, c)  

Schematic illustration for the effect of Fe3+ aggregation on the TA-Fe3+ nanofilms. Reprinted 

from ref. [38] with permission from Elsevier. 

2.4.5. Stability and applications of MPN membranes 

Fouling remains a major challenge that limits the performance and cost-effectiveness of NF 

membranes despite various mitigation efforts [60]. Polyphenol-metal complex-based 

membranes offer a promising solution of safeguarding the selective layer and controlling 

fouling. TA-Mn+ layers improve the stability and anti-fouling property of membranes through 

several mechanisms. Their hydrophilic surface forms a hydration layer that repels hydrophobic 

foulants like oils and proteins. The hydroxyl groups in TA adsorb H2O molecules to form a 

protective thin water-layer on the surface. Studies on polyphenol-metal assembled membranes 

show strong resistance to fouling [18, 20, 39, 41]. Liu and his colleagues [18] demonstrated that 

TA-Fe3+ membranes achieved significant flux recovery after hydraulic washing in continuous 

filtration experiments with bovine serum albumin (BSA). Additionally, TA-Mn+ selective layers 

show high fouling resistance towards foulants exhibiting low isoelectric point due to surface 
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repulsive interactions [18]. MPN membranes also exhibit strong anti-fouling property against 

microorganisms [41]. 

Metal-polyphenol films demonstrate strong adhesion to membrane supports, driven by the 

robust affinity of galloyl and catechol groups [26]. For example, TA-Fe3+ membranes remain 

intact exhibiting strong adhesion with PES support during an inverse filtration operation that 

revealed an unchanged Na2SO4 rejection, while it declined from 95.2% to 88.4% for 

commercial control PA membrane [18]. Polyphenol-metal assembly-based membranes show 

durable performance as summarized in Table 2.2. Metals with high ionization potential possess 

high coordination affinity with tannic acid to generate stable complexes [54]. According to 

HSAB, ionization potential is in the order of Fe2+ < Co2+< Ni2+< Cu2+ < Fe3+ < Zr4+ [61]. While 

more metal content uptake upon complexation with TA were found in the cases of Cu2+, Fe3+ 

and Zr4+ [54], TA-Cu2+ and TA-Ni2+ were the most highly stable complexes with stability 

constants of 21.1 and 15.3, respectively [54]. 

Moreover, membrane support wettability can have a significant influence on the stability of 

MPN layers. TA-Fe3+ films coated on low-wettable surface are more stable than those coated 

on highly-wettable surface [62]. However, the pH responsive nature of polyphenol-metal 

coordination makes MPN films vulnerable to acidic feed solutions. Membranes soaked in acidic 

solutions for 24 hours exhibited increased flux but declining rejection (Figure 2.11) due to 

coordination disassembly [26]. In contrast, the performance is stable for alkaline feed solutions 

[18]. Fang et al. [39] further confirmed that the release of Fe3+ from the assembled TA-Fe3+ 

complex membrane increased at low pH, while no release was observed for membranes 

immersed in solution of pH 5 or higher verifying their durability under alkaline condition. 

Table 2.2 Long period filtration test of membrane stability 

Membrane Support  Length of 

operation 

performance reference 

TA-Fe3+ PAN 72 hrs. Only <7% permeability decline [18] 

TA-Fe3+ PES 30 days Only 2% contact angle change [39] 

TA-Cu2+ PAN 20 days Slight permeability change [55] 

TA-Fe3+ PES 24 hrs. 4.4% permeability decline [19] 

TA-Fe3+ PES 24 hrs. No change in permeability and 

rejection 

[3] 

TA-Fe3+ PES/SPES 5 cycles >82% flux recovery [54] 
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TA-Fe3+ PAN 50 hrs. 3.3% flux decline whilst no 

change in rejection  

[36] 

 

 

Figure 2.11 Separation performance of TA-Fe3+ membrane after soaking in various solutions 

of distinct pH values for 24 hours prior to operation. Adopted from ref. [18] (©2020 Elsevier).  

The coordination mediated self-assembly of polyphenol and metal ions is a novel strategy for 

the fabrication of high performance TFC membranes [3]. With their tunable pore size [3, 38], 

MPN membranes have great potential in various industrial application involving liquid 

separation including ions or molecular separation and desalination pretreatment. Guo et al. [20] 

recommended non-polyamide MPN based membranes for wastewater reclamation and removal 

of organic contaminants. MPN-TFC NF membranes demonstrate a significantly high rejection 

property towards endocrine disrupting compounds (EDCs) in wastewater, presenting almost 

two orders of magnitude superior water/EDCs selectivity than commercial NF membranes 

(NF270, NF90, and XLE) despite low salt rejection [20]. Hence, polyphenol-based membranes 

show promise for removal of pharmaceuticals and municipal wastewater reuse. 

Metal-polyphenols network-based thin films are also used for the fabrication of loose 

nanofiltration membranes for efficient dye/salt fractionation [36]. Ni2+-polyphenol network 

coated nanofiltration membranes have proven effective for the treatment of dye in wastewater 

[53], presenting a new approach of addressing global water safety concerns from textile waste. 

Given that dye desalination has been a key NF membrane application over the past two decades 

[63], tannic acid-based membranes hold strong industrial potential. MPN based membranes 

could be utilized for the selective fractionation and separation of dyes in waste streams [64]. 

Nevertheless, the low rejection towards salts should be given a considerable attention. Although 
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membranes of high salt rejection could be prepared with some optimization [23], MPN 

membranes commonly have low salt rejection. 

Another important application of MPN thin-films is the coating of UF membrane surface for 

fouling resistance against microorganisms and proteins [41], and enhancing anti-bacterial and 

algae-inhibition properties of UF membranes [65]. For instance, TA-Cu-Fe layer coating over 

PVDF membrane introduces an excellent biofouling resistance ability, Figure 2.12e, as tannic 

acid facilitates in-situ reduction of Cu2+ in situ to Cu nanoparticles, boosting bacterial and algal 

growth inhibition efficiency [65]. This opens a wide range of applications in food, dairy, 

beverage, and protein purification industries. Although RO is a popular technology for seawater 

and brackish water desalination [66], fouling, chlorine attack and low water flux are still major 

challenges of the desalination process. TA-Mn+ self-assembly has also been extensively used 

for RO membrane modification through the immobilization of Ag nanoparticles for enhanced 

antifouling property [66, 67] and poly(N-vinylpyrrolidone) (PVP) to improve the hydrophilicity 

and fouling resistance of RO membranes [68]. The TA-Mn+ coating also facilitates removal of 

pharmaceutical contaminants like metronidazole by RO [69]. 

MPN-based membranes play a crucial role in oil/water emulsion separation, addressing 

environmental concerns and resource recovery. Huang et al. [70] reviewed in detail coatings of 

plant polyphenols (e.g. epigallocatechin, pyrogallol, and polydopamine ) and their assemblies 

for this purpose. A uniformly distributed coating of TA-Fe3+ on a polypropylene (PP) 

microfiltration membrane demonstrates a superhydrophilic property with high water permeance 

while rejecting oil droplets (Figure 2.12 a and b) [42]. Tannic acid has been the most used 

phenolic ligand for fabricating highly wettable thin films such as TA-Ti4+ [71, 72], TA-Fe3+ 

[73] and TA-Ag+ [74], converting hydrophobic polymeric membranes into hydrophilic, 

underwater oleophobic surfaces. The TFC membranes show high flux recovery ratio, reusability 

and long-term stability.[73] An AgNPs-TA-PVDF microfiltration membrane maintained its 

chemical and mechanical properties after rinsing and scratch resistance tests (Figure 2.12d) 

[74]. Moreover, TA-Mn+ networks can be used to introduce additives such as PEI [75] and 

MOFs [76] to improve physicochemical properties of selective layers for emulsion treatment. 

This provides new insights into the fabrication of high efficiency membranes for oily water 

treatment.  
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Figure 2.12 (a) Photographic images of a water droplet (10 μL) on the membrane surface 

within 10 s after drop. (b) Water permeability and WCAs of superhydrophilic and underwater 

superoleophobic TA-Fe3+ coated polypropylene membrane [42] (copyright 2017, Elsevier). c) 

Ag-NPs/tannic acid modified PVDF membrane for efficient separation of oil and water 

emulsion, d) antifouling property of the Ag-NPs/tannic acid modified PVDF membranes during 

emulsion separation [74] (copyright 2022 Elsevier), and e) anti-bacterial and anti-algal 

inhibition performance of TA-Cu2+-Fe3+ containing membranes [65] (copyright 2022, Elsevier 

) 

 

2.5. Transport models for NF membranes 

A membrane is a typical permselective barrier acting as an interface between two phases, 

facilitating separation through the transport of components across the membrane from one phase 

to the other due to driving forces. The separation process and mass transport through the 

membrane depends on the membrane type, the properties of the separated constituents, and the 

theoretical framework used to describe the mechanism [77]. A systematic study and 

development of transport theories is fundamental for analyzing, designing, and optimizing 

membrane processes. Transport modeling not only enhances our understanding of rejection and 
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permeation mechanisms but also predicts membrane performance by analyzing component 

mass transfer within pores. Furthermore, it plays a crucial role in advancing membrane 

technology, enabling the fabrication of high-performance tailor-made membranes that 

demonstrate enhanced separation properties. 

Transport models that describe membrane separation processes can be categorized into 

phenomenological and mechanistic approaches [77]. The former does not consider membrane 

characteristics to elucidate the separation performance while the latter associates the membrane 

performance to a structure-related membrane parameter. They can also be categorized as 

mechanism-independent or mechanism-dependant models. 

Spiegler–Kedem–Katchalsky (SKK) model 

A significant effort has been devoted for decades to developing transport models appropriate 

for small pore sized membranes such as nanofiltration membranes. One such model is the SKK 

model, first developed by Kedem and Katchalsky (1958) and modified by Spiegler and Kedem 

(1966) [78]. The SKK model is a phenomenological model based on irreversible 

thermodynamics. The membrane is treated as a black box without consideration of membrane 

characteristics. In a two-component system, solute transport is related to water permeability, 

solute permeance, and reflection coefficient [79]. The reflection coefficient represents the 

maximum attainable rejection by the membrane at high permeate flux. The SKK model 

considers the solvent and solute fluxes are directly related to the chemical potential gradient 

across the membrane. 

The SKK has been applied to elucidate the separation performance of uncharged solutes without 

the influence of electrostatic interaction with the membrane surface [80, 81]. It was also used 

to describe the retention of electrolyte [82]. Schirg and Widmer extended  the mathematical 

model to characterize the retention and selectivity of NF of aqueous dye-salt solutions [83]. The 

model has been widely proposed to predict the transport of components through various 

membrane types; nanofiltration [84], reverse osmosis [85], forward osmosis [86], and 

diafiltration [87]. 

This model defines water flux as a function of transmembrane pressure gradient.  

 𝐽௩ = 𝐿௣ ∗ (ΔP − 𝜎Δπ) (2.1) 

Where 𝐽௩ is the volumetric permeate flux, and ΔP and Δπ are the applied pressure difference 

and osmotic pressure difference, respectively. 𝐿௣ is the water permeability coefficient while 𝜎 
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represents the reflection coefficient. For dilute systems, Δπ can be estimated using the van’t 

Hoff's equation. 

In contrast, solute transport combines the synergetic effect of diffusive and convective fluxes 

as shown in equation 2.2 below.  

 𝐽ௌ = 𝑃ௌ ∗
𝑑𝐶௦

𝑑𝑥
+ (1 − 𝜎) ∗ 𝐶ௌ ∗ 𝐽௩ (2.2) 

Where 𝐽ௌ and 𝑃ௌ are the solute flux and the solute permeability coefficient, respectively, while 

𝐶௦ is the solute logarithmic mean concentration between feed and permeate. The reflection 

coefficient (𝜎) provides an insight into the separation capability of the membrane in which 𝜎=0 

and 𝜎=1 means no separation and 100 % separation, respectively. The membrane parameters 

of 𝜎 and 𝑃ௌ are estimated using a nonlinear parameter estimation method by measuring rejection 

performance of the membrane at various fluxes. 

By integrating the solute flux equation over the membrane thickness, the final working 

equation of the SKK model can be written as [88]:  

 𝑅 =
𝜎(1 − 𝐹)

1 − 𝜎𝐹
 (2.3) 

Where 𝑅 is the rejection, and 𝐹 is a flux dependent constant of the following form. 

 𝐹 = 𝑒𝑥𝑝 ቆ−
 (1 − 𝜎)

𝑃ௌ
∗ 𝐽௩ቇ (2.4) 

Substituting 𝐹 into the rejection expression gives a simplified SKK model of the expression: 

 𝑙𝑛 ቈቆ
1

1 − 𝜎
−

1

1 − 𝑅
∗

 (1 − 𝜎)

𝜎
ቇ቉ = −

 (1 − 𝜎)

𝑃ௌ
∗ 𝐽௩ (2.5) 

The SKK model can be used in combination with film theory to express several fluid flow 

related phenomena [89]. Concentration polarization has adverse effect on membrane 

performance. Considering this unavoidable phenomenon, coupling SKK with film theory 

allows the simultaneous estimation of model parameters using equation 2.6 [90].  

 ൬
 𝜎

1 − 𝜎
൰ ൭1 − 𝑒𝑥𝑝 ቆ−

 (1 − 𝜎)

𝑃ௌ
∗ 𝐽௩ቇ൱ ൬𝑒𝑥 𝑝 ൬

−𝐽௩ 

𝑘
൰൰ =

 𝑅௢௕ௌ

1 − 𝑅௢௕ௌ
 (2.6) 

Where 𝑅௢௕ௌ is the observed solute rejection and 𝑘 is the mass transfer coefficient. 
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Despite its application for several years, the SKK model has various limitations. The model 

does not adequately describe the involved transport mechanisms due to its assumption of taking 

the membrane as a black box. Moreover, this model has limitations of describing water flux in 

very dilute organic solute systems [78] in which water fluxes decrease as compared to that 

described by the flux expression in equation 2.1. Besides, the SKK model suffers from being a 

mathematical perspective limited to a binary solute system. However, an extended SKK model 

for multiple solutes system was developed by incorporating the solute–solute interactions [91].  

Teorell–Mayer–Sievers (TMS) model 

TMS model is one of the oldest models for describing the transport characteristics of species 

and electrokinetic phenomena through charged capillaries [92]. In this case, a membrane is 

considered as a charged porous layer. The TMS model is a rigorous approach of estimating 

membrane electrical properties such as the effective charge density and electrostatic effects [93, 

94]. It is also an effective method of quantitively measuring other structural factors including 

pore radius and the ratio of porosity to the thickness of the membrane in combination with the 

Steric-Hindrance Pore (SHP) model [94]. The TMS model has been adopted to estimate the 

membrane potential for single electrolyte as well as multivalent electrolyte solutions [92]. 

However, this model overestimates the membrane potential when the radius, 𝑟௣, and the 

dimensionless charge density in the pore wall, 𝑞଴,  are more than 5.0 nm and 1.0, respectively 

[92]. 

The TMS model has been used to illuminate the transport mechanism and electrolyte 

permeation in NF membranes considering the electrostatic effects [93]. The fixed-charge model 

has been successfully applied in research employing especially ion-exchange membranes [95]. 

Moreover, single electrolyte and mixture of ionic rejections by charged RO membranes were 

well predicted by the TMS model in combination with the extended Nernst–Planck equation 

(ENPE) [95]. The main assumption of the TMS model is a uniform radial distribution of fixed 

charges in the membrane pores and mobile species [93]. This model provides a simplified 

mathematical analysis for the transport of ions. Mass transfer is expressed based on the extended 

Nernst–Planck equation. The ENPE includes the contribution of volume flux to ionic flux. 

The three main working equations of TMS are [78, 92]  

 The Donnan equation for the partition coefficients of ion concentrations at the interface 

between the membrane and the external solution  

 The extended Nernst–Planck equation for mass transfer 
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 The electroneutrality conditions for inside the membrane and the external solutions. 

Most of these equations are similar to the model equations of Donnan steric pore model and 

dielectric exclusion (DSPM-DE), which will be discussed later. The reflection coefficient and 

solute permeability derived from the TMS model are given as follows [93]:  

 𝜎 = 1 −
 2

(2𝛼 − 1)𝜉 + (𝜉ଶ + 4)ଵ/ଶ
 (2.7) 

 𝑃ௌ = 𝐷ௌ(1 − 𝜎) ൬
𝐴௄

𝛥𝑋
൰ (2.8) 

Where 𝛼 =
஽భ

஽భା஽మ
 and 𝜉 = 𝑋ௗ/c. 𝜉 is an electrostatic effect and 𝑋ௗ is called the fixed charge 

density. 𝐴௄ and 𝛥𝑋 are effective membrane thickness and membrane porosity, respectively. 𝐷ௌ 

is the solute diffusivity for a neutral molecule, or the generalized diffusivity for 1–1 type of 

electrolyte solution defined as 𝐷ௌ = 2
(஽భ/஽మ)

஽భା஽మ
.  

The dimensionless membrane potential can be expressed as [92],  

 𝛥𝛷ഥ்ெௌ =
1

𝑧ଶ
ln

𝑘ଶ
௣

𝑘ଶ
௙

+
𝐷ଵ − 𝐷ଶ

𝑧ଶ𝐷ଶ − 𝑧ଵ𝐷ଵ
ln ൭

𝑇௥𝑘ଶ
௣

− 𝑡ଵ𝜉௙

𝑘ଶ
௙

+ 𝑡ଵ𝜉௙

൱ (2.9) 

Where 𝛥𝛷ഥ =
ி௱ః

ோ೒்
,  𝑡ଵ =

|௭భ|஽భ

|௭భ|஽భା|௭మ|஽మ
,   𝑇௥ =

஼೛

஼೑
  and 𝜉௙ =

|௑೘|

|௭భ|௩భ஼೑
 

𝛥𝛷ഥ represents the dimensionless form of the membrane potential, 𝛥𝛷. 𝑋௠ is the constant 

volume charge density of the membrane. 𝜉௙ is the ratio of the volume charge density to 

equivalent salt concentration in the feed side or in the permeate side of membrane. 𝑧௜, 𝐷௜ and 

𝑘௜ are the electrochemical valence, diffusion coefficient and partition coefficient of ion 𝑖, 

respectively. 𝑇௥ is the transmission, denoting the ability of solute to pass through the membrane. 

𝑅, 𝑅௚ and 𝑇 are the Faraday constant, the gas constant and the temperature, respectively. 

The TMS model is generally applicable to reveal the mechanisms of transport phenomena [96]. 

However, as the assumption of uniform charge distribution fails to represent the pattern of 

distribution of fixed charges, electric potential and mobile ions, the application of TMS model 

is limited [95]. This especially becomes apparent for membranes with large pore size. 
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Space charge (SC) model 

The space charge model is a modified version of the TMS model. The space charge model 

considers the presence of a radial distribution of the potential and concentration gradient across 

the membrane pores [93]. This model was proposed by Osterle et al. [97, 98] to describe the 

retention performance of charged capillaries [99]. The space charge model is a mechanistic 

model developed in terms of electrokinetic phenomena. The membrane pores are considered as 

straight capillaries with charges on their surface, and ions are treated as point charges.  

The space charge model is one the main transport models in which ion transport is demonstrated 

using the Nernst–Planck equation. The Poisson–Boltzmann equation describes the radial 

distribution of electrical potential and ion concentration while the solvent velocity is expressed 

using the Navier–Stokes equation. The detailed model equations of the space charge model can 

be found elsewhere [95, 100, 101]. The transport of electrolytes and the accompanying salt 

rejection by nanofiltration membranes were successfully predicted by a space charge model 

[95]. However, the assumption of ions as point charges neglects the steric effects due to the size 

of the analyzed ions [93]. Furthermore, the complex calculation requirements, particularly in 

mixed electrolytes solutions, limit its application [78]. 

2.6. Donnan-Steric Pore Model with Dielectric Exclusion (DSPM-DE) 

In recent decades, there has been extensive research in the subject of NF membrane 

characterization. Two procedures have been widely practiced to characterize these nanoporous 

membranes; direct methods and indirect methods [102]. In the direct method, pore size is for 

instance estimated using atomic force microscopy [103] while membrane surface zeta potential 

can be utilized to measure the Donnan potential [104]. The indirect method involves the 

application of mathematical simulations in combination with experimental rejection and flux 

measurements [102]. When it comes to simulations, the above reviewed transport models have 

been implemented. Especially models that employ the Nernst-Planck framework have become 

widely accepted in describing ion transport in membranes [105] and in estimating the membrane 

characteristics. The Donnan-Steric Pore Model with Dielectric Exclusion (DSPM-DE) is the 

latest and a widely adopted model in literature for simulating NF membranes. This model has 

been widely used to characterize these charged porous structures in terms of several parameters 

such as pore radius, membrane thickness, pore dielectric constant and charge density. 
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The following section discusses the concepts related to the transport and exclusion mechanisms 

according to the DSPM-DE. It also presents the main equations associated with the model 

besides illustrating the procedures of estimating membrane parameters. 

The Donnan Steric Pore Model with Dielectric Exclusion (DSPM-DE) is a theoretical 

framework used to describe the mass transfer of solutes through nanoporous membranes. The 

DSPM-DE is particularly useful for understanding and predicting the transport of charged 

solutes providing insights into the selectivity of these membranes. This model is a modified 

version of the Donnan-Steric Pore Model (DSPM), which was first coined by Bowen et al. in 

the late 1990s [106, 107]. In the DSPM, solute partitioning at the interface between the 

membrane and the solution occurs due to the Donnan and steric effects. This model quickly 

became well established, and has been successful in modeling the separation of a wide range of 

solutions including those containing multivalent co-ions [108]. The DSPM model has gone 

through some revisions. DSPM-DE was introduced for effectively modeling the rejection of di- 

and multivalent counter-ions by the incorporation of dielectric exclusion effect although its 

predecessor was sufficient in elucidating the transport properties of monovalent ions. 

Today, DSPM-DE is the state-of-the-art transport model, and well describes the solute 

partitioning at the membrane-solution interfaces [109]. 

The partitioning mechanisms at the interface between the solution and the membrane surface 

occurs through the combination of steric, Donnan and dielectric exclusion effects as shown in 

Figure 2.13. The steric exclusion is based on the size of solutes compared to the pore size (a 

sieving mechanism), while Donnan exclusion occurs due to the electrostatic interaction between 

the charges of the solute and the fixed charges in the membrane. On the other hand, dielectric 

exclusion, of ions for example, accounts for the solvation energy barrier for the ion to enter the 

pore due to the Born effect as the dielectric constant inside the confined pores decrease 

compared to the bulk solution. 

In DSPM-DE, the transport of ions across the membrane is described using the extended Nernst-

Planck equation. Ion flux is a synergetic effect of three transport mechanisms namely diffusion, 

convection, and electromigration. It is assumed that the diffusive and convective fluxes are 

hindered due to the extremely small pore sizes in the membranes. Therefore, according to the 

hindered transport theory, hindrance factors are introduced to the terms of the ENP equation. 

The electromigrative flux is due to the gradient of membrane potential across the membrane 

that is developed to balance ionic fluxes. This maintains quasi-electroneutrality in the 

membrane process [108]. The electromigration of co-ions is in the direction towards the more 
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positive or high membrane potential as shown in Figure 2.14b while the counter-ions migrate 

in the opposite direction. Figure 2.14a schematically illustrates the local ion concentration of 

both the co-ion and counter ion inside the pores in a negatively membrane. The exclusion 

mechanisms influence the concentration profile across the membrane. The water flux and solute 

flux have a positive 𝑥 direction from the feed to the permeate side due to the applied pressure 

and high solute concentration on the feed side.  

The DSPM-DE is based on several fundamental assumptions. The underlying assumptions are 

summarized as follows. 

 The membrane has straight cylindrical pores of uniform pore size, and the membrane 

charge distribution is uniform. 

 The flow inside the pores is laminar and has reached a steady state. 

 The solution is assumed to be non-ideal that the non-ideality is considered by using an 

activity coefficient. 

 All solutes are modeled as spheres having a finite size. 

 Solute-solute interaction is neglected considering a very dilute feed solution. 

 Transport of solutes inside the pores is via convection, diffusion and electro-migration. 

 Transports with convection and diffusion are hindered and are corrected with the 

respective hindrance factors. 

 The concentration and potential gradient vary axially while radial variation is neglected. 

 There exists a variation of solvent viscosity and dielectric constant inside the pores. 

 Concentration polarization is considered on the feed side, but neglected on the permeate 

side as permeants are thought to be swept away instantly.  

 Partial molar volume and diffusion coefficient inside the pores are independent of 

concentration. 
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Figure 2.13 Schematic representation of solute exclusion mechanism of NF membrane 

Model equations 

At a steady state and considering a laminar flow inside the membrane pore, the Hagen-

Poiseuille equation successfully describes the flux of water across the active layer. The solvent 

flux 𝐽௩ as a function of the driving force and membrane structural parameters is expressed as: 

 𝐽௩ =
𝜀 ∙ 𝑟௣

ଶ

8 ∙ 𝜇 ∙ 𝜏
∙

∆𝑃

∆𝑥
 (2.10) 

Where 𝜀 is membrane surface porosity, 𝜏 is the tortuosity, 𝜇 is the viscosity, and 𝑟௣ is the pore 

radius. ∆𝑃 is the pressure difference across membrane while  ∆𝑥 represents the membrane 

thickness. In most cases, ∆𝑥௘ = ∆𝑥 ∙ (𝜏/𝜀) as an effective membrane thickness can be 

introduced that accounts for membrane porosity and tortuosity. 

Solute transport inside the membrane pores is described by the extended Nernst-Planck 

equation. The solute flux for each ion 𝑖 inside the pores of the active layer consists of the three 

transport mechanisms as shown in equation 2.11. The first term represents the diffusive flux of 
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solutes due to concentration gradient. The second and the third terms represent the advective 

flux (as a result of solvent flow) and the electromigrative flux (due to a potential gradient). 

 𝐽௜ = −𝐾௜,ௗ𝐷௜,ஶ

𝑑𝐶௜

𝑑𝑥
+ 𝐾௜,௖𝐶௜𝐽௩ − 𝑧௜𝐶௜𝐾௜,ௗ𝐷௜,ஶ

𝐹

𝑅𝑇

𝑑𝛹

𝑑𝑥
 (2.11) 

Where 𝐽௜ is the solute flux, 𝐽௩ is the permeate flux, 𝑧௜ is the valence of an ion, 𝐶௜ is the 

concentration of ion 𝑖 inside the pores, 𝐹 is Faraday’s constant, 𝛹 is the electric potential, and 

R is the universal gas constant while T and 𝑥 are temperature and selective layer thickness, 

respectively. 𝐷௜,ஶ is the diffusivity of a solute in a very dilute solution. 𝐾௜,௖ and 𝐾௜,ௗ are the 

hindered mass transfer coefficient and the hydrodynamic coefficient for the enhanced drag of 

the 𝑖௧௛ component inside the pores given by equation 2.12 and 2.13, respectively [105, 109].  

 𝐾௜,஼ =
൫1 + 3.867𝜆௜ − 1.907𝜆௜

ଶ − 0.834𝜆௜
ଷ൯

൫1 + 1.867𝜆௜ − 0.741𝜆௜
ଶ൯

            (2.12) 

 𝐾௜,ௗ =

⎩
⎪⎪
⎨

⎪⎪
⎧(1 + ቀ

9
8

ቁ 𝜆௜𝑙𝑛𝜆௜ − 1.560𝜆௜ + 0.528𝜆௜
ଶ + 1.915𝜆௜

ଷ

−2.819𝜆௜
ସ + 0.270𝜆௜

ହ + 1.101𝜆௜
଺ − 0.435𝜆௜

଻)

(1 − 𝜆௜)
ଶ

, 𝜆௜ ≤ 0.95

0.984 ൬
1 − 𝜆௜

𝜆௜
൰

ହ/ଶ

,                                                  𝜆௜ > 0.95

  (2.13) 

Where 𝜆 is the ratio of solute radius to pore radius, 𝜆 =
௥ೞ

௥೛
, and 𝛷 is the steric partitioning factor 

given by  𝛷 = (1 − 𝜆)ଶ. 

As discussed earlier, the effect of concentration polarization at the feed side is considered. This 

gives to a rise in the concentration of ion 𝑖 to 𝐶௜,௠ just at the pore intrance from its 𝐶௜,௕ in the 

bulk solution. The effect of concentration polarization is considered using the appropriate mass 

transfer correlations. Taking this into account, the flux of a solute at the interface between the 

feed-solution and the membrane is given by equation 2.14. 

 𝐽௜ = −𝑘௖,௜
∗ ൫𝐶௜,௠ − 𝐶௜,௕൯ + 𝐽௩𝐶௜,௠ −

𝑧௜𝐶௜,௠𝐷௜,ஶ𝐹

𝑅𝑇

𝑑𝛹

𝑑𝑥
 (2.14) 

𝑘௖,௜
∗  is the mass-transfer coefficient of ion 𝑖 that is a function of the stirring speed on the feed 

side solution [107]. The mass-transfer coefficient can be obtained from the correlation between 

Reynolds, Schimdt and Sherwood numbers. 

Flux of component 𝑖 in the permeate side is expresses as: 
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 𝐽௜ = 𝐽௩𝐶௜,௣ (2.15) 

Electroneutrality is considered and in all three domains: the feed side, inside the membrane, and 

the permeate. Electroneutrality in the feed and permeate side comes from the ions present in the 

bulk solution. However, the fixed membrane charge contributes to the overall charge 

electroneutrality inside the porous membrane. The following governing equations of the 

DSPM-DE are used for electroneutrality. 

Electroneutrality condition on the 

feed side: 
෍ 𝑧௜𝐶௜,௠ = 0

ே௖

௜ୀଵ

 (2.16) 

Electroneutrality condition within 

the pores: 
𝐶௑ + ෍ 𝑧௜𝐶௜ = 0

ே௖

௜ୀଵ

 (2.17) 

Electroneutrality expression on the 

permeate side: 
෍ 𝑧௜𝐶௜,௣ = 0

ே௖

௜ୀଵ

 (2.18) 

Where 𝐶௜ and 𝑧௜ are the concentration and the valence for the 𝑖௧௛ ion in the system. 𝐶௑ is the 

membrane surface charge density. 

Equilibrium boundary conditions are established at the membrane-solution interfaces due to the 

combined effect of the three exclusion mechanisms. The partitioning of species at the interface 

results in an equilibrium relationship between the concentrations just inside and outside the 

membrane pore. Partitioning determines the rejection and permeation of solutes by the 

membrane as a fundamental mechanism of separation. The partitioning of ion 𝑖 at the feed 

solution-membrane as well as at the membrane-permeate interface are expressed as: 

 
𝛾௜,ଵ𝐶௜,ଵ

𝛾௜,௠𝐶௜,௠
= 𝛷௜𝛷஻𝑒𝑥𝑝 ൬−

𝑧௜𝐹

𝑅𝑇
∆𝛹஽,௠൰ (2.19) 

 
𝛾௜,ே𝐶௜,ே

𝛾௜,௉𝐶௜,௉
= 𝛷௜𝛷஻𝑒𝑥𝑝 ൬−

𝑧௜𝐹

𝑅𝑇
∆𝛹஽,௉൰ (2.20) 

Where 𝛷௜ is the steric partitioning factor, 𝛾௜ is the activity coefficient for component 𝑖, and 𝛹஽ 

is the Donnan potential. The exponential term is the Donnan exclusion factor term. 𝛷஻ 

represents the dielectric exclusion factor or the Born solvation contribution for partitioning 

given by:  



Chapter 2. 

53 
 

 𝛷஻ = 𝑒𝑥𝑝 ൬−
∆𝑊௜

𝑘𝑇
൰ (2.21) 

Where ∆𝑊௜ is the energy barrier to solvation. This is defined through the Born model [109]. 

 ∆𝑊௜ =
𝑧௜

ଶ𝑒଴
ଶ

8𝜋ℇ଴𝑟௦
(

1

ℇ௣
−

1

ℇ௕
) (2.22) 

 Where 𝑒଴ is the electronic charge, ℇ଴ is the vacuum permittivity. ℇ௣ and ℇ௕ are the dielectric 

constants inside the pore and in the bulk solution, respectively.  

The four membrane properties that are needed for the DSPM-DE simulation are effective pore 

radius, r୮, effective membrane thickness (∆xe), and effective membrane charge density (C୶), 

pore dielectric constant (ℇ୮). They are determined in a step-by-step procedure by fitting of the 

rejection and flux performance data of the membrane in most cases. They are strongly inter-

dependent as the exclusion mechanisms counter-balance to fit the rejection properties [105]. 

Solving the DSPM-DE equations and simulation of the process yields the concentration profiles 

of solutes, the potential distribution, the permeate flux, ion concentrations in the permeate as 

well as the ion rejection of solutes [105]. 

Determination of membrane parameters 

The pore size of the membrane is estimated from the rejection data of uncharged solutes. The 

partitioning of neutral solutes at the interfaces is solely due to the steric effect. The rejection of 

a solute through a membrane can be expressed using the following equation [107]: 

 𝑅௥௘௔௟ = ቆ1 −
𝐶௜,௣

𝐶௜,௠
ቇ = 1 −

𝐾௜,஼𝛷

1 − exp(𝑃𝑒௠) ൫1 − 𝐾௜,஼𝛷൯
 (2.23) 

Where 𝑃𝑒௠ is the Peclet number, which is a function of solvent velocity. 

 𝑃𝑒௠ =
𝐾௜,஼

𝐾௜,ௗ

𝐽௩∆x

𝐷௜,ஶ𝐴௞
 (2.24) 

As both 𝐾௜,஼ and 𝛷 are functions of 𝜆, the rejection of a solute through the porous membrane 

can be expressed as a ratio of solute radius and pore radius. Therefore, the desired pore radius 

can be quantified through fitting of the rejection of a known solute size. The effective membrane 

thickness ( ∆xe =
∆୶

୅ౡ
) can be estimated from equation 2.23 above. It can also be obtained from 

the Hagen-Poiseuille equation [107]. 



Chapter 2. 

54 
 

The membrane electric and water properties are determined by using the rejection of charged 

solutes. The pore dielectric constant of the membrane is determined by the rejection data of 

salts at the isoelectric point of the membrane, without the influence of electrostatic interaction. 

Fitting of solute rejection performance at different solvent flux, once the other parameters are 

determined, provides the final membrane parameter, charge density.  

However, there have been several approaches of determining membrane characteristics. For 

instance, the pore dielectric constant can be determined on a geometric basis as [110]: 

 ℇ௣ = 80 − 2(80 − ℇ∗) ቆ
𝑑

𝑟௣
ቇ + (80 − ℇ∗) ቆ

𝑑

𝑟௣
ቇ

ଶ

 (2.25) 

where 𝑑 is the diameter of a water molecule (0.28 nm), and ℇ∗ is the dielectric constant of the 

single layer of water molecules oriented on the pore walls. Nonetheless, ℇ∗ is strictly dependent 

on a solvent-membrane interaction [110]. In another study, the membrane surface charge 

density was determined through the Gouy–Chapman equation from streaming potential values 

measured using an electrokinetic analyzer [111]. Deon et al., in 2012 [112] proposed using the 

rejection curves of ternary ionic mixtures to numerically assess the charge density and pore 

dielectric constants simultaneously through extrapolation to predict the rejection of pure salt 

solutions. Recently, Rehman  and Lienhard [113] proposed a global optimization technique to 

simultaneously regress all membrane parameters (𝑟௣, 𝛥𝑋௘ , ℇ௣, 𝐶௫) directly from the rejection 

experiments of charged species. This approach eliminates the substantial number of charged 

and uncharged solute rejection experiments required in the previous methods. Geraldes et al. 

[109] also introduced a system to overcome the numerical problems of solving the non-linear 

set of equations in the DSPM-DE by the discretization of ENP equations and subsequent 

linearization of the non-linear system of equations. The convergence problems associated with 

numerical instabilities were controlled using under-relaxation formula to ensure an appropriate 

final solution. 

It is noteworthythat the membrane charge density and dielectric constant are not only dependent 

on membrane characteristics, but also a function of the feed solution composition [102]. For 

instance, a change in dielectric constant has been reported in the presence of various solutions 

such as NaCl, KCl and Na2SO4, or MgSO4.[110] The types of functional groups present on the 

membrane surface and their chemical properties can determine the charge density. The 

concentration of ions in the surrounding solution significantly affects the membrane charge 

density. A higher concentration of ions leads to a higher charge density [111], as it can create 
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an electrostatic double layer on the membrane surface. The adsorption of ions and molecules 

onto the membrane surface can alter the charge density. Divalent ions such as Mg2+ and Ca2+ 

can, for instance, alter membrane charge density amounting even up to charge reversal [114]. 

In DSPM-DE, the assumption of parallel cylindrical pores of uniform size in the active layer 

differs substantially from the realistic membrane structure that contains fractal network 

structures having interconnected and disconnected pores of different sizes [105]. One 

dimensional transport of solutes also fails to represent the actual flow across the membrane 

phase. Furthermore, the numerical instabilities and lack of convergence limits the successful 

elucidation of solute rejection by DSPM-DE.  

Transport models help researchers to optimize membrane materials and operating conditions 

for specific separation or filtration applications. They also provide a valuable tool in the field 

of membrane science and technology, contributing to the design of more efficient and selective 

membrane processes. Therefore, a continuous development of models and theories that can 

elucidate membrane performance are expected. 

 

Figure 2.14 Schematic illustration of solute transport mechanisms in the DSPM-DE as 

described by the Extended Nernst-Planck (ENP) equation. Solvent and solute fluxes have a one 

dimensional positive x direction. The local ion concentration inside a single pore in a negatively 

charged membrane is shown in the schematic representation. The directions of the individual 

transport mechanisms, i.e. diffusive flux ( ), convective flux ( ), and electromagnetive 
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flux ( ), are also presented. The sign of electromigrative flux and the ion concentration 

inside membrane pore reverses in the case of positively charged membrane surface. 
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Chapter 3. Charge and Size Selective Thin Film Composite 

Membranes Having Tannic Acid–Ferric Ion Network as Selective 

Layer 

 

In this chapter, a method of synthesizing TA-Fe3+ metal-phenolic network is introduced. A rapid 

complex formation between tannic acid (TA) and transition metal ions is employed to fabricate 

the selective layer of a thin-film composite (TFC) membrane. The MPN network is deposited 

over a porous polyacrylonitrile support in a layer-by-layer (LBL) self-assembly. Here, an 

ultrathin MPN film of around 10 nm thickness was fabricated to distinguish between solutes of 

different physicochemical properties for membrane separation application. The membrane 

structure and separation properties are fine-tuned by varying the number of layers deposited 

over the porous support or the TA to Fe3+ ratio. SEM and water contact angle analyses of the 

membrane surface morphologies show the formation of dense membranes at higher metal ion 

concentrations while the surface hydrophilicity increases. Zeta potential analyses show the 

fabricated membranes exhibit negative membrane surface charge. It is also demonstrated by the 

membranes’ adsorption affinity towards positively charged solutes. High rejections towards 

negatively charged solutes were obtained unlike in the case of neutral solutes. The elemental 

composition and complexation state of the MPN thin layers are analyzed which demonstrate 

the TA-Fe3+ networks contain both bis- and mono-complexes. A step-by-step possible 

formation mechanism of the TA-Fe3+ thin-film via self-assembly in the utilized LBL technique 

is also presented. The fabricated membranes exhibit excellent fouling resistance mechanisms 

via the formation of hydration layers and repulsive electrostatic interaction with a model 

foulant. 
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A B S T R A C T   

Selective membranes that can distinguish between solutes of different physicochemical properties are highly 
desirable for membrane applications such as nanofiltration. Rapid coordination complex formation of metals and 
polyphenols triggered the development of thin film composite membranes in the last decade through a green 
synthesis procedure, eliminating the use of toxic organic solvents. In this work, thin film composite membranes 
with high selectivity between organic solutes were prepared. They contain a selective layer based on a metal- 
polyphenol network (tannic acid – ferric ion (TA-Fe3+)) with a thickness of approximately 10 nm thickness. 
The thin layer was obtained by coating aqueous solutions of the two components on top of a microporous 
polyacrylonitrile support in a sequential mode. The morphological, chemical and physical properties of the 
membranes were investigated. The results demonstrate that hydrophilicity, surface charge, and pore size of the 
membranes can be fine-tuned by varying the TA/Fe3+ ratio of the casting solutions. The separation performance 
of the membranes was further analyzed by filtration tests. For instance, selectivities in the range of 3.2–20.6 were 
achieved between uncharged(0)/(− )charged dyes of comparable molecular size, while exhibiting a good selec
tivity, reaching up to 3 times, between monovalent to trivalent negatively charged dyes. This work paves a way 
to eco-friendly membrane synthesis for diverse applications in water and wastewater treatment.   

1. Introduction 

Nanofiltration membranes have a vast array of applications 
including potable water softening, removal of heavy metals from 
wastewater, desalting of dyes, removal of pesticides from agricultural 
wastewater etc. However, nanofiltration membranes are still underde
veloped due to drawbacks such as fouling, membrane lifetime, chemical 
resistance and rejection efficiency [1]. Polymeric nanofiltration mem
branes have either integrally skinned asymmetric or thin-film composite 
(TFC) structure. Most commercial nanofiltration membranes are TFC 
membranes where a crosslinked polyamide (PA) selective layer is pre
pared by in-situ interfacial polymerization on top of a microporous 
support such as the NF series from Dow® Inc., the Desal series from 
GE-Osmonics and the UTC series from Toray Industries, Inc. [2]. Re
searchers have extensively explored the interfacial polymerization in 
order to improve the fouling resistance and selectivity of the membranes 
[3]. The use of toxic organic solvents and acid chlorides in interfacial 

polymerization is a concern for the environment [4]. Moreover, 
delamination of the selective layer from the support layer can occur due 
to swelling degree difference as well as a weak physical adhesive 
interaction between PA layer and the support [5]. Most polymeric 
membranes are also relatively hydrophobic, limiting water permeation 
and making them susceptible to irreversible deposition of foulants and 
highly affected by the trade-off between permeability and selectivity 
[6]. To find an alternative of the PA layer prepared by interfacial 
polymerization, layer by layer assembly of oppositely charged poly
electrolytes has been extensively explored [7–9]. In recent years, the use 
of metal-polyphenol networks (MPNs) as selective layers of TFC mem
brane has received a lot of attention [6,10,11]. 

Deposition of two-dimensional metal-polyphenol network (MPN) 
thin films has been demonstrated in a pioneering work by Ejima et al. 
[12]. Biological systems, such as byssal threads of blue mussels partic
ularly, contain a hard, stiff and stable thin outer protective layer of 
cuticle mainly assembled from catechol-metal complexes [13,14]. This 
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complex formation is based on the coordination interaction between 
metal ions and adjacent hydroxyl groups of phenolic ligands. In the last 
decade, this bioinspired materials synthesis technique, i.e., deposition of 
MPN thin films was investigated for various applications, such as cancer 
treatment, imaging, drug delivery, catalysis, adsorption and membrane 
fabrication [15–19]. So far, tannic acid (TA) has been the most popular 
choice for fabrication of MPN for all of these applications. TA is a natural 
polyphenol found in oak trees, gall nuts, and all aerial plants. TA consists 
of a central glucose molecule covalently bonded to its several galloyl 
moieties via ester linkage. The commercially available TA contains a 
mixture of molecules having 2–12 galloyl moieties. This hydrolysable 
polyphenolic tannin exhibits a strong metal cation chelation behavior. 
Multiple aromatic –OH groups offer suitable sites for metal coordination 
[15]. Besides metal coordination bonds, it was also reported that elec
trostatic interactions govern tannic acid-metal interactions [20]. 

In the recent years, TFC membranes have been prepared by means of 
coordination led self-assembly of TA and different metal cations on 
porous supports using only water as solvent. Owing to the excellent 
adhesive nature, the TA-metal thin films were successfully coated on 
various microporous supports, e.g., polyethersulfone [10,11,21,22], 
polysulfone [23], polyacrylonitrile (PAN) [24–28], hydrolyzed poly
acrylonitrile [28], or polyimide [29]. It was shown that TA-metal 
self-assembled membranes exhibit hydrophilic properties due to the 
catechol- and gallol-rich TA coating [11]. This decreases the interaction 
of a membrane with solute molecules, thus enhancing fouling resistance. 
However, the right conditions for self-assembly of the TA-metal layers to 
bridge the gap between ultrafiltration and nanofiltration and to achieve 
a certain molecular weight cut-off, are still unknown. In the present 
study, we fabricated a series of TFC membranes having TA-Fe3+ selec
tive layers with a green and facile technique and investigated the in
fluence of synthesis parameters on the membrane microstructure. 
Furthermore, the influence of Fe3+ concentration of the coating solu
tions on water fluxes as well as solute rejections were explored. Re
tentions of neutral and charged solutes having molecular weights 
between 200 Da and 1000 Da by the prepared membranes were thor
oughly investigated. 

2. Experimental 

2.1. Materials 

Tannic acid (TA) and iron(III) chloride hexahydrate (FeCl3⋅6H2O) 
were purchased from Sigma-Aldrich Chemie GmbH (Germany) and Alfa 
Aesar GmbH & Co., respectively. Ultrafiltration polyacrylonitrile (PAN) 
membrane support was prepared at and supplied by Helmholtz-Zentrum 
Hereon. Poly(ethylene glycol) (PEG) of average molecular weight 200, 
400, 600 and 1000 Da were purchased from VWR International GmbH 
(Germany). Hydrochloric acid (HCl, 37%) was obtained from Merck 
Biosciences GmbH. Sodium hydroxide (NaOH), orange II, riboflavin, 
naphthol green B, and rhodamine B were commercially supplied by 
Sigma-Aldrich. All the chemicals were used as received. All aqueous 
solutions were prepared with milli-Q water of high purity (0.055 μS 
cm− 1). 

2.2. Preparation of TA-Fe3+ membranes 

MPN selective layers were synthesized on the membrane supports 
based on the coordination self-assembly of ferric ions and TA. The 
membrane preparation technique used in this work is analogous to the 
layer-by-layer film deposition. Firstly, the PAN membrane support was 
pre-wetted by immersing it in milli-Q water for 3 h. Then, the support 
membrane was fixed onto a glass plate in a PTFE frame of 5.1 cm × 15.9 
cm before exposure to TA and Fe3+ solutions to safeguard that the co
ordination reaction occurs only on the top surface. Subsequently, the 
PAN support was subjected to 50 ml aqueous solutions of TA and Fe3+

for a certain amount of time, alternately. The resulting membrane was 

rinsed in ultrapure water after each immersion to remove unattached as 
well as unstable TA molecules or Fe3+ from the membrane surface. The 
overall membrane preparation process is shown in Fig. 1a. One self- 
assembled layer was completed after both, TA and metal ion, solutions 
were deposited on the support. To produce multilayers, this procedure 
was then repeated. A series of membranes were prepared by varying 
several synthesis parameters: number of layers and TA to Fe3+ ratio. 

2.3. Characterization of prepared membranes 

Deposition of the synthesized polyphenol-metal ion-based selective 
layer was investigated by Fourier transform infrared spectroscopy 
(FTIR) using a Bruker Alpha (diamond-ATR unit) (Bruker, Karlsruhe, 
Germany). FTIR spectra were measured in the region of 400–4000 cm− 1 

with a resolution of 4 cm− 1 for 64 scans. Samples were dried prior to 
FTIR analysis. Water contact angle (WCA) measurement was used to 
evaluate membrane hydrophilicity and wettability. Dynamic WCA 
measurements were performed using KRUESS Drop Shape Analysis 
System DSA 100 (FEI part of Thermo Fisher Scientific, Kawasaki, Japan) 
in a sessile drop mode with 3 μl of water droplets at room temperature. 
The reported results are averages of at least three contact angle mea
surements. The electrokinetic property of the membranes was deter
mined by measuring the streaming potential with a SurPASS 3 
electrokinetic analyzer (Anton Paar, Austria). A background solution of 
1 mM NaCl was used in measuring the tangential streaming potential 
between two membrane active layers facing each other. The Helmholtz- 
Smoluchowski equation was used to correlate the streaming potential 
with the membrane zeta potential. 

Morphologies of membrane surfaces and cross-sections were inves
tigated with a Merlin scanning electron microscope (SEM) (Zeiss, Ger
many) at accelerating voltages between 1.5 and 3 kV using an InLens 
secondary electron detector and an energy selective backscattered 
electron (EsB) detector. Before measurement, membrane samples were 
dried under vacuum at 60 ◦C for 48–72 h and were sputter-coated with 
1–1.5 nm platinum using a CCU-010 coating device (Safematic, 
Switzerland). In order to study the internal morphology of the mem
branes, cross-sectional specimens were prepared by immersing and 
fracturing the membranes in liquid nitrogen. For a precise measurement 
of the selective layer thickness, cross-sectional samples were prepared 
by Argon ion beam milling using a precision etching and coating system 
PECS II (Gatan/AMETEK, Germany). For this purpose, images were 
recorded by the EsB detector taking advantage of the high material 
contrast of the Fe-rich selective layer with respect to the underlying PAN 
support. Argon ion milling was performed at − 120 ◦C and 4 kV for 
several hours. Before measurement, specimens were coated with 4 nm 
carbon using the same device and conditions. For spatially resolved 
elemental analysis, energy dispersive X-ray (EDX) spectroscopy was 
used. EDX spectroscopy was measured on membrane surfaces using an 
Extreme as primary and an X-max 150 as secondary EDX detector (Ox
ford Instruments, U.K.) at a working distance of 5.6 mm, a constant 
magnification of 5 kx and an acceleration voltage of 1.5 kV. The EDX 
analysis was performed at three different sample locations of 
agglomerate-free surfaces for each membrane. The reported quantitative 
and spectrum results are therefore averages of the individual sample 
data. For a quantitative comparison of Fe/O intensity ratio, the obtained 
spectra were normalized to the pristine PAN (support) spectrum at 0.9 
keV. 

2.4. Determination of permeance, retention and selectivity 

Measurements of water permeance and rejection performance of the 
synthesized membranes were carried out in a dead-end filtration 
configuration. Membrane permeance tests were first performed with 
pure water (0.055 μS cm− 1). Filtrate weight was recorded after mem
brane flux had been stabilized. The permeance of membranes was 
computed with the following formula: 
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J =
W

ρ ∗ A ∗ t ∗ ΔP  

Where J (L⋅m− 2 h− 1 bar− 1) is water permeance, W (kg) is weight of 
collected permeate, ρ (kg/m3) is density of water, A (m2) is the effective 
filtration area, t (h) is the operation time, and ΔP (bar) is the applied 
transmembrane pressure. To determine separation performance of the 
synthesized membranes, PEG and dye solution filtration tests were 
performed using dead-end cells stirred at 350 rpm with a magnetic 
stirrer. The structure and molecular weight of the analyzed dyes 
(rhodamine B, orange II, naphthol green B, and riboflavin) are shown in 
Fig. 7a. The retention measurements were performed using a stirred test 
cell from Millipore (EMD Millipore XFUF07601) by reducing the effec
tive membrane area to 1.77 cm2. Permeation of ultrapure water at 3.5–4 
bar transmembrane pressure, was carried out for 2 h prior to the 
retention measurement at 2.5–3 bar, so that, any possible compaction of 
the porous support layer can take place before the retention measure
ment. It is worth mentioning that the microporous PAN membrane 
support used in this work for the preparation of the TFC membranes do 
not show any noticeable compaction even on 15 bar feed pressure. A 
feed concentration of 0.1 mM was used for all single dye solutions. The 
absolute concentrations of the recorded dye samples were analyzed by 

UV–Vis spectrophotometer (GENESYS 10S, Thermo Scientific). For PEG 
retention tests, a feed solution of 1 g/L was used. Samples from PEG 
solution retention measurements, performed in the same setup, were 
analyzed using gel permeation chromatography (GPC) (VWR-Hitachi 
2130 pump, Hitachi, Darmstadt, Germany). 

The rejection of solute for all rejection measurements was calculated 
using the following equation: 

R (%)=

(

1 −
Cp

(
Cf + Cr

)/
2

)

∗ 100  

Where R is solute retention, Cp, Cf and Cr are the concentrations of the 
permeate, feed and retentate in mg⋅L− 1, respectively. The average 
(Cf +Cr)/2 is used instead of Cf for determination of R to take into ac
count the minor change of feed concentration during the experiment. 
Membrane selectivity towards two solutes, both during single solute and 
mixed solute rejection tests, was computed using 

Selectivity=
100 − R1(%)

100 − R2(%)

In which R1 and R2 are rejections of solute 1 and 2, respectively. 

Fig. 1. a) Schematic representation of sequential deposition of TA-Fe3+ selective layer, b) FTIR spectra of the PAN support and the TFC membranes, and c) SEM 
image (backscattered electron image) of an argon ion milled cross-section of 1TA-8Fe TFC membrane. 
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2.5. Antifouling properties 

Evaluation of the antifouling property of membranes was performed 
with a model foulant, Humic acid (HA). HA (100 ppm) was dissolved in 
aqueous NaOH solution (pH ≈ 9.5). After dissolution, the final HA so
lution for the filtration test was adjusted to pH 7 with aqueous HCl. The 
fouling test was performed by first recording pure water permeance of 
the membrane for 1 h followed by filtration of the HA solution for 1.5 h. 
Subsequently, the membrane was rinsed with pure water for 15 min to 
remove fouled HA molecules. Pure water permeance was then measured 
again. Flux recovery ratio (FRR) and fouling ratio (Rt) were calculated 
using the following equations: 

FRR (%)=
Wi

W0
∗ 100  

Rt (%)=

(

1 −
Wf

W0

)

∗ 100  

where FRR is flux recovery ratio, W0 is initial water permeance, Wi is 
water permeance after fouling and Wf is permeate flux of the fouling 
solution. Two cycles of fouling tests were performed for each membrane. 

3. Results and discussion 

3.1. Membrane morphology 

Five thin film composite (TFC) membranes were prepared by depo
sition of TA-Fe3+ selective layers on top of a microporous PAN support 
(Fig. 1a). A series of membranes referred to as 1TA-1Fe, 1TA-3Fe, 1TA- 
4.5Fe, 1TA-6Fe and 1TA-8Fe were synthesized by varying the Fe3+

content of the casting solutions to deposit the selective layers. The ac
ronyms of the membranes and the casting parameters are listed in 
Table 1. The FTIR spectra of the PAN support and the TFC membranes 
(Fig. 1b) prove the successful deposition of the TA-Fe3+ selective layer in 
each of these membranes. The characteristic bands from the PAN sup
port appear at 2938, 2242 and 1450 cm− 1, which correspond to CH2 
stretching vibration, C–––N stretching vibration and CH2 bending vibra
tion, respectively. A broad OH stretching vibration is also observed in 
the FTIR spectrum of the PAN support in the wavenumber range 
3100–3680 cm− 1. The –OH stretching vibration peak is stronger in the 
FTIR spectra of the TFC membranes due to the abundance of –OH 
moieties in TA. The band at 1713 cm− 1 in the FTIR spectra of the TFC 
membranes corresponds to the C––O stretching vibration from ester 
groups of TA. A C––C stretching vibration peak from the aromatic ring of 
TA is observed at 1575 cm− 1. The absorption band at 1202 cm− 1 is also 
attributed to C–O stretching vibration. Moreover, the intensified peak at 
757 cm− 1 suggests the presence of CH single bond from phenyl groups of 
TA. The presence of TA-Fe3+ layer is also visible in the SEM images of 
1TA-8Fe obtained by backscattered electron (BSE) imaging mode 
(Fig. 1c). The image contrast in BSE imaging mode originates from the 
local average atomic number of the elements (material contrast). The 
selective layer of the TFC membranes contains Fe, which has a signifi
cantly higher atomic number compared to the elements present in PAN 
and TA (C, N and O). Therefore, the selective layer appears brighter in 

the BSE image compared to the underlying substrate. The thickness of 
the selective layer is approximately 10 nm (Supporting information 
Fig. S2). Fig. 2 shows SEM images of the surface and cross section of the 
PAN support and the TFC membranes obtained by secondary electron 
(SE) imaging mode. Unlike BSE images, the contrast in the SE images 
originates from the topological features of the membranes. The SE im
ages show that the PAN support (Fig. 2a) has a porous surface and an 
integral asymmetric porous structure, i.e., the pore size gradually in
creases along the cross section towards the bottom of the membrane. 
From the SE images of the TFC membranes (Fig. 2b–f), it is clear that the 
deposition of the TA-Fe3+ selective layer significantly affected the sur
face morphology of the membranes while the open porous structure 
along the cross-section of the PAN support below the selective layer 
seems not to be affected. From Fig. 1b and c and Fig. 2b–f it is evident the 
ultrathin TA-Fe3+ selective layers are formed at the surface of the TFC 
membranes during the sequential deposition. There is no sign of pene
tration of the TA-Fe3+ layer in the porous substructure. The TFC mem
branes contains two TA-Fe3+ layers (Table 1). The TA-Fe3+ layer shows a 
small decrease in the water permeance compared to the PAN support 
after the first layer deposition. At least two deposition cycles were 
required to achieve a rather uniform surface coverage. The increase of 
deposition cycle eliminates defects at the expense of increasing the 
thickness of the selective layer. Consequently, the water permeance 
through the membranes drops significantly with the increase of the 
number of deposited layers (Supporting information Fig. S1). Therefore, 
only two deposition cycles were used to coat the TA-Fe3+ selective layers 
on PAN support. Both the size and number of open pores on the surface 
were reduced by the deposition of TA-Fe3+ self-assembled network. The 
selective layers of the TFC membranes become more compact and dense 
with increasing Fe3+ concentration (Fig. 2b–f). Numerous open pores 
are visible at the surface of 1TA-1Fe and 1TA-3Fe. Compared to these 
two membranes, the number of open pores is significantly lower at the 
surface of 1TA-4.5Fe. 1TA-8Fe has the most compact selective layer 
among the five TFC membranes. Determination of average pore size by 
SEM was not possible owing to the limited resolution (details provided 
in supporting information). Nanoscale protrusions appear as white spots 
at the SE surface image of 1TA-1Fe (Fig. 2b). Irregular agglomerates 
appear at the surface of membranes of high iron concentration, 1TA-6Fe 
(Fig. 2e) and 1TA-8Fe (Fig. 2f). EDX spectroscopy was performed to 
investigate the composition of the agglomerates. Fig. S3 shows the 
agglomerate at the surface of 1TA-8Fe is rich in Fe compared to the 
surrounding flat membrane surface. This indicates the formation of TA- 
Fe3+ complex aggregates over the synthesized film. Moreover, compared 
to the 1TA-6Fe membrane, a higher number of agglomerates was 
observed at the surface of 1TA-8Fe. The Fe rich TA-Fe3+ aggregates at 
the surface of the TFC membranes increase with the Fe3+ concentration 
in the casting solution. 

To assess the change in the elemental composition of the thin films, 
EDX spectroscopy of the surfaces of the active layers was performed. 
Fig. 3b shows the obtained spectra of elemental composition indicating 
that C, N, O and Fe were the main elements observed on the membrane 
surfaces (full sized image can be found in Fig. S4 of the supporting 
material). The high intensities of carbon and nitrogen are mainly 
attributed to the PAN support. The analysis of the EDX spectra revealed 

Table 1 
TA-Fe3+ selective layer deposition parameters.  

Membrane Casting solution concentration 
(Weight %) 

Casting solution concentration (Molarity 
in mM) 

Assembly time (min) TA solution pH Number of TA-Fe3+ layers deposited 

TA FeCl3⋅6H2O TA FeCl3⋅6H2O 

1TA-1Fe 0.02 0.02 0.1176 0.740 4 5.8 2 
1TA-3Fe 0.02 0.06 0.1176 2.220 4 5.8 2 
1TA-4.5Fe 0.02 0.09 0.1176 3.330 4 5.8 2 
1TA-6Fe 0.02 0.12 0.1176 4.440 4 5.8 2 
1TA-8Fe 0.02 0.16 0.1176 5.919 4 5.8 2  
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an increase in oxygen and iron contents in the newly synthesized 
membranes when the concentration of Fe3+ was increased in the initial 
solution for the fabrication process. The observed elemental peak counts 
for Fe and O are presented in Table S1. Moreover, the elemental analysis 
showed a significant decrease in the intensity of C and N atoms in the 
TA-Fe3+ films compared with the bare PAN membrane (Fig. S4). This 
demonstrates a surface coverage of the C and N rich support by TA-Fe3+

self-assembled films. 
A quantitative relationship of the amount of elements present in the 

selective layer can be estimated based on the area corresponding to each 
element in the EDX spectra. To overcome uncertainties on the elemental 
composition, three EDX spectra were taken at different spots for each 
membrane which showed a good conformity to each other. Three 
different complexes between TA and Fe3+ are formed in solution, 
namely mono-, bis-, and tris complex [12] as shown in Fig. 3a. The 
theoretical Fe/O ratios in these complex states are given in Table 2. 

Fig. 3c shows the ratio of Fe to O content in the TA-Fe3+ self-assembled 
layers. At the pH ≈ 5.8 of the milli-Q water used in this study, formation 
of bis-complex is likely to be favored [12]. But the metal to ligand ratio 
and final concentration of the solution also govern the formation of 
different types of metal-polyphenol complexes [30]. However, it can be 
observed from Fig. 3c that the Fe/O ratios of the prepared membranes lie 
between the theoretical Fe/O ratios expected for mono- and 
bis-complexes. Hence, the TA-Fe3+ networks of the membranes pre
pared at different Fe3+ concentrations contain both bis- and 
mono-complexes. Besides the pH and the concentration of the solutions, 
the protocol used for the preparation dictates the complexation between 
TA and Fe3+ to a large extent [30]. The protocol used in this work for 
formation of TA-Fe3+ selective layer has four basic steps as shown in 
Fig. 3d. At first, the TA molecules are deposited at the surface of the PAN 
support (step 1). Upon exposure to the Fe3+ solution, crosslinking be
tween the adsorbed TA molecules takes place owing to formation of 

Fig. 2. SEM images of surface (top image) and cross-section (bottom image) of analyzed membranes: (a) pristine PAN support and TA-Fe3+ membranes at a tannic 
acid to FeCl3⋅6H2O ratio of (b) 1TA to 1Fe (c) 1TA to 3Fe (d) 1TA to 4.5Fe (e) 1TA to 6Fe and (f) 1TA to 8Fe. 
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Fig. 3. a) Complex formation states of TA-Fe3+ coordination, b) EDX spectra of the bare PAN support and the TFC membranes containing TA-Fe3+selective layers, c) 
Fe/O ratio of the TFC membranes, and d) possible formation mechanism of the TA-Fe3+ thin-film via self-assembly in a layer-by-layer technique. 

Table 2 
Theoretical Fe/O ratio in the three different complex states of TA-Fe3+ self-assembly based on Fig. 3a. Although TA contains 46 oxygen in its elemental structure, only 
25 from the hydroxyl groups of catechol and gallol moieties can coordinate with metal ion centers.  

Complexation 
state 

Number of OH groups 
coordinating with 1 Fe center 

Total oxygen in the 
complex state 

Number of total OH groups 
capable of coordination 

Fe centers required for total coordination 
of available (capable) OH groups 

Fe/O ratio in the 
complex state 

Mono-complex 2 46 25 12.5 0.27 
Bis-complex 4 92 50 12.5 0.14 
Tris-complex 6 138 75 12.5 0.09  
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bis-complex linkages. Additionally, formation of a large number of 
mono-complex takes place at this step (step 2). Then, the TA molecules 
are deposited for the second time at the membrane surface. As a result, 
some of the mono-complexes are converted into bis-complexes and new 
TA-Fe3+ linkages are formed (step 3). Finally, as the membranes are 
treated once more with Fe3+ solution, new bis-complex linkages form 
and additional mono-complexes are formed as well (step 4). From 
Fig. 3c, it is evident that the content of mono-complexes is higher for 
1TA-6Fe and 1TA-8Fe compared to those in 1TA-3Fe and 1TA-4.5Fe. 

3.2. Surface hydrophilicity and water flux 

Water contact angle (WCA) at the surface of the membranes was 
determined to study the surface hydrophilicity. The initial WCA of the 
PAN support was 47.9◦ (Fig. 4a). Since TA has abundant hydrophilic 
–OH groups, it was expected that the surface of the TFC membranes was 
more hydrophilic and the initial WCA of the TFC membranes were lower 
compared to the pristine PAN membrane. For the TFC membranes, the 

initial WCA indeed decreased linearly when iron concentration was 
increased up to 1TA-6Fe. However, the initial WCA of 1TA-8Fe dropped 
significantly to 6.3◦. Both, surface morphology and composition of the 
selective layer, are likely to have an impact on the change of initial WCA 
of the TFC membranes. Time-dependent membrane water contact angles 
are shown in Fig. 4b. The rate of change of the water contact angle with 
time is largely dependent on the surface porosity of the membranes [31]. 
The water droplet sinks into the pristine PAN membrane faster than the 
TFC membranes which is reflected by the higher change of contact angle 
compared to the TFC membranes. As the surface porosity of the mem
branes gradually decreases with increasing Fe3+ concentration (Fig. 2), 
the change of water contact angle also drops respectively. Fig. 4c shows 
pure water permeance through pristine PAN and the TFC membranes. 
The PAN support exhibited 286.6 L m− 2•h− 1•bar− 1 water permeance. 
The average water permeance of 1TA-1Fe is around 165 L 
m− 2•h− 1•bar− 1. Although the surface of 1TA-1Fe is more hydrophilic 
compared to PAN, there is more than 50% drop of the water flux due to 
reduction of surface porosity (Fig. 2a and b) of the membrane. Fig. 4c 

Fig. 4. a) Water contact angle b) change of water contact angle with time, and c) water permeance of the membranes.  
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shows the water permeance of the TFC membranes decreases with the 
increase of Fe3+ of the casting solutions which is consistent with the time 
dependent change of the water contact angle. However, the error bar of 
1TA-1Fe is significantly high compared to other membranes. In other 
words, the water permeance through the membrane samples collected 
from different areas of the membrane have a large variation. As the 
selective layer of 1TA-1Fe is likely to have significant inhomogeneity, 
this membrane was not used for further investigations. Further investi
gation of the TFC membranes are performed with 1TA-3Fe, 1TA-4.5Fe, 
1TA-6Fe and 1TA-8Fe membranes which have water permeances of 
62.5, 13.6, 3.8 and 0.9 L m− 2•h− 1•bar− 1, respectively. In section 3.1, it 
was demonstrated that the porous structure along the cross section of the 
PAN support remains unchanged in the TFC membranes (Fig. 2). 
Therefore, it is clear that the water flux was tuned over this wide range 
only by tuning the surface porosity and hydrophilicity of the TFC 
membranes using ultrathin TA-Fe3+ selective layers of approximately 
10 nm thickness. 

3.3. Retention of neutral PEG from aqueous solution 

Poly(ethylene glycol) (PEG) was used as a model neutral molecule to 
study the retention behavior of 1TA-3Fe, 1TA-4.5Fe, 1TA-6Fe and 1TA- 
8Fe. 1 g/L aqueous solutions of PEG having molecular weights (Mw) of 
200, 400, 600 and 1000 Da were used as feed solutions (Fig. 5). The 
molecular weight dependent PEG retention behavior gives some infor
mation about the surface pore size of the membranes. An increase of 
Fe3+ concentration in the casting solution led to an increased retention 
of all PEGs and PEG with Mw ≥ 400 Da were retained by more than 90% 
only by the two membranes with the highest Fe3+ contents. This sup
ports the observation that the surface pore sizes in the membranes 
decreased with an increase of Fe3+ content in the casting solution, i.e., 
the average surface pore size of 1TA-3Fe > 1TA-4.5Fe > 1TA-6Fe > 1TA- 
8Fe. However, there are some irregularities. For example-in case of 1TA- 
3Fe the retention of PEG with Mw = 1000 Da is lower than that of PEG 
with Mw = 600 Da. This irregularity in the retention behavior originate 
from the inhomogeneity of the surface pore size of the membranes. It is 
clear from the SEM images that the surface of PAN support is not iso
porous, i.e., the distribution of surface pore size is broad (Fig. 2a). 
Similarly, while compared to PAN the surface porosity is lower in 1TA- 
3Fe pore size distribution is rather broad (Fig. 2c). Therefore, the 
average pore size of the 1.77 cm2 samples (from different areas of the 

membrane) used for the retention measurements is not constant, but 
shows variations. The molecular weight cut offs of 1TA-6Fe and 1TA-8Fe 
membranes are around 390 Da and ~ 375 Da respectively. Other 
membranes show less than 40% rejection of PEG with Mw = 1000 Da. 

3.4. Surface zeta potential 

Along with pore size and porosity, the separation of charged mole
cules were also strongly influenced by the membrane surface charge. 
The surface charges of the PAN support and the four TFC membranes 
used for charged solute retention (discussed in section 3.5) were studied 
through streaming potential measurement in the pH range of 5–8. The 
Helmholtz-Smoluchowski equation was used to compute the zeta po
tential from the measured streaming potential. While streaming poten
tial measurements are a popular method to study the surface charge, the 
discrepancy between the apparent value obtained by this method and 
the true surface zeta potential value has been pointed out in literature 
[32,33]. The pristine PAN membrane displayed a negative surface 
charge (Fig. 6) which is consistent with previous reports of the zeta 
potential of PAN membranes [34–36]. Besides PAN, there are several 
other polymeric surfaces which exhibit a negative zeta potential in spite 
of having no ionizable functional group, e.g., PTFE and polystyrene 
[37]. It is well established that such negative zeta potential originates 
from preferentially adsorbed hydroxyl ions compared to hydronium ion 
of the electrolyte solution at the polymer surface [37,38]. The TFC 
membranes also exhibited a negative zeta potential in the studied pH 
range. The TA-Fe3+ selective layers are composed of aromatic hydroxyl 
groups. These acidic hydroxyl groups can dissociate and form the con
jugate base through an acid-base reaction with water. Hence, in a hy
drated state, the TA-Fe3+ selective layer is likely to have a negative 
surface charge. Fig. 6 shows that all 4 TFC membranes have negative 
zeta potentials. Comparatively, the TA-Fe3+ membranes have a lower 
absolute zeta potential than the PAN pristine support. This behavior led 
us to a conjecture that the deposition of the hydrophilic TA-Fe3+ layer 
brings about two competing phenomena which eventually determine 
zeta potential values of the TFC membranes. Prevention of the prefer
ential adsorption of hydroxide ions of the electrolyte solution at the 
membrane surface and dissociation of the aromatic hydroxyl groups of 
TA. As the Fe3+ content of the casting solution increases, the surface of 
the membranes becomes covered by a compact TA-Fe3+ layer and the 
dissociation of the aromatic hydroxyl groups becomes the only 

Fig. 5. Retention of PEG having molecular weight 200, 400, 600 and 1000 Da 
for respective 1 g/L aqueous solutions. 

Fig. 6. Membrane zeta potential as a function of pH using 1 mM NaCl aqueous 
solution as electrolyte. 
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determining factor of the negative zeta potential value. The dissociation 
of functional groups is dependent on the pH of the aqueous solution. 
Hence, a slightly higher pH dependence of the zeta potential was 
observed for 1TA-6Fe and 1TA-8Fe compared to those of PAN, 1TA-3Fe 
and 1TA-4.5Fe. A decrease of the absolute value of membranes’ zeta 
potential was observed with the pH of streaming solution due to a 
decrease in the ionization of acidic functional groups, i.e., the aromatic 
hydroxyl groups of TA. However, the slightly lower negative zeta po
tential values of 1TA-4.5Fe compared to 1TA-6Fe and 1TA-8Fe remains 
unclear. 

3.5. Retention of charged and neutral molecules from aqueous solution 

The separation performances of the TFC membranes were further 
investigated through retention tests of model molecules. The retention 
of rhodamine B, orange II, naphthol green B and riboflavin (vitamin B2) 
from their respective 0.1 mM aqueous solution was investigated (Fig. 7). 
The permeance of these aqueous solutions gradually decreased through 
the TFC membranes with increasing Fe3+ concentration in the casting 
solution. The permeance of the four aqueous solutions through each of 
the TFC membranes did not show a substantial difference. However, the 

Fig. 7. a) Chemical structure of rhodamine B, orange II, riboflavin and naphthol green B. Permeance of 0.1 mM aqueous solutions and retention of b) rhodamine B, c) 
orange II, d) riboflavin and e) naphthol green B. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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retention of the organic molecules varies significantly based on their size 
and charge. In a hydrated state rhodamine B (Mw = 479.02 Da) acquires 
a positive charge (1+) whereas riboflavin (Mw = 376.36 Da) is neutral 
(0). Both orange II (Mw = 350.32 Da) and naphthol green B (Mw =
878.46 Da) are negatively charged (1- and 3-) dyes [39]. The molecular 
weight of rhodamine B is significantly higher than the molecular weight 
cut-off of 1TA-6Fe and 1TA-8Fe (section 3.3). Consequently, these two 
membranes retained rhodamine B almost completely from its aqueous 
solution. The retentions of rhodamine B by 1TA-3Fe, 1TA-4.5Fe, 
1TA-6Fe and 1TA-8Fe were 2%, 37%, 97% and 99%, respectively 
(Fig. 7b). This trend suggests size exclusion plays an important role in 
the retention of rhodamine B by the TFC membranes. However, the 
retention of rhodamine B is only partially attributed to the pore size of 
membranes. Due to its counter-ionic behavior towards the surface of the 
selective layer, retention through adsorption cannot be overlooked. For 
this, the adsorption behavior of the dyes was analyzed by immersing the 
PAN membrane and one of the TFC membranes (i.e., 1TA-4.5Fe) in all 
four solutions overnight. As shown in Fig. 8, both the PAN support and 
the TFC membrane had a strong affinity towards rhodamine B, which led 
to strong adsorption. However, no adsorption of riboflavin, orange II 
and naphthol green B was observed in PAN and 1TA-4.5Fe. 

The negatively charged dyes, orange II and naphthol green B, were 
highly rejected by all four membranes. 1TA-3Fe membrane exhibited 
70% and 89% rejection towards orange II and naphthol green B, 
respectively. Orange II was retained in the range of 90–99% whilst 
naphthol green B was retained 96–99% by all other relatively dense 
membranes, prepared at higher iron concentrations. The enhanced 
retention of the negatively charged dyes is attributed to a combined 
effect of size sieving and charge repulsion. As explained, in section 3.4 
the presence of aromatic hydroxyl groups induce negative charge at the 
membrane surface of the TFC membranes. Conversely, a low riboflavin 
rejection was observed for 1TA-3Fe and 1TA-4.5Fe membranes, with 
rejection values of 4% and 14%, respectively. Besides, 1TA-6Fe and 
1TA-8Fe membranes displayed an improved rejection of 69.1% and 
94%, respectively. The molecular weight of riboflavin is comparable to 
the molecular cut-off determined with PEG of 1TA-8Fe (~375 Da) and 
slightly lower than that of 1TA-6Fe (~390 Da). As the retention of the 

neutral riboflavin is determined only by size exclusion a significant 
difference of riboflavin retention by 1TA-8Fe and 1TA-6Fe is observed. 
The molecular weight of orange II is slightly smaller than the molecular 
weight of riboflavin. However, the small difference of molecular cut-off 
of 1TA-8Fe and 1TA-6Fe has no influence on the retention of orange II. 
Both 1TA-8Fe and 1TA-6Fe retain approximately 98% of orange II. As 
the size of orange II and riboflavin are rather similar, it is evident from 
Fig. 4b and c, unlike riboflavin, a combined effect of size selectivity and 
charge repulsion (i.e., Donnan exclusion) determines the retention of 
orange II by the TFC membranes. This effect can be distinguished more 
clearly in 1TA-3Fe and 1TA-4.5 Fe. For instance, 1TA-4.5Fe membrane 
displayed a retention of 90% towards the negatively charged orange II 
whilst uncharged riboflavin retention was only 14% despite their com
parable molecular weights. Likewise, according to Fig. 5, the retention 
of neutral PEG with Mw = 400 Da by 1TA-4.5Fe is around 24%. The 
Donnan exclusion mechanism becomes more dominant at higher 
membrane charge density [40] and for multivalent permeating ions. 
While orange II is a monovalent anion, naphthol green B is a trivalent 
anion in aqueous solution. Moreover, the molecular weight of naphthol 
green B is 2.5 times higher than that of orange II. Therefore, the com
bined influence of Donnan exclusion and size sieving leads to the high 
retention of naphthol green B by the TFC membranes as depicted in 
Fig. 7e. 

The ideal selectivity of the TFC membranes for three pairs of dyes are 
listed in Table 3. The riboflavin/orange II and riboflavin/naphthol green 
B selectivities demonstrate that these TFC membranes are capable of 
separating neutral and negatively charged molecules efficiently. From 
the above discussion, it is clear that the riboflavin/orange II selectivity is 
a consequence of Donnan exclusion and the riboflavin/naphthol green B 
originates from the combined effect of size and Donnan exclusion. 1TA- 
6Fe has the highest riboflavin/orange II selectivity (20.6) while 1TA-4.5 
has the highest riboflavin/naphthol green B selectivity (23.4). Although 
the selectivity of orange II/naphthol green B is also determined by a 
combined size and Donnan exclusion mechanism, the selectivity values 
of this pair are comparatively low. Both 1TA-3Fe and 1TA-4.5Fe show a 
selectivity of 2.8 for orange II/naphthol green B. Among the four TFC 
membranes, the 1TA-4.5Fe has the best combination of permeance and 
selectivity of 3 pairs of molecules. 

3.6. Antifouling behavior 

The antifouling properties of 1TA-3Fe, 1TA-4.5Fe, 1TA-6Fe and 1TA- 
8Fe membranes were investigated using aqueous solutions of humic 
acid. The fouling resistance study of these membranes was comprised of 
five stages of filtration operation including two cycles of humic acid 
solution filtration. Time dependent normalized flux of the membranes is 
shown in Fig. 9a and b. In all cases, the membranes showed a decline in 
permeate flux. Large decline of fluxes during humic acid solution 
filtration were observed. A severe decline of the normalized flux in
dicates fouling of the membrane surface and pore walls. Generally, there 
are three main mechanisms governing fouling by humic acid; adsorp
tion, deposition, and pore blocking by aggregate deposition [41]. 
Adsorption of humic acid on the membrane skin layer and infiltration of 
the small humic acid molecules to block pores cause initial stages flux 
decline [42]. A large humic acid aggregates deposited as cake layer on 

Fig. 8. Adsorption of rhodamine B, riboflavin, orange II and naphthol green B 
on a) PAN membrane b) 1TA-4.5Fe membrane. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.) 

Table 3 
Selectivity of the different membranes obtained from single dye measurements.  

Membrane prepared at → 1TA- 
3Fe 

1TA- 
4.5Fe 

1TA- 
6Fe 

1TA- 
8Fe 

Riboflavin to Orange II selectivity 3.2 8.5 20.6 3.2 
Riboflavin to Naphthol green B 

selectivity 
8.7 23.4 11.2 10.1 

Orange II to Naphthol green B 
selectivity 

2.8 2.8 0.5 3.2  
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Fig. 9. Evaluation of antifouling properties of TA-Fe3+ selective layers. Flux versus time for TA-Fe3+ membranes synthesized at (a) 1TA-3Fe and 1TA-4.5Fe, and b) 
1TA-6Fe and 1TA-8Fe weight ratio of tannic acid to FeCl3⋅6H2O. c) Water flux recovery ratio after each cycle. d) Total fouling ratio after each cycle. e) schematic 
diagram on how TA-Fe complex can enhance the anti-fouling: both hydration layer formed on the TA-Fe TFC surface via hydrogen bonding interaction with TA and 
the negative surface charge of the membranes contribute to fouling resistance. 
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the upstream side the membrane especially contributes to a higher flux 
decline in porous membranes due to higher relative hydraulic resis
tance. 1TA-3Fe membrane demonstrated a poor antifouling property. A 
lower flux decline was observed during humic acid filtration at higher Fe 
ratio. 1TA-4.5Fe membranes showed a flux recovery ratio (FRR) of 
around 81% in the first cycle while 1TA-3Fe exhibited only 51% 
(Fig. 9a).The flux recovery ratio increased with increase of Fe3+ con
centration in the casting solution (Fig. 9c). This indicated an increasing 
antifouling performance [42]. A comparison of Figs. 2 and 9 shows that 
with the increase of Fe3+ content of the casting solution, the surface 
porosity of the membranes decreases while the fouling resistance in
creases. However, 1TA-6Fe and 1TA-8Fe membranes showed an in
crease in FRR during the second cycle. The flux recovery of 1TA-8Fe 
especially exceeded 100%. This indicates the TA-Fe layer of 1TA-8Fe 
layer was not stable during the second washing cycle. A TA-Fe3+ com
plex aggregates were observed during SEM and EDX analysis of this 
dense layer, which is discussed in detail in section 3.1 of this paper. The 
increase in FRR implies that these aggregates, which were blocking 
pores are dissociated after Humic acid filtration and membrane cleaning 
process. Hence, it is not desirable to use a large excess of Fe3+ in the 
casting solution. 

To the general understanding, fouling is influenced by membrane 
characteristics, mainly hydrophilicity, surface charge and surface 
roughness. The membranes improved FRR most probably is due to the 
enhancement of hydrophilicity from the abundant hydroxyl groups. 
Membrane hydrophilicity inhibits adsorption of foulants such as humic 
acid. This is due to the increase of interfacial energy of interaction be
tween the foulant molecules and membrane surface functional groups. 
Catechol containing polyphenols such as dopamine and tannic acid 
generally exhibit excellent antifouling activity [11,43]. Moreover, 
hydrogen bonding sites in TA favor adsorption water molecules than the 
foulant, imparting fouling resistance. TA prevents fouling and concen
tration polarization by formation of a hydration layer. The stable hy
dration layer reduces formation of a stationary layer over the 
synthesized selective layer. Moreover, the negative charged surface of 
TA-Fe TFC membranes prevent fouling through electrostatic interaction 
with the foulant material (i.e., humic acid). The schematic diagram of 
fouling resistance through the synergistic effect of these two mecha
nisms is shown in Fig. 9e. 

4. Conclusion 

The coordination-based self-assembly between polyphenols and 
metal ions offers an ecofriendly and facile method to fabricate mem
branes. In this work, by using only aqueous solutions of tannic acid (TA) 
and FeCl3⋅6H2O (Fe3+) nanofiltration TFC membranes with approxi
mately 10 nm thick TA-Fe3+ selective layers were prepared with various 
content of Fe3+. Scanning electron microscopy, infrared spectroscopy, 
water contact angle and zeta potential characterizations showed that the 
membranes’ surface porosity, pore size and hydrophilicity can be fine- 
tuned by varying the content of Fe3+. The pure water permeance of 
the prepared TFC membranes systematically changed between 0.93 L 
m− 2•h− 1•bar− 1 to 62 L m− 2•h− 1•bar− 1 due to change of the Fe3+ con
tent of the casting solution. Hence the reported selectively fabrication 
method is an ecofriendly method to bridge the gap between ultrafiltra
tion and nanofiltration. The retention of neutral and charged organic 
molecules having 200–1000 Da revealed that the synthesized TFC 
membranes having TA-Fe3+ selective layers can be used in application 
where either loose nanofiltration or tight nanofiltration membranes are 
required. While the cationic rhodamine b strongly adsorbs on the PAN 
support and the TFC membranes, no adsorption of the anionic orange II, 
naphthol green B and neutral riboflavin were observed. The results 
revealed that the retention of anionic dyes by the TFC membranes were 
dictated by a combination of size and Donnan exclusion. This work 
demonstrates that the controlled deposition of the ultrathin TA-Fe3+

selective layer on PAN allows to tune i) the retention of anionic dyes 

from aqueous solution, ii) the separation of anionic molecules from 
neutral molecules and iii) the separation of anionic molecules from each 
other. Moreover, the TFC membranes exhibited a good antifouling 
behavior and robustness towards cleaning procedures using water. This 
highlights the potential of the TFC membranes having TA-Fe3+ selective 
layer to be utilized for water and wastewater treatment as well as for the 
recovery of dyes from a mixture. 
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Chapter 4. Using the Assembly Time as a Tool to Control the 

Surface Morphology and Separation Performance of Membranes 

with a Tannic Acid–Fe3+ Selective Layer 

This chapter investigates how the assembly time affects the surface morphology, and filtration 

performance of MPN-based TFC membranes. Moreover, this chapter highlights the 

effectiveness of TA–Fe3+ selective layer in separating similarly sized small organic molecules 

based on their charge groups. Filtration experiments were performed in both single- and mixed-

solute experiments to analyze the separation performance of the MPN active layer. The 

membrane fabrication method introduced in Chapter 3 is adapted. While two-TA-Fe3+ layers 

were deposited over the porous support at a fixed TA and Fe3+ concentrations after optimizing 

the TA/Fe3+ ratio in Chapter 3, the time for TA adsorption and complex formation is varied to 

fine-tune the metal-phenolic network structure and property. It was found that prolonging the 

assembly time leads to the formation of selective layers with smaller effective pore sizes having 

low water permeance indicating higher resistance to water transport. These membranes 

exhibited low rejection towards riboflavin and poly(ethylene glycol), but high rejection for 

anionic dyes orange II and naphthol green B. Excellent ideal and real selectivities in the range 

2 – 27 were achieved, revealing a charge-selective nature of the prepared membranes. It is 

discussed that electrostatic repulsive interaction between the solutes and TA-Fe3+ membrane 

surface plays a significant role compared to size sieving. The selective removal rates for small 

molecular weight solutes make these membranes suitable for industrial wastewater treatment, 

particularly from textile plants. This work demonstrates that assembly time is a crucial 

parameter for controlling the permeance, rejection, and selectivity of these membranes.  
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Abstract: Thin-film composite (TFC) membranes containing a metal–polyphenol network (MPN)-
based selective layer were fabricated on a porous polyacrylonitrile support. The MPN layer was
formed through coordination-based self-assembly between plant-based tannic acid (TA) and an Fe3+

ion. For the first time, we demonstrate that TFC membranes containing TA-Fe3+ selective layers
can separate small organic solutes in aqueous media from equimolar mixtures of solutes. The effect
of the assembly time on the characteristics and performance of the fabricated selective layer was
investigated. An increase in the assembly time led to the formation of selective layers with smaller
effective pore sizes. The tannic acid–Fe3+ selective layer exhibited a low rejection towards neutral
solutes riboflavin and poly(ethylene glycol) while high rejections were observed for anionic dyes of
orange II and naphthol green B. Permeation selectivities in the range of 2–27 were achieved between
neutral and charged dyes in both single- and mixed-solute experiments, indicating the significant
role of Donnan exclusion and the charge-selective nature of the membranes. The rejection efficiency
improved with an increasing assembly time. Overall, this study demonstrates that the assembly
time is a vital casting parameter for controlling the permeance, rejection and selectivity of thin-film
composite membranes with a tannic acid–Fe3+ selective layer.

Keywords: metal–polyphenol network membranes; polyphenol; tannic acid–metal ion coordination;
TFC membranes; assembly time

1. Introduction

Selectivity severely restricts the scope of separations that can be achieved through
membrane-based processes [1]. Engineering membranes for molecular separation remains
a challenge. An increase in the selectivity tends to significantly decrease the permeability
while increasing the cost and energy consumption. Available commercial membranes
remove all solutes above a given size [2]. “Chemoselective” membranes that combine
size-based selectivity with a solute–functional group differentiation capability can enable
researchers to design membranes for customer applications with huge potential in the
separation and purification process [3]. Although there are some attempts at separating
similar-sized components through electrostatic contribution, successful separation of the
desired components from one another still requires further work on the manipulation of
the membrane chemistry [2]. In recent years, efforts have been devoted to developing
membranes capable of regulating the permeation and rejection of small molecules of similar
sizes through solute–membrane interaction in addition to size-based fractionation [3–8].
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Thin-film composite (TFC) membranes are typically used for nanofiltration and reverse
osmosis due to their high solute rejection properties [9]. TFC membranes are fabricated by
constructing a dense selective layer over a porous polymer substrate, usually via interfacial
polymerization (IP). However, often, such TFC membranes demonstrate rather poor selec-
tivity between different solutes [9]. Therefore, the development of novel membranes that
offer both high permeance and adequate selectivity is required to enhance the separation
efficiency. Thin-film nanocomposite (TFN) membranes with incorporated nanomaterials
have recently been developed [10–13] and shown to be promising materials in address-
ing these issues. TFN selective layers increase the surface hydrophilicity and membrane
permeability by providing water pathways and enhance perm-selectivity [14,15]. How-
ever, the synthesis of TFN films is usually complicated, involving multi-step nanomaterial
synthesis, separation and purification [15]. Scaling up the fabrication of TFN membranes
also remains a concern [14]. More importantly, the fabrication of both TFC and TFN selec-
tive layers via interfacial polymerization involves the use of a significant amount of toxic
and hazardous solvents, which makes the process less environmentally friendly [16–18].
Hence, there is a growing demand for the production of hydrophilic TFC membranes in an
ecofriendly approach.

To date, there have been various approaches developed for the fabrication of sus-
tainable TFC membranes. Yang et al. prepared biobased TFC membranes comprising a
selective layer obtained from plant-based sources [19]. A green polyamide TFC mem-
brane was fabricated via the interfacial polymerization of natural monomers, that is,
genipin in the aqueous phase and priamine in a green organic solvent. Another TFC mem-
brane was recently fabricated using building blocks of chitosan in the aqueous phase and
2,5-furandicarboxaldehyde (FDA) dissolved in the water-immiscible ecofriendly solvent
eucalyptol [20]. Park et al. also reported a green way of fabricating a high-performance
TFC membrane containing a crosslinked selective layer of priamine covalently bonded
through Michael addition and Schiff base reactions to tannic acid [21]. These attempts
demonstrate the prospects of breaking away from the toxic monomers besides exploring
the use of green solvents.

Tannic acid, a natural polyphenol, can be used for engineering new functional materi-
als [22] such as TFC membranes [23]. Tannic acid’s phenolic groups carry negative charges,
making them capable of easily chelating positively charged transition metal ions [24]. The
formation of tannic acid–metal ion (TA-Mn+) complexes arises from the strong coordina-
tion between phenolic hydroxyl groups and metal ions [25]. This coordination-driven
self-assembly results in the formation of a metal–polyphenol nanofilm over a substrate
surface [26], including the fabrication of thin films for membrane processes [25,27–29].
Compared with conventional water treatment membranes, metal–polyphenol network
(MPN)-based membranes have several advantages: higher water flux with a comparative
rejection of solutes, excellent resistance to fouling, high antimicrobial activity and efficient
removal of organic contaminants [25]. More importantly, the metal–tannic acid membrane
production is green and low-cost.

MPN has been used as a surface coating of ultrafiltration, nanofiltration and re-
verse osmosis membranes [15,27,30,31] and for the construction of the selective layer
of a membrane [28,32,33]. Tannic-acid-containing membranes have shown excellent
performance levels in several applications such as wastewater treatment [32], membrane
fouling resistance enhancement [34,35], oil/water emulsion separation [29], desalina-
tion [36], separation of ions [33], trace organic contaminants’ removal [28] and organic
solute separation [33]. Moreover, tannic-acid-based MPN layers can be coated using
aqueous solutions, which is ecofriendly. In recent years, the optimization of the casting
parameter of TFC membranes containing a tannic acid–metal ion layer has received a lot
of attention. Co-deposition and layer-by-layer (LBL) self-assembly are the two widely
used procedures for the fabrication of tannic acid–metal ion-containing membranes.
Despite the fact that co-deposition enables the fast synthesis of TA–metal ion films [30],
the rapid self-assembly makes the process uncontrollable [33]. The LBL technique allows
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a better control of the MPN layer coating synthesis and characteristics, which helps to
significantly reduce the undesired defects of the selective layer of the membranes [37].

In a previous study [38], we investigated the influence of the TA-to-Fe3+ ratio on the
surface porosity and filtration properties of the MPN selective layer containing TFC mem-
branes. However, the impact of the assembly time on the structure and performance of TFC
membranes containing TA-Fe3+ selective layers prepared by LBL remained to be explored.
Accordingly, here, we performed a thorough study of the influence of the assembly time
on the morphology and separation performance of TFC membranes containing TA-Fe3+

selective layers prepared by LBL. The development of membranes for effective solute–
solute separation with excellent precision is still in its early phases [39]. In recent years,
the development of membranes for the separation of organic solutes with dimensions of
0.5–5 nm has received a lot of attention as there is a lack of commercially available mem-
branes to perform the task [6,7]. In this work, we demonstrate that controlling the assembly
time of the formation of TA-Fe3+ coordination is an effective tool when performing such
separation using TFC membranes containing TA-Fe3+ selective layers.

2. Experimental Section
2.1. Materials and Chemicals

The porous polyacrylonitrile (PAN) membrane support was prepared in-house at
Helmholtz-Zentrum Hereon. Tannic acid (TA) (1701.2 g/mol), orange II (OR-) (350.32 g/mol),
riboflavin (RB0) (376.36 g/mol) and naphthol green B (NGB3-) (878.46 g/mol) were com-
mercially supplied by Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). FeCl3·6H2O
was obtained from Alfa Aesar GmbH & Co. (Karlsruhe, Germany). Poly(ethylene glycol)s
(PEGs) of average molecular weights (Mw) 200, 400, 600 and 1000 g/mol were purchased from
VWR International GmbH (Darmstadt, Germany). Hydrochloric acid (HCl, 37%) and sodium
hydroxide (NaOH) were supplied by Merck Biosciences GmbH (Darmstadt, Germany) and
Sigma-Aldrich, respectively. All the chemicals were analytical-grade reagents and were used
as received without further purification.

2.2. Membrane Selective Layer Synthesis

The TA-Fe3+ TFC membrane synthesis procedure was reported in our previous
work [38]. Briefly, the pristine PAN support was pre-soaked in milli-Q water before further
use. Then, the PAN support was fixed to a custom-designed glass plate and clapped with a
PTFE frame to ensure that the MPN layer was synthesized only on the top surface of the
porous support. Next, the PAN support was subjected to 50 mL TA solution (0.02 w %) for
a specified time. The TA-treated porous support was then rinsed with water. Afterwards,
50 mL metal ion solution (0.09 w % FeCl3·6H2O) was added for the same period to coor-
dinate with the already adsorbed TA groups. The TA-Fe3+-coated PAN membrane was
further rinsed with pure water and subjected to both TA and Fe3+ solutions in the same
procedure in a layer-by-layer fashion to prepare a two-TA-Fe3+-layered thin film, as shown
in Figure 1. The assembly time was varied to prepare a series of TFC membranes. The PAN
support was exposed to both TA and Fe3+ solutions for the same duration, i.e., for 1 min,
2.5 min, 4 min or 6 min in each solution, and the corresponding fabricated TFC membranes
are labeled MPN-1, MPN-2.5, MPN-4 and MPN-6, respectively.

2.3. Membrane Characterization

Fourier transform infrared spectroscopy (FTIR) using a Bruker Alpha (diamond-ATR
unit) (Bruker, Karlsruhe, Germany) was used to analyze the functional groups and confirm
the presence of TA in the TA-Fe3+ selective layer synthesized over the PAN support. The
spectrum of each membrane was measured using 64 scans in the range of 400–4000 cm−1

with a resolution of 4 cm−1. Membrane morphological characteristics were characterized
by scanning electron microscopy (SEM) (Merlin SEM, Zeiss, Oberkochen, Germany) using
accelerating voltages of between 1.5 and 3 kV. Membrane samples were vacuum dried
at 60 ◦C for 72 h before being sputter-coated with 1–1.5 nm platinum using a CCU-010
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coating device (Safematic, Switzerland). For cross-sectional image analysis, the membrane
samples were prepared by immersing and fracturing them in liquid nitrogen. SEM images
based on material contrast using backscattered electrons were also obtained using an in-
lens EsB detector. Samples of the membrane cross-section were prepared by argon ion
milling at −120 ◦C and 4 kV for several hours. A precision argon ion beam milling etching
and coating system PECS II (Gatan/AMETEK, Pleasanton, CA, USA) was used. The
samples were coated with 4 nm carbon before measurement. The hydrophilic properties
of the membranes were analyzed by measuring the water contact angle (WCA) using
KRUESS Drop Shape Analysis System DSA 100 (FEI part of Thermo Fisher Scientific,
Kawasaki, Japan). The investigations were performed in the sessile drop mode with 3 µL of
water droplets at room temperature. The membrane surface zeta potential was measured
by a SurPASS 3 electrokinetic analyzer (Anton Paar, Graz, Austria) using a background
electrolyte solution containing 1 mmol NaCl. The zeta potential measurements were taken
in the pH range of 5–8 at room temperature. Energy-dispersive X-ray spectroscopy (EDX)
was performed to determine and compare the elemental compositions of the membrane top
layers using Extreme as the primary and X-max 150 as the secondary EDX detector (Oxford
Instruments, Abingdon, UK). The EDX analysis was performed at a working distance of
5.6 mm, a constant magnification of 5 kx and an acceleration voltage of 1.5 kV.
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Figure 1. Schematic representation of the fabrication process of the membrane selective layer. TFC
membrane containing TA-Fe3+ is fabricated by depositing tannic acid and iron aqueous solutions
over a porous PAN support in a layer-by-layer technique.

2.4. Evaluation of Membrane Performance

The membrane filtration performance was evaluated with pure water permeance
and solute rejection experiments. All experiments were performed in the dead-end fil-
tration mode using a 2.13 cm2 membrane active area. The membranes were compacted
for at least 3 h at 4 bar transmembrane pressure. Then, the pure water permeance, Pw
(L·m−2·h−1·bar−1), was measured and computed using the following equation:

Pw =
V

A ∗ ∆t ∗ ∆P
(1)

where V (L) is the volume of permeate collected, A (m2) is the effective area of the mem-
brane, ∆t (h) is the filtration time and ∆P (bar) is the applied transmembrane pressure.

Characterization of the membrane rejection performance was carried out using a
stirred test cell from Millipore (EMD Millipore XFUF07601) (Merck Millipore, Darmstadt,
Germany) at a stirring speed of 350 rpm in the dead-end filtration mode. The effective
membrane area of the test cells was reduced to the desired size with an in-house-made
reduction ring. PEG, dyes and Na2SO4 were used as solutes for the investigation. All
rejection tests were performed at 3 bar transmembrane pressure. The concentrations
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in the feed, permeate and retentate from the filtration test using PEG (1 g·L−1) were
analyzed using gel permeation chromatography (GPC) (VWR-Hitachi 2130 pump, Hitachi,
Darmstadt, Germany). The samples from the rejection test of dyes (feed concentration of
0.1 mM) were analyzed by a UV-Vis spectrophotometer (GENESYS 10S, Thermo Scientific).
The salt rejection performance of the membranes was measured with a 1 g·L−1 aqueous
solution of Na2SO4, and samples were analyzed using ion chromatography (Dionex ICS600,
Thermofischer Scintific Inc., Waltham, MA, USA).

To investigate the separation behavior of the synthesized membranes towards mixed
solutes, 1:1 molar mixtures of the dye solutions of 0.1 mM total feed concentration were
filtered with the aforementioned filtration setup. The recorded feed, permeate and retentate
samples were analyzed using UV-Vis spectrophotometry.

The observed rejection was then evaluated as follows:

R (%) =

1 −
Cp(

C f + Cr

)
/2

 ∗ 100 (2)

where R is solute rejection, and Cp, C f and Cr are the concentrations of the permeate,
feed and retentate solutions in mg·L−1, respectively. The concentrations before and after
permeate collection were measured. During the test, the feed-side concentration gradually
changes due to the passage of permeate solution across the membrane active layer. How-
ever, the change in the concentration is minor as the feed volume is huge compared to the
permeated volume of the test solution. The average of the feed and retentate concentrations
is taken into account for consideration of the small change in feed-side concentration in the
dead-end filtration mode. The arithmetic mean of C f and Cr is an approximation usually
performed to measure solute retention [40]. The membrane selectivities during the rejection
tests of both single solutes and mixed solutes are calculated using

Selectivity =
100 − R1(%)

100 − R2(%)
(3)

where subscripts 1 and 2 represent solute 1 and solute 2, respectively.
In order to evaluate the fouling resistance potential of the TA-Fe3+ TFC membranes, the

antifouling properties of the fabricated membranes were further assessed with the filtration
of humic acid (HA) solution. A humic acid feed solution of 100 ppm at a pH of ~7, adjusted
with HCl and NaOH, was used for these experiments. The experiments were conducted
according to the following procedure. First, pure water flux tests were performed for
1 h to determine the initial water flux (Wi). Then, the feed solution was replaced with HA
solution for the fouling studies for 1.5 h. After HA solution filtration, the fouled membrane
samples were taken out and rinsed with pure water. Finally, the pure water flux of the
fouled membranes (Wo) was measured again for 1 h. The procedure was repeated again
for a second cycle test. All experiments were performed at 3 bar transmembrane pressure.
Equations (4) and (5) were used to compute the water flux (W) and the flux recovery ratio
(FRR) of the analyzed samples, respectively.

W =

(
V

A ∗ ∆t

)
(4)

FRR =

(
Wi
Wo

)
∗ 100 (5)

3. Results and Discussion
3.1. Influence of Assembly Time on the Membrane’s Physicochemical and Morphological Properties

The general procedure of the TFC membrane fabrication followed in this work is
shown in Figure 1 while the parameters used for casting the TA-Fe3+ selective layers on
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top of a PAN porous support are listed in Table 1. Apart from the assembly time, all the
other parameters were kept unchanged while coating the TA-Fe3+ selective layers of the
TFC membranes. Table 1 shows the four TFC membranes prepared in this work, which
all have double TA-Fe3+ layers. It should be mentioned here that the permeance through
the membranes decreases with the increase in the number of deposited TA-Fe3+ layers [38].
The goal of this work was to achieve homogeneous TA-Fe3+ layers with the minimum
possible number of coating cycles and to control the permeance by varying the assembly
time. At least two coating cycles were required to achieve a homogeneous TA-Fe3+ layer
using 0.1176 mM TA and 3.33 mM FeCl3.6H2O. In what follows, the TFC membranes
are addressed by the assigned membrane name in Table 1, each corresponding to the
assembly time used for the coating of the TA-Fe3+ selective layers. FTIR spectroscopy
was used to investigate the deposition of TA-Fe3+ selective layers on the microporous
PAN support. As illustrated in Figure 2a, the PAN substrate shows its absorption band
for the nitrile group (C≡N stretching vibration) at 2242 cm−1 [41]. The bands at 2937
and 1453 cm−1 correspond to the CH2 vibration peak and the bending of the C-H bond
in CH2, respectively. Conversely, the membranes containing a TA−Fe3+ selective layer
show characteristic peaks different to those observed in the pristine PAN support. A new
peak at 1202 cm−1 is ascribed to the C-O stretching vibration while the absorption peak at
1575 cm−1 is attributed to the C=C stretching vibration bond from the aromatic groups
of TA. Representative peaks for the C=O stretching vibration from the ester groups of
tannic acid are also shown at 1713 cm−1 [27]. The broad FTIR spectrum between 3100 and
3700 cm−1 is attributed to the phenolic -OH groups of TA. Generally, these results confirm
the successful coating of the TA-Fe3+ layer on top of the porous PAN support. The TA-Fe3+

layer at the top of the microporous PAN support was also visible in a backscattered electron
SEM image as a thin bright line owing to presence of electron-rich Fe in the layer. As an
example, the backscattered electron SEM image of the TFC membrane sample synthesized
at 6 min of assembly time (MPN-6) is provided in Figure 2b.

Table 1. TA-Fe3+ selective layer casting parameters.

Membrane
Name

Casting Solution Concentration
[Weight %]

Casting Solution Concentration
[mM] Assembly Time

[min]
TA Solution

pH

Number of
TA-Fe3+ Layers

DepositedTA FeCl3.6H2O TA FeCl3.6H2O

MPN-1 0.02 0.09 0.1176 3.330 1 5.8 2
MPN-2.5 0.02 0.09 0.1176 3.330 2.5 5.8 2
MPN-4 0.02 0.09 0.1176 3.330 4 5.8 2
MPN-6 0.02 0.09 0.1176 3.330 6 5.8 2

Figure 2c shows the EDX spectra obtained at the surfaces of the PAN support and the
TFC membranes. As expected, the PAN support was composed of a significant amount
of carbon and nitrogen. A small amount of oxygen is also visible in the EDX spectrum of
PAN, which is in accordance with the –OH peak observed in the FTIR spectrum of PAN
(Figure 2a). The EDX spectrum of the TFC membranes shows the elements that are present
in the thin TA-Fe3+ layer as well as the PAN support owing to the penetration depth of the
high-energy electron beam used to excite the samples. The EDX analysis confirmed the
presence of Fe in the TFC membranes. The content of oxygen in the TFC membranes was
significantly higher compared to the PAN support. The iron-to-oxygen ratio in the TA-Fe3+

TFC membranes was computed from the integrated area of the peaks (after correcting the
peak area by subtracting that of PAN). All membranes presented ~0.2 for the Fe-to-O ratio,
as shown in Figure 2d. The –OH containing pyrogallol and catechol moieties in TA acts
as a bidentate ligand for the metal ion center during metal–polyphenol self-assembly to
form mono, bis and/or tris complexes [26,42]. The formation of the complexation state is
dictated by several factors including the pH, metal-to-ligand ratio and concentration of
casting solutions [26,43,44]. Previously, we provided the possible formation mechanism
of the TA-Fe3+ selective layer through the LBL technique [38]. The protocol involves a
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four-step procedure of TA adsorption and TA–metal ion coordination, which leads to the
formation of both mono- and bis-complex states. The theoretical Fe/O ratios of the three
different complexation states (calculated from the chemical structure considering that a TA
molecule contains 46 oxygen, out of which 25 are from –OH groups) are listed in Table S1
of the Supporting Information. The experimentally observed iron-to-oxygen ratios of the
TFC membranes lie between the theoretical Fe/O ratios of the mono complex (0.27) and bis
complex (0.14) for all TA-Fe3+ membranes. This proves that the TFC membranes contain a
mixed mono-and-bis-coordinated complexed TA-Fe3+ layer, which is consistent with the
findings of our previous study [38]. Figure 2d demonstrates that the assembly time has no
significant influence on the coordination state.
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Figure 2. (a) FTIR spectra of the PAN and TA-Fe3+ membranes fabricated at different assembly times.
(b) Backscattered electron SEM image of a TA-Fe3+ TFC membrane sample showing a continuous,
thin, Fe-rich selective layer deposited over the porous substrate. Elemental analysis of the PAN
support and the TFC membranes: (c) EDX spectra and (d) Fe/O ratio of the TFC membranes. Inset in
(c) displays a zoomed−in figure showing the peaks for oxygen and iron. (e) Surface zeta potential
as a function of pH for the PAN support and TA-Fe3+ membranes fabricated at different assembly
times. (f) A schematic illustration of the TA–metal ion coordination for thin-film formation by the
LBL technique. MPN-1, MPN-2.5, MPN-4 and MPN-6 represent TA-Fe3+ TFC membranes fabricated
at 1 min, 2.5 min, 4 min and 6 min of assembly time, respectively.
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The streaming zeta potentials at the surfaces of the membranes were measured to
evaluate the surface charge property. Figure 2e demonstrates that the TFC membranes
had negative zeta potentials in the investigated pH range, owing to the acidic nature of
the galloyl groups in tannic acid [26]. Polyphenols possess numerous dissociable hydroxyl
groups in their structure. The zeta potential profiles of the fabricated membranes showed a
gradual increase with the decrease in pH. The PAN support exhibited a negative surface
charge. However, the negative surface charge of the bare PAN membrane was weakened
after the TA-Fe3+ coating. Variation in self-assembly time has no significant influence on the
surface zeta potential of the membranes. It is well-established that PAN and other polymeric
surfaces with no dissociable groups demonstrate a negative zeta potential owing to the
preferential adsorption of –OH groups of water compared to hydronium ions [45]. Figure 2e
implies the TA-Fe3+ coating hinders the preferential adsorption of –OH groups of water
at the surface to some extent. The lower negative surface charge of the TFC membranes
containing a TA-Fe3+ selective layer compared to that of the PAN support is consistent
with the findings of our previous study [38]. While there was no significant influence on
the TA-Fe3+ coordination state and surface charge (Figure 2), a critical influence of the
assembly time on the surface morphology of the TFC membranes was observed (Figure 3).
A SEM image of the PAN support is shown in Figure 3a. The pristine PAN contains a
smooth and porous top surface. Figure 3b–e present the top surface and cross-sectional
SEM images of the TFC membranes synthesized at various assembly times. In comparison
to the PAN support, the top surface of the fabricated TFC membranes demonstrates a
significant decrease in porosity due to the MPN-layer coating. From Figure 3, it is also
evident that the MPN-layer coating does not penetrate the porous support, and the porosity
at the spongy support layer of the membranes remains unchanged. A careful comparison
of Figure 3b–e shows that the surface porosity of the TFC membranes gradually decreases
with the increase in assembly time. In other words, the top layer becomes denser with the
increase in the assembly time. The EDX analysis demonstrated that there is no significant
influence of the assembly time on the coordination state. For the studied assembly times
(i.e., 1–6 min), it was not possible to decipher any significant increase in the thickness of
the TA-Fe3+ selective layers of the TFC membranes from the cross-sectional SEM images
(Figure 3b–e). The LBL coating protocol allowed for controlled deposition of TA-Fe3+ on
the surface of the PAN layer. TFC membranes with similar surface charges but different
surface porosities were obtained by varying the assembly time.

3.2. Filtration Performance of the Membranes
3.2.1. Water Contact Angle and Pure Water Permeance of the Fabricated Membranes

The water contact angle (WCA) analyses of the polyacrylonitrile support and the TFC
membranes are shown in Figure 4a. The pristine support exhibited a WCA of around 48◦. The
WCA of the PAN membrane declined after the TA-Fe3+ coating. It is important to mention
here that the water contact angles are influenced by both the chemistry and porosity of the
membranes. The TA-Fe3+ layers, owing to the presence of hydroxyl groups, are substantially
more hydrophilic than the PAN. The hydrophilic nature of tannic acid [46] tends to decrease
the WCA of the TFC membranes compared to that of the PAN membrane. On the other hand,
for TA-Fe3+-containing membranes, the loss of porosity tends to increase the WCA of the TFC
membranes. Among the TFC membranes, the one fabricated using a one-minute assembly
time (MPN-1) had the highest surface porosity. Therefore, it had the lowest WCA. In fact,
the WCA was too low to measure. The contact angle increased from 22◦ to 42◦ when the
assembly time was lengthened from 2.5 min to 6 min. The dynamic water contact angles of the
membranes are provided in Figure S2 of the Supporting Information.
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Figure 4. (a) Water contact angle and (b) pure water permeance of the PAN support and TA-Fe3+

membranes fabricated at different assembly times. Retention of a single solute—(c) poly(ethylene
glycol) (neutral), (d) orange II (–1 charge), (e) riboflavin (neutral) and (f) naphthol green B (–3
charge)—by the TA-Fe3+ membranes as a function of the assembly time of the membranes. The solid
line is added to guide the eye.
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The pure water permeance (PWP) of the support was around 266 ± 17 L·m−2·h−1·bar−1.
Figure 4b presents the PWPs of the synthesized TFC membranes. As expected, the per-
meance dropped significantly after the deposition of the TA-Fe3+ selective layer. This
indicates a decrease in pore size and porosity compared to the porous pristine PAN surface.
Furthermore, the membrane surface chemistry was altered after the metal–polyphenol
network coating. A sharp decrease in water permeance through the TFC membranes can
be observed as the assembly time is increased from 1 to 6 min (Figure 4b). The water
permeance decreased owing to the lower porosity of the resulting membranes, as depicted
in the SEM images presented in Figure 3. The pure water flux of the assembled mem-
branes decreased by more than 6-fold when the assembly time was increased from 1 min to
4 min. The membrane synthesized at 6 min (MPN-6) showed a PWP of 5.6 L·m−2·h−1·bar−1.
The salt rejection performance of the membranes was also investigated. The retention of
Na2SO4 increased from 32% to 97% with the increase in assembly time from 1 to 6 min
(Figure S1, Supporting Information). Overall, the fabricated membranes displayed a high
Na2SO4 retention performance in comparison to other tannic acid–metal ion membranes
published in the literature, as shown in Table S2 of the Supporting Information.

3.2.2. Organic Solute Retention Performance

Figure 4c–f show the observed organic solute rejection performance of the prepared
TFC membranes. The neutral PEG and riboflavin had rather high permeances through
the TFC membranes, while the anionic dyes orange II and naphthol green B were highly
retained. PEG retention tests are the most commonly employed experiment to investigate
the pore sizes of such membranes. We investigated the retention of PEG with molecular
weights of 200, 400, 600 and 1000 g/mol by the TFC membranes. In every case, the
retention of PEG of a specific molecular weight increased with the assembly time (Figure 4c),
indicating the decline in the pore size of the selective layer. Hence, the findings of our
morphological investigations based on SEM (Figure 3) and PEG retention were in agreement
with each other. The retention rates of PEG of 1000 g/mol molecular weight by the TFC
membranes prepared by using 1, 2.5, 4 and 6 min assembly times were 11%, 20%, 34%
and 37%, respectively. These results confirm that although the pore size and porosity of
the selective layers of the TFC membranes gradually decrease with the assembly time,
each of the membranes has sufficiently large pores to allow the permeation of PEG with a
molecular weight of 1000 g/mol. Hence, as expected, the retention of the neutral molecule
riboflavin (molecular weight 376.76) is rather low, in the range of 7 to 25% (Figure 4e).
It is worth mentioning here that for the TFC membranes prepared using 1, 2.5, 4 and
6 min assembly times, the retention rates of riboflavin were 7, 8, 14 and 25%, while the
retention rates of PEG with a molecular weight of 400 g/mol were 7, 12, 24 and 27%,
respectively. Hence, the retention rates of neutral molecules are in good agreement with
one another. Figure 4c,e show a similar trend of rejection of neutral molecules (i.e., PEG
and riboflavin). With the increase in assembly time, the rejection gradually increases due to
a loss of surface porosity of the membranes. Figure 4d,f also show an increase in rejection
of the anionic molecules (i.e., orange II and naphthol green B) with an increase in the
assembly time. Unlike the neutral molecules, the anionic dyes orange II and naphthol
green B were highly retained by the TFC membranes. For example, the retention rates of
orange II and naphthol green B were 50% and 83%, respectively, for the TFC membrane
prepared at 1 min of assembly time (Figure 4d,f). The naphthol green B retention rate
was 97% while that of orange II was 94% when the assembly time was increased. The
rejection of orange II was significantly improved when the coordination proceeded to four
minutes. Surface porosity decreased only up to an assembly time of four minutes and
led to an improved solute removal performance. An assembly time beyond four minutes
resulted in a decline in water permeance by more than two-fold whilst no substantial
variation in the anionic dyes’ rejection was exhibited. Therefore, a compact selective layer
can be formed within just a few minutes. Essentially, the self-assembly of polyphenols
and metal ions occurs instantly [27,47]. However, as TA contains numerous –OH groups,
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complete coordination between the two components is unlikely to occur. Hence, a loose
network with elevated flux and relatively lower solute rejection is obtained at a short
assembly time. Coordination proceeds through the involvement of more functional groups
with the prolongation of the assembly time. However, the ideal selectivity of the orange
II/naphthol green B pair does not change significantly with the assembly time of the
studied membranes. For these anionic dyes, the ideal selectivities ranged between 2 and 3
(Table 2). On the other hand, the ideal selectivity of riboflavin/naphthol green B during
a single-solute retention test increased from 5 to 27 when the assembly time increased
from 1 min to 6 min (see Table 2), indicating a high permeation of neutral molecules while
retaining charged groups. Similarly, the riboflavin/orange II selectivity increased from
2 to 13 with the increase in the assembly time. These results indicate that the fabricated
membranes are suitable for charge-based organic/organic separation. The retention rates of
the dye molecules are ordered riboflavin < orange II < naphthol green B for all membranes.
Both size sieving and electrostatic exclusion play an important role in the selectivity and
retention of organic solutes [48,49]. Therefore, it seems that the high retention of orange
II as well as naphthol green B constitutes a combination of steric and Donnan effects.
Although riboflavin and orange II have similar molecular sizes and molecular weights,
the rather high retention rate of orange II suggests that Donnan exclusion predominantly
affects the separation mechanism for the partitioning of solutes at the membrane–solution
interface. The negatively charged TA-Fe3+ membrane surface (Figure 2e) rejects solutes that
are smaller than the membranes’ molecular weight cut-off for neutral molecules, which
is due to electrostatic repulsion. This demonstrates the high uncharged dye/charged dye
selectivities of the membranes. The discrepancy in retention rates between the anionic
dye molecules originates from their molecular sizes and charges. Orange II (350.32 g/mol)
is a smaller monovalent dye (with –1 charge) compared to the bigger naphthol green B
(878.46 g/mol) (with –3 charge) in aqueous solution. Therefore, the membrane–solute
electrostatic repulsive interaction is significant for naphthol green B. Moreover, for the
relatively porous membranes fabricated at a short assembly time, the small molecules of
orange II can permeate through the TA-Fe3+ active layer more easily compared to naphthol
green B. This aligns with the observed high selectivity for the MPN-1 membrane obtained
with a 1 min assembly time. However, as the assembly time is increased, dense membranes
are fabricated, restricting the permeation of orange II through the TFC membranes, which
leads to a comparable retention of the two anionic dyes at a long assembly time.

Table 2. Performance comparison of the TA-Fe3+ membranes with other reported studies for charge-
and charge/size-based separation of small organic molecules.

Membrane Type Small Molecules
Molecular

Weight
(g.mol−1)

Molecular
Charge

Selectivity
Diffusion (a)

Selectivity
Filtration Water Permeance

(L·m−2·h−1·
bar−1)

ReferenceSingle
Solutes

Mixed
Solutes

MPN-1
RB0 376.36 0 -- 5.3 6.5 86.1 This work
NGB3- 878.45 −3

MPN-2.5
RB0 376.36 0 -- 8.3 9.3 39.8 This work
NGB3- 878.45 −3

MPN-4
RB0 376.36 0 -- 23.4 18.4 13.6 This work
NGB3- 878.45 −3

MPN-6
RB0 376.36 0 -- 26.7 18.4 5.6 This work
NGB3- 878.45 −3

MPN-1
RB0 376.36 0 -- 2.0 -- 86.1 This work
OR- 350.32 −1

MPN-2.5
RB0 376.36 0 -- 4.1 -- 39.8 This work
OR- 350.32 −1
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Table 2. Cont.

Membrane Type Small Molecules
Molecular

Weight
(g.mol−1)

Molecular
Charge

Selectivity
Diffusion (a)

Selectivity
Filtration Water Permeance

(L·m−2·h−1·
bar−1)

ReferenceSingle
Solutes

Mixed
Solutes

MPN-4
RB0 376.36 0 -- 8.5 -- 13.6 This work
OR- 350.32 −1

MPN-6
RB0 376.36 0

13.2 -- 5.6 This work
OR- 350.32 −1

MPN-1
OR- 350.32 −1 -- 2.9 3.6 86.1 This work
NGB3- 878.45 −3

MPN-2.5
OR- 350.32 −1 -- 2 2.5 39.8 This work
NGB3- 878.45 −3

MPN-4
OR- 350.32 −1 -- 2.7 1.7 13.6 This work
NGB3- 878.45 −3

MPN-6
OR- 350.32 −1 -- 2 1.9 5.6 This work
NGB3- 878.45 −3

MPN
1TA-3Fe

RB0 376.36 0 -- 3.2 -- 62.5 [38]
OR- 350.32 −1

MPN
1TA-4.5Fe

RB0 376.36 0 -- 8.5 -- 13.6 [38]
OR- 350.32 −1

MPN
1TA-6Fe

RB0 376.36 0 -- 20.6 -- 3.8 [38]
OR- 350.32 −1

MPN
1TA-8Fe

RB0 376.36 0 -- 3.2 -- 0.9 [38]
OR- 350.32 −1

Amphiphilic random
copolymer membrane

Riboflavin 376.36 0
263 8.4 (b) 19.2 (b) 4.2 [3]

Acid blue 45 474.33 −2

Positively charged triblock
copolymer SNIPS membrane

(quaternized P4VP block)

RB0 376.36 0 -- 21.3 28.3 11.0 [6]
Methylene blue 319.85 +1

Negatively charged triblock
copolymer SNIPS

membrane (sulfonated)

OR- 350.32 −1 -- 14.7 44.6 9.5 [6]
NGB3- 878.45 −3

Negatively charged triblock
copolymer SNIPS

membrane (sulfonated)

OR- 350.32 −1 -- 64.3 - 9.5 [6]
Reactive green 19 1418.93 −6

Isoporous block
copolymer membrane

RB0 376.36 0
35.7 39.9 3.8 [50]

Methylene blue 319.85 +1

Negatively charged diblock
copolymer SNIPS membrane

(sulfonated)

OR- 350.32 −1 -- 5.2 -- 74 [7]
Reactive green 19 1418.93 −6

NP-Den hybrid membrane
Rhodamine 6G 479.02 +1

11 -- -- [51]
Calcein 622.53 −4

Self-assembled polyelectrolyte
deposited PCTE

Rhodamine 6G 479.02 +1
3.5 -- -- [52]

Calcein 622.53 −4

Cationic dendrimer
deposited PCTE

Calcein 622.53 −4
10 -- -- [53]

Rhodamine 6G 479.02 +1

(a) The selectivities were determined from a single-solute system. (b) We calculated the selectivities using the
reported retention values.

3.2.3. Mixed-Solute Retention

The ideal selectivity calculated from the study of the permeation behavior when using
feed solutions containing only single dyes demonstrated the potential of using the prepared
TFC membranes to separate one dye from another. To check the validity of these data in
order to determine the separation performance, it is important to study the permeation
behavior using feed solutions containing mixtures of dyes. Coexistent substances in a feed
solution can influence the retention and selectivity of solutes by membranes. For instance,
plasticization of the membrane active layer by one solute may lead to a decrease in the
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rejection of all solutes, while adsorption of solutes into the pores may lead to constant
variation in the rejection of all components [3]. Equimolar mixtures of dye solutions of
riboflavin and naphthol green B (RB0/NGB3-) as well as orange II and naphthol green B
(OR-/NGB3-) were filtered through the fabricated TFC membranes. It is worth mentioning
here that in our previous work [38], we reported that the anionic OR- and NGB3- did
not absorb on TFC membranes containing TA-Fe3+ selective layers and a PAN support
layer even after immersing the membranes in the dye solutions for 24 h. Figure 5a,b
display the effect of the assembly time on the retention and separation of an RB0/NGB3-
mixture. The UV-vis spectra of the feed and permeate solutions are plotted in Figure 5a.
While the peaks for RB0 strongly appear in the UV-vis spectra of the permeate solutions,
the NGB3- peak is hardly visible. Hence, as expected from the study of feed solutions
containing a single dye, from the equimolar RB0/NGB3- mixture, the TFC membranes
allowed RB0 to permeate rather easily and highly retained NGB3-. That is visible even in
the photographs of the feed and permeate solutions (Figure 5a), which show the colors of
the solutions turning from green to yellow after permeating through the TFC membranes.
The intensities of the UV-vis spectra at 444 nm and 715 nm were used to determine the
retention of RB0 and NGB3- from the mixture, respectively (Figure 5b). Figure 5c,d show
that the TFC membranes can also separate OR- and NGB3- from a mixed solution, as
anticipated from the study of the solutions containing single dyes. A color change is
visible for the solution that permeated through the TFC membranes prepared using a
1 min assembly time (Figure 5c). As evident from the corresponding UV-vis spectrum
(Figure 5c), this TFC membrane retains NGB3- while it allows a large portion of OR- from
the mixture to permeate through. As the pore size decreases (with an increasing assembly
time), the TFC membranes not only highly retain NGB3- from the mixture but also OR-.
Figure 5c shows the color of the permeate solutions gradually fade away with an increasing
assembly time of the TFC membranes, while the intensity of OR- in the UV-vis spectra of
the corresponding permeate solutions also decreases gradually. From the retention plot
in Figure 5d, it is clear that the difference in retention rates between OR- and NGB3- by
the TFC membranes gradually narrows with an increasing assembly time. This is reflected
in the real selectivity values (mixed solutes) of the OR-/NGB3- pair (Table 2). In general,
there is a trade-off between the permeance and selectivity, i.e., the membranes with high
permeances suffer from low selectivities and vice versa. However, the separation of OR-
and NGB3- from their equimolar mixtures by the studied TFC membranes does not follow
this trade-off. The MPN-1 TFC membrane prepared at a 1 min self-assembly time has the
highest OR-/NGB3- selectivity (3.6). Owing to its large porosity, it also has the highest
permeance among the four studied TF membranes. However, the TFC membranes follow
the trade-off between permeance and selectivity for the RB0/NGB3- pair. Table 2 shows
that, in general, there are some deviations of the real selectivity (mixed solutes) from the
ideal selectivity (single solutes). For example, the studies of single-dye retention led us to a
significant overestimation of the RB0/NGB3- selectivity for the TFC membranes prepared
using 4 and 6 min assembly times. However, in general, in our systematic study, the
ideal selectivity of the dye pairs revealed the separation potential of the membranes with
sufficient accuracy. The performance of the TA-Fe3+ membranes for the separation of small
organic molecules were compared to those from other studies in the literature, as shown in
Table 2. The fabricated membranes demonstrated excellent performance considering the
water permeance and selectivity in both single- and mixed-solute systems.
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Figure 5. (a) UV-vis absorption spectra of the feed and permeate solutions and (b) retention of the 1:1
molar mixture of riboflavin and naphthol green B dyes, with peaks at 444 nm and 715 nm, respectively,
through the TA-Fe3+ membranes synthesized at different assembly times. Inset: photographic images
of the mixed dye solutions before (feed, F) and after (permeate, P) filtration experiments. Numerical
values of 1, 2.5, 4 and 6 represent the assembly time (min) durations at which the membranes were
fabricated by exposing the PAN surface to the TA and FeCl3·6H2O solutions. (c) UV-vis absorption
spectra of the feed and permeate solutions and (d) retention of the dyes in the OR-/NGB3- system of
the 1:1 molar mixture of orange II and naphthol green B dyes, with UV-vis absorption peaks at 482 nm
and 715 nm, respectively, through the TA-Fe3+ membranes synthesized at different assembly times.



Membranes 2024, 14, 133 16 of 19

(e,f) Evaluation of the antifouling properties of the metal–phenolic selective layers; (e) normalized
water and HA solution flux of the TA-Fe3+ membranes and (f) flux recovery ratios of the synthesized
membranes. The investigation was performed by first recording the PWP of a membrane sample for
1 h followed by HA solution filtration for 1.5 h. Then, the membrane was rinsed with pure water to
remove fouled HA molecules, after which the PWP of the fouled membrane was measured for one
hour again to determine the FRR. This process was repeated for two cycles.

3.2.4. Evaluation of Membrane Antifouling Performance

Membrane fouling is a key factor for the evaluation of membrane performance. The
decrease in flux during process operation due to fouling results in performance decay
and increases the operational cost [54]. Therefore, we further investigated the fouling
property of the fabricated membranes using humic acid (HA) as a model foulant. The
study was carried out periodically to assess the changes in the flux of the MPN membranes.
Figure 5e displays the normalized membrane flux during different stages. The HA solution
filtration was performed in a steady state. All TA-Fe3+ membranes showed a decline in
flux during the fouling period due to the adsorption and accumulation of HA molecules
on the membrane surface and pore blockage. The membrane flux recovered to a certain
extent after cleaning. In the first cycle, the flux recovery ratio (FRR) was in the range
of 64–78% (Figure 5f). During the second cycle, the FRR exhibited a slight decrease due
to irreversible fouling on the surface of the membranes. The antifouling property of
the membranes is ascribed to the hydrophilic nature of the MPN membrane surfaces.
Incorporation of tannic acid in membrane surfaces or pore walls weakens the hydrophobic
interaction between the membranes and foulant molecules [55]. A protective hydration
layer is formed by the preferential adsorption of water molecules on the –OH-containing
self-assembled film [36,56]. This inhibition of membrane fouling prevents the decline
in HA solution flux. Moreover, it enhances the FRR after membrane cleaning. Surface
charge also plays a key role in affecting the membrane antifouling properties. TA contains
acidic catechol groups that can tune the surface property of thin films in constructing
antifouling surface substrates [57]. Generally, the fabricated membranes had a negative
surface potential (Figure 3a). The antifouling property is significantly enhanced by the
reversible electrostatic repulsion between HA and TA.

4. Conclusions

In this study, we investigated the influence of the assembly time on the synthesis of
MPN TFC membranes fabricated via a layer-by-layer technique from aqueous solutions of
low concentrated TA and a ferric ion. By varying the assembly time between 1 and 6 min,
we prepared membranes with similar surface charge densities but different porosities.
This work was focused on analyzing the performance of TA-Fe3+ TFC membranes for the
separation of neutral and anionic organic molecules, both in single-solute and mixed-solute
experiments. Over the years, there has been a considerable interest in the separation of
small organic molecules in the nanometer dimension due to the lack of commercially viable
membranes for this purpose. To the best of our knowledge, in this work, for the first time,
we have demonstrated that TFC membranes containing TA-Fe3+ selective layers can be
used for solute–solute separation with high selectivity from aqueous solutions containing
a mixture of small organic solutes. Aqueous solutions containing equimolar mixtures
of the riboflavin/naphthol green B pair and the orange II/naphthol green B pair were
used as feed solutions. The membranes showed a high rejection of negatively charged
solutes while low rejection was observed for neutral organic solutes. The electrostatic
interaction between the negatively charged membrane surfaces and the organic molecules
led to the selective permeation of the neutral solute riboflavin over naphthol green B. The
increase in the assembly time generally improved the selectivity of the riboflavin/naphthol
green B pair while the permeance decreased owing to a loss of surface porosity. This is
a general trend observed in most of the separation processes, which is often referred to
as the trade-off between permeance and selectivity. The results showed that the TA-Fe3+
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membrane fabricated at 4 min of assembly time demonstrated the best performance in
terms of its high selectivity for neutral/charged dye separation and its water flux. For the
orange II/naphthol green B (OR-/NGB3-) anionic dye pair, there was no trade-off between
permeance and selectivity. The TFC membrane prepared using a 1 min assembly time
(MPN-1) showed the highest water permeance and high selectivity for the OR-/NGB3-
dye pair. The present study indicates that the self-assembled selective layers of metal–
polyphenol-network-based TFC membranes obtained from a green synthesis pathway have
great potential in the treatment and fractionation of a mixture of complex streams. Overall,
this study proves that the assembly time is a vital tool that may be used to control the
surface morphology and tune the separation performance of TFC membranes containing
TA-Fe3+ selective layers prepared via LBL.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/membranes14060133/s1, Figure S1: Sulfate ion rejection of the
fabricated membranes and their respective salt solution permeance; Figure S2: Surface wettability of
the pristine PAN and TA-Fe3+ membranes fabricated at different assembly times; Table S1: Theoretical
Fe/O ratios in the three different complex states of TA-Fe3+ self-assembly; Table S2: Comparison of
the Na2SO4 separation performance of the fabricated selective layers and the TA-Mn+ membranes
using porous supports in the literature.
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Chapter 5. Nanofiltration Membranes Containing a Metal–

Polyphenol Network Layer: Using Casting Solution pH as a Tool to 

Tailor the Separation Performance 

The pH of solutions plays a crucial role in metal-polyphenol coordination. It influences the 

degree of ionization of polyphenols. It also affects the nature of the metal-polyphenol complex 

formed. Depending on pH levels, the coordination chemistry and stability of metal-polyphenol 

networks can vary significantly. The following chapter explores the effect of pH of the TA 

solution on TFC membrane fabrication in order to enhance the selectivity in solute-solute 

separation. MPN thin layer containing single TA-Fe3+ and double TA-Fe3+ layered TFC 

membranes fabricated at different pH are studied in detail. A gradient-like layer deposition in 

which each MPN layer is deposited at a different pH than its predecessor in a double TA-Fe3+ 

layered membranes is also explored. Here, it was found that depositing the first layer at lower 

pH and coating the second layer at higher pH increases mass transfer resistance compared to 

depositing layers at high pH followed by at low pH. Overall, changes in pH of the casting 

solution alter membrane characteristics such as surface porosity, water contact angle, water 

permeance, retention and selectivity. Highly wettable and selective membranes are generally 

obtained using slightly basic casting solutions. This is in agreement with the change in the 

complex formation state from mono-complex at acidic conditions to tris-complex at alkaline 

conditions. Here, the highest selectivity (around 31) for riboflavin-naphthol green B separation 

using MPN membranes is achieved. Analysis of salt retention properties of the MPN 

membranes with NaCl show a low rejection performance indicating that the selective layer 

could further be beneficial in organic/salt fractionation. 
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Nanofiltration Membranes Containing a Metal−Polyphenol Network
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ABSTRACT: Thin-film composite (TFC) membranes containing
metal−polyphenol network (MPN) selective layers were fabricated
using a supramolecular self-assembly between tannic acid (TA) and
ferric ion (Fe3+). The TA-Fe3+ thin film was coated on a porous
polyacrylonitrile support using aqueous solutions of TA and FeCl3
via a layer-by-layer deposition technique. The pH of the TA
solution was used as a tool to alter the membrane characteristics.
The surface porosity and water contact angle of the fabricated
membranes gradually decreased as the pH of TA casting solutions
was increased from 3 to 8.5 for both single-layered and double-
layered TA-Fe3+ TFC membranes. This allowed us to tune the
water permeance and the retentions of water-soluble neutral and
anionic molecules by the MPN membranes by varying the pH of the casting solution. It has been shown that the water permeance
decreased from 184 to 156 L·m−2·h−1·bar−1 for single TA-Fe3+ layer coated membranes when the pH was increased from 3 to 8.5,
while it declined from 51 to 17 for the double TA-Fe3+ layer. Anionic solutes in aqueous solutions were highly retained compared to
neutral components as the TFC membranes had a negative surface charge. Retentions of 95 and 90% were achieved for naphthol
green B and orange II dyes by a double-layered M4 membrane fabricated at pH 8.5, while only 13% retention was found for the
neutral riboflavin. The neutral dye riboflavin permeated 30.8 times higher than the anionic dye naphthol green B during a mixed dye
filtration test through the TFC membrane prepared by using a TA solution of pH 8.5. To the best of our knowledge, this is the
highest selectivity of a neutral/anionic dye pair so far reported for a TFC membrane having an MPN selective layer. Moreover,
fouling tests have demonstrated that the MPN separation layers exhibit robust stability and adequate antifouling performance with a
flux recovery ratio as high as 82%.

1. INTRODUCTION
Nature-inspired methods hold great potential for fabricating
high-performance materials. Among them, mussel-inspired
metal−polyphenol coordination is receiving high attention in
engineering novel functional surfaces.1−5 Metal−phenolic
networks (MPNs) are self-assembled supramolecular struc-
tures comprising Polyphenols coordinating metal ions.
Polyphenols can contain various catechol and galloyl
functionalities. These are considered polydentate ligands that
can chelate a vast range of transition metal ions to form highly
stable MPNs.6,7 The facile fabrication and biocompatibility of
MPN coatings have increased their application for the
synthesis of innovative and multifunctional materials.8 The
coating can be applied on various substrates due to the strong
adhesion properties of Polyphenols through their catechol and
galloyl moieties containing hydrophobic, hydrophilic, and
charge shifting regions.4 The polyphenol−metal ion complex-
ation has been identified as an efficient and versatile platform
of surface modification to engineer interfaces of novel
functionalities.4,8,9

Bioinspired approaches toward membrane development
have found a wide scope and renewed interest among
scientists.10 In the past decade, the environmentally sustainable
fabrication of mussel-inspired MPN films as the separation
layers of thin-film composite (TFC) membranes has attracted
considerable attention in membrane separation technol-
ogy.11−13 TFC membranes composed of a thin selective
layer on top of a microporous support are the industrial
standard in reverse osmosis, forward osmosis, and nano-
filtration. In a TFC membrane, the thin selective layer is
responsible for the separation, while the porous support
provides the mechanical strength.14 Interfacial polymerization,
the customary fabrication process of the thin selective layer of
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TFC membranes, involves the use of toxic organic solvents.
The membrane industry consumes a large amount of
hazardous solvents.15,16 Substitution of these solvents with
greener solvents, such as water, is thus crucial. As a result of
the global challenges linked with environmental contamina-
tion, environmentally friendly, greener procedures in mem-
brane technology have become more popular.
The strong adherent properties, alongside its low cost, fast

complexation kinetics, and facile and green preparation
process,9 make the tannic acid (TA)-based MPN a suitable
candidate to fabricate the selective layer of a TFC membrane.
TA is a nature-derived substance.17 Moreover, the U.S. Food
and Drug Administration has recognized MPN components
such as TA as safe materials.1 TA is the most studied
polyphenol and has been demonstrated to participate in
various types of bondings.18 TA is not only an excellent
polyphenol that forms films via metal chelation1 but also
soluble in water.19,20 The coordination between TA and metal
ions can alleviate contemporary environmental regulations on
the use of organic solvents in membrane processes. These
factors have prompted considerable research into the
fabrication of TFC membranes with TA−metal ion coordi-
nated selective layers.
Separation of small organic molecules (having dimensions

between 0.5 and 5 nm) from their mixtures has received a lot
of attention in recent years. Emerging contaminants,
particularly from pharmaceuticals and textile industries, are
still a global concern.21,22 NF membranes are becoming a
reliable and potential tool for micropollutant removal.23 MPN-
based membranes have been investigated for various
applications since their introduction over the past decade.
For instance, Fan et al. fabricated antioxidant TA-Fe3+ loose
nanofiltration membranes.11 Lee and colleagues reported a
facile approach to preparing antifouling MPN membranes for
heavy metal removal.13 Fang et al. fabricated a PES/Fe-TA
membrane via integrating blending and interfacial coordination
for enhanced dye/salt separation.24 Several studies on the
application of MPN-based thin films for oil-in-water emulsion
separation have also been reported.25−27 Moreover, these TFC
membranes have been applied for the removal of trace organic
contaminants12 and dye removal.28,29 However, the use of
TFC membranes containing TA-Fe3+-based selective layers for
the separation of organic solutes and micropollutants from
each other remains to be explored. Beyond the applications
reviewed above, the implementation of TA-Fe3+ TFC
membranes with significantly high separation efficacy for
diverse applications such as pollutant removal and recovery is
vital. This necessitates the development and design of a TA-
Fe3+ layer having the right pore size and layer properties to be
able to separate such small molecules from each other. Hence,
it is important to explore the parameters that control the
formation of ligand−metal ion complexes while casting the
TA-Fe3+ layer. The pH of the casting solution is one of the
major factors governing the MPN layer formation.30

Polyphenol-metal stoichiometry is highly pH-dependent.31

During TA-Fe3+ TFC membrane fabrication through the LBL
technique, the first step is TA adsorption on the porous
support. The acidity or alkalinity of the TA solution can
influence its interaction with the support substrate. Second, the
coordination with metal ions can be affected by solution pH1

during the self-assembly throughout the alternate deposition of
precursor solutions. This entails the need for the systematic

investigation of casting solution pH on the morphology and
separation performance of the MPN membranes.
In the present work, we intend to demonstrate the effect of

the TA casting solution pH on the membrane morphology and
performance in the separation of neutral and anionic molecules
having molecular weights in the range of 200−1000 g/mol. We
report the fabrication of TA-Fe3+ TFC membranes via a layer-
by-layer (LBL) method to form the MPN active layer on a
porous PAN membrane support.

2. EXPERIMENTAL SECTION
2.1. Materials. The polyacrylonitrile (PAN) ultrafiltration

membrane was fabricated at Helmholtz-Zentrum Hereon. TA
(1701.2 g/mol) was purchased from Sigma-Aldrich Chemie
GmbH (Germany). FeCl3·6H2O was obtained from Alfa Aesar
GmbH & Co. Hydrochloric acid (HCl, 37%) was obtained
from Merck Biosciences GmbH, while sodium hydroxide
(NaOH) was provided by Sigma-Aldrich. Riboflavin (RB0),
orange II (OR-), and naphthol green B (NGB3-) were
purchased from Sigma-Aldrich Chemie GmbH (Germany).
Poly(ethylene glycol) (PEG) of 200, 400, 600, and 1000 g/mol
average molecular weights were obtained from VWR Interna-
tional GmbH (Germany). All of the chemicals in this study
were used as received without further purification.
2.2. Preparation of TA-Fe3+ Membranes. The TFC

membranes were fabricated by depositing TA and ferric salt
solution over a microporous PAN support via an LBL strategy.
The TA (0.1176 mM) and FeCl3 (3.330 mM) solutions were
prepared separately by dissolving in water. These optimized
concentrations have been chosen based on our previous
rigorous study on the effect of concentration on membrane
performance such as water flux and retention properties.32 The
PAN support was first wetted by immersing it in water for 3 h.
Then, the prewetted support was fixed between a glass plate
and a PTFE frame. Each TA-Fe3+ layer was formed by
exposing the top surface of the PAN membrane to a solution of
TA for 4 min, followed by rinsing with pure water. Here, TA is
adsorbed to the surface of the substrate. Next, the TA-
adsorbed support membrane is exposed to a solution
containing Fe3+ for the same period, leading to polyphenol−
metal ion coordination, followed again by rinsing with pure
water. In this way, membranes coated with one layer of TA-
Fe3+ were fabricated. The pH of the aqueous solution in which
TA was dissolved was varied between 3 and 8.5 to fabricate
three membranes containing a single TA-Fe3+ layer.
The process was repeated again to obtain double-layered

TA-Fe3+ TFC membrane through the LBL technique. The
parameters used for coating the TA-Fe3+ layers on the PAN
support are listed in Table 1.
2.3. Membrane Characterization. Fourier transform

infrared (FTIR) spectra of the membranes were measured
with a Bruker Alpha (diamond-ATR unit) (Bruker, Karlsruhe,
Germany). The spectra in the range of 400−4000 cm−1 were
collected using 64 scans at a resolution of 4 cm−1. The
background spectrum of the PAN support was also acquired
prior to TA-Fe3+ active layer synthesis. The zeta potential of
the membranes was determined using a SurPASS 3 electro-
kinetic analyzer (Anton Paar, Austria). All tests were
performed at room temperature using a background electrolyte
solution of 1 mM NaCl. The surface hydrophilicity of the
fabricated membrane was assessed through measurements of
the water contact angle (WCA). The WCA measurements
were performed on a KRUESS Drop Shape Analysis System
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DSA 100 (FEI part of Thermo Fisher Scientific, Kawasaki,
Japan) at room temperature. DI water of 3 μL was dropped on
the top surface in the sessile drop mode. Scanning electron
microscopy (SEM) (Merlin SEM, Zeiss, Germany) was used
to characterize the morphologies of the membranes. Samples
were vacuum-dried at 60 °C for 72 h and then coated with 1−
1.5 nm Pt using a CCU-010 coating device (Safematic,
Switzerland) prior to imaging. SEM images of the cross section
and top surface were acquired using accelerating voltages of 1.5
and 3 kV, respectively, at a working distance between 3.4 and
3.6 mm.
2.4. Filtration Performance Test. The membrane

separation performances were evaluated through filtration
tests in the dead-end filtration mode. PWP and solute rejection
experiments were conducted at 3 bar transmembrane pressure
after compaction at 4 bar for at least 2 h.
The water flux and permeance of the membranes were

evaluated according to the following equations:

=
×

J
V

A tw (1)

=
J

P
PWP w

(2)

where Jw (L·m−2·h−1) represents the water flux, while V (L) is
the volume of the permeate, A (m2) is the effective filtration
area, and t (h) is the operation time. PWP (L·m−2·h−1·bar−1) is
the pure water permeance, and ΔP (bar) is the applied
transmembrane pressure.
Rejection experiments were performed using a stirred test

cell from Millipore (EMD Millipore XFUF07601). The feed
solution was stirred at a rate of 350 rpm. Here, we determined
the rejection performance of the TA-Fe3+ thin film using dye
(0.1 mM) and PEG (1 g/L) solutions using 300 mL feed
solutions. The molecular structure and the respective

molecular weight and charge in a solution of the dyes used
in this study are shown in Figure 8a. Moreover, mixed solute
retention tests were performed using a 1:1 molar mixture of
dye solutions of 0.1 mM concentration. Salt retention
performances of the fabricated membranes were also examined
with 1 g/L feed solutions of NaCl and a NaCl−Na2SO4
mixture. The mixed salt solution was prepared at a chloride-
to-sulfate molar ratio of 1:1. Solute rejections were calculated
using eq 3.33

=
+

×R
C

C C
(%) (1

( )/2
) 100p

f r (3)

where R is solute retention and Cp, Cf, and Cr are the solute
concentrations in the permeate, feed, and retentate solutions in
mg·L−1, respectively. Concentrations of the feed were
determined before the test, and the concentrations of the
permeate and retentate were determined after running the test.
Three Cp and Cr samples were collected and averaged, each
collected after 10 mL of permeate had passed. For dye
filtration, the concentrations of the different samples were
analyzed using a UV−vis spectrophotometer (GENESYS 10S,
Thermo Scientific). However, PEG samples were analyzed
with gel permeation chromatography (GPC) (VWR-Hitachi
2130 pump, Hitachi, Darmstadt, Germany). Ion chromatog-
raphy (Dionex ICS600, Thermofischer Scientific Inc., USA)
was used to analyze the concentrations of the ions during salt
rejection measurements.
Membrane selectivity toward two solutes is computed using

= R
R

Selectivity
100 (%)
100 (%)

1

2 (4)

Here, R1 and R2 are rejections of solutes 1 and 2,
respectively.
2.5. Assessment of Membrane Antifouling Property.

The antifouling property of the MPN TFC membranes was
evaluated with a dynamic filtration fouling test to determine
the flux decline and flux recovery ratio (FRR). Humic acid
solution (100 mgL−1) was used as a pollutant solution. The
overall strategy involved three steps. First, the initial pure water
flux (J1) of the membranes was measured for 1 h. Next, the
feed solution was replaced by the humic acid solution, and the
foulant solution flux (Jf) was measured for 1.5 h. Then, the
membrane was rinsed with pure water before being reinserted
back into the filtration system to measure a new pure water flux
(J2). This process is repeated again to achieve a two-cycle
foulant solution filtration test. The FRR is then calculated
according to the following equation:

= ×
J

J
FRR(%) 1002

1 (5)

3. RESULTS AND DISCUSSION
3.1. Membrane Morphology and Water Permeance.

TA bears several −OH groups. The mechanism of
coordination involves the release of two hydrogen ions into
solution by TA to give two electrons to metal ions, thus leading
to chelate formation.34 The complexation between TA and
Fe3+ changes with solution acidity or alkalinity. As the
dissociation of TA is pH-dependent,35 we investigated and
characterized the effect of TA solution pH on TFC membrane
fabrication and performance. The pH of the TA aqueous

Table 1. Membrane Separation Layer Fabrication
Parameters for Single-Layered and Double-Layered TA-Fe3+

Thin Films of a Self-Assembled Network Deposited over the
PAN Support with Their Respective Measured Pure Water
Permeance (PWP)a

TA solution pH

membrane
code

first
layer

second
layer

number of TA-Fe3+
layers deposited

PWP in L·m−2·
h−1·bar−1

S1 3 1 184
S2 5 1 167
S3 8.5 1 156
M1 3 3 2 51
M2 5 5 2 24
M3 5.8 5.8 2 21
M4 8.5 8.5 2 17
M5 3 5 2 45
M6 3 5.8 2 32
M7 3 8.5 2 26
M8 8.5 3 2 41
M9 8.5 5 2 26
M10 8.5 5.8 2 21
M11 5 8.5 2 34
M12 5 3 2 48
M13 5.8 3 2 46

aCasting solutions contain 0.1176 mM TA and 3.330 mM FeCl3, and
the assembly time was 4 min.
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solutions was varied in the range of 3−8.5 to coat the selective
layer of the TFC membranes on a microporous PAN support.
At high pH, the phenolic functions of TA oxidize to quinone
groups, which do not coordinate with Fe3+.36 Therefore, we
have limited the study to a maximum pH value of 8.5 in this
work, where no quinones have yet been formed. The pH of the
FeCl3 solution was kept constant while coating the selective
layers. Table 1 shows the PWP of the fabricated TFC
membranes containing both single (S1−S3) and double (M1−
M13) TA-Fe3+ layers. MPN coatings of one or two layers were
investigated as further deposition of TA-Fe3+ layers resulted in
the formation of highly dense films with a significantly reduced
water flux.32 The surface chemical groups of the MPN coating
and the microporous support were analyzed through FTIR
analysis (Figure 2). Similar FTIR results for all of the
fabricated membranes can be found in Figure S1 of the
Supporting Information. Peaks at 2937 and 2242 cm−1 belong
to the CH2 stretching vibration and the C�N stretching
vibration of the PAN support layer, respectively. The band at
1453 cm−1 corresponds to the bending of the C−H bond.
FTIR characteristic peaks of different functional groups unique
to TA were also detected. The peaks at 1202 and 1575 cm−1

are ascribed to the C−O stretching vibration and the C=C
stretching vibration from the aromatic groups of TA,
respectively. The absorption peak attributed to C=O stretching
vibration from the ester groups of TA appears at 1713 cm−1,
while the broad band at 3100−3700 cm−1 that belongs to the
stretching vibration of O−H groups was enhanced in the newly
synthesized double-layered membranes due to their phenolic
nature. The occurrence of the above-mentioned new bands
confirms the deposition of TA-Fe3+ films.
The PWP of the pristine PAN support was ∼266 L·m−2·h−1·

bar−1. The TA-Fe3+ layer coated membranes allowed
significantly lower water permeances than that of the pristine
PAN support. The water permeance of the membranes
containing a single TA-Fe3+ layer (i.e., S1, S2, and S3)
declined from 184 to 156 L·m−2·h−1·bar−1 (Table 1 and
Supporting Information Figure S2) as the pH of the TA casting
solution increased from 3 to 8.5. Figure 3 shows the surface
and cross-section SEM micrographs of the PAN supports, S1,
S2, and S3. Compared to PAN, the surfaces of S1, S2, and S3
showed a notable change in the porous structure due to the
deposition of the MPN layer (Figure 3). The PAN support
membrane showed a highly porous top surface structure, while
the TA-Fe3+-coated membranes displayed a decrease in the
number and size of surface pores. The cross-section images of
all membranes showed a sponge-like structure. No substantial
variations in the cross-sectional morphology between the PAN
support and the TFC membranes were observed. It shows the
formation of a thin TA-Fe3+ layer on the top surface without
deep penetration into the pores of the PAN support layer.
M1−M4 are double TA-Fe3+ layered TFC membranes in

which both layers were synthesized at the same pH. The PWP
of the TA-Fe3+ membrane synthesized at pH 3 (M1) was
∼51.5 L·m−2·h−1·bar−1. A sharp decline in PWP is displayed
when the pH of the TA casting solution is increased from 3 to
5. The PWP of TA-Fe3+ membranes prepared at pH 5, pH 5.8,
and pH 8.5 are 24, 21, and 17 L·m−2·h−1·bar−1, respectively.
These results are in line with the observed SEM morphology
(Figure 4a−d), which shows that the surface porosity of the
assembled film decreases due to the enhanced coordination of
neighboring TA-Fe complexes at high pH.

At specified concentrations, assembly times, and ionic
strengths, the aqueous solution pH controls the polyphenol−
metal ion complexation nature as illustrated in Figure 1. The

metal−polyphenol complexes comprise various stoichiometries
(i.e., mono-, bis-, and tris-complex) as modulated by pH. The
metal chelation behavior of catechol and galloyl ligands
demonstrates that acidity or alkalinity of the solution controls
the ionization of TA.37 Essentially, several phenol groups are
protonated at low pH. Phenol groups of TA only coordinate
with a metal ion in the deprotonated state, i.e., when they are
negatively charged. Therefore, only a small number of
functional groups are available for coordination. This results
in larger open pores between neighboring complexes. Hence, a
low cross-linked network of the dominantly monocomplex
coordination state is formed. Deprotonation of TA and the
number of available metal binding sites increase with an
increase in the pH of the aqueous solution. TA-Fe3+
coordination is predominantly in the bis-complex state in the
solution pH range of 3−6.1 However, at pH 7 and higher, a
dense highly cross-linked self-assembled film of the tris-
complex state displaying low water permeance is synthesized.
The tris-complex elucidates three TA molecules coordinated
with one metal ion center.
In the cases of M5−M13, we have also explored the

interplay between the PWP and casting conditions by the
deposition of each TA-Fe3+ layer at a different pH (Table 1).
The surface and cross-sectional SEM micrographs of these
membranes are provided in Figure 5. Two sets of coating
solutions were analyzed in this work. For M5, M6, and M7, the
first MPN layer is deposited using a TA solution of pH 3, while
for the second layers, TA solutions of pH 5, 5.8, and 8.5 were
used. The PWP decreases with increasing the pH of the casting
solution of the second layer. The PWP of M5 (pH 3 for the
first layer and pH 5 for the second layer) was 45.5 L·m−2·h−1·
bar−1, while it declined to 26 L·m−2·h−1·bar−1 for M7 (pH 3 for
the first layer and pH 8.5 for the second layer). The fabrication
of M8, M9, and M10 involves coating the first TA-Fe3+ layer
using a TA solution of pH 8.5 and the second layers using TA
solutions of pH 3, 5, and 5.8. The PWPs of M8, M9, and M10
are 41, 26, and 21 L·m−2·h−1·bar−1, respectively (Table 1 and
the Supporting Information, Figure S2). The comprehensive
investigation allows us to analyze the role of the first and

Figure 1. Schematic illustration of the TA-Fe3+ selective layer coating
over a PAN porous membrane. The illustration shows the pH-
dependent transition of the coordination between TA and Fe3+ ions
among mono-, bis-, and tris-complex states, and the resulting thin
film’s selective permeation behavior toward organic solutes.
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second TA-Fe3+ layers in the resistance against mass transport
through the membrane. Considering the PWP through the
PAN support as the basis, for a TA casting solution of pH 3,
the PWP dropped by 31% after coating the first TA-Fe3+ layer
(i.e., in the case of S1), while it dropped by 81% after coating
the second TA-Fe3+ layer (i.e., in case of M1). In the case of
the pH 8.5 TA solution, the first and second coatings of the
TA-Fe3+ layer led to 41 and 94% drops of the PWP,
respectively. In the double TA-Fe3+ layered membranes, the
second TA-Fe3+ layer plays the dominant role in determining
the resistance against mass transport. However, an obvious
difference of PWP was also observed for the membranes where
the first TA-Fe3+ layers were coated using TA solutions of
different pHs, while the second membrane was coated using
the same TA solution. For example, the PWP through M8 is
approximately 10 L·m−2·h−1·bar−1 lower than that of M1. The
second TA-Fe3+ layer of both M1 and M8 is coated using the
TA solution of pH 3. The difference in PWP in these
membranes stems from the first TA-Fe3+ layer, which is coated
using a TA solution of pH 3 and 8.5 for M1 and M8,

respectively. Similarly, a 9 L·m−2·h−1·bar−1 difference in PWP
is observed between M7 and M4 as the first TA-Fe3+ layers of
these membranes are coated using TA solutions of pH 3 and
8.5, respectively, although the second layers for both
membranes are coated using the TA solution of pH 8.5.
Therefore, we also attempted to analyze the influence of
reversing the pH of the TA casting solutions used to coat the
first and second TA-Fe3+ layers of the TFC membranes. The
first and second layers are reversed using TA casting solutions
of pH 3 and 8.5 to coat the selective layers of M7 (first pH 3
and second pH 8.5) and M8 (first pH 8.5 and second pH 3).
The PWP of M7 (26 L·m−2·h−1·bar−1) < M8 (41 L·m−2·h−1·
bar−1). Similarly, the PWP of M6 (32 L·m−2·h−1·bar−1) < M13
(46 L·m−2·h−1·bar−1), which shows the influence of reversing
the first and second TA-Fe3+ layers using TA casting solutions
of pH 3 and 5.8. The PWP of M9 (26 L·m−2·h−1·bar−1) is
slightly lower than that of M11 (34 L·m−2·h−1·bar−1). The
influence of using TA casting solutions of pH 5 and 8.5 to
reverse the first and second layer coatings on PWP can be
observed from this pair. The PWP of M5 (45 L·m−2·h−1·bar−1)

Figure 2. (a) FTIR spectra of PAN and a double TA-Fe3+ layered TFC membrane fabricated at pH 3 for both layers (M1), and (b) selected FTIR
region illustrating the peaks specific to TA.

Figure 3. SEM images of single-layered TA-Fe3+ TFC membranes fabricated at different pHs: (a) pristine PAN support, (b) pH 3, (c) pH 5, and
(d) pH 8.5. Insets show cross-sectional SEM images. The fabrication parameters can be found in Table 1.
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≈ M12 (48 L·m−2·h−1·bar−1). This pair reversed the first and
second TA-Fe3+ layers coated using the TA casting solutions of
pH 3 and 5. In general, the average PWP of the double TA-
Fe3+ layered membranes fabricated using TA solutions of
higher pH for the first layer surpassed those for which lower
pH TA solutions were used to coat the first layer. When the
pHs of the TA casting solutions used to coat the first and
second TA-Fe3+ layers are far away from each other (e.g., pH 3
and 8.5), the effect of reversing is also stronger. Overall, the
results show that although the PWP of the TFC membranes
can be tuned for the single TA-Fe3+ layered membranes coated
using TA solutions (0.1176 mM) of different pHs, these
membranes might be useful for ultrafiltration applications. This
work aims to prepare nanofiltration membranes for the
separation of small organic molecules (having MW between
200 and 1000 g/mol). The PWP values of the double-layered
membranes varied between 21 and 51 L·m−2·h−1·bar−1, which
is typical for loose nanofiltration membranes with large
molecular weight cutoffs suitable for the separation of organic
molecules.38,39 Hence, among the membranes listed in Table 1,
only those containing a double TA-Fe3+ layer can be suitable
for the targeted applications. For further investigations, we
have selected M1, M2, M3, and M4 (i.e., the double TA-Fe3+
layered membranes), where both layers are coated using the
TA solutions of the same pH.
3.2. WCA and Surface Zeta Potential. Mussel-inspired

metal−polyphenol coatings have a reputation for producing

stable and hydrophilic surfaces.40,41 WCA was used to examine
the change in hydrophilicity before and after MPN layer
coating. The wettability of the membranes prepared at various
pH values as revealed by WCA is presented in Figure 6b. The
pristine support showed a WCA of around 47 °, illustrating its
relatively low hydrophilic property. The PAN water wettability
is due to the high polarity of its backbone.42 After in situ
fabrication of the TA-Fe3+ thin film, the WCA of the TFC
membranes declined gradually. The widely accepted notion is
that a reduced contact angle signifies increased surface energy,
a stronger tendency of membrane wetting by water, and
therefore enhanced hydrophilicity. An increase in the pH of
the casting solution resulted in the fabrication of a
comparatively hydrophilic surface. The WCA of the membrane
M4 decreased to about 16 °. Time-dependent WCA from
WCA tests is shown in Figure S4 of the Supporting
Information. TA-based selective layers exhibit a very low
WCA, indicating the fabrication of superhydrophilic mem-
brane surfaces.43 The low contact angles of the TFC
membranes were due to the hydrophilic nature of the TA-
Fe3+ top layer containing hydroxyl functional groups in
polyphenols. The functional groups of TA on the membrane
surface can form hydrogen bonds with water molecules. The
nanostructured protrusions on the surface of the membrane
also contribute to the overall hydrophilicity.44 Enhancing the
surface hydrophilicity is an effective approach for increasing
the water permeance of membranes.43 Hence, the synthesis of

Figure 4. SEM images of double-layered MPN TFC membranes fabricated at the same pH for both TA-Fe3+ layers: (a) M1 at pH 3, (b) M2 at pH
5, (c) M3 at pH 5.8, and (d) M4 at pH 8.5. Insets show their cross-sectional SEM images. The fabrication parameters can be found in Table 1.
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an MPN selective layer with low WCA decreases the
membrane surface transport resistances toward water mole-
cules. Moreover, hydrophilic surfaces prevent membrane
fouling by inducing the formation of a hydration layer at the
membrane/water interface.45

Membrane performance is predominantly affected by the
active layer characteristics, such as surface charge and pore size.
Figure 6a shows the pH dependence of the membrane surface
zeta potential curves. The results of the zeta potential
demonstrated that the negative surface charge of the TFC
membranes was lower than that of the PAN support. This
weaker negative charge of the membrane surface after MPN
coating has been reported before.32,46 However, all membranes
exhibited a negative zeta potential in the pH range of 5−8. The
charge of a membrane plays a crucial role in determining its
ability to reject solutes during filtration processes.47 Surface
charge has a strong influence on membrane separation
performance owing to the Donnan effect. Therefore, the
observed negative surface charges of the TA-Fe3+ layer would
significantly impact the membrane rejection mechanism,

enhancing the subsequent anionic solute rejection and
selectivity. Moreover, the negative charge of the membrane
surface enables the membrane to provide better antifouling
performance.48 The observed electronegativity of the TFC
membrane surface is attributed to the ionizable functional
groups in the TA-containing self-assembled network.
3.3. Membrane Separation Performance. 3.3.1. PEG

Retention. Figure 7 shows the retention of PEG 200−1000 g/

mol by PAN support, M1, M2, M3, and M4. As PEG is a
neutral molecule, the retention of PEG of different molecular
weights portrays the size sieving ability of the membranes.
Figure 7 shows that the PAN membrane (which is used as a
support layer for the TFC membranes) does not significantly
retain PEG 200−1000 g/mol. In other words, the pores of the
PAN membranes are large enough to allow a complete
permeation of neutral molecules as large as PEG 1000 g/mol.
Hence, the retention behavior of M1, M2, M3, and M4 solely

Figure 5. Surface and cross-sectional SEM images of double-layered TA-Fe3+ TFC membranes prepared at different pH conditions for each layer.
The fabrication parameters can be found in Table 1.

Figure 6. (a) Surface zeta potentials as a function of background
electrolyte pH and (b) WCA of the membranes.

Figure 7. Neutral solute retention performance of double TA-Fe3+
layered membranes M1, M2, M3, and M4. Retention of 1 g/mol feed
solution of PEG 200−1000 g/mol MW at 3 bar transmembrane
pressure.
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represents the size sieving property of the TA-Fe3+ selective
layers of the TFC membranes due to the variation of pH of the
TA solution between 3 and 8.5. Owing to the high surface
porosity, M1 has the lowest retention of the PEG molecules
among the four membranes. The retentions of PEG 200−600
g/mol by M1 are below 10%, while only that of PEG 1000 g/
mol exceeds 10%. An increase of PEG retention by the
membranes is observed when the pH of the TA casting
solution rises. For all four studied PEG molecular weights, the
retention decreased in the order of M4 > M3 > M2 > M1. It
demonstrates that the size sieving ability of the TA-Fe3+ self-
assembled thin selective layer can be controlled by varying the
TA aqueous solution pH. Figure 7 also demonstrates that M1,
M2, M3, and M4 allow a rather high permeation of PEG 200−
1000 g/mol. Only the retention of PEG 1000 by M4 exceeds
50%. In every other case, the retention values are below 40%.
In other words, in the absence of electrostatic interaction, the
neutral solutes of 200−1000 g/mol can permeate rather easily
through M1, M2, M3, and M4.

3.3.2. Single Dye Retention. Figure 8 shows the retention of
three dyes from their respective aqueous solutions by M1, M2,

M3, and M4. The molecular weights of orange II (OR-),
riboflavin (RB0), and naphthol green B (NGB3-) are 350.32,
376.36, and 878.46 g/mol, respectively. Control experiments
with the uncoated porous PAN membrane were performed
first for analysis. Interestingly, this membrane exhibited low
dye retention performances of only 1, 3, and 7% for riboflavin,
orange II, and naphthol green B, respectively. The expected
low rejections in the PAN likely stem from the enhanced
convective transport of the dyes due to the large pore sizes of
the support. The solutes encounter little to no hindrance in
entering the membrane pore. However, the retention rates of

the anionic dyes by the TFC membranes are significantly
enhanced after MPN layer coating.
As the TA-Fe3+ membranes have a negative surface charge,

OR- and NGB3- are highly rejected. For example, the
retentions of OR- and NGB3- by M1 are around 79 and
89%, respectively. It is noteworthy that the retention of PEG
400 g/mol by M1 is only ∼3% (Figure 7). Although OR- has a
molecular weight of 350.32 g/mol, owing to the electrostatic
repulsion by the surface of the membrane, the retention of OR-
by M1 is approximately 24 times higher than that of PEG 400
g/mol. As expected, the neutral RB0 was hardly retained by
M1 (5%) although the molecular weights of RB0 and OR- are
comparable. This reiterates the charge selectivity of the MPN
layer due to the Donnan effects, while the influence of size
sieving on solute retention is minimal. Membranes basically
reject organic solute molecules primarily through a combina-
tion of size exclusion and charge repulsion mechanisms. The
size exclusion mechanism relies on the relative size of the dye
molecules and the membrane pores. However, the low
retention of electroneutral solutes of PEG and riboflavin in
correlation with the observed SEM images illustrates the small
contribution of size sieving to the overall retention mechanism.
Therefore, the high retentions of the anionic dyes are due to
the electrostatic repulsion interaction between the negatively
charged TA-Fe3+ membrane surface (Figure 6a) and the
charges carried by the organic solutes in solution. This
exclusion mechanism supplies the MPN membranes with a
charge-selective property to effectively separate and remove
dye molecules from the aqueous solutions. Membranes M2,
M3, and M4 also show a similar behavior, i.e., a substantially
higher retention of OR- compared to RB0. The retentions of
OR- by M2, M3, and M4 membranes are in the range of 82−
90% (Figure 8c), while those of RB0 are only between 8 and
14% (Figure 8b). The multivalent anionic NGB3- was highly
rejected by the membranes. 92−96% of the NGB3- retentions
were achieved by M2, M3, and M4. These membranes
displayed notable uncharged dye/charged dye selectivities, as
presented in Table S1 of the Supporting Information. The
RB0/NGB3- ideal selectivities of the four membranes are
between 8.5 and 18.2, while the RB0/OR- selectivities are
between 4.5 and 8.7. Ideal selectivities were also observed for
the OR-/NGB3- dye pair owing to the larger size and valency
of NGB3- compared with that of OR-.

3.3.3. Mixed Dye Retention. To investigate the separation
performance of M1, M2, M3, and M4 in a mixed solute
filtration, retention of a mixture of binary dyes was performed.
A 1:1 molar mixture of riboflavin and naphthol green B (RB0/
NGB3-) was used as an uncharged/charged dye mixture.
Similarly, an equimolar mixture of negatively charged dyes,
orange II and naphthol green B (OR-/NGB3-), was filtered by
using the MPN membranes. During single dye retention, the
membranes displayed a high riboflavin to naphthol green B
ideal selectivity (Table S1 in the Supporting Information). For
mixed dye solution filtration, 0.1 mM feed solutions were used.
Figure 9 summarizes the results of the mixed dye solution tests.
In both mixed dye experiments, the solutes easily permeated
across the PAN control membrane, which showed no
substantial dye retention (Figure 9). Almost no selectivities
(∼1) for both RB0/NGB3- and OR-/NGB3- mixtures were
obtained for the PAN membrane, and this further indicated
that the support membrane has no significant influence on the
retention or selectivity of the fabricated TFC membranes.

Figure 8. (a) Molecular structure of the organic solutes used for
retention with their respective molecular weight and charge in
aqueous solution, and single dye retention performance of the TA-
Fe3+ membranes; (b) riboflavin, (c) orange II, and (d) naphthol green
B retention.
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The MPN membranes can effectively separate the negatively
charged NGB3- and neutral RB0 from the RB0/NGB3-
mixture (Figure 9a). All membranes in the M1−M4 series
displayed more than 90% retention toward naphthol green B.
The M3 membrane that contains a double-layered TA-Fe3+
separation layer prepared at pH 5.8 can selectively remove 96%
of the NGB3-, while the membrane synthesized at pH 8.5
(M4) removed 98% of the NGB3- from its mixture with RB0.
As expected, the retentions of RB0 from the RB0/NGB3-
mixture were significantly lower compared to those of NGB3-.
However, a careful comparison of Figures 8b and 9a suggests
that the retentions of RB0 from the feed solution containing
the RB0/NGB3- mixture by the membranes were higher than
those from the feed solution containing only RB0. M1, M2,
M3, and M4 retained 7, 11, 25, and 35% of the RB0 from the
feed solution containing the RB0/NGB3- mixture, respectively.
Owing to the electrostatic exclusion, NGB3- molecules were
constantly rejected from the membrane pores. Consequently,
the permeation of anionic NGB3- lagged far behind the
permeation of neutral RB0 through the membranes. The
neutral RB0 had a substantially lower energy barrier compared
to NGB3- to enter the pores of the membranes. In spite of
that, RB0 had to compete with NGB3- for space to enter the
pores. Such a competing effect resulted in a significant increase
of RB0 retention when the feed solution contained the RB0/
NGB3- mixture. The M4 membrane showed the best selective
separation of neutral and anionic binary dye mixtures with a
selectivity of 30.8, followed by the M3 membrane with 18.4

selectivity (Table 2). Thus, both M3 and M4 showed excellent
performance in separating RB0 and NGB3- from their mixture.

Both pore size and surface properties play a vital role during
dye separation.49 The overall membrane rejection ability arises
from the combined effect of steric and Donnan exclusion. Such
RB0/NGB3- separation results indicate the potential to
separate small-molecule-sized dye mixtures by manipulating
the membrane structure and chemistry. The zeta potential
experiments showed that M4, for example, has a stronger
negative charge compared to that of M3. The water flux and
PEG retention results proved that the effective pore size of M4
is smaller than that of M3. A combination of these two
membrane properties leads to a superior RB0/NGB3-
selectivity for M4 compared to M3. However, no significant
difference was observed between the OR-/NGB3- selectivities
of the M1−M4 membranes. The result of the OR-/NGB3-
mixture separation by the fabricated membranes is shown in
Figure 9b. It can only be noted that M1 showed the best OR-/
NGB3- separation property. The selectivity of OR- over
NGB3- was 3.4 (Table 2). The retentions of both anionic dyes
increased with an increase in solution pH during film
fabrication. The decrease in pore size enhances the steric
exclusion of the dyes. As a result, the selectivity between OR-
and NGB3- dropped. Generally, better removal of NGB3- than
OR- is observed by the TA-Fe3+ membranes owing to both the
bigger molecular size and the three ionizable moieties in the
NGB3- structure. A comparison of membrane performance for
charge-based and size-based solute−solute separation of the
TA-Fe3+ membranes with those of other studies reported in
the literature for small organic molecules is presented in Table
3. A comprehensive comparison with recently published works
indicates that our TA-Fe3+ membranes exhibit an excellent
balance between water flux and solute separation selectivity.
This demonstrates that the fabricated membranes hold great
potential for improving the separation performances of NF
membranes for small organic solutes.

3.3.4. Salt Retention. The single salt retention behavior of
the prepared TFC membranes was determined with NaCl
(Figure 10a). The membranes exhibited an extremely low
retention of only 6−8% toward NaCl, with no significant
impact of the pH at which the membranes were fabricated.
The low salt rejection is mainly due to the large pore size of the
membranes. The high permeation of salts indicates that the
membranes can be beneficial for the separation of dye/salt
mixtures since dye wastewater streams contain high concen-
trations of inorganic salts. To fractionate organic solutes from a
saline mixture, salt extraction from the stream by a membrane
is a critical issue while also achieving a high retention of the
desired organic solute.58 Furthermore, low salt retention
during organic solute separation prevents an increase in the
osmotic pressure of feed solutions, which can significantly
reduce the driving force and permeation flux. In order to test

Figure 9. Mixed dye separation and selectivity of a (a) riboflavin and
naphthol green B (RB0/NGB3-) mixture and (b) orange II and
naphthol green B (OR-/NGB3-) mixture by double-layered
membranes prepared at different pHs. M1, M2, M3, and M4
membranes were synthesized with aqueous solutions at pHs of 3, 5,
5.8, and 8.5, respectively. UV−vis spectra in (c) show riboflavin−
naphthol green B separation with peaks at 444 and 715 nm,
respectively, for the feed solution and the permeate samples of each
membrane. The spectrum of the permeate (P) sample by the MPN
membranes shows a disappearing peak attributed to naphthol green B,
depicting effectual removal. (d) UV−vis spectra of the OR-/NGB3-
mixture illustrating a decrease in the peaks of orange II (482 nm) and
naphthol green B (715 nm) after filtration.

Table 2. Separation Selectivity of Solutes in a Mixed Solute
Retention Test

membrane RB0/NGB3- selectivity OR-/NGB3- selectivity

PAN 1.0 1.0
M1 11.7 3.4
M2 9.8 2.4
M3 18.4 1.8
M4 30.8 1.6
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Table 3. Performance Comparison of the Fabricated TA-Fe3+ Membranes with Other Studies Reported for the Charge- and
Size-Based Separation of Small Organic Molecules

membrane type
small organic
molecules

molecular
weight

(g·mol−1)
molecular
charge

selectivity
diffusiona

selectivity
filtration

water permeance
(L·m−2·h−1·bar−1) ref

single
solutes

mixed
solutes

M1 RB0 376.36 0 8.5 11.7 51 this
workNGB3- 878.45 −3

M4 RB0 376.36 0 18.2 30.8 17 this
workNGB3- 878.45 −3

M1 RB0 376.36 0 4.5 51 this
workOR- 350.32 −1

M4 RB0 376.36 0 8.7 17 this
workOR- 350.32 −1

M1 OR- 350.32 −1 1.9 3.4 51 this
workNGB3- 878.45 −3

M4 OR- 350.32 −1 2.1 1.6 17 this
workNGB3- 878.45 −3

MPN (MPN-1) RB0 376.36 0 2.0 86.1 50
OR- 350.32 −1

MPN (MPN-6) RB0 376.36 0 13.2 5.6 50
OR- 350.32 −1

MPN (MPN-1) RB0 376.36 0 5.3 6.5 86.1 50
NGB3- 878.45 −3

MPN (MPN-6) RB0 376.36 0 26.7 18.4 5.6 50
NGB3- 878.45 −3

MPN (MPN-1) OR- 350.32 −1 2.9 3.6 86.1 50
NGB3- 878.45 −3

MPN (MPN-6) OR- 350.32 −1 2 1.9 5.6 50
NGB3- 878.45 −3

MPN (1TA-3Fe) RB0 376.36 0 3.2 62.5 32
OR- 350.32 −1

MPN (1TA-4.5Fe) RB0 376.36 0 8.5 13.6 32
OR- 350.32 −1

MPN (1TA-6Fe) RB0 376.36 0 20.6 3.8 32
OR- 350.32 −1

MPN (1TA-8Fe) RB0 376.36 0 3.2 0.9 32
OR- 350.32 −1

amphiphilic random copolymer membrane riboflavin 376.36 0 263 8.4b 19.2b 4.2 51
acid blue 45 474.33 −2

isoporous positively charged PI-b-PS-b-P4VP triblock
terpolymer membrane (quaternized P4VP block)

RB0 376.36 0 21.3 28.3 11.0 52
methylene
blue

319.85 +1

isoporous negatively charged PI-b-PS-b-P4VP triblock
terpolymer membrane (sulfonated PI block)

OR- 350.32 −1 14.7 44.6 9.5 52
NGB3- 878.45 −3

isoporous negatively charged PI-b-PS-b-P4VP triblock
terpolymer membrane (sulfonated PI block)

OR- 350.32 −1 64.3 9.5 52
reactive
green 19

1418.93 −6

isoporous positively charged PS-b-P4VP diblock
copolymer membrane (quaternized P4VP block)

RB0 376.36 0 35.7 39.9 3.8 53
methylene
blue

319.85 +1

isoporous negatively charged PS-b-PI diblock
copolymer membrane (sulfonated PI block)

OR- 350.32 −1 5.2 74 54
reactive
green 19

1418.93 −6

NP-Den hybrid membrane rhodamine
6G

479.02 +1 11 55

calcein 622.53 −4
self-assembled polyelectrolyte deposited PCTE rhodamine

6G
479.02 +1 3.5 56

calcein 622.53 −4
cationic dendrimer deposited PCTE calcein 622.53 −4 10 57

rhodamine
6G

479.02 +1

aThe selectivities were determined from a single-solute system. bWe calculated the selectivities using the reported retention values. RB0, riboflavin;
NGB3-, naphthol green B; OR-, orange II; MPN, metal-polyphenol network; MPN-1, 1TA-4.5Fe assembly time 1 min; MPN-6, 1TA-4.5Fe
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the separation performance of the prepared membranes toward
mixed ion feed solutions, filtration experiments were
performed with a feed solution containing a mixture of NaCl
and Na2SO4. It is obvious from Figure 10b that the retention of
chloride by the TFC membranes is significantly lower than that
of sulfate. Although the retentions of chloride by the TFC
membrane from feed solutions containing only NaCl are
slightly positive, in the case of the feed solution containing a
mixture of NaCl and Na2SO4, the retentions of chloride are
negative (between −6 and −7%). The sulfate retentions
increased from 28 to 46% when the pH of the TA casting
solution was increased from 3 (for M1) to 8.5 (for M4).
Similarly, Na+ retentions slightly improved from 15 to 25%.
The higher retention of sulfate compared to that of chloride is
a typical characteristic of membranes in the presence of mixed
ions of the same charge. The Cl−/SO4

2− selectivity was in the
range of 1.5−2, increasing with the pH of the casting solution.
This membrane’s selectivity toward the anions can be
explained by the larger transport hindrance experienced by
the divalent and less diffusive SO4

2− ion with a larger hydrated
size compared to the Cl− ion.59 The negative retention of
chloride observed in the analyzed salt mixture is a consequence
of the electroneutrality condition. This phenomenon has been
encountered widely for ternary ion systems in the liter-
ature.60−62 As Na+ is a counterion to the membrane, sodium
ions are transported to the permeate side due to the
electrochemical potential gradient and a low exclusion by the
membrane. Since the divalent and larger SO4

2− is excluded by
the membrane active layer, the more mobile and less charged
coion, Cl−, diffuses toward the permeate side of the membrane
to neutralize the permeate solution. The transported Na+ ions
pull in the less excluded coion Cl− so that electroneutrality is
always fulfilled on both sides of the separation layer. The
stirred cell dead-end filtration is performed with a large volume
of feed solution compared to that of permeate solutions.
Hence, there is a large quantity of chloride ions on the feed
side of the membrane compared with the permeate side. The
mass transfer of Cl− leads to a higher permeate concentration
relative to the feed. This resulted in the observed negative
rejection of chloride from the ternary ion mixture.

3.3.5. Antifouling Performance of the TFC Membranes.
Although membrane development has shown significant
progress over the past half-century, membrane fouling remains
a key challenge in membrane filtration. The presence of foulant
organic compounds such as humic substances63 in feed streams
can lead to their adsorption on membrane surfaces. High
concentrations of humic acid are found in raw wastewater and
municipal wastewater effluents. As electrostatic and acid−base
interactions strongly govern membrane fouling,64 the fabrica-
tion of a separation layer with distinct membrane surface
chemistry is beneficial in reducing fouling. Fouling studies
demonstrate that membrane fouling is affected by hydro-
dynamic conditions, feedwater characteristics, and membrane
properties.65,66 The interfacial property of the membrane
surface impacts the membrane−foulant interactions. Neg-
atively charged, hydrophilic, and smooth membrane surface
properties with weaker Lewis acid−base interactions between
the membrane and foulant are beneficial in reducing
membrane fouling.64,65,67 Here, we investigated the fouling of
humic acid on the TA-Fe3+ separation layer containing
membranes. In order to monitor the performance of the
fabricated membranes during the fouling operation, a two-cycle
filtration of humic acid solution was measured. Figure 11

shows the normalized flux profiles and the FRRs of the
membranes. The water fluxes declined slightly during the pure
water filtration in the first 1 h. However, the fluxes decreased
significantly when pure water was replaced by the humic acid
solution. Comparatively, a small flux decline was observed for
the membranes synthesized at high pH. The water flux of the
thin films recovered to 69%−82% of their initial value after
cleaning. A careful comparison of Figure 11a,b shows that M3
and M4 have higher FRRs compared to M1 and M2. It implies
that the lower surface porosity of the TA-Fe3+ selective layers
coated using the TA casting solutions of pH 5.8 and 8.5 leads
to better antifouling properties. It must be taken into account
that several factors affect the membrane fouling behavior.
Strong electrostatic attractions allow the accumulation of
macromolecular foulants on the membrane surface, while
electrostatic repulsive forces act contrarily. The TA-Fe3+ TFC
membrane’s surface chemistry has shown that the membranes
exhibit negative zeta potential in the 5−8 pH range (Figure
6a). Humic acid is also negatively charged in the aqueous
solution due to the pH-dependent deprotonation of carboxylic
and phenolic groups.68 Therefore, the electrostatic repulsive

Table 3. continued

assembly time 6 min; NP-Den hybrid membrane, nanoporous membranes via chemically directed assembly of nanoparticles and dendrimers;
PCTE, track etched polycarbonate membrane.

Figure 10. Salt retention performance of the MPN membranes. (a)
NaCl single salt solution and (b) NaCl−Na2SO4 mixed salt solution.
Feed solutions were fixed at 1 g/L. A Cl−/SO4

2− molar ratio of 1:1
was used for the mixed salt solution preparation.

Figure 11. (a) Normalized flux variation during fouling test with HA
solution and (b) FRR.
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force contributes to the overall reduction in the deposition of
humic acid on the membrane surface. Second, surface
hydrophilicity influences membrane fouling. Hydrophobic
membranes have a higher affinity for foulants than those
comprising hydrophilic surfaces. Contact angle character-
ization (Figure 6b) has shown that an increase in hydro-
philicity was generally observed in the order of membranes
M1−M4. This supports the decrease in the flux decline as well
as the increase in flux recovery for the membranes fabricated at
high pH. Binding of water molecules to the surface of the
hydrophilic thin films through water layer formation prevents
membrane fouling.69 Moreover, the formation of the hydration
layer (water layer) makes the removal of fouled humic acid
through cleaning easy.

4. CONCLUSIONS
The pH of a solution significantly affects metal−polyphenol
self-assembly, influencing the structure and performance of the
resulting thin film. In this work, we presented the pH of the
TA solution as an effective parameter to tailor the membrane
surface properties of TA-Fe3+ containing TFC membranes
fabricated via LBL deposition. In this regard, a series of
membranes have been prepared by systematically varying the
pH of the TA casting solution for each deposited TA-Fe3+ layer
or the number of layers deposited, while the other casting
parameters were kept constant. The findings of this work
showed that TFC membranes with high hydraulic resistance to
water transport are fabricated when a TA-Fe3+ layer is
synthesized at a higher pH on top of an already existing
MPN layer synthesized at a low pH. The reverse procedure
results in a porous structure with high water permeance. In
general, an increase in pH led to a decrease in surface porosity
due to the increase in complex formation at a higher pH. For
double TA-Fe3+ layered TFC membranes where both layers
were fabricated at the same pH, increasing the pH of the
solution for coating decreased the membrane surface porosity
and the water permeation rate while forming more hydrophilic
surfaces. The fabricated membranes exhibited low salt
retention performance, which can be beneficial for dye/salt
fractionation and for reducing the osmotic pressure. In
addition, the well-controlled MPN coating showed that neutral
organic components PEG and riboflavin can easily permeate
through the separation layer, whereas a high retention of
anionic dyes by the MPN membranes was achieved. The high
selectivities between anionic charged and neutral groups in
both single and mixed solute retention reveal that the
polyphenol-containing thin films hold great potential for
charge-based solute−solute separation. The membranes
prepared at different pH values showed excellent performance
in separating small organics. The neutral/anionic dye
selectivity from mixed dye retention tests increased with an
increase in the pH during membrane fabrication. Specifically,
the M4 membrane displayed the best riboflavin/naphthol
green B separation selectivity of more than 30, the highest
selectivity reported for a TFC membrane having an MPN
selective layer. The TFC membranes also demonstrated the
selective permeation of Cl− ions over SO4

2− ions from a feed
solution containing a Na+, SO4

2−, and Cl− ternary ion mixture.
Furthermore, it was demonstrated that TA-Fe3+ selective layers
coated at a higher pH led to a better FRR of the TFC
membranes. It is evident that the pH of the TA casting
solution is an effective tool for tuning the performance of TFC
membranes having TA-Fe3+ selective layers.
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Chapter 6. Mass Transport of Dye Solutions through Porous 

Membrane Containing Tannic Acid/Fe3+ Selective Layer 

This chapter discusses the implementation of a mass transport model for describing the transport 

of organic solutes through TA-Fe3+ membranes. For the first time, the behaviour of dye solution 

rejection performance of selective layers synthesized through metal-polyphenol coordination 

chemistry is simulated. The validity and limitations of Spiegler-Kedem-Katchalsky (SKK) 

model in predicting neutral and charged component transport through the pores of the metal-

polyphenol film is examined. The reflection coefficient (σ) and solute permeability (𝑃𝑆) were 

computed and showed that they strongly depend on the porous medium as well as dye molecular 

size and charge. The model excellently fits the experimentally measured rejections at different 

permeate fluxes and concentrations. However, the model underestimates dye rejection at low 

fluxes. This work provides mass transport insights of dye solutions through TA-Fe3+ layers and 

allows prediction of the maximum attainable dye rejection by the TFC membranes at high Peclet 

number (at high flux). 
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Abstract: Tannic acid (TA)–Fe3+ membranes have received recent attention due to their sustainable
method of fabrication, high water flux and organic solutes rejection performance. In this paper, we
present a description of the transport of aqueous solutions of dyes through these membranes using
the transport parameters of the Spiegler–Kedem–Katchalsky (SKK) model. The reflection coefficient
(σ) and solute permeability (PS) of the considered TA–Fe3+ membranes were estimated from the
non-linear model equations to predict the retention of solutes. The coefficients σ and PS depended on
the porous medium and dye molecular size as well as the charge. The simulated rejections were in
good agreement with the experimental findings. The model was further validated at low permeate
fluxes as well as at various feed concentrations. Discrepancies between the observed and simulated
data were observed at low fluxes and diluted feed solutions due to limitations of the SKK model. This
work provides insights into the mass transport mechanism of dye solutions and allows the prediction
of dye rejection by the TFC membranes containing a TA–Fe3+ selective layer using an SKK model.

Keywords: Spiegler–Kedem model; reflection coefficient; solute permeability; tannic acid–metal ion
membranes; metal polyphenol complex membranes; dye retention

1. Introduction

Wastewater, especially industrial effluents from textile plants, contains high con-
centration of dyes. At up to approx. 54% of the total, the textile industry is the main
contributor of dye wastewater globally [1]. It is estimated that more than 15% of textile
dyes used for dyeing operations ends up in wastewater streams, which is harmful to the
environment [2]. Membranes offer a clean, economical and effective method of dyestuff
recovery and wastewater treatment [1,3]. Due to their high retention rate, nanofiltration
and reverse osmosis have been used for the treatment of industrial wastewater containing
dyes [4–7]. Reverse osmosis is notorious for its high energy consumption and delivers low
permeate flux. Nowadays, porous-high-flux membranes, such as ultrafiltration and loose
nanofiltration membranes, which operate at low pressure gradients, appear to be more at-
tractive [8–10]. Therefore, the development of new porous membranes with a specific focus
on the removal of dyes from an aqueous solution is a vibrant research topic [11–14]. More-
over, efforts have been made to utilize porous membranes for the separation of individual
dyes from an aqueous solution containing a mixture of dyes [15]. The development of new
membranes and the optimization of membrane-casting parameters to find a good balance
between the counteracting permeance and selectivity of the membranes is important [16].
By comparison, the comprehensive understanding of the flux and rejection behavior of a
membrane using predictive mass transport models has received significantly less attention.
Predictive mass transport models can be utilized to check the feasibility of separating
organic solutes (e.g., dye) from a solution with a specific membrane. A good predictive
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model can provide insight regarding the structural property correlations of membranes and
thereby facilitate the optimization of membrane fabrication parameters. Moreover, mass
transport models can be expanded to visualize the optimal design of membrane modules
and even membrane-based processes to some extent. Several models have been utilized
to demonstrate component transport and rejection in porous films. However, there is a
lack of understanding regarding the correlations between the nature of solutes, membrane
morphology and modes of transport. The availability of empirical methods for the accurate
determination of a membrane’s characteristics (e.g., tortuosity and surface charge density)
to be used as model input parameters is a major limitation in the progress of mass transport
modeling of porous membranes [17].

The Spiegler–Kedem–Katchalsky (SKK) model, a phenomenological approach defined
through irreversible thermodynamics, is widely used to analyze the solute retention behav-
ior of nanofiltration membranes. The model was first derived by Kedem and Katchalsky
and was then modified by Spiegler and Kedem [18]. Being a phenomenological model,
the SKK model does not take into account membrane characteristics. The membrane is
considered a black box in this approach. However, the relationship between driving forces
and permeate flux can be expressed explicitly [19]. The SKK model correlates the volumet-
ric flux of a two-component (i.e., one solvent and one solute) solution with the flux of the
solute. Hence, it provides a way to predict the retention and permeability of the solute in
a membrane [20]. The SKK model was first employed for a reverse osmosis membrane.
Since then, this phenomenological model has been extensively used to analyze and de-
scribe nanofiltration [21] and diafiltration [22] membranes. Nayak et al. [23] successfully
employed the SKK model as a tool for predicting the retention of pharmaceutical pollutants
from an aqueous solution using nanofiltration membranes. Furthermore, it was demon-
strated that the SKK model could successfully predict dye–salt separation performance [24].
This model was further extended for the prediction of dye rejection of both monovalent and
divalent charged anionic and cationic dyes [25]. A good agreement of model-calculated and
experimental rejection coefficients was confirmed, and this emphasized the significance of
the phenomenological model for assessing membrane separation performance.

In this work, for the first time, we examined the validity of the SKK model to predict the
retention of dyes using porous thin-film composite (TFC) membranes containing a metal–
polyphenol network (MPN) selective layer. In this type of membrane, the selective layer is
formed by coordination networks of self-assembled polyphenols, such as tannic acid (TA)
with transition metal ions. MPN selective layers are synthesized in a green way using only
aqueous solutions. This novel strategy has been used for TA–Ti4+ [26], TA–Fe3+ [27] and
TA–Ni2+ [28] selective layer preparation. MPN-containing membranes have been studied
for water–oil emulsion, heavy metal removal and nanofiltration applications [26,29,30].
Fang et al. fabricated loose nanofiltration membranes by first blending Fe in PES through
NIPS, and then constructing a selective layer via coordination chemistry of TA and Fe3+ [31].
The synthesized membrane exhibited excellent dye/salt fractionation with a high rejection
to many dyes. Moreover, the introduction of TA improved the membrane hydrophilicity,
negative charge and fouling resistance. The optimization of metal–polyphenol coatings
and their application for low-pressure filtration is emerging. However, to the best of
our knowledge, no model prediction of the component transport and solute rejection
performance of TFC membranes with MPN selective layers has been reported so far. Hence,
it is necessary to establish a viable method for a predictive approach to assess the solution
filtration through these membranes. This study aims to elucidate the mass transport of
dye solutions through a TA–Fe3+ thin selective layer using the SKK model. Two TFC
membranes containing TA–Fe3+ selective layers synthesized using aqueous solutions of
different pH were examined in this study. The solute transport through the membranes
was considered to be a combined effect of diffusive and convective transport in the SKK
model. The driving forces of diffusion and convection were the concentration gradient
across the membrane and the transmembrane pressure, respectively. Therefore, we studied
the dye retention behavior of the prepared TFC membranes using two sets of experiments:
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(i) using a constant feed concentration and varying the transmembrane pressure, and
(ii) using a constant transmembrane pressure with varying feed concentrations.

2. Materials and Methods
2.1. Chemicals

Tannic acid (TA) was purchased from Sigma-Aldrich Chemie GmbH (Schnelldorf,
Germany). Iron salt of iron(III) chloride hexahydrate (FeCl3·6H2O) was purchased from
Alfa Aesar GmbH & Co. (ThermoFisher, Kandel, Germany). In-house prepared poly-
acrylonitrile (PAN) membranes were used as the support layer of the TFC membranes.
Sodium hydroxide (NaOH), orange II (350.32 g/mol), riboflavin (376.36 g/mol) and naph-
thol green B (878.46 g/mol) were obtained from Sigma-Aldrich. All chemicals were used
without modification.

2.2. Preparation of Tannic Acid/Fe3+ Selective Layer

The concept of supramolecular self-assembly between TA and transition metal ions
was used to prepare the selective layers of two thin-film composite membranes. The
membranes were synthesized using the sequential deposition of TA and iron salt solutions
over a porous PAN support. The top surface of the support was exposed to a 50 mL aqueous
solutions of 0.1176 mM of TA and 3.33 mM of FeCl3·6H2O alternately for 4 min. This molar
concentration corresponded to 1 TA: 4.5 FeCl3·6H2O (1 TA–4.5 Fe in short) in weight ratio.
Two layers of TA–Fe3+ film were deposited using a layer-by-layer technique. The pH value
of the aqueous solution used for dissolving TA was varied. Two membranes, hereby named
M1 and M2, were prepared with a pH of 5.8 (deionized (DI) water) and 8.5, respectively.
The pH value of 8.5 for the aqueous solution of the M2 membrane was adjusted with a
1 M NaOH solution. Figure S1 shows a photograph of the PAN membrane before and
after coating.

2.3. Membrane Characterization

The membrane morphology was investigated with scanning electron microscopy
(SEM). SEM images were recorded on a Merlin SEM (Zeiss, Jena, Germany) at accelerating
voltages between 1.5 and 3 keV using an InLens secondary electron detector. Before mea-
surement, the samples were dried under vacuum at 60 ◦C for 72 h and were sputter-coated
with 1–1.5 nm platinum using a CCU-010 coating device (Safematic, Zizers, Switzerland).
Cross-fractured specimens were prepared in liquid nitrogen. The pure water flux of M1
and M2 membranes was measured using DI water of 0.055 µScm−1. The separation perfor-
mance of the membranes was analyzed with rejection experiments of three solutes: orange
II, naphthol green B and riboflavin. Measurements were performed using a stirred test cell
from Millipore (EMD Millipore XFUF07601) with a reduced effective membrane area of
1.77 cm2 in a dead-end filtration mode. DI water was passed for 2 h at a transmembrane
pressure of 4 bar. Then, retention measurements were performed under two sets of oper-
ating conditions: (i) a 0.1 mM feed solution concentration and variable transmembrane
pressure in the range 0.2–4 bar, and (ii) a 3 bar transmembrane pressure and variable
concentration in the range 0.01 mM–1 mM. The water flux (Jw) and dye rejection rate (R)
were calculated using the following equations:

Jw =
W

ρ ∗ A ∗ t
(1)

where Jw (kg·m−2·s−1) is the pure water flux, W (kg) is the weight of the collected permeate,
A (m2) is the effective membrane filtration area and t (s) is the operation time.

R (%) =

1 −
Cp(

C f + Cr

)
/2

 ∗ 100 (2)
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where R is the solute retention; and C f , Cp and Cr are the concentrations of the feed,
permeate and retentate solutions, respectively. Each experimental result in this work was
obtained as an average value of at least three replications.

2.4. Fitting/Prediction of Dye Rejection with Spiegler–Kedem–Katchalsky Model

Predictions of the separation performance of the membranes were performed using
the Spiegler–Kedem–Katchalsky (SKK) model based on irreversible thermodynamics. In
the SKK model, the characteristics of the solute (e.g., size and charge) and membrane char-
acteristics (e.g., pore size and surface charge density) are not used as input parameters. For
the transport of a two-component solution, i.e., one solvent and one solute, the governing
transport equations of the SKK model are as follows:

Jv = Lp ∗ (∆P − σ∆π) (3)

JS = PS ∗
dCs

dx
+ (1 − σ) ∗ CS ∗ Jv (4)

where Jv is the volumetric permeate flux and JS is the solute flux; ∆P and ∆π are the
applied pressure difference and osmotic pressure difference, respectively; Lp and PS are
water permeability and solute permeability coefficients, respectively; Cs is the solute
logarithmic mean concentration between the feed and permeate; and σ is the reflection
coefficient of the membrane. The reflection coefficient, σ, describes the semipermeablity of
the membrane. It ranges from 0 to 1, with 1 characterizing a perfectly semipermeable film
(complete solute ejection). It is also a measure of rejection of the membrane at high flux. It
can be observed that Equation (4) contains two parts, the first term depicting diffusion and
the second representing convection.

The rejection of a solute is expressed in Equation (2). In the SKK model, the rejection
of a solute can be written as follows:

R =
σ(1 − F)
1 − σF

(5)

where

F = exp
(
− (1 − σ)

PS
∗ Jv

)
(6)

Substituting F into the rejection expression results in a simplified SKK model of the
final form:

ln
[(

1
1 − σ

− 1
1 − R

∗ (1 − σ)

σ

)]
= − (1 − σ)

PS
∗ Jv (7)

The measured flux and experimental rejection results were fitted into the SKK, as
shown in Equation (7). A python program was employed to solve the non-linear equation
through fitting. Then, the two unknown parameters, σ and PS, were computed using a
least-squares minimization.

3. Results and Discussion

Orange II, riboflavin and naphthol green B (Figure 1) were used as model solutes
to investigate the mass transport behavior through the prepared TFC membranes, M1
and M2. Orange II and naphthol green B acquire negative charges when dissolved in
water, while riboflavin remains uncharged. The surface and cross-sectional morphologies
of the prepared M1 and M2 TFC membranes were investigated using SEM (Figure 2).
Both M1 and M2 had porous surfaces (Figure 2a,b). The cross-sectional SEM images
(Figure 2c,d) demonstrate that both M1 and M2 membranes possessed a thin TA–Fe3+ skin
layer deposited on top of the porous PAN support. The PAN support had a spongy integral
asymmetric structure. For both M1 and M2, the ultrathin TA–Fe3+ layer only existed
at the top of the membranes and the spongy porous structure of the PAN support was
not blocked at all. In general, for integral asymmetric porous membranes, the resistance
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against the mass transport of the permeating substance decreased from the top towards
the bottom as the pore size gradually increased along the cross-section of the membrane.
Figure 3a shows that the water flux through the PAN support was more than ten times
higher compared to that through M1 and M2. The resistance against mass transport of the
permeating substances through M1 and M2 increased significantly due to the deposition
of the TA–Fe3+ layer on the PAN. Hence, the retention and flux through the M1 and M2
membranes were solely dictated by the TA–Fe3+ and the contribution of the porous PAN
substructure was negligible. The top surface images of both M1 and M2 membranes
(Figure 2a,b) show small pores unevenly distributed over the surface. Comparatively, the
membrane prepared at higher pH (M2) had more closed pores. This was due to the fact
that at a pH of 7 or higher, the complexation state of metals and polyphenols became a
tris-complex, where three TA molecules coordinated with an iron center, leading to the
formation of a compact layer [32–34]. It was not possible to decipher any substantial
difference between the two membranes in terms of average surface pore sizes from the
SEM images. The SEM image depicts only a very small area of the membrane and it
is visible that the pore size distribution at the surface of M1 and M2 was rather broad.
Figure 3b–d show the fluxes of riboflavin, orange II and naphthol green B aqueous solutions
against the transmembrane pressure. While the fluxes of the aqueous solutions gradually
increased with the transmembrane pressure in all cases, small deviations from the linear
behavior were also observed. However, it is clear that the fluxes of the three aqueous
solutions through M1 increased more sharply with transmembrane pressure compared to
M2. Hence, it is evident that the average surface pore size of M1 was higher than that of M2.
Photographs of the feed and permeate solutions investigated for M2 at a transmembrane
pressure of 3 bar are shown in Figure S2.
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Figure 1. Chemical structure and molecular weight of the orange II, riboflavin and naphthol
green B solutes.

The fluxes of the aqueous solutions over a transmembrane pressure range of 1–4 bar
are plotted against the retention of the solutes (i.e., riboflavin, orange II and naphthol
green B) by M1 and M2 in Figures 4a and 5a, respectively. These experimental data points
were used to determine the reflection coefficient, σ, and the permeability of the solute,
PS, using the non-linear fitting of the SKK model (Tables 1 and 2). The obtained values
of σ and PS were used as input parameters in Equation (7). Consequently, the non-linear
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relationship between the flux and retention of the solutes predicted by the SKK model
was obtained for M1 and M2. The model algorithm used to estimate the parameters
of the model is shown in Figure S3. The statistical procedure followed to fit the SKK
model comprised the minimization of the residuals or error of the optimized parameters,
which was a function of both the PS and σ model parameters. According to the SKK
model prediction, with an increase in the flux of the aqueous solution, the retention of
the solutes increased asymptotically (Figures 4a and 5a). In order to check the validity
of this prediction below the flux limit 5 g·m−2·s−1 (i.e., 5 × 10−3 kg·m−2·s−1), the two
experimentally observed solution flux vs. solute retention points for each of the solutes
were compared with the SKK predictions for M1 (Figure 4b) and M2 (Figure 5b). The
experimental data points of the aqueous solutions of riboflavin showed a similar trend to
the SKK model predictions for both M1 and M2. Only small deviations from the predicted
values were observed. The experimental data points for orange II and naphthol green
B solutions deviated substantially from the SKK model predictions for M1 (Figure 4b).
Compared to that, smaller deviations between SKK model prediction and experimental
data points for orange II and naphthol green B solutions were observed in the case of M2
(Figure 5b).
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and solution flux as a function of transmembrane applied pressure for (b) riboflavin, (c) orange II
and (d) naphthol green B.

The asymptotic increase of the retention of an uncharged solute with the increase
of solution flux as a result of increasing transmembrane pressure implied that there was
competition between the convective transport of water and the solutes through the selective
layer of the membrane. A low transmembrane pressure means a low driving force for the
convective transport of molecules through a membrane. The driving force of convection
increased under a high transmembrane pressure. On the other hand, the diffusive transport
reached a limiting value [35]. The permeate volumetric flux was directly proportional to
the applied transmembrane pressure, while solute permeability was not. The contribution
of diffusion to solute permeability declined at a high permeate volumetric flux. Moreover,
when the applied pressure was increased, water and solute fluxes became uncoupled [36,37].
The porous selective layer of membranes necessarily allows the transport of the molecules
based on their size. Consequently, there was a selective transport of water molecules
through the selective layer of the membranes. A large number of solute molecules bounced
back from the surface of the membrane or were by the membrane due to their larger size
compared to the water. The fluxes of the aqueous solution increased with transmembrane
pressure due to a higher driving force (Figure 3b–d). It is essential to realize that, with the
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increase of transmembrane pressure, not only did a higher number of water and solute
molecules move through the selective layer of the membrane per unit time, but the number
of water and solute molecules that bounced back from the surface of the membranes per
unit time also increased. Due to their smaller size, the water molecules had a higher
probability of entering the pores of the selective layer compared to molecules of a larger
uncharged solute. The asymptotically increasing solution flux vs. solute retention curves
implies that there was a limiting value up to which the increase of transmembrane pressure
resulted in a greater increase of the water flux compared to the solute flux. It is obvious that
the limiting value of the transmembrane pressure where the solute retention vs. solution
flux curve levels off would change depending on the size of the pores and solutes. The
SKK model is a phenomenological model and the sizes of the pores and solutes are not
used as input parameters. However, the reflection coefficient, σ, and the permeability of
the solute, PS, were calculated by fitting the experimental data points in a solution flux vs.
solute rejection plot. The values of these model parameters inherently reflected the impact
of the pore and solute size on the solution flux vs. solute retention curves predicted by the
SKK model.
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Table 1. Model transfer coefficient for membrane M1.

Dye σ PS (m/s)

Riboflavin 0.153822 2.57 × 10−6

Orange II 0.911965 8.83 × 10−7

Naphthol Green B 0.962552 2.04 × 10−7

Table 2. Model transfer coefficient for membrane M2.

Dye σ PS (m/s)

Riboflavin 0.187374 2.92 × 10−6

Orange II 0.909181 2.65 × 10−7

Naphthol Green B 0.954968 1.04 × 10−8
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The values of σ followed the order of riboflavin < orange II < naphthol green B.
Although riboflavin and orange II had comparable sizes, the flux of orange II through the
membranes was substantially lower than that of riboflavin. Hence, it is evident that the
retention of orange II by M1 and M2 was not only a result of size exclusion. To analyze
the permeation and retention of the charged solute, the influence of Donnan exclusion
must also be taken into account. The 0.1 mM orange II and naphthol green B dye solutions
had a pH of 6.4 and 6.5, respectively [15]. At these pH values, TA–Fe3+ membranes are
negatively charged, with an isoelectric point of less than pH 3 [31,38]. Our membranes
also showed similar negative surface charges. M1 and M2 exhibited a zeta potential
of −21.0 mV and −27.3 mV at pH 6.4, respectively. At the pH of these dye solutions,
the negatively charged surfaces of M1 and M2 repelled the anionic dyes, resulting in a
high rejection. Hence, the charged solutes (i.e., orange II and naphthol green B) had to
overcome an additional energy barrier due to the charge repulsion (i.e., Donnan exclusion)
compared to the uncharged solute (i.e., riboflavin). Since the driving force for convective
flow was rather low at a very low transmembrane pressure, Donnan exclusion is likely
to play a stronger role in the retention of the solutes. As the transmembrane pressure
increased, the driving force for convective transport of the charged solutes increased
as well. This means that the charged solutes had a higher probability of overcoming
the additional energy barrier of Donnan exclusion and permeate through the pores at
higher transmembrane pressure. Hence, there are two competing phenomena which
finally determined the influence of transmembrane pressure on the retention of a charged
solute. First, similar to uncharged solutes, charged solutes also had to compete with the
solvent to enter pores of the membrane, which tended to increase the solute retention with
increasing transmembrane pressure. Second, the charged solutes had a higher probability
of overcoming the additional energy barrier of Donnan exclusion to enter the pores with
increasing transmembrane pressure, which tended to decrease the retention. The SKK
model only predicted the influence of the first phenomenon. In the case of a charged solute,
σ and PS inherently reflected the influence of both size and Donnan exclusion, as they were
calculated by fitting the experimental data points of the solution flux vs. solute rejection
plot. However, as the SKK model failed to predict changes in retention due to the second
phenomenon described above, a strong deviation of the retention behavior predicted by the
SKK model from the experimentally obtained data was observed at low transmembrane
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pressures (Figures 4b and 5b). According to our observation, at a low transmembrane
pressure the second phenomenon had a stronger influence on the retention of orange II and
naphthol green B by M1 (i.e., the membrane with a larger pore size) than M2.

It should be noted that the solute rejection increased until it stabilized when the
applied pressure was increased for both M1 and M2 membranes (Figures 4a and 5a). This
phenomenon was shown by orange II and riboflavin. However, the rejection of naphthol
green B slightly increased in M1 and decreased in M2 with an increase of fluxes.

Aside from pressure, the feed concentration played a vital role in membrane filtration
performance. An increase of the concentration of feed solution increased the driving force
for solute diffusion across the membrane. Therefore, the solute flux through the membrane
was expected to rise, i.e., the solute rejection was expected to decrease. On the other hand,
at a constant feed pressure, a high feed concentration of solute was expected to result
in a lower permeate volume flux due to an increase in the osmotic pressure. In order
to investigate the influence of a high concentration, we varied the concentration of the
orange II and naphthol green B feed solution in the range of 0.01 mM to 1 mM. Although
the feed concentration was varied 100 fold, the volumetric fluxes through M1 and M2
did not vary substantially (e.g., standard deviations of 2.9 and 2.7 g·m−2·s−1 (i.e., 2.9 and
2.7 kg·m−2·s−1) for M1 were observed for Orange II and naphthol green B, respectively).
Orange II and naphthol green B were used in this experiment while riboflavin was dropped
due to its low solubility in water. Figure 6a,b present the real rejection of dyes and model-
predicted results as a function of the feed concentration for both membranes. The observed
rejection decreased slightly with an increase in the feed concentration in all case studies.
For instance, the naphthol green B rejection declined from 98.7 to 96.3% in M1, while orange
II rejection decreased from 94.0 to 90.0% in M2. However, as the concentration exceeded
0.05 mM, both membranes showed an almost constant performance with a limiting value
of rejection. Hence, these results show that the diffusive transport of dyes through M1 and
M2 was largely prevented owing to the size and charge exclusion mechanism. As a result,
even a 100-fold change in the feed concentration did not have a substantial influence on
the separation performance of the membranes. The SKK model also predicted a similar
trend. A slight variation between the experimental and predicted results was observed at
low feed concentrations for all dyes in both membranes. Rejection was underestimated
by the SKK model. This difference was due to the fact that the driving force of diffusion
(i.e., the concentration gradient) was not an input parameter in the model. The rejection
was predicted from Equations (5) and (6) using the volumetric fluxes, reflection coefficients
and permeability of the solutes as input parameters. The simulation was performed using
the reflection coefficient and solute permeability parameters obtained in Tables 1 and 2.
At a transmembrane pressure of 3 bar, the volumetric flux remained unchanged at feed
concentrations of 0.01–1 mM, while the predicted rejection of the dyes was also constant.
The limitation of the SKK model to adequately describe membrane performance of dilute
feed systems has been reported in other studies as well [21].

Figure 7 presents the SKK model-predicted dye rejection as a function of their experi-
mentally determined rejection values for all case studies. It also includes comparisons of
rejection at different feed concentrations. An even distribution of many data points along
and close to the diagonal line demonstrated the significance of the model. In accordance
with these results, the applied model fitted the experimental data well. This study shows
that the TA–Fe3+ membrane performance can be predicted using SKK model parameters
and experimentally observed volumetric fluxes under the operating conditions where
convection is the dominant transport mechanism.
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4. Conclusions

The prediction of dye rejection performance of metal–polyphenol based membranes
using the Spiegler–Kedem–Katchalsky model was investigated in this work. The mem-
branes exhibited a high rejection towards negatively charged dyes; the reflection coefficient,
σ, was in the range of 0.90–0.96 for anionic dyes of orange II and naphthol green B, while
σ values of 0.15 and 0.18 were found for uncharged riboflavin. An analysis of the phe-
nomenological model for dye transport successfully illustrated how permeate flux affects
solute rejection. Experimental and predicted values were in good agreement. The validity
of the model was also evaluated at low transmembrane pressure as well as using different
feed concentrations. Operations at low transmembrane pressure showed a deviation be-
tween model-estimated and observed data due to the strong influence of Donnan exclusion.
The volumetric fluxes through the membranes at a transmembrane pressure of 3 bar did
not change significantly even with a 100-fold change in the feed concentration owing to
the influence of size and Donnan exclusion. Consequently, the values of dye retention
predicted by the SKK model at diluted feed concentrations deviated from the empirical
values. While the overall model outcomes matched experimental data to some extent, some
major limitations of the SKK model to predict the retention of charged dyes by the TFC
membranes with TA–Fe3+ selective layers were shown in this study. These conclusions are
likely to be true for other membranes as well.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/membranes12121216/s1, Figure S1. Comparison of photographic
images of pristine PAN membrane support and TA–Fe3+ membrane used for retention measurement.
Color change supports the formation of metal–polyphenol selective layer on top of the porous
support as confirmed with significant drop in water flux; Figure S2. Photographic images of feed
and permeate samples from (a) naphthol green B, (b) orange II and (c) riboflavin 0.1 mM solution
retention tests at 3 bar using M2 membrane; Figure S3. Flow chart of the simulation algorithm loop
for solving non-linear equations of Spiegler–Kedem–Katchalsky model in the current study.
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Nomenclature

C f Feed solute concentration (kg·m−3)
Cp Permeate solute concentration (kg·m−3)
Cr Retentate solute concentration (kg·m−3)
Cs Logarithmic mean concentration of solute between the feed and permeate (kg·m−3)
Jv Permeate flux (kg·m−2·s−1)
Js Solute flux (kg·m−2·s−1)
Lp Solvent permeability constant (m·s−1)
Ps Solute permeability constant (m·s−1)
R Membrane rejection (%)
Rfitted Membrane rejection calculated (%)
Robs Membrane rejection experimental (%)
∆P Transmembrane pressure (bar)
∆π Osmotic pressure (bar)
σ Reflection coefficient
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Chapter 7. Metal-phenolic Network-based NF Membranes for 

Nitrate Removal and The Utilization of DSPM-DE 

The previous chapters were focused on studying the parameters that control MPN TFC 

membranes synthesis, morphology, physicochemical properties and performance. Moreover, 

much emphasis has been placed on the application of these membranes for the separation of 

small organic molecules. 

In chapter 7 and 8, the applicability of TA-Fe3+ membranes for ion rejection is investigated 

along with the elucidation of ion transport using a transport model. Nitrate contamination of 

surface- and ground-water has become a significant global concern posing a risk to billions of 

people worldwide. Commercial NF membranes have low nitrate removal efficiency. In this 

chapter, the application of MPN containing TFC membranes via metal-polyphenol 

supramolecular self-assembly for nitrate removal is investigated. The in-house made thin-films 

present an efficient approach of effective NO3
– removal, demonstrating 83 – 94 % nitrate 

rejection performance for 100 mg/L NaNO3 feed solution. This highlights a high-performance 

NF membrane that surpass performances in the literature using commercially available 

membranes. A study on the effect of increasing the applied pressure shows a significant increase 

in nitrate retention, while increasing the feed solution concentrations leads to a decline in 

retention due to several factors including charge screening. Investigation of mixed ion 

separation behaviour of the membranes shows no NO3
–/Cl– selectivity while NO3

–/SO4
2– 

selectivity was between 4.5 – 38.1.  

Additionally, the rejection mechanisms and ion transport mechanisms across the MPN active 

layer is elucidated using the Donnan-Steric Pore Model with Dielectric Exclusion (DSPM-DE). 

It is emphasized that diffusion governs the nitrate ions flux across the thin-layer. Dielectric and 

Donnan exclusion effects dominate its separation from a divalent anion in a ternary ion mixture 

(Na+/NO3
–/SO4

2–) feed solution. A small variation in the pore dielectric constant especially 

causes a significant change in selectivity during the separation of NO3
–/SO4

2– as shown in a 

sensitivity analysis. This work for the first time illustrates DSPM-DE can be successfully 

applied for elucidating ion transport across MPN membranes. Given the increasing concerns 

about nitrate pollution and the demand for efficient separation technologies, this chapter 

presents the potential of TA-Fe3+ membranes for a high-performance nitrate removal.  
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A B S T R A C T

The rising nitrate levels in polluted surface and groundwater, often exceeding permissible limits, have created a 
pressing need for effective removal methods. High-throughput, low pressure nanofiltration (NF) membranes with 
high permselectivity are the ideal candidates for the removal of such pollutants. This work develops thin-film 
composite (TFC) NF membranes via supramolecular self-assembly between polyphenolic molecule of tannic 
acid (TA) and metal ions (Fe3+) to achieve a high-performance nitrate retention. The TFC membranes exhibited 
an excellent NO3

– retention property ranging from 83 – 94 %, outperforming the commercial NF membranes, and 
meeting the requirement for drinking water from surface water and groundwater bodies. Among the membranes, 
the 1TA-4.5Fe variant achieved a pure water permeance of 13.6 L⋅m− 2⋅h− 1⋅bar− 1 and an 83 % NO3

– rejection for a 
100 mg/L feed solution. Nitrate retention improved with increased feed pressure and declined with increased 
nitrate concentrations in the feed solution. The thin film composite membranes having TA-Fe3+ selective layers 
also showed a good monovalent/divalent ion (NO3

–/SO4
2–) separation with a selectivity between 4.5 and 38.1. The 

Donnan Steric Pore Model with Dielectric Exclusion (DSPM-DE) model was used to describe the transport 
mechanism and rejection mechanism of ions for the feed solutions containing the ternary ion mixture (Na+/NO3

–/ 
SO4

2–). Experimental and theoretical results indicated that nitrate ion flux was primarily diffusion-driven, while 
ion partitioning was governed by dielectric exclusion and Donnan effects. This comprehensive evaluation un
derscores the high potential of these TFC membranes for advanced nitrate removal. For the first time it has been 
demonstrated that the DSPM-DE model can sufficiently predict the selective transport of NO3

– over SO4
2– ions 

through TFC membranes having TA-Fe3+ selective layers.

1. Introduction

Contamination of drinking water, including both surface and 
groundwater, has become a significant global concern. Widespread 
pollution of water bodies by nitrate (NO3

–) poses risk to the human health 
[1,2]. Approximately 1.5 billion people worldwide rely on groundwater 
for irrigation and drinking [3]. In the United States, the Environmental 
Protection Agency (EPA), has set a maximum allowable nitrate con
centration in public water supplies at 10 mg/L as nitrate-nitrogen (NO3- 
N) [4]. In comparison, the European Union permits nitrate levels up to 
50 mg/l (equivalent to 11.3 mg/L NO3-N) [5,6]. However, in
vestigations have shown that groundwater in many areas, particularly in 
Germany and other EU Member States, often exceeds the maximum 
permissible nitrate level [7,8]. Given that groundwater is a major source 
of drinking water, especially in countries like Germany where it 

accounts for 61 % of the supply, the contamination presents a significant 
challenge [9].

The growing use of fertilizers, pesticides and excessive farming are 
the main contributors of nitrate in contaminating surface and ground 
water [7,9–11]. Agricultural and industrial effluents contain high nitrate 
concentration. The high nitrate levels from these sources raise envi
ronmental and human health concerns, necessitating the development 
of effective nitrate removal methods. Several technologies, including ion 
exchange, microbial and chemical denitrification, adsorption, electro
dialysis, and membrane separation processes, have been developed to 
remove excess NO3

− ions from water [12–16]. Among these methods, 
membrane technology has emerged as a promising solution due to its 
cost-effectiveness, energy efficiency, simplicity, and high water recovery 
rates. Although reverse osmosis membranes can effectively remove 
almost all contaminants, the low water flux and high energy demand 
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remain their major drawbacks [17]. Thus, nanofiltration membranes, 
with characteristics between reverse osmosis and ultrafiltration, are 
increasingly seen as a viable alternative for water treatment [18]. 
However, the nitrate rejection efficiency of the available commercial NF 
membranes is low [19]. Hence, recent advances in membrane technol
ogy have focused on developing new materials having improved nitrate 
rejection without compromising the water permeance. Metal–phenolic 
networks (MPNs) are gaining prominence as emerging coatings in the 
realm of engineering functional materials [20]. MPNs are thin coating 
layers formed through the chelation of transition metal ions with the 
catechol or galloyl groups of phenolic ligands [21,22]. This coordination 
creates stable complexes that form robust and interconnected networks, 
making them suitable for synthesizing thin selective layers. Tannic acid 
(TA), a natural polyphenol, has been widely studied for its cost effective 
and rapid membrane synthesis and surface functionalization capabilities 
[23]. Pioneering research works have demonstrated that MPN coating 
layers, as a result of the TA self-assembly with various metal ions such as 
Fe3+, Ni+, Cu2+, Ti4+ and Ag+, exhibit excellent separation performance 
in the field of oil/water emulsion, heavy metal removal, dye separation, 
trace organic components removal and low-pressure NF [23–29]. MPN 
coatings have been reported to enhance the water permeance, rejection, 
and antimicrobial activity, thereby improving the overall membrane 
performance [20,30,31]. However, no effort has been made to study the 
nitrate retention properties of these membranes.

This study investigates the application of MPN containing thin-film 
composite (TFC) membranes for nitrate removal. Specifically, the 
research focuses on synthesizing an MPN-based selective layer for high 
nitrate retention through the supramolecular self-assembly of TA and 
Fe3+. The TA-Fe3+ thin-films were deposited via layer-by-layer film 
synthesis method over a polyacrylonitrile (PAN) porous support to 
obtain the TFC membranes. The TA-Fe3+ layer was synthesized in an 
aqueous environment, by dissolving both TA and the ferric salt in water. 
In other words, an ecofriendly route was used to fabricate the selective 
layer of the TFC membranes. The nitrate removal efficiency of the TFC 
membranes was thoroughly investigated by performing pressure and 
concentration dependent retention tests as well as mixed ion filtration 
experiments. Furthermore, the study discusses the applicability of the 
Donnan Steric Pore Model with Dielectric Exclusion (DSPM-DE) [32,33] 
to describe nitrate separation from ionic mixtures. NF membranes 
contain a typically asymmetric structure in which the thin selective layer 
controls the mass transfer of components through the membrane while 
the support layer with a low resistance acts as a mechanical support. 
Ions undergo equilibrium partitioning at the feed solution-membrane 
selective layer interface [34]. DSPM-DE model effectively describes 
the phenomena occurring at the membrane interface and elucidates the 
exclusion and rejection mechanisms of an ion by the selective layer. 
Understanding the mass transport mechanisms governing nitrate rejec
tion in these MPN membranes provides valuable insights into enhancing 
membrane performance and expanding the scope of membrane tech
nology for sustainable water treatment.

2. Materials and methods

2.1. Materials and chemicals

A polyacrylonitrile (PAN) ultrafiltration membrane was inhouse 
fabricated and provided by Helmholtz-Zentrum Hereon. Tannic acid 
(TA) was purchased from Sigma-Aldrich Chemie GmbH (Germany). Iron 
(III) chloride hexahydrate (FeCl3⋅6H2O) was obtained from Alfa Aesar 
GmbH & Co. Poly(ethylene glycol) (PEG) of 400 g/mol average molec
ular weight was commercially supplied by VWR International GmbH 
(Germany). Sodium nitrate (NaNO3, 84.995 g/mol), sodium sulfate 
(Na2SO4, 142.04 g/mol), and Sodium chloride (NaCl, 58.44 g/mol) were 
purchased from Sigma-Aldrich Chemie GmbH (Germany). Milli-Q ul
trapure water purification system was used to produce the Deionized 
(DI) water used in this study. Aqueous feed solutions were prepared 

using DI water. All chemicals were used as received.

2.2. Synthesis of the TFC membranes

The membrane fabrication method used to obtain the TFC mem
branes is analogous to the layer-by-layer film deposition technique. 
Briefly, a series of membranes were fabricated by coating the top layer of 
the in-house made PAN support with 50 ml aqueous solutions of tannic 
acid (0.02 w%) and FeCl3⋅6H2O solutions in a layer-by-layer technique. 
Scheme 1 illustrates the fabrication process of the TFC membrane. 
Firstly, the PAN was pre-soaked in pure water for at least 3 hrs. The 
casting solutions for the TA-Fe3+ coatings were dissolved in DI water. 
Then, a two-TA-Fe3+ layered coating was fabricated over the PAN sub
strate by depositing the TA and Fe3+ containing solutions alternately, 
each for 4 min. The membrane was rinsed with DI water after the 
deposition of each solution. The FeCl3⋅6H2O concentration was varied 
(0.09, 0.1, 0.12, and 0.16 w%) to fabricate 1TA-4.5Fe, 1TA-5Fe, 1TA- 
6Fe, and 1TA-8Fe TFC membranes, in the corresponding order, in 
which the coefficient of Fe corresponds to the weight ratio between the 
ferric salt and TA solutions.

2.3. Membrane characterization

Surface analyses of the membranes were performed using SEM, AFM, 
FTIR, and EDX. Fourier Transform Infrared Spectroscopy (FTIR) using 
Bruker Alpha (diamond-ATR unit) (Bruker, Karlsruhe, Germany) in the 
wavenumber range 4000 – 400 cm− 1 with a resolution of 4 cm− 1 for 64 
scans was recorded to determine surface functional groups on dry 
samples. Energy dispersive X-ray spectroscopy (EDX) analyses were 
performed for elemental analysis on membrane surface. Extreme and an 
X-max 150 EDX (Oxford Instruments, U.K.) detectors were used as pri
mary and secondary detectors. Analyses were performed at an acceler
ation voltage of 1.5 kV, a working distance of 5.6 nm and a constant 
magnification of 5 kx. Surface and cross-sectional morphologies of the 
support and fabricated TFC membranes were observed with a Merlin 
(Zeiss, Germany) Scanning Electron Microscopy (SEM) at an acceler
ating voltage of 1.5 – 3 kV. InLens secondary electron detector was used, 
and samples were sputter-coated with 1 – 1.5 nm platinum using a CCU- 
010 coating device (Safematic, Switzerland) before measurement. 
Atomic force microscopy (AFM) images were collected on MultiMode 8 
instrument (Bruker, USA) in Tapping mode using RTESPA-150 probes 
(tip radius ≈ 8 nm, spring constant ≈ 5 N/m) to analyze the surface 
topography and roughness of the membranes. The root mean square 
(RMS) roughness values (Rq) and arithmetic average roughness values 
(Ra) of height deviations taken from the mean image data plane using a 
3 µm x 3 µm scan size of membrane area were calculated with Nano
Scope Analysis 1.9 software. The reported roughness values are the 
average from three different areas for each sample. The streaming zeta 
potential was measured with SurPASS 3 electrokinetic analyzer (Anton 
Paar, Austria) using 1 mM NaCl as a background solution.

2.4. Experimental setup and operational protocol

All filtration experiments were performed in a laboratory test cell in 
a dead-end configuration. A stirred test cell from Millipore (EMD Mil
lipore XFUF07601) was used for the retention experiments. A membrane 
area of 2.13 cm2 was used. All the experiments were carried out at a 
stirring speed of 350 rpm. To evaluate the nitrate retention perfor
mances of the TA-Fe3+ TFC membranes, salt retention experiments were 
first performed with NaNO3 (100 mg/L) at 3 bar transmembrane pres
sure. The influence of the concentration and pressure were then studied 
for values ranging from 100 – 4000 mg/L and 0.5 – 4.5 bar, respectively. 
Retentions were determined according to the following relation: 

R(%) =

(

1 −
Cp

(Cf + Cr)/2

)

*100 (1) 
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R is the solute retention, Cp, Cf and Cr are the concentrations of the 
permeate, feed and retentate solutions in mg/L, respectively. The 
average of Cf at the beginning and Cr at the end of the filtration was 
taken for the computation of R(%) to account for the small change in the 
concentration of the feed solution in a dead-end filtration system. The 
ionic solute concentrations in the feed, permeate and retentate were 
determined by ion chromatography (Dionex ICS600, Thermofischer 
Scientific Inc., USA) provided with a AS 14A column and a CS 12A 
column for the determination of anions and cations, respectively. Poly 
(ethylene glycol) (PEG) of 400 g/mol average molecular weight was 
used as neutral solute to determine the structural properties of the 
membranes. The concentrations of PEG in the feed, permeate and 
retentate were determined by gel permeation chromatography (GPC) 
(VWR-Hitachi 2130 pump, Hitachi, Darmstadt, Germany).

The membrane flux, JV (L⋅m− 2 ⋅h− 1), was computed using equation 
(2). 

JV =
V

A*Δt
(2) 

Where V (L) is the volume of the permeate collected, A (m2) is the 
effective area of the membrane used for filtration, and Δt (h) is the 
filtration time. The pure water permeance (PWP, L⋅m− 2 ⋅h− 1⋅bar− 1) was 
calculated as JV

ΔP, where ΔP (bar) is the applied transmembrane pressure.
To study the separation performance of the fabricated membranes 

for a mixed solute system, filtration tests of ternary ion mixtures from 
salts containing a common cation were performed. Two separate solu
tions of NaCl-NaNO3 as well as NaNO3-Na2SO4 mixtures of 10 mM total 
feed salt concentration in which NO3

–/Cl– and NO3
–/SO4

2– molar ratios of 
1:1 were prepared. The retention tests were carried out at 3 bar trans
membrane pressure. To work with the model proposed in this study, the 
retention of ions from NaNO3-Na2SO4 mixture is measured as a function 
of volume flux. This was performed by varying the applied pressure 
driving force between 0.5 – 4.5 bar.

2.5. DSPM-DE model for elucidating the transmembrane ion transport 
and rejection

DSPM-DE is a practical and comprehensive model that describes the 
transport and rejection mechanisms of NF [33,35–37]. Evaluation of the 
transport mechanisms of ions through NF membranes involves mass 
transfer in a concentration polarization effect, followed by partitioning 
from the bulk solution to the membrane matrix, and then transport 
through the membrane active layer [38,39]. Partitioning of ions from 
the membrane matrix to the permeate solution occur at the membrane- 

permeate interface. Ionic partitioning at the solution–membrane in
terfaces is determined by the interplay between three exclusion mech
anisms: steric (size), Donnan (charge) and dielectric exclusion effects 
(Scheme 2a). Steric exclusion is due to the size sieving property of the 
porous structure while Donnan exclusion is due to the electrostatic 
interaction between the charged ions in solution and the fixed mem
brane charge. Dielectric exclusion mechanism according to the Born 
effect is considered in this work. Based on the Born effect, the dielectric 
constant of the solvent decreases inside the pores that causes solvation 
energy barrier for ions to enter confined channels. The exclusion effects 
are accounted for using the boundary conditions at the membrane 
surfaces.

A comprehensive study of NF transport mechanism requires the use 
of the Extended Nernst–Planck (ENP) equation which involves a com
bination of the diffusive, convective and electro-migrative transport of 
species, modified by the hindered transport theory [40]. The DSPM-DE 
model is based on the assumption that the membrane active layer is a 
porous structure containing cylindrical uniformly sized pores. However, 
membrane structures contain tortuous pores of interconnected network 
of pores having a wide pore size distribution that may influence the 
performance predicted using the above assumption. This active layer 
predominantly determines the separation performance of the mem
brane. A method pioneered by Geraldes et al. [36] that solves the ENP 
equations, by first discretizing and linearizing, is followed in this work. 
The NF active layer is divided into equally spaced nodes and the DSPM- 
DE model equations are applied between each node. The non-ideality of 
solutions and the feed-side concentration polarization effect are 
considered.

Modeling of ion transport in a NF process requires the description of 
mass transport of each species through each region of scheme 2b: the 
concentration polarization layer on the feed side, the NF active layer and 
the permeate side. First, we start with the transport inside the pores of 
the membrane. Mass transport of ions across the membrane active layer 
through concentration gradient, inertial and electric forces is described 
using the ENP equation. The flux of each solute (Ji) through the mem
brane pore is given by equation (3) [36,41]: 

Ji = − Ki,dDi,∞
dCi

dx
+Ki,cCiJv − ziCiKi,dDi,∞

F
RT

dΨ
dx

(3) 

Where zi is the valence, Di,∞ is the diffusivity, Ci is the concentration of 
solute i inside a pore, Jv is the solution flux, and Ψ is the electrical po
tential. x is the coordinate from feed towards permeate side in the di
rection across the membrane active layer, while F, R and T represent 
Faraday constant, universal gas constant and temperature, respectively. 
The first, second and the last terms of the right hand-side of equation (3)

Scheme 1. Schematic illustration of the membrane fabrication technique of the MPN containing TFC membranes.
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for Ji represent the transport of ions through diffusion (diffusive flux, 
Jd,i), potential gradient (electromigrative flux, Jm,i), and due to 
convective forces (convective flux, Jc,i) respectively. The diffusion and 
convective transport within the small pore-sized NF membrane are 
hindered. Ki,C and Ki,d are hinderance factors for both convection and 
diffusion, respectively, estimated through the empirical correlations of 
equation (4) and (5), introduced to modify the ENP equation by the 
hindered transport theory [36]. 

Ki,C =

(
1 + 3.867λi − 1.907λi

2 − 0.834λi
3)

(
1 + 1.867λi − 0.741λi

2) (4) 

Ki,d =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎛

⎜
⎜
⎝

1 +

(
9
8

)

λilnλi − 1.560λi + 0.528λi
2 + 1.915λi

3

− 2.819λi
4 + 0.270λi

5 + 1.101λi
6 − 0.435λi

7

⎞

⎟
⎟
⎠

(1 − λi)
2 , λi ≤ 0.95

0.984
(

1 − λi

λi

)5/2

, λi > 0.95

(5) 

Where λ is the relative size of solute Stokes radius to pore size 
(

rs
rp

)

.

Taking concentration polarization on the feed side [36] into 
consideration, the flux of a solute across the concentration polarization 
layer at the feed side of scheme 2b is be expressed as: 

Ji = − k*
i,c
(
Ci,m − Ci,b

)
+ JvCi,m −

ziCi,mDi,∞F
RT

dΨ
dx

(6) 

Where Ci,b and Ci,m are the concentrations of ion i in the bulk solution 
and just at the pore entrance, respectively. k*

i,c is the permeate flux 
dependent mass transfer coefficient given by 

k*
i,c = ki,C

(
Φi +(1 + 0.26Φi

1.4)
− 1.7

)
(7) 

Where Φi = Ji
ki,C

. The mass transfer coefficient (ki,C) is computed from the 
mass-transfer correlations as follows. 

Sh = 0.23Re0.567Sc0.33 (8) 

Where Sh = ki,CL/(Di,∞) is the Sherwood, Re is the Reynolds number and 

Sc is the Schmidt number which is related to viscosity and the diffusivity 
at infinite dilution. L is the length of the stirrer utilized.

On the other hand, the continuity equation expresses the flux of a 
solute on the permeate side as shown in equation (9) assuming a steady 
state flow. 

Ji = JvCi,p (9) 

According to Gao et al. [42] and Wang and Lin [33], the boundary 
conditions are given by the equilibrium relations for partitioning at the 
feed-membrane interface (equation (10)) and at the membrane- 
permeate interface (equation (11)) as follows. 

γi,1Ci,1

γi,mCi,m
=

(

1 −
rs

rp

)2

exp
(

−
ΔWi

kBT

)

exp
(

−
ziF
RT

ΔΨD,m

)

(10) 

γi,NCi,N

γi,PCi,P
=

(

1 −
rs

rp

)2

exp
(

−
ΔWi

kBT

)

exp
(

−
ziF
RT

ΔΨD,P

)

(11) 

Where the exponential term exp
(

− ziF
RTΔΨD

)

represent Donnan exclusion 

coefficient (ΦD) of a solute. 
(

1 − rs
rp

)2 
is the steric exclusion factor (Φs) 

for ion i, while exp
(

− ΔWi
kBT

)

represents the dielectric partitioning factor 

(ΦB) expressed as a function of the change in solvation energy (ΔWi) of a 
solute, calculated as follows. 

ΔWi =
z2

i e2
0

8πℇ0rs

(
1
ℇp

−
1
ℇb

)

(12) 

ℇb and ℇp are dielectric constants of water in the bulk solution and inside 
the pores of the active layer, e0 is the charge of an electron, ℇ0 is the 
vacuum permittivity. The non-ideality of the solution is considered 
through the introduction of an activity coefficient for an ion (γi) 
computed using [41]: 

ln(γi) = − Azi

( ̅̅
I

√

1 +
̅̅
I

√ − 0.3I
)

(13) 

Where I is the ionic strength of the solution given by I = 0.5
∑Nc

i=1z2
i Ci, 

while A is a correction factor expressed as [41]: 

Scheme 2. Schematic illustration of NF membrane exclusion mechanisms (a) and the potential profile, the concentration profile, and the transport mechanisms in NF 
process (b). The membrane active layer is discretized into equally spaced nodes. For every node, one ENP equation is applied for each solute i.
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A =

( ̅̅̅̅̅̅̅̅̅̅̅̅
2πNA

√

ln(10)

)(
e2

0
4πℇ0ℇrkBT

)3/2

(14) 

Here, NA, ℇr, kB represent respectively Avogadro’s number, dielectric 
constant of medium and the Boltzmann constant. Electroneutrality is 
always fulfilled in the feed side (equation (15)), permeate side (equation 
(16)) and inside membrane active layer (equation (17)). Inside the 
membrane matrix, electroneutrality is met through the contribution of 
the available ionic species and volumetric charge density of the NF layer. 
∑Nc

i=1
ziCi,m = 0 (15) 

∑Nc

i=1
ziCi,p = 0 (16) 

CX +
∑Nc

i=1
ziCi = 0 (17) 

2.5.1. Computational procedure
Only steric exclusion mechanism affects the partitioning of un

charged solutes. Therefore, rejection for neutral solutes can be expressed 
by solving the DSPM-DE transport equation without the dielectric and 
Donnan exclusion terms as follows [33,43]: 

Rreal =

(

1 −
Ci,p

Ci,m

)

= 1 −
Ki,CΦs

1 − exp
(

−
Ki,C
Ki,d

JvΔx
Di,∞Ak

)
(
1 − Ki,CΦs

)
(18) 

Φs is the steric exclusion factor dependent on the solute radius and pore 
radius. A procedure by Bowen et al. [44] for fitting the rejection of 
neutral solutes to determine pore characteristics using equation (18) is 
followed. In this approach, the pore size (rp) and the membrane thick
ness to porosity ratio (Δxe = ( Δx

Ak
)) were estimated using PEG retention 

measurements as a function of permeate flux, Jv. A 1 g/L solution of PEG 
of 400 g/mol molecular weight was used for this test. The feed, retentate 
and permeate PEG concentrations were analyzed using GPC and reten
tion was computed as described in section 3.4 above. To estimate the 
pore radius and the effective thickness of each membrane, a curve fitting 
of rejection and Jv (in Equation (18)) was performed through minimi
zation of the sum of squared errors (SSE) between the experimentally 
measured (Rexp) and the calculated rejection (Rcal) of the neutral solute. 
These membrane parameters were regressed using the dual annealing 
optimization algorithm in python. The objective function was as follows. 

f
(
rp,Δxe

)
= SSE =

∑

fluxes

(Rcal − Rexp)
2 (19) 

Then, the observed rejection of the ternary ionic mixture (nitrate con
taining salt solution) a function of Jv was fitted to determine the mem
brane charge density (CX) and pore dielectric constant (ℇp) by 
simultaneously solving the DSPM-DE system of equations. Similarly, 
these membrane parameters were estimated by minimizing the SSE 
between the measured and the calculated rejection of ions in the salt 
solution. Dual annealing in conjunction with the Nelder-Mead local 
optimizer was used to perform the optimization process in python since 
this regression method provides the fastest convergence as suggested by 
a previous study [37]. Inside the active layer, the ENP equations are 
discretized by dividing the membrane thickness into N number of nodes 
as shown in Scheme 2b. Then, the systems of equations (Equation (3) – 
(17)) were solved simultaneously by linearizing the discretized ENP 
equations and other model equations. Initial guess of potential and 
concentration profiles as well as under-relaxation factors for the elec
trical potential and concentrations inside the membrane were provided 
to the system to ensure that the convergence is achieved as suggested in 
a previous study on DSPM-DE [36]. The algorithm developed by Ger
aldes et al. [36] was used to solve the system of equations. The flowchart 
in Fig. S4 (supporting information) shows the algorithm followed in this 

work. The numerical parameters and operating conditions can be found 
in Table S1 and S2.

3. Results and discussion

This section contains two main parts. Salt retention performance of 
the membranes is presented and discussed in the first part of this section 
(subtopics 4.1 – 4.5). This involves both single and mixed salt filtration 
tests. The membrane characterization and the nitrate rejection behavior 
of the MPN membranes under different conditions is analyzed. In the 
second part, DSPM-DE is used to assess the ion transport properties of 
the TFC membranes (section 4.6). Membrane parameters are first esti
mated followed by the comparison of experimental and theoretical ion 
rejection results in multi-ionic mixtures. Finally, the implications of the 
exclusion coefficients and ion fluxes computed are discussed.

3.1. Characterization of the fabricated membranes

FTIR spectroscopy was used to analyze the chemical functional 
groups of the membranes. Peaks from the PAN support attributed to CH2 
stretching vibration (at 2936 cm− 1), C≡N stretching vibration (at 2242 
cm− 1) and CH2 bending vibration (at 1450 cm− 1) of the pristine support 
and the TFC membranes are shown in Fig. 1a. In the newly fabricated 
membranes, the broad spectral peak from 3700 to 3200 cm− 1 is ascribed 
to the abundant phenolic –OH groups in tannic acid. Characteristic 
bands from the MPN layer appear at 1713 cm− 1 and 1575 cm− 1 in the 
FTIR spectra of the TFC membranes attributed to the C=O for stretching 
vibration in the ester groups and the C=C stretching vibration peak from 
the aromatic rings of TA, respectively. The peak at 1202 cm− 1 corre
sponds to the C–O stretching vibration from TA. The emergence of these 
new spectral peaks confirms the successful deposition of the MPN layer 
onto the substrate surface. EDX was further carried out to validate the 
effective deposition of TA-Fe3+ layer. The characteristic peaks from the 
MPN coating layer clearly show the presence of oxygen and iron as 
component elements (Fig. S1). In comparison, the reference PAN sup
port membrane did not exhibit any Fe peak (Fig. S1). Elemental com
positions of both O and Fe increased on the 1TA-8Fe membrane surface 
compared to 1TA-4.5Fe membrane denoting an increased incorporation 
of tannic acid and metal ions in the self-assembled layer. On the con
trary, the density of carbon and nitrogen in the fabricated TFC mem
branes decreased due to the TA-Fe3+ coating on the PAN surface.

AFM analysis revealed that the TA-Fe3+ coating at low Fe3+ con
centration exhibit smoother surfaces compared to the pristine PAN 
support (Fig. 1c and 1d). The RMS roughness value (Rq) of the PAN 
support was 3.59 nm while the Rq for 1TA-4.5Fe and 1TA-5Fe TFC 
membranes slightly decreased to 3.36 and 3.35 nm, respectively. When 
the FeCl3⋅H2O concentration increased beyond 0.10 w%, the MPN 
membrane exhibit substantially rough surfaces. High metal ion con
centration induces aggregation of TA-Fe3+ complexes on membrane 
surface. These aggregates are deposited over the membrane surface as a 
result of the binding affinity of TA [45]. This increases surface roughness 
and protrusions [27,46,47]. The protrusions from the complexes can be 
observed in Fig. 1c for 1TA-6Fe and 1TA-8Fe membranes. The RMS 
roughness values for these membranes were 7.15 and 6.71 nm, 
respectively.

To assess the impact of the MPN layer coating on the porous sub
strate, the surface and cross-sectional morphologies of the coated and 
pristine membranes were examined with SEM. The uncoated PAN 
membrane displayed a smooth and porous top surface as depicted in 
Fig. 2a. Fig. 2b-e illustrate the surface morphologies of the fabricated 
TFC membranes. The denser top surface structure of the TFC mem
branes, compared to the bare PAN membrane, is attributed to the 
deposition of a MPN layer, which forms rapidly due to the self-assembly 
of TA and Fe3+ [45,46]. Increasing the FeCl3 concentration in the casting 
solution reduces the surface porosity of the TFC membranes signifi
cantly. For instance, the 1TA-4.5Fe membrane had a relatively porous 
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TA-Fe3+ surface coating, while 1TA-8Fe membrane exhibited the most 
compact surface structure. The increase in metal ion concentration 
during the immersion process promoted the MPN layer growth and 
cross-liking. Consequently, a denser top surface with low surface 
porosity is formed when Fe3+ concentration of the casting solution was 
increased. Furthermore, the SEM analysis of the cross-sections showed 
that all membranes had a spongy microporous sublayer beneath the top 
skin layer, which formed during the phase inversion process of the 
support fabrication. The high-resolution SEM images confirmed that the 
cross-sectional microstructure remained unobstructed, indicating that 
the TA-Fe3+ coating formed an ultrathin skin layer [45,48] only over the 
membrane top surface. The structure of the TFC membranes, consisting 
of a thin dense surface layer and a sponge-like sublayer ensures a good 
retention and high flux properties.

To evaluate the water flux of the MPN coated membranes, pure water 
permeation test was performed at 3 bar feed pressure. The pure water 

permeances (PWP) of the fabricated TFC membranes (Table 1) were 
lower than the permeance for the pristine PAN support. PWP of the PAN 
was 286 ± 10 L⋅m− 2⋅h− 1⋅bar− 1. After the deposition of the TA-Fe3+

layer, the porous surface of the support substrate was homogeneously 
covered. The water permeance of the TA-Fe3+ membranes declined 
when the ferric ion concentration of the casting solution was increased. 
For example, the PWP of the 1TA-4.5Fe membrane was around 13.6 
L⋅m− 2⋅h− 1⋅bar− 1, whereas the 1TA-5Fe membrane, which was moder
ately tighter, had a PWP of 6.6 L⋅m− 2⋅h− 1⋅bar− 1. The 1TA-8Fe TFC 
membrane, with its denser surface structure, showed the lowest water 
flux, indicating a potentially enhanced ability to retain solutes. Such a 
reduction in permeance is due to the formation of denser separation 
layers at higher Fe3+ concentrations, as depicted by the SEM images in 
Fig. 2. Similar water permeance decline was observed in our previous 
work for small organic molecule separation [49]. These findings un
derscore the importance of reagent concentration in tailoring 

Fig. 1. Surface analysis of the PAN pristine membrane and the fabricated TA-Fe3+ membranes. a) FTIR, b) zeta potential at pH 5.9 of the background solution, c) 2D 
and 3D AFM images, and d) surface roughness of the membranes in terms of RMS (Rq) and Arithmetic average (Ra).
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metal–phenolic network coated TFC membranes.

3.2. Nitrate retention efficiency of TA-Fe3+ membranes

The nitrate retention performance of the fabricated TFC membranes 
from aqueous solution containing NaNO3 was evaluated. The nitrate 
removal efficiency of the membranes (Fig. 3a) increases with the 

increase of Fe3+ concentration in the casting solution. Under test con
ditions of 100 mg/L NaNO3 concentration and 3 bar operating pressure, 
1TA-8Fe membrane had the highest nitrate retention (93.8 %), out
performing 1TA-4.5Fe (82.9 %), 1TA-5Fe (89.2 %) and 1TA-6Fe (93.6 
%). The ion retention mechanism involves steric exclusion, Donnan 
exclusion and dielectric exclusions [33]. The pH of the NaNO3 feed so
lution was 5.9. Due to the negative surface charges of the membranes at 
this pH (Fig. 1b), the Donnan effect substantially contributes to the 
overall nitrate rejection. Steric hindrance affect ionic solute rejection, 
particularly in salts with hydrated ionic diameters larger than or com
parable to the pore size of the membrane [50]. As Fe3+ concentration 
increased, the membrane pore size decreased, which enhanced steric 
hindrance and consequently improved nitrate rejection. The dielectric 
exclusion further enhanced the salt rejection by increasing the solvation 
energy barrier for ions attempting to enter the small, confined pores of 
the membranes.

Fig. 2. Surface (top image) and cross-section (bottom image) SEM images of the analyzed support and TA-Fe3+ TFC membranes fabricated at different tannic acid to 
FeCl3⋅6H2O ratio: (a) pristine PAN support, (b) 1TA-4.5Fe, (c) 1TA-5Fe, (d) 1TA-6Fe and (e) 1TA-8Fe.

Table 1 
Water permeance of the MPN based TFC membranes, fabricated at different 
FeCl3⋅6H2O concentration, used for nitrate retention test.

Membrane Pure water permeance (L⋅m− 2⋅h− 1⋅bar− 1)

PAN 286 ± 10
1TA-4.5Fe 13.6 ± 3.8
1TA-5Fe 6.6 ± 0.9
1TA-6Fe 3.8 ± 1.8
1TA-8Fe 0.9 ± 0.1
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3.3. The effect of initial nitrate concentration

Membrane performance is strongly dependent on the process oper
ating parameters and the concentration of the feed solution is one of the 
most important and fundamental parameters. Fig. 3b present the effect 
of feed concentration on nitrate retention. The NaNO3 concentration 
was varied between 100 mg/L – 4000 mg/L using the 1TA-4.5Fe 
membrane. It is observed from Fig. 3b that the salt retention 
decreased exponentially with the increase in salt concentration of the 
feed solution. Thus, a negative covariance is observed between the feed 
solution concentration and nitrate retention. The retention rate was 
82.9 % at 100 mg/L which dropped to 68.4 % at 250 mg/L and further to 
22.9 % at 4000 mg/L. This fast decline can be explained by the drop in 
the effects of the membrane surface charge. This behaviour is well 
known and is characteristic of charged membranes [51–53]. As the ion 
concentration in the feed increases, the electric double layer compresses 
[54,55]. In dilute solutions, solutes experience electrostatic repulsion 
from a charged membrane surface over a greater distance than in 
concentrated solutions [55]. At low ionic concentrations, the screening 

effect is weak, and electrostatic repulsion of anions plays a significant 
role, resulting in higher retention [56]. However, as concentration in
creases, the screening effect intensifies due to the shielding phenomenon 
[56]. Higher salt concentration leads to a stronger counter-ion 
screening, which gradually neutralizes the negative charge of the 
membrane surface. Charge neutrality in the membrane requires a bal
ance between the volumetric charge density of the solution within the 
membrane pores and the fixed charges of the membrane itself. At high 
ionic strength, the Donnan potential developed on the membrane sur
face to induce the net volumetric charge density diminishes, reducing 
the effect of Donnan exclusion [33,57]. Therefore, retention of nitrate 
declines due to the weaker electrostatic interactions between the 
negatively charged surface of the membrane and the NO3

− ions. 
Furthermore, diffusion inside the membrane is concentration depen
dent. Increasing the concentration of ions in the membrane pores leads 
to higher fluxes of ionic solutes due to the contribution of diffusive flux. 
All four fabricated membranes showed similar trend of ion retention 
owing to the change in NaNO3 concentration in the feed solution 
(Fig. 3a). The nitrate retention of the membranes decreased from 82.9 – 

Fig. 3. (a) Nitrate ion retention performance of the TA-Fe3+ membranes from 100 mg/L and 850 mg/L feed concentrations. (b) Effect of feed concentration on 
NaNO3 retention by the 1TA-4.5Fe membrane. (c) Comparison of the nitrate retention performance of the TA-Fe3+ membranes (Colored squares) to commercial 
membranes from the literature (black squares and bars). Colored squares represent 1TA-4.5Fe (green), 1TA-5Fe (orange), 1TA-6Fe (blue) and 1TA-8Fe (red) 
membranes. Data for 270 (b), BW30LE and CK are from ref[62], ref[63] and ref[64], respectively. Data for all other commercial membranes were taken and 
reconstructed from Ref. [19]. Bars represent a range of retention values. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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93.8 % at 100 mg/L to 48.3 – 91.1 % when the feed solution was 850 
mg/L, demonstrating the membranes maintained good retention even at 
850 mg/L (equivalent to 10 mM of NaNO3). Since the nitrate concen
tration in actual groundwater across European and other regions is 
typically lower than 100 mg/L [7], it can be concluded that the prepared 
MPN membranes are effective in its removal at this concentration 
(Fig. 3a, for 0.1 g/L) and reduce it to admissible levels.

The obtained retention results are compared with those of com
mercial membranes reported in the literature (Fig. 3c). The MPN 
membranes show a superior nitrate retention performance compared to 
the commercial membranes, suggesting TFC membranes with TA-Fe3+

selective layers are promising candidates for the denitrification of 
contaminated water. However, future works can focus on improving the 
water permeance of the MPN membranes through different strategies.

3.4. Effect of pressure on permeate flux and nitrate retention

The permeate flux increases linearly with the transmembrane pres
sure for all TA-Fe3+ membranes (Fig. 4b). Higher hydraulic pressures 
result in increased permeate flux, while nitrate retention is also closely 
tied to this flux. Fig. 4a shows the observed nitrate removal rates as a 
function of the applied transmembrane pressure. The nitrate retention of 
the membranes improves with increasing pressure, due to the increased 
permeate flux. This increase is most rapid at transmembrane pressures 
between 0.5 and 2 bars for all membranes. Relatively slower increase of 
retentions were observed for the increase of transmembrane pressures 
from 2 to 4 bars. For the 1TA-6Fe membrane, the nitrate retention was 
dramatically improved from 26 % at 0.5 bar to 85 % at 4 bar trans
membrane pressure. The NO3

– removal increased from 27.5, 28, 51.2, 
and 62 % at 1 bar to 55.9, 70.4, 85.3 and 90.1 % at 4 bar for the 1TA- 
4.5Fe, 1TA-5Fe, 1TA-6Fe and 1TA-8Fe membranes, respectively. 
Generally, it is evident that the applied pressure has a substantial and 
positive effect on nitrate retention. When concentration polarization is 
minimal, higher water permeance is observed as the applied trans
membrane pressure is the only driving force for water transport through 
the pores [33]. The ion flux through a nanoporous membrane can be 
described as the sum of convective, diffusive and electromigrative fluxes 
[33,58,59]. Convective flux, driven by the pressure gradient across the 
selective layer, increases with permeate flux. At low permeate water 
flux, nitrate transport occurs primarily by ionic diffusion, as the 

contribution of convective flux is low [60]. As the applied pressure in
creases, the convective flux of the ions (slightly) increases. However, the 
overall concentration in the permeate side decreases. This decrease is 
due to the dilution effect in the permeate channel as a result of higher 
water flux [61]. Nitrate retention continues to increase with increasing 
flux until a limiting value for retention is reached [41,60].

3.5. Mixed salt retention

In the previous sections, we observed that MPN membranes exhibit 
excellent nitrate retention performance in case of feed solutions con
taining single salt (Fig. 3a). Here, we analyze the NO3

– separation 
property of the MPN membranes from feed solutions containing mixed 
solution systems. These experiments assess the nitrate separation effi
ciency of the fabricated membranes from ternary ion solutions con
taining a Na+/Cl–/NO3

– mixture and Na+/NO3
–/SO4

2– mixture. The feed 
solutions contained 1:1 molar ratio of the anions. Fig. 5 presents the 
anion retention ability of TA-Fe3+ membranes, showing comparable 
retention of chloride and nitrate, while revealing high selectivity be
tween NO3

– and SO4
2–. The similar charge and hydration radii (0.33 and 

0.34 nm, respectively [65]) of Cl– and NO3
– underscores the challenge of 

separating these monovalent ions by NF membranes. Moreover, both of 
these ions exhibit similar diffusivities, 2.032 x10–9 m2⋅s− 1 for chloride 
and 1.902 x10–9 m2⋅s− 1 for nitrate [66]. However, Fig. 5a shows a small 
difference of the retention values, with chloride being marginally more 
rejected than nitrate by most membranes. This can be explained by the 
lower hydration energy of NO3

– compared to Cl–, enabling it to permeate 
through the membrane pores more easily by undergoing a higher degree 
of dehydration [64]. Furthermore, NO3

– has a lower negative ionic 
charge density due to its higher ionic volume compared to Cl– [64,66]. 
Therefore, nitrate is less repelled by a negatively charged membrane.

For the NaNO3-Na2SO4 mixture (Fig. 5b), the MPN membranes 
showed a higher retention towards the divalent ion, SO4

2–. The observed 
SO4

2– retention was in the range of 83 – 98.8 %. The nitrate to sulfate 
selectivities were 4.5 – 38.1 under the operating conditions of a 1:1 
molar ratio mixture of 10 mM feed solution at 3 bar transmembrane 
pressure and room temperature. Compared to nitrate, sulfate experi
ences stronger steric and Donnan exclusions by the negatively charged 
TA-Fe3+ membranes due to its higher ionic size and valence. Further
more, nitrate is more mobile with almost twice diffusivity compared to 

Fig. 4. Nitrate retention as a function of the applied transmembrane pressure (a), and the relationship between pressure and permeate flux variation (b) by the TA- 
Fe3+ membranes for 10 mM (≈ 850 mg/L) NaNO3 feed concentration. The solid lines are added to guide the eye.
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sulfate [66]. Increasing solute radius, charge or decreasing solute 
diffusivity generally increase the solute retention by membranes. Due to 
the electrochemical potential gradient, the counter-ion (Na+ in this 
case) can easily enter the membrane pores and is transported to the 
permeate side. Since the overall exclusion of sulfate by the membrane is 
higher, the other counterion (NO3

–) permeates to neutralize the solution 
on the permeate side. Therefore, the transported Na+ ions “pull in” the 
mobile nitrate ions to satisfy charge electroneutrality on both sides of 
the membrane. Overall, the TA-Fe3+ membranes show a good mono-/ 
divalent anion separation from the nitrate-sulfate mixture containing 
feed solution.

We finally aim to correlate the observed rejection with the mem
brane properties through a mathematical framework. The next section 
discusses the applicability of the Donnan steric pore model with 
dielectric exclusion (DSPM-DE) to describe nitrate rejection by the TA- 
Fe3+ TFC membranes. The NaNO3-Na2SO4 mixture was selected for this 
purpose since a good separation of nitrate from sulfate was observed. 
Besides, the experimentally measured rejection difference between 
chloride and nitrate cannot be described with this model [67,68].

3.6. Application of DSPM-DE for the NaNO3-Na2SO4 system using MPN 
membranes

The fabrication of membranes with enhanced separation perfor
mance should be complemented by robust mass transport model to 
describe the NF process. These models help to understand the transport 
mechanisms, predict membrane performance and facilitate the design of 
high-performance membranes [69]. Given that MPN membranes are 
rather new, there has been no prior attempt to model ion transport 
through them. Here, we applied the DSPM-DE model to elucidate the 
NaNO3-Na2SO4 mixture filtration and ion rejection properties of the TFC 
membranes having TA-Fe3+ selective layer for the first time. This 
approach allows us to investigate the dominant exclusion and transport 
mechanisms underlying the nitrate/sulfate separation.

3.6.1. Estimation of membrane parameters
Characterizing membranes in terms of parameters is an important 

part of membrane modeling [41]. The parameters should be articulated 
using simple mathematical models that allow them to be characterized 
with tolerable accuracy. The DSPM-DE model requires the determina
tion of four membrane parameters. The pore radius (rp) and effective 
membrane active layer thickness (Δxe) were estimated by performing a 
rejection test of a neutral molecule (PEG in this case) [34,70,71]. The 
effective membrane thickness (Δxe) denotes the membrane thickness to 

porosity ratio. The rejection of neutral molecules is attributed to the size 
sieving effect while the flux through the membranes is governed by a 
combination of diffusion and convection [71]. The rp and Δxe were 
estimated by fitting retention values (using equation (18)) at different 
permeate flux corresponding to different applied pressure. The rejection 
of PEG increased with the increase of applied pressure. The observed 
retentions as a function of flux and the fitted retention curves for the 
analyzed membranes can be found in Fig. S2 (Supporting Information).

The concentration of monomers significantly affects the growth of 
coating during the coordination reaction [47]. A higher Fe3+ concen
tration fosters the degree of coordination reaction to generate a more 
compact coating. An approximately 2 fold decrease of the rp is observed 
for a 1.8 fold increase of the Fe3+ concentration (Fig. 6a). The rp of the 
membranes gradually decreased from 1.3 nm to 0.6 nm with the in
crease of Fe3+ concentration. The Δxe of the membranes 1TA-4.5Fe and 
1TA-5Fe are rather similar. For 1TA-6Fe the Δxe is substantially lower 
than for 1TA-5Fe. The Δxe of 1TA-8Fe is slightly higher than that of 1TA- 
6Fe. A comparison of Fig. 4b and 6a suggests that the resistance against 
the mass transport through the prepared membranes is largely dictated 
by rp. A small difference of Δxe (like in case of 1TA-6Fe and 1TA-8Fe) is 
not reflected in the overall resistance of the membranes against mass 
transport.

The data obtained from the rejection test of charged solutes (a 
NaNO3-Na2SO4 salt mixture) was used to estimate the membrane charge 
density (CX) and pore dielectric constant (ℇp). Ion rejections, when 
plotted against permeate fluxes, show a linear relationship with R2 >

0.99 (Fig. S3, Supporting Information). CX and ℇp were estimated by 
fitting the observed rejections of the ions and simultaneously solving the 
DSPM-DE equations. The CX of the membranes became more negative 
with increasing Fe3+ concentration. Theoretically, the pore dielectric 
constant is expected to decrease with the pore size of the membranes (i. 
e. with increasing the Fe3+ concentration). However, from Fig. 6 it is 
evident that although the rp of 1TA-4.5Fe > 1TA-5Fe, there is no sig
nificant difference between the ℇp values in these two membranes. 
Similarly, although the rp of 1TA-6Fe is larger than that of 1TA-8Fe the 
values of ℇp are rather similar. The ℇp values of 1TA-4.5Fe and 1TA-5Fe 
are significantly lower than those of 1TA-6Fe and 1TA-8Fe (Fig. 6b). The 
results indicated that the surface of the TA-Fe3+ membranes became 
more negatively charged when the concentration of ferric ion was 
increased (Fig. 6b). The negative surface charge is a comprehensive 
result of hydroxyl group adsorption on the surface and the ionization of 
the surface functional group, mainly through the dissociation of func
tional groups of the polyphenol. It is important to note that the mem
brane surface charge is indeed a significant parameter, dependent not 

Fig. 5. The retention of anions for 1:1 molar ratio of a) NO3
–/Cl– and b) NO3

–/ SO4
2– in 10 mM total feed concentration of NaNO3–NaCl and NaNO3–Na2SO4 mixtures, 

respectively.
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only on the membrane material characteristics, but also on the solution 
composition. The type of salt and ionic strength (concentration) of the 
feed solution affect the charge of a membrane in contact with a solution 
[57,72,73]. The TA-Fe3+ membranes are obviously negatively charged 
at the testing condition.

3.6.2. Model results and discussion
We evaluated the DSPM-DE model’s ability to predict experimental 

ion rejection results for the ternary ion solution. Fig. 7 shows the 
experimental and modeled rejection data of the ions. The rejection of 
ions gradually increased with the permeate flux for all membranes. The 
change in the flux of ions to the permeate side was minimal although the 

water flux increased when applied pressure was increased.
The divalent anion showed higher rejection than the monovalent 

anion, attributed to the overall partitioning mechanisms. Sulfate, 
compared to nitrate, is highly excluded by Donnan and dielectric effects 
due to its higher charge, and sterically due to its higher hydrodynamic 
radius.

Negative rejection of nitrate was observed at low permeate flux for 
several membranes, indicating higher nitrate concentration in the 
permeate relative to the feed. Due to the electrostatic interaction with 
the membrane, the high flux of Na+ leads to the accelerated transport of 
the more mobile anion to satisfy electroneutrality on the permeate side. 
Therefore, the monovalent and highly diffusive nitrate easily permeates 

Fig. 6. Estimated membrane parameters. a) pore size (rp) and membrane thickness to porosity ratio (Δxe), and b) membrane charge density and pore dielec
ric constant.

Fig. 7. Experimental and model rejections of 10 mM feed concentration of NaNO3-Na2SO4 mixture of equimolar anions by different membranes a) 1TA-4.5Fe, b) 
1TA-5Fe, c) 1TA-6Fe, and d) 1TA-8Fe.
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which results in its higher concentration on the permeate side than the 
feed side. This phenomenon has been reported in the literature for 
ternary mixture of ions [41,68,74]. In a multi-ionic solution, the filtra
tion of multiple co-ions results in the negative rejection of the less- 
charged co-ion at relatively low Péclet numbers [75], which is a func
tion of the volume flux. This phenomenon occurs due to the greater 
relative contribution of diffusion to the overall filtration potential at low 
flux, which decreases as the Péclet number increases. The negative re
jections for NO3

– at low water fluxes are also observed by the DSPM-DE 
model.

There is especially a good agreement between the experimentally 
measured rejection data and the modeling results for membranes of 
small pore size (1TA-6Fe and 1TA-8Fe membranes). For the 1TA-4.5Fe 
and 1TA-5Fe membranes, the ion rejection could be better predicted 
at high permeate fluxes and deviates considerably at lower permeate 
fluxes. The deviation was higher for sulfate and better for nitrate for 
these membranes. The model predicts a high rejection for SO4

2– although 
this was not achieved experimentally with the membranes of 1TA-4.5Fe 
and 1TA-5Fe. The obtained results indicate that the DSPM-DE model 
demonstrates strong potential for elucidating the nitrate removal 

Fig. 8. Comparison of the exclusion coefficients of nitrate and sulfate ions by the MPN membranes (a-c), and ions fluxes across the membrane for 1TA-4.5Fe (d-e) and 
1TA-8Fe (g-i). Legends in subplot (i) apply to all ion flux plots in this figure. The permeate flux (JV) was varied by controlling the transmembrane pressure between 1 
– 4 bar. Ion fluxes were computed and compared just inside the membrane from solute concentrations of Ci,3 and Ci,2 of Scheme 2b for a membrane with Ci,n 

concentration regions across the film thickness, where n = 100 is the number of equally spaced nodes along the membrane thickness and i represents the ion.
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capabilities of thin-film composite membranes with a TA-Fe3+ selective 
layer when the average pore size is below 0.7 nm. However, for pore 
sizes exceeding 1 nm, the DSPM-DE model proves unreliable for simu
lating the separation process of the TA-Fe3+ selective layer. In such 
cases, the model tends to overestimate the retention of bivalent anions 
and shows significant deviation from experimentally observed results. 
This discrepancy may be attributed to the broad pore size distribution 
within the selective layer. The DSPM-DE model predicts ion retention 
based on rp, the average pore size estimated based the uniform pore size 
assumption of the model. However, membranes with an average pore 
size exceeding 1 nm may contain pores significantly larger than this 
average. These larger pores offer substantially lower resistance to the 
permeation of divalent anions than predicted by the DSPM-DE model. 
The model accurately predicts the rejection of monovalent nitrate ions 
even for the membranes having rp > 1 nm. However, due to the elec
troneutrality condition, the overestimation of divalent anion retention 
also leads to a slight overestimation of cation rejection for the mem
branes having rp > 1 nm.

3.6.3. Mechanism of ion exclusion
The increased rejection of ions with higher Fe3+ concentrations is 

attributed to a reduction in the values of the three exclusion coefficients 
at the membrane surface (Fig. 8). It is worth mentioning, as the exclu
sion coefficients approach zero, their contribution to ion exclusion at the 
interface between the feed solution and the membrane surface becomes 
more significant [71]. Among the three exclusion mechanisms, the steric 
partitioning coefficient was the highest for both nitrate and sulfate, 
signifying its limited role in ion exclusion at the interface. Compara
tively, the computed steric factor for sulfate was lower than that for 
nitrate (Fig. 8a) due to the larger Stokes radius of sulfate. From Fig. 8 it is 
evident that dielectric exclusion is the main rejection mechanism of the 
membranes while Donnan exclusion also plays a significant role. The 
Donnan exclusion coefficient (ΦD) of sulfate was in the range of 5.7E-4 
to 1.26E-1 while that of nitrate was in the range 2.4E-2 to 3.6E-1 for all 
membranes. Such low Donnan partitioning factor is due to the high 
screening of the anions by the negatively charged membrane surface. 
The Donnan effect was especially pronounced for sulfate in the 1TA-6Fe 
and 1TA-8Fe membranes leading to enhanced ion exclusion. Conversely, 
the Donnan exclusion coefficients for sodium were higher than unity 
(Fig. S5b in the Supporting Information) due to the preferable parti
tioning of cations into the pores of the negatively charged membrane. 
The ΦD of Na+ increased from 2.8 to 41.9 with the increase of Fe3+

concentration during membrane fabrication. This is attributed to the 
increase in the negative membrane charge density as shown in Fig. 6b. 
The selectivity of polymeric membranes, which contain ionizable 
charged groups (such as –O–, –COO–, –SO3

–, –NH4
+), is primarily deter

mined by the electrostatic interactions between the ions in solution and 
the membrane surface [58]. These interactions typically repel co-ions, 
excluding them at the membrane pore entrance through Donnan 
exclusion. The surface potential plays a critical role in shaping the ion 
concentration profile within the electric double layer, which influences 
both ion partitioning and subsequent intrapore diffusion [58]. The 
dielectric partitioning coefficient was the lowest of the three exclusion 
mechanism for the analyzed anions. The ΦB of sulfate was 4.0E-6 to 
1.2E-4 while that of nitrate was in the range 3.8E-3 to 1.8E-2 for all 
membranes. The exclusion factor decreased when the Fe3+ concentra
tion of the casting solution was increased owing to the observed 
decrease in pore size of the fabricated membranes. Dielectric exclusion 
is more effective in smaller pores. The 1TA-4.5Fe and 1TA-5Fe mem
branes exhibited larger the dielectric exclusion coefficient, ΦB, 
compared to those of 1TA-6Fe and 1TA-8Fe membranes. Both Donnan 
and dielectric effects significantly influence nitrate/sulfate selectivity. 
Charge-based exclusion plays a crucial role, particularly for the divalent 
anion SO4

2– which experiences stronger electrostatic interaction due to 
its higher charge density. This leads to superior retention of SO4

2– 

compared to NO3
–, as previously discussed. Membranes that acquire a 

negative charge in solution are reported to be effective for the separation 
of divalent and monovalent anions [76]. However, dielectric exclusion 
was indeed more dominant for the nitrate/sulfate selectivity. The 
dielectric exclusion effect exhibits a difference of 2 – 3 order of 
magnitude between SO4

2− and NO3
− , compared to 1 – 2 orders of 

magnitude difference in the Donnan partitioning coefficients for these 
anions across all tested membranes. This disparity arises primarily from 
the difference in both negative charge (zi) and ionic radius (rs,i) of the 
ions. According to the Born theory the monovalent NO3

– encounters a 
lower solvation energy barrier when partitioning into the confined pore 
dimensions of the membranes. As a result, nitrate exhibits relatively 
higher permeance through the TA-Fe3+ selective layer.

According to the transport theory of DSPM-DE, ions permeate 
through the nanopores of the selective layer after partitioning based on 
the synergistic effects of the above discussed exclusion mechanisms. 
Isolating and controlling a single factor to enhance ion-ion selectivity is 
difficult [58]. Nevertheless, membrane material selection and structural 
tuning (e.g., pore size and surface charge) are viable strategies to 
develop high-performance membranes with improved ion selectivity. 
The dielectric effect, attributed to a reduction in the dielectric constant 
within the confined pores, is primarily associated with the differences in 
ion solvation energy compared to the bulk solution. Therefore, 
decreasing the membrane pore size enhances the dielectric effect. When 
dielectric exclusion plays a dominant role for solute separation, nar
rowing the pore size or the permeation path of the NF membrane was 
shown to be effective [77]. Donnan interaction also plays a significant 
role to determine the selectivity. Therefore, the pore size and surface 
charge density need to be controlled simultaneously through precise 
control of fabrication parameters, such as, the concentration of the TA 
monomer. It is essential to note that the change in pore size impacts not 
only the steric but also the dielectric effect, especially for multivalent 
ions.

Fig. 8d-i illustrates the contribution of the transport mechanisms to 
the overall flux of ions across two membranes: the porous 1TA-4.5Fe and 
the dense 1TA-8Fe membranes. Similar data on the flux behavior of 1TA- 
5Fe and 1TA-6Fe membranes can be found in Fig. S6 of the Supporting 
Information. From Fig. 8d-i, it is evident that the individual fluxes of 
ions increased with the permeate flux of the salt solution. The increase in 
water flux had a stronger influence on the total transmembrane flux of 
ions in the membrane with bigger pore size (1TA-4.5Fe) than the 1TA- 
8Fe membrane. Specifically, when the applied pressure was increased 
from 1 to 4 bar, the total ion flux across the 1TA-4.5Fe membrane nearly 
doubled (Fig. 8d–f). This behavior can be attributed to the increase in 
driving forces for convection and electromigration (due to an electrical 
potential gradient) with higher applied pressure [60]. The analysis of 
Fig. 8e, 8f, 8h, and 8i demonstrates that the total molar flux of anions 
(NO3

− and SO4
2− ) through both 1TA-4.5Fe and 1TA-8Fe membranes is 

predominantly influenced by changes in diffusive flux. As shown in 
Fig. 7, both ion retention and flux increase with higher applied pressure, 
indicating that the concentration gradient of ions between the feed and 
permeate sides of the membranes also increases. This elevated concen
tration gradient enhances the driving force for ion diffusion across the 
membranes at higher applied pressures.

Evidently, the contribution of the transport mechanisms to the 
overall solute transport of the cation (counter-ion) is different from that 
of the co-ions. For example, while all three transport mechanisms for the 
anions were oriented towards the permeate side, the electromigrative 
flux for Na+ was oriented towards the feed side (Fig. 8d and 8g). The 
convective flux of Na+ inside the pores was counterbalanced by the 
opposing electromigrative flux. Notably, diffusion dominated the 
transport of both NO3

− and SO4
2− , while their convective transport was 

negligible even at the highest tested water flux. This phenomenon is 
often observed for strongly charged membranes [78]. Diffusion pre
dominates the transport of co-ions while convection dominates the 
transport of counter-ions towards the permeate side [59]. Among the 
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anions, the molar flux of NO3
− was higher than SO4

2− . This is associated to 
the higher diffusion coefficient (mobility) of NO3

– as well as the higher 
concentration of NO3

– inside the active layer. Although the overall ion 
flux increased with higher water flux, the percentage contribution of 
diffusive flux for NO3

− slightly decreased (Fig. 9). This behavior arises 
because the diffusive flux of NO3

− is proportional to the concentration 
gradient, which tends to reach a limiting value at high transmembrane 
flux [60]. However, the contributions of both convection and electro
migration increased slightly with permeate flux. These trends were 
particularly pronounced in porous membranes (1TA-4.5Fe and 1TA- 
5Fe) compared to denser membranes fabricated at higher Fe3+

concentrations.
The flux of both NO3

− and SO4
2− via convection was higher than that 

via electromigration for the 1TA-4.5Fe membrane, but the reverse trend 
occurred as the Fe3+ concentration of the casting solution increased. 
This shift reflects the reduced advective transport through denser 
membrane. In addition, the electromigrative flux of an ion is dependent 
on the electrical potential gradient as well as the concentration of that 
ion inside the pores [79]. As the Fe3+ concentration increases, the 
negative membrane surface charge density is improved (as presented in 
Fig. 6b). This increase in surface charge leads to a stronger driving force 
for electromigration in response to the developed potential differences 
across the active layer which enhances the transport of ions via 
electromigration.

In summary, the transport of nitrate across the membrane was pre
dominantly governed by the diffusive flux. Moreover, nitrate separation 
from its mixture with sulfate was influenced primarily by the dielectric 
exclusion. The analysis of exclusion mechanisms and fluxes by the 
DSPM-DE model highlighted the key factors influencing ion rejections 
and selectivity by the TA-Fe3+ membranes. Ion-membrane interactions 
play a critical role in solute selectivity by enabling differential diffusion 
of ions, in the process of transmembrane ionic transport [58]. Selectivity 
for nitrate removal can be improved by tailoring membrane properties 

like pore size and surface charge density.
To address which membrane property most significantly affects 

anion selectivity, a sensitivity analysis was performed by varying the 
membrane parameters such as charge density (− 10 %, +12.5 % and 
+25 %). The 1TA-6Fe membrane was used for this study as the model 
showed a good fit of its retention performance. The influence of mem
brane charge density on the model predicted retention of ions is dis
played in Fig. 10a. The shaded regions indicate that increasing negative 
surface charge density strongly improves NO3

– retention, while SO4
2– 

remains highly retained at all analyzed CX. The increase of nitrate 
retention with negative charge density is primarily driven by the 
Donnan effect. A detailed analysis of charge density variations (from − 2 
to − 20 mol/m3) is shown in Fig. S7 of the Supporting Information. At 
low CX of − 2 mol/m3, the nitrate retention was negative for all permeate 
volume flux, showing a high NO3

–/SO4
2– selectivity. Negative rejection in 

a weakly charged membrane can occur due to several mechanisms 
including a difference in the mobility of co-ions, the presence of non
permeating ions, and a difference in the charges of co-ion and coun
terion [80]. The rejection of an ion could be negative only in the 
presence of competing ions. In this case, as sulfate is almost completely 
retained, the permeation of the counter-ion (Na+) accelerates the 
transport of the more mobile and monovalent NO3

– towards the permeate 
side for electroneutrality. As charge density increases, electrostatic 
exclusion enhances nitrate retention, reducing NO3

− /SO4
2− selectivity.

The sensitivity of ion retention to the pore dielectric constant is 
depicted in Fig. 10b. A decrease in the dielectric constant within the 
pores increases ion retention by raising the solvation energy barrier. 
This effect is particularly significant for NO3

− and Na+. Increasing the 
dielectric constant to from 26.6 to 33 (i.e. 25 % increase) reduced nitrate 
retention from 14 % to − 60 % at a permeate flux of 1.5E-6 m/s. The 
sensitivity analysis was also performed for membrane pore size and 
effective thickness (Fig. 10c-d). The direction of pore size shows a 
similar trend as in pore dielectric constant, displaying the coupled 

Fig. 9. Flux contributions for anions transport in NaNO3-Na2SO4 mixed salt retention test at different permeate fluxes. a) 1TA-4.5Fe, b) 1TA-5Fe, c) 1TA-6Fe, and d) 
1TA-8Fe membranes. Legend in subfigure (a) represents all; solid line is for sulfate while dash is for nitrate.
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nature of these two parameters. Larger pores led to reduced ion reten
tion due to weaker steric exclusion, while thicker, less porous layers 
enhanced retention. The dielectric constant has the most significant 
impact on nitrate retention, followed by pore size, charge density and 
thickness. Excellent separation was achieved with thin, porous mem
branes exhibiting low negative charge density, leading to even negative 
nitrate retention. These findings demonstrate that the membrane phys
icochemical properties dictate the separation performance and can be 
identified using the DSPM-DE model. To enhance selective ion separa
tion, strategies for manipulating the dielectric constant within mem
brane pores can be explored. For example, controlled adjustments to 
pore size achieved by varying factors such as concentration, assembly 
time, pH, solvent, or other synthesis parameters can effectively regulate 
ion partitioning and transport in nanofiltration membranes. However, it 
is important to note that variations of synthesis parameters during 
fabrication to control one parameter (e.g., pore size) may also influence 
others (e.g., charge density).

4. Conclusion

This study demonstrates that MPN TFC membranes exhibit excellent 
nitrate rejection properties. The selective layers of these TFC membranes 
were synthesized using a facile and eco-friendly technique without the 
use of organic solvents. FTIR, EDX, AFM and SEM characterization of the 
membrane surfaces show a successful deposition of TA-Fe3+ layer. Ni
trate removal experiments revealed that the fabricated membranes 
display a high NO3

– retention rates, ranging from 82.9 – 93.8 % for 100 
mg/L NaNO3 feed solution. The operating conditions substantially 
influenced the nitrate removal efficiency of the MPN membranes. An 
increase in feed solution concentration reduced the retention of NO3

–. For 
instance, the TA-Fe3+ membranes exhibited nitrate rejection between 

48.3 and 91.1 % when the feed solution concentration was 850 mg/L. A 
substantial enhancement in the nitrate removal efficiency was observed 
with increasing transmembrane pressure. During mixed salt retention 
test, the TA-Fe3+ membranes exhibit a NO3

− /SO4
2– selectivity ranging 

from 4.5 to 38.1, highlighting their effective separation capabilities for 
mixtures containing monovalent and divalent anions. To understand the 
key mechanisms governing nitrate retention, ion selectivity and ion 
transport, a transport model was utilized. The study investigated the 
applicability of the DSPM-DE model to predict rejection performance for 
NaNO3-Na2SO4 mixed solution filtration. The physicochemical charac
teristics of the membranes were estimated by solving the model equa
tions. During ion rejection simulations, a good agreement between the 
experimental and the predicted ionic rejections was observed for 
membranes having average pore radius below 1 nm. The model has been 
shown to be a valuable tool for understanding the mechanisms of ion 
partitioning, and transmembrane solute flux. Analysis of the exclusion 
mechanisms has shown that the dielectric effect was the primary 
exclusion mechanism for the partitioning of the ions at the membrane- 
solution interface. Nitrate transport across the membrane was mainly 
governed by diffusive flux. The contribution of diffusion to the overall 
transport was found to slightly decline at higher water flux. Sensitivity 
analysis further indicated that the dielectric constant strongly impacts 
nitrate retention and the corresponding NO3

− /SO4
2– separation. To the 

best of our knowledge this is the first study to elucidate the underlying 
mechanism governing selective ion transport of a TFC membrane having 
TA-Fe3+ selective layer via mass transport modelling. Through a com
bination of experimental demonstrations and mass transport modeling, 
this study showcased the potential of TFC membranes with a TA-Fe3+

selective layer as a highly efficient solution for nitrate removal. The 
findings underscore the potential utilization of these TFC membranes in 
water treatment applications. Moreover, it provides valuable insights 

Fig. 10. Influence of membrane characteristics on the retention of ions from a Na+/NO3
–/SO4

2– ternary ion mixture for 1TA-6Fe membrane. The plots represent the 
model prediction for retention of nitrate (green), sodium (orange) and sulfate (red) as a function of permeate flux. The sensitivity towards the of retention for each ion 
is represented in the shaded areas for a − 10 % up to +25 % change in the optimized membrane parameters. Optimized membrane parameters of 0.67 nm, 59 nm, 
− 6.2 mol/m3, and 26.6 were used as reference for pore size, thickness to porosity ratio, membrane charge density and pore dielectric constant, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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into the underlying separation mechanisms of the MPN based mem
branes. These insights pave the way for further advancements in TFC 
nanofiltration membranes with MPN-based separation layers for selec
tive removal of ions.

5. Nomenclature

The following nomenclature applies to the equations and terms of the 
DSPM-DE model in this paper.

Ak Membrane porosity

Ci Concentration of species i, mol/m3

CX Membrane charge density, mol/m3

Di,p Diffusion coefficient of species i in the pore, m2/s
Di,∞ Diffusion coefficient of species i in the bulk, m2/s
e0 Elementary charge, 1.60218 × 10− 19C
F Faraday constant, 96485.3C/mol
Ji Solute flux for species i, mol/m2⋅s
JV Permeate flux, m3/m2⋅s
KB Boltzmann constant, 1.38065 × 10− 23 J/K
Kc,i Solute mass transfer coefficient of species i, m/s
Ki,c Convection hindrance factor of species i
Ki,d Diffusion hindrance factor of species i
Nc Number of components
rp Pore radius, m
rs Solute Stokes radius for species i, m
R Universal gas constant, 8.31446 J/mol K
Rcal Calculated rejection from the model
Rexp Experimentally measured rejection
Ri Rejection ratio of species i
T Temperature, K
Zi Valency of species i
γi Activity coefficient of species i
ΔP Applied pressure difference, Pa
ΔΠ Osmotic pressure difference, Pa
ΔWi Born solvation energy barrier, J
Δx Thickness of membrane active layer, m
εb Dielectric constant of the bulk
εp Dielectric constant of the pore
ε0 Permittivity of free space
λi Ratio of solute Stokes radius of species i to effective pore radius
µ Solution viscosity, Pa⋅s
τ Tortuosity
ξ Electric potential gradient at the feed/membrane interface, V/m
ρ Solution density, kg/m3

ΦS Steric partitioning coefficient of species
ΦB Born solvation coefficient (dielectric partitioning coefficient)
ΦD Donnan partitioning coefficient
Ψ Electric potential, V

The subscript b represents for the bulk solution in the feed, i for solute 
species, m is membrane or just inside the membrane pore, p is permeate 
side or just outside the pore of the membrane-permeate interface, and 
real is the real rejection considering concentration polarization.
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ions transfer in nanofiltration depending on pressure, pH, concentration and 
medium composition, J. Membr. Sci. 231 (2004) 37–46, https://doi.org/10.1016/ 
j.memsci.2003.11.003.
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Chapter 8. Ion Selective Metal-Phenolic Network Nanofiltration 

Membranes: The Role of Counterions and Predictive Modeling   

This chapter presents an experimental investigation on the rejection of a range of ions by MPN 

TFC membrane selective layer synthesized through a green and facile technique. Their ion 

rejection performance from single salt solutions (NaCl, Na2SO4, MgCl2, and MgSO4) and mixed 

salt solutions of several combinations are analyzed. Here, the potential of salt rejection 

performance of the membranes is assessed to determine their potential for NF processes. By 

increasing the concentration of Fe3+ in the fabrication process, the active layer characteristics 

were fine-tuned to enhance the salt rejection property up to 92 % NaCl, 81 % MgCl2, 99 % 

Na2SO4 and 96 % MgSO4. Moreover, the membranes exhibit good Cl−/SO4
2− separation during 

mixed salt retention tests. The Na+/Mg2+ selectivity was higher in the case of Na2SO4-MgSO4 

mixture compared to NaCl-MgCl2 mixed salt feed solution, illustrating the effect of a common 

anion on the retention of ions. The membranes also exhibit good monovalent/divalent ion 

selectivity from multi-ionic mixtures containing both anions and cations. Besides, the prediction 

of rejection data using the DSPM-DE was investigated. The model well describes the transport 

of ions as a function of trans-membrane flux through the TA-Fe3+ separation layer. A detailed 

analysis of the rejection mechanism of ions is provided in terms of the computed exclusion 

coefficients influencing the partitioning at the membrane-solution interface at the pore entrance. 

The model determines the dominant mechanisms of ion transport in terms of ions permeation 

flux. This analysis is also extended from ternary ion mixture to a quaternary mixture. 
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A B S T R A C T

The development of high flux, selective and sustainable thin-film composite (TFC) membranes for nanofiltration (NF) is critical in addressing water purification 
challenges. In this work, a thin metal-phenolic network (MPN) selective layer was deposited on a porous support via a facile and scalable process, presenting a 
sustainable and efficient pathway for developing TFC membranes tailored for NF applications in water treatment and desalination. Here we explored the ion rejection 
and ion selectivity behavior of MPN membranes for various complex feed solutions. Comprehensive characterization to determine the rejection performance of the 
MPN selective layer for single and mixed salt solutions, including NaCl, Na2SO4, MgCl2, and MgSO4 are investigated. Furthermore, the application of the Donnan 
Steric Pore Model with Dielectric Exclusion (DSPM-DE) to predict the ion rejection and elucidate the transport and exclusion phenomena by a tannic acid (TA)-Fe3+

separation layer is explored. The findings reveal that the TA-Fe3+ selective layers exhibit excellent retention performance towards various salts, demonstrating the 
formation of a dense structure with higher retention when increasing Fe3+ concentration of the casting solution. The TFC membranes exhibited up to 99 % Na2SO4, 
92 % NaCl, 96 % MgSO4 and 81 % MgCl2 retentions during single salt filtration tests, indicating a strong potential for high performance nanofiltration or desalting 
applications. Detailed analysis of the mixed salt retention properties of the MPN membranes highlights a considerable Cl− /SO2−

4 and Na+/Mg2+ selectivities by the 
TA-Fe3+ membranes. Computational elucidation using the DSPM-DE model indeed predicts the retention performance of Na+/Cl− /Mg2+ ternary ion as well as 
Na+/Mg2+/Cl− /SO2−

4 quaternary ion mixtures, identifying dielectric and Donnan exclusions as key mechanisms for ion partitioning at the membrane-solution 
interface.

1. Introduction

Over the years, membrane separation processes, particularly nano
filtration (NF), have been extensively employed for the treatment of 
saline water and wastewaters at both the laboratory and industrial scales 
[1–3]. The unique attributes of NF membranes stem from their ability to 
effectively separate small organic and inorganic solutes while main
taining high water flux at low operating pressure. To date, thin film 
composite (TFC) membranes are the most popular for NF application 
[3]. These well-established TFC membranes primarily feature a poly
amide (PA) separation layer synthesized via interfacial polymerization 
between a diamine (dissolved in water) and an acyl chloride (dissolved 
in organic solvent) on top of a porous polymer support. PA TFC mem
branes are particularly attractive due to their ease of synthesis and high 
rejection performance. However, these membranes suffer from some 
drawbacks, including low chlorine resistance during cleaning of the 
membrane and the use of highly toxic organic solvents, rendering the 
membrane fabrication process environmentally unsustainable [4,5]. 
Many of these organic solvents are classified as substances of high 

concern due to their detrimental environmental and human health im
pacts [6]. Furthermore, the utilization of organic solvents can prove 
costly. Therefore, eliminating the dependency on such organic solvents 
is vital for developing a more sustainable TFC membrane fabrication 
methods. The need for ecofriendly approaches for TFC membrane 
fabrication is increasingly recognized. One such promising technology is 
the deposition of a self-assembled network via metal-polyphenol coor
dination. Metal-phenolic networks (MPN) have emerged as a promising 
class of materials for the fabrication of TFC membranes over the past 
decade.

MPNs are supramolecular structures formed through the coordina
tion interactions between catechol or galloyl ligands in polyphenols and 
transition metal-ion cross-linkers, constructed exclusively in aqueous 
solutions. MPN coatings are universal, multifunctional thin-films that 
offer tunable properties, mechanical stability and biocompatibility [7,
8]. Tannic acid (TA), a star-shaped plant polyphenol, is widely studied 
for MPN fabrication due to its low price, availability and rich poly
dentate ligand structure [9]. The molecular structure of TA facilitates 
coordination with metal ions to form thin-films with controllable 
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structure. The characteristics of MPN coatings are influenced by several 
factors, including TA and metal ion concentrations, assembly time, so
lution pH, and the choice of the crosslinking metal ion [10–13]. Two 
primary approaches are used for synthesizing the MPN based selective 
layers of TFC membranes. The one-step coordination self-assembly 
method (co-deposition) is a rapid process of preparing TA-metal ion 
coatings. However, it poses challenges in controlling the rapid coordi
nation reaction and achieving precise pore structures. In contrast, the 
layer-by-layer (LBL) assembly method allows the fabrication of 
defect-free selective layers [14], minimizing the blockage of membrane 
pores [10] and offering better control over the thickness and pore size of 
the selective layer of the TFC membranes. Coordination chemistry thus 
provides a facile and effective technique of constructing 
high-performance TFC membranes. These membranes have been stud
ied for several applications such as separation of small organic mole
cules (e.g. dyes) [15–17], removal of trace organic contaminants [18], 
heavy metal ion removal [19,20], oil/water emulsions separation [21,
22], and forward osmosis [23]. Some studies have also reported the 
removal of single salts from their aqueous solutions using optimized 
MPN membranes [18,24,25]. However, despite numerous studies on 
TA-Fe3+ MPN TFC membranes, comprehensive investigations of their 
ion separation performances in mixed ions systems, and the correlation 
of their separation mechanism and fabrication parameters through 
transport models have never been reported. Inspired by this gap, in this 
study we have fabricated TA-Fe3+ membranes using a layer-by-layer 
(LBL) technique to assess their NF performance in aqueous solutions 
containing both single and mixed salts. The study is focused on evalu
ating the salt rejections performance of MPN membranes, analyzing 
their monovalent/divalent ion separation efficiencies in detail, and 
describing the NF process through an applicable mathematical model.

The structural and physicochemical properties of membranes are 
critical in governing solute mass transport and separation performance. 
However, the characterization of nanofiltration (NF) membranes re
mains challenging. Due to their small pore dimensions, many techniques 
commonly applied to ultrafiltration (UF) membranes are not suitable to 
determine the pore-size of NF membranes [26]. Zeta potential mea
surements provide valuable insights into the surface charge character
istics which is directly related to the rejection performance of the 
membranes. However, the surface charge data obtained from zeta po
tential is highly limited for qualitative use due to the inherent limita
tions of the measurement technique. Electrokinetic measurements such 
as streaming potential, are influenced by the ionic strength and 
composition of solution under analysis [27]. An alternative approach to 
describe a NF membrane involves conducting solute rejection mea
surements [26], followed by application of a theoretical model to infer 
membrane properties. The recent approaches in modeling NF are 
grounded in theoretical frameworks based on the extended Nernst–
Planck equation. A prominent example is the Donnan steric-pore model 
(DSPM) developed by Bowen and colleagues [28–30]. This model relates 
the transport of ions through membrane selective layer to membrane 
properties. DSPM model has undergone several modifications, to ac
count for factors such as hindrance effects for ion transport through the 
membrane pores [30], concentration polarization [31], and the effect of 
dielectric exclusion [32]. Currently, the Donnan steric-pore model with 
dielectric exclusion (DSPM-DE), an extension of the DSPM model, is 
extensively utilized for the prediction of membrane performances of NF 
membranes for aqueous solutions containing electrolytes [32]. The 
DSPM-DE model effectively describes ion partitioning at the 
solution-membrane interface and ion transport across semi-permeable 
membranes. This model predicts the rejection and permeate flux of 
multi-ionic feed solutions as functions of membrane characteristics 
including pore size, membrane thickness, surface charge density and 
pore dielectric constant [33].

Therefore, a thorough characterization of the membrane is a pre
requisite to describe the mass transport through the membrane using the 
DSPM-DE model. Developed through a rigorous understanding of the NF 

process, the DSPM-DE model has predominantly been applied to well- 
established polyamide (PA) TFC membranes. Yet, this approach re
quires more comprehensive demonstration, and further research is 
necessary to extend its validation beyond PA membranes. Some efforts 
have been made to extend the DSPM-DE model to other types of mem
branes. For instance, Labban et al. [34] adopted DSPM-DE model for 
characterizing low-pressure NF membranes from polyelectrolyte 
layer-by-layer-deposition. Similarly, Junker et al. [35] predicted the salt 
retention performance of polyelectrolyte multilayer hollow fiber mem
branes using DSPM-DE model. However, MPN-based membranes have 
been only recently introduced. There is limited understanding regarding 
the membrane property and its observed membrane performance cor
relation. The fundamental mechanisms governing ion transport and 
partitioning in MPN membranes remain unexplored, and there has been 
no attempt to model their ion retention behavior. This study aims to 
address this gap by modeling the filtration process of MPN membranes 
to elucidate their ion transport and separation efficiencies.

The performance of the MPN membranes for single and mixed salt 
solutions of NaCl, Na2SO4, MgCl2, and MgSO4 were analyzed. The effect 
of a common anion in Na+/Mg2+ containing ion mixtures on the 
retention of ions is also explored. The DSPM-DE model was used to 
describe the transport and rejection of ions as a function of trans
membrane flux in membranes containing TA-Fe3+ selective layer. This 
study marks the first mass transport modeling of Na+/Mg2+ separation 
performance of the MPN membranes. The mass transport modeling 
enabled successful estimation of ion retention in ternary mixtures and 
provided insight into the dominant mechanisms of ion exclusion and 
transport that influence the retention and permeation of ions, 
respectively.

2. Experimental section

2.1. Materials and chemicals

The PAN ultrafiltration membrane was provided by Helmholtz- 
Zentrum Hereon. For the selective layer fabrication, tannic acid (TA, 
1701.19 g/mol) and Iron (III) chloride hexahydrate (FeCl3⋅6H2O, 
270.33 g/mol) were purchased from Sigma-Aldrich Chemie GmbH 
(Germany) and Alfa Aesar GmbH & Co., respectively. Poly(ethylene 
glycol) (PEG) (400 g/mol) was commercially supplied from VWR In
ternational GmbH (Germany). Magnesium sulfate (MgSO4, 120.366 g/ 
mol), sodium sulfate (Na2SO4, 142.04 g/mol), hexahydrate form of 
magnesium chloride (MgCl2⋅6H2O, 203.31 g/mol), and sodium chloride 
(NaCl, 58.44 g/mol) were obtained from Sigma-Aldrich Chemie GmbH 
(Germany). All casting and feed solutions were prepared using deionized 
(DI) water. The Milli-Q ultrapure water purification system was utilized 
to generate the DI water employed in this investigation. All chemicals 
were utilized without further purification or modification.

2.2. Synthesis of the TFC membranes

The porous PAN membrane support was first immersed in DI water 
for 3 h before the coating process. The TFC membranes were fabricated 
by a sequential layer-by-layer based self-assembly. The steps followed 
during the fabrication process are schematically provided in Scheme 1. 
The top layer of the pre-soaked PAN membrane was first immersed in 
0.02 w% TA solution for 4 min. The TA molecules are coated over the 
PAN surface through adsorption. After draining the TA solution from the 
surface of the PAN membrane, the TA-coated support membrane was 
immediately rinsed with DI water. Then, the membrane was immersed 
in a certain concentration of metal ion solution (FeCl3) for the same 
duration that results in TA-Fe3+ self-assembly. Again, the membrane 
was rinsed with DI water. This process resulted in the fabrication of one 
layer of TA-Fe3+ coating. The process was repeated once to fabricate a 
double TA-Fe3+-layered MPN selective layer. Deposition of two TA-Fe3+
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layers and a 4 min assembly time were chosen based on our previous 
works on the effect of membrane fabrication parameters on optimizing 
permeance and solute rejection performances [36,37]. A series of 
membranes referred as 1TA-4.5Fe, 1TA-5Fe, 1TA-6Fe and 1TA-8Fe were 
synthesized by varying the FeCl3 concentration, corresponding to 0.054, 
0.06, 0.072 and 0.096 w%, respectively. Both the TA and iron salt were 
dissolved in water.

2.3. Ion rejection and selectivity of the MPN membranes

The separation performance of the TFC membranes were investi
gated with a lab-scale dead-end filtration system using a stirred test cell 
from Millipore (EMD Millipore XFUF07601). The surface area of the 
membrane was reduced to 2.13 cm2 with an inhouse made reduction 
ring. The pure water flux of the membranes was determined at a 
transmembrane pressure between 1 and 4 bar using pure water as a feed 
solution. To evaluate the retention performance of the membranes, 
compaction of the membrane samples was initially performed at 4 bar 
for 2 h with DI water. Afterwards, the feed solution was replaced with a 
single salt or a mixed salt solution. 10 mM concentration of NaCl, MgCl2, 
Na2SO4, and MgSO4 aqueous solutions were used for single salt reten
tion tests. Whereas equimolar mixtures of 10 mM total feed concentra
tion of NaCl–Na2SO4, NaCl–MgCl2, Na2SO4–MgSO4, or 
NaCl–Na2SO4–MgCl2–MgSO4 were used as mixed salt feed solutions. 
The feed solutions were stirred with a magnetic stirrer at a stirring speed 
of 350 rpm. The membrane filtration tests were performed at 3 bar 
unless otherwise specified. All experiments involved three repetitions, 
and the average values were documented.

The permeate flux (JV , L⋅m− 2⋅h− 1) and permeance (PWP, 
L⋅m− 2⋅h− 1⋅bar− 1) were determined using equations (1) and (2), 
respectively. 

JV =
V

A*Δt
(1) 

PWP=
JV

ΔP
(2) 

Where V (L) is the volume of the permeate collected, while Δt (h) and A 
(m2) are the duration of filtration and the effective area of the membrane 
used. ΔP (bar) is the applied transmembrane pressure. The retention rate 
(R) was evaluated using the following equation. 

R (%)=

(

1 −
Cp(

Cf + Cr
)/

2

)

*100 (3) 

Where R is solute retention, Cp, Cf and Cr are the concentrations of the 
permeate, feed and retentate solutions, respectively. Ion chromatog
raphy (Dionex ICS600, Thermofischer Scientific Inc., USA) provided 
with a CS 12A column and a AS 14A column was used to analyze the 

concentrations of the cations and anion, respectively.
The ion selectivity of the membranes, for eg. the passage of a 

monovalent ion (A) over a divalent ion (B), was calculated using: 

SA/B =

(

CB/CA

)

f
(

CB/CA

)

p

=
100 − RA(%)

100 − RB(%)
(4) 

where RA and RB are the rejections of ion A and B, respectively, as 
computed using equation (3), while CA and CB are the concentrations of 
ion A and B, respectively, in the feed (f) solution and permeate (p) 
streams.

2.4. Mathematical modeling using the DSPM-DE model

2.4.1. Neutral solute retention
In characterizing NF membranes using mathematical models, the 

quantification of various membrane properties that govern the mem
brane performance is important. One procedure for the estimation of 
membrane structural parameters is via retention data obtained from 
aqueous solutions of uncharged solutes [31,32]. In this work, the pore 
radius and effective membrane thickness were estimated by performing 
a neutral solute retention test. PEG 400 g/mol molecular weight was 
used as a feed solution (1 g/L) and the retention tests were performed in 
the same procedure as described in section 2.3. The applied trans
membrane pressure was varied between 0.5 and 4.5 bar to adjust the 
permeate fluxes of the PEG solution. The concentration of PEG in the 
feed, permeate and retentate samples was analyzed using gel perme
ation chromatography (GPC) (VWR-Hitachi 2130 pump, Hitachi, 
Darmstadt, Germany). The retention rates were evaluated using equa
tion (3).

As the flux of a neutral solute is governed only by diffusion and 
convection, and only steric hindrance determines its partitioning at the 
membrane-solution interface, a well-known analytical solution of flux 
dependent solute rejection has been obtained [31,38] that involves the 
contributions of concentration polarization as shown in equation (5). 
Therefore, the experimentally measured real retention data at different 
permeate fluxes was fitted using equation (5) to determine the pore 
radius (rP) and thickness to porosity ratio of the membranes 
(

Δxe=

(
Δx
Ak

))

simultaneously. The fitting procedure was performed 

using a dual annealing algorithm in python by minimizing the sum of 
squared errors (SSE) between experimental and calculated retention 
results. 

Rreal =

(

1 −
Ci,p

Ci,m

)

=1 −
Ki,CΦs

1 − exp
(

−
Ki,C
Ki,d

JvΔx
Di,∞Ak

)
(
1 − Ki,CΦs

)
(5) 

Scheme 1. Schematic of the process for the fabrication of TFC MPN membranes via layer-by-layer led supramolecular self-assembly.
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f
(
rp,Δxe

)
= SSE=

∑

fluxes

(
Rcal − Rexp

)2 (6) 

2.4.2. Charged solute retention
The DSPM-DE model was adopted to describe the separation process 

of the TFC membranes. DSPM-DE model has been extensively used to 
elucidate ion retention and transport across the NF membrane active 
layer. Details about the development of this model can be found else
where [39–41]. Solute transport inside the membrane is represented by 
the extended Nernst-Planck equation (ENP) equation consisting of 
convection, diffusion and electromigration (Equation (7)). The govern
ing model equations are provided in Table 1. Partitioning equilibrium at 
both sides of the membrane-solution interface are described using 
equations (10) and (11). The rejection data for mixed salt feed solutions 
were fitted using the DSPM-DE model to estimate the charge density 
(CX), and pore dielectric constant (ℇp) of the membrane. Rehman and 
Lienhard [42] showed that the membrane input parameters can be 
attained using only experimental data of charged species, scrapping the 
traditional procedure of a step-by-step membrane parameter estimation 
process. Hence, in this work, these two parameters were obtained 
simultaneously from a fit of the retention tests of mixed ions at different 
flux. The function minimization is carried out using dual annealing 
global minimizer in python with Nelder-Mead local optimizer methods. 
To solve the system of equations, the algorithm developed by Geraldes 
et al. [40] was implemented. The SSE between experimental and 
calculated retention results of the ions was minimized until a tolerance 
of 1E-6 with the estimated CX and ℇp was achieved. Two different cases 
of salt mixtures were studied: 1) the mixture of two cations at the same 

molar ratio having a common anion NaCl–MgCl2 and 2) multi-ionic 
mixture containing both divalent and monovalent anions and cations 
(NaCl–MgCl2–Na2SO4–MgSO4). The feed concentration of the mixed salt 
systems was fixed in a 5 mM:5 mM mixture for case 1, while 2.5 mM of 
each salt was used for case two. The retention tests were conducted at 
various permeate fluxes by controlling the transmembrane pressure 
between 0.5 and 4 bar.

3. Results and discussion

3.1. SEM and water flux of the MPN membranes

The membranes exhibit a sponge-like cross-sectional structure 
(Fig. S1). Surface SEM images of the pristine support and the fabricated 
TFC membranes are shown in Fig. 1. The PAN substrate displays a 
uniformly distributed highly porous structure on its top surface, a typical 
surface morphology of a UF membrane. After the coating of the TA-Fe3+

layers, the membrane surfaces become significantly more compact, 
reducing the pore size and the number of pores (Fig. 1b–e). This was on 
account of the coordination reaction between TA and metal ions, which 
forms a complex network that uniformly coats the substrate surface 
[43]. As the Fe3+ concentration in the coating solution increases, a 
denser membrane surface is fabricated. Feed concentrations influence 
the stoichiometries of metal-polyphenol self-assembled layers [44]. 
Increasing Fe3+ concentration leads to a lower TA:Fe ratio in the syn
thesized self-assembled layer, indicating the metal-phenolic network 
becoming richer in iron. Since the metal ion acts as an inorganic 
crosslinker [25], Fe3+ enriched complexes result in a highly crosslinked 
dense thin-film. Due to its abundant hydroxyl groups, each TA molecule 
can coordinate with several Fe3+ centers. Therefore, availability of more 
metal ions in the solution leads to further chelation by TA [45], which 
leads to the formation of more compact TA-Fe3+ structures. Further
more, Ejima et al., [44] observed a small increase in thickness (a few 
nanometers) of TA-Fe3+ coated capsules when the metal ion concen
tration was increased. This trend of decreasing pore size is consistent 
with the observed membrane water flux. The pure water permeance 
gradually decreases with the increase of the Fe3+ concentration.Fig. 2
shows linear increase of the pure water fluxes through the TFC mem
branes with increasing transmembrane pressure. The pure water per
meance (PWP) through the TFC membranes were computed from Fig. 2. 
For reference, the PAN support exhibited PWP of 286 L⋅m− 2⋅h− 1⋅bar− 1. 
Among the MPN selective layer containing TFC membranes, 1TA-4.5Fe 
showed the highest permeance of 15 L⋅m− 2⋅h− 1⋅bar− 1 which progres
sively decreased (with increasing Fe3+ concentration) to 6.5, 3.2 and 
1.9 L⋅m− 2⋅h− 1⋅bar− 1 for 1TA-5Fe, 1TA-6Fe and 1TA-8Fe, respectively. 
These results agree with previous reports of the formation of dense 
membranes at high metal ion concentration [18,24] when substantially 
dilute casting solutions are used. These findings indicate that the 
morphology and the mass transport resistance of the MPN selective layer 
can be tuned with the concentration of Fe3+ in the coating solution. At 
low Fe3+ concentrations, an insufficient number of metal ion centers 
limits the interfacial coordination reaction, resulting in the formation of 
a porous skin layer [24]. However, at higher Fe3+ concentrations, suf
ficient binding sites are available for TA chelation, leading to a compact 
selective layer in the self-assembled TFC membrane [46].

3.2. Single salt retention performance

The retention performance of the MPN TFC membranes was first 
analyzed through single salt retention experiments (Fig. 3). The TFC 
membranes demonstrated high rejection rates towards sodium sulfate. 
The 1TA-4.5Fe membrane exhibited a retention of around 73 % for 10 
mM Na2SO4 whereas MgCl2 was the least retained salt (12 %) during the 
filtration tests. As discussed in section 3.1, increasing the Fe3+ concen
tration of casting solution leads to the formation of a denser MPN se
lective layer, which may lead to a higher steric hindrance. Indeed, 

Table 1 
Basic equations of the utilized DSPM&DE model.

Mass transport:

Ji = − Ki,dDi,∞
dCi

dx
+ Ki,cCiJv − ziCiKi,dDi,∞

F
RT

dΨ
dx

(7)

Ji = − k*
c,i
(
Ci,m − Ci,b

)
+ JvCi,m −

ziCi,mDi,∞F
RT

dΨ
dx

(8)

Ji = JvCi,p (9)
boundary condition equilibrium relations:
γi,1Ci,1

γi,mCi,m
= ΦsΦB exp

(

−
ziF
RT

ΔΨD,m

)
(10)

γi,NCi,N

γi,PCi,P
= ΦsΦB exp

(

−
ziF
RT

ΔΨD,P

)
(11)

Partitioning coefficients:

Φs,i = (1 − λi)
2where λi =

(
rs

rp

)
(12)

ΦB,i = exp
(

−
ΔWi

kBT

)

where ΔWi =
z2

i e2
0

8πℇ0rs

(
1
ℇp

−
1
ℇb

) (13)

ΦD,i = exp
(

−
ziF
RT

ΔΨD,m

)
(14)

Electroneutrality:
∑Nc

i=1
ziCi,m = 0 (15)

CX +
∑Nc

i=1
ziCi = 0 (16)

∑Nc
i=1

ziCi,p = 0 (17)

Hindrance factors:

Ki,C =

(
1 + 3.867λi − 1.907λi

2 − 0.834λi
3)

(
1 + 1.867λi − 0.741λi

2)
(18)

Ki,d =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎛

⎜
⎜
⎝

1 +

(
9
8

)

λi ln λi − 1.560λi + 0.528λi
2 + 1.915λi

3

− 2.819λi
4 + 0.270λi

5 + 1.101λi
6 − 0.435λi

7

⎞

⎟
⎟
⎠

(1 − λi)
2 , λi ≤ 0.95

0.984
(

1 − λi

λi

)5/2
, λi > 0.95

(19)

* Subscripts such as b,m and p correspond to the bulk feed solution, at the 
membrane interface and the permeate side, respectively. See Fig. S9 in the 
supporting information for the coordinates of b,m and p in the membrane pro
cess. Subscript i corresponds to each solute i.
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systematically increasing FeCl3 concentration from 0.054 w% to 0.096 
w% improved the salt retention (Fig. 3). The 1TA-8Fe membrane 
exhibited rejection rates exceeding 80 % for all tested salts, with Na2SO4 
and MgCl2 retentions reaching 99 % and 81 %, respectively. These re
sults demonstrate the effectiveness of the prepared membranes in 
separating inorganic salts from aqueous solutions, highlighting the po
tential of the TFC membranes having TA-Fe3+ selective layer for nano
filtration applications.

All membranes displayed a higher retention towards Na2SO4 than 
MgSO4. This is attributed to the negatively charged membrane surface 
[47]. Despite both salts sharing a common co-ion (SO2−

4 ), Na2SO4, 
containing monovalent Na+ as the counter-ion, was rejected more 
effectively than MgSO4, which contains bivalent Mg2+. This is due to a 
stronger contribution of Mg2+ to electroneutrality at the feed 
solution-membrane interface [47]. The salt retention sequence for the 
1TA-4.5Fe membrane follows the order: Na2SO4 > NaCl > MgSO4 >

MgCl2, indicating that size sieving plays a minimal role in its separation 
mechanism. Intriguingly, all magnesium salts retentions are lower than 

those of sodium salts for the 1TA-4.5Fe membrane. The interaction be
tween counterions and membrane functional groups affect the mem
brane charge density. The presence of divalent cations such as Mg2+ can 
lower the membrane charge through adsorption or binding mechanism 
[48,49]. Divalent ions significantly affect the membrane zeta potential, 
leading to a reduced negative surface charge [50]. We hypothesize that 
Mg2+ from the magnesium containing salts interacts with the polyphenol 
rich selective layer, thereby decreasing the surface charge density and 
reducing salt retention. However, for membranes fabricated at higher 
Fe3+ concentration, the retentions of MgSO4 and MgCl2 were improved, 
indicating an increased contribution of size and dielectric exclusions to 
the overall rejection mechanism (discussed in detail in section 3.4.2).

We examined the effect of flux change on the salt rejection behavior 
of the membranes by varying the applied pressure between 0.5 and 4 bar 
using a Na2SO4 aqueous solution (Figure S2, Figure S3 of the supporting 
information). Fig. S2 shows the rejection of ions improved with an in
crease in the transmembrane flux, i.e., an increase in the applied pres
sure. This effect is particularly prominent at low flux zones. Overall, the 
analysis of the pressure effects highlights its significant influence on the 
salt retention properties of the TFC membranes having MPN selective 
layers. Intrinsically, the rejection of a solute relates to the relative 
transport rates between the solute and water. While the water flux lin
early increases with feed pressure (Fig. S3 in the supporting informa
tion), the solute flux is only partially influenced by convection and is 
primarily dependent on the concentration gradient across the mem
brane. A comparison of the separation performance of the obtained MPN 
TFC membranes with commercially available NF membranes in the 
literature shows the membranes demonstrate competitive filtration 
properties (Fig. S4). Na2SO4 and NaCl rejections were similar to those 
from commercial membranes, while water flux can be further improved.

3.3. Mixed salt retention by the MPN membranes

Fig. 4 presents a comparison of the retention rates of Cl− and SO2−
4 

ions from an aqueous solution containing a mixture of NaCl and Na2SO4. 
Although the retention rates of both ions increased with higher ferric ion 
concentrations in the casting solution, the TFC membranes exhibited 
monovalent/divalent selectivity. When the FeCl3 concentration was 
0.072 w% (1TA-6Fe), sulfate was almost completely retained while 
chloride ions permeated relatively readily. The extent of selective 
transport of Cl− over SO2−

4 through the TFC membranes is dictated by 

Fig. 1. SEM micrographs of the pristine support and MPN membranes: a) PAN, b) 1TA-4.5Fe, c) 1TA-5Fe, d) 1TA-6Fe, and e) 1TA-8Fe membranes.

Fig. 2. Pure water flux vs pressure for the fabricated TA-Fe3+ membranes.
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the physicochemical and structural properties of the selective layer, e.g. 
surface charge and pore size. The Stokes radius, rs, of SO2−

4 (0.231 nm) 
> Cl− (0.121 nm) [51]. Being a divalent ion, SO2−

4 experiences a stronger 
electrostatic repulsion by the negatively charged MPN surfaces than 
monovalent Cl− . Additionally, the solvation energy barrier for an ion to 
partition at the membrane-solution interface is higher for multivalent 
ions, which further increases SO2−

4 retention [32]. The selectivity of 
Cl− /SO2−

4 was 3.7 and 27.2 for the 1TA-4.5Fe and 1TA-5Fe membranes, 
respectively, reaching 35.4 for the 1TA-8Fe membrane. SO2−

4 was 
completely retained by 1TA-6Fe leading to very high selectivity. The 
results demonstrate that a monovalent ion-rich permeate can be ob
tained, while concentrating sulfate on the retentate solution. Compared 
to the single salt Na2SO4 retention test discussed in section 3.2, the 
retention rate for SO2−

4 during the mixed salt NaCl–Na2SO4 solution was 
slightly higher. Conversely, the retention of the monovalent anion (Cl− ) 
was lower than those in single salt NaCl filtration test.

We have also evaluated the performance of the MPN membranes to 
separate monovalent (Na+) and divalent (Mg2+) cations from two 
different feed solutions containing mixture of i) NaCl–MgCl2 and ii) 
Na2SO4–MgSO4. The retention of the cations was first studied using Cl−

as a common anion in the NaCl–MgCl2 system. Fig. 5a presents the 
experimental retention values of the cations at 3 bar. As expected, 
increasing the ferric ion concentration in the casting solution enhanced 
the MPN membranes’ ability to retain a divalent cation. The retention of 
Mg2+ increased from 13 % to 80 % as the ferric salt concentration in the 
casting solution increased from 0.054 w% (1TA-4.5Fe membrane) to 
0.096 w% (1TA-8Fe membrane). Unlike anion selectivity, the Donann 

Fig. 3. Single Salts Retention results of a) 1TA-4.5Fe, b) 1TA-5Fe, c) 1TA-6Fe, and d) 1TA-8Fe membranes for 10 mM feed concentration of each salt at 3 bar 
transmembrane pressure.

Fig. 4. The anion retentions in NaCl–Na2SO4 Mixed in equal molarity 10 mM 
total feed concentration.
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Fig. 5. Cation retentions by the MPN membranes from a) NaCl–MgCl2, and b) Na2SO4–MgSO4 equimolar mixed salt retention test using 10 mM total feed 
concentration.

Fig. 6. The retention of ions from multi-ionic mixture. Four salts NaCl–Na2SO4–MgCl2–MgSO4 Mixed in equal molarity for 10 mM total feed concentration. a) 1TA- 
4.5Fe, b) 1TA-5Fe, c) 1TA-6Fe, and d) 1TA-8Fe membrane.
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effect on monovalent/divalent cation selectivity is inversely related. 
Since both Na+ and Mg2+ act as counter-ions to the negatively charged 
TFC membrane surface, the divalent Mg2+ cation more effectively 
counterbalances the fixed membrane charge. This effect would typically 
suggest a higher sodium removal rate. However, the observed retention 
for Mg2+ was significantly higher than that of Na+, likely due to several 
contributing factors. Mg2+ has a larger hydration radius, resulting in a 
stronger size exclusion effect [52]. Additionally, Mg2+ possesses a higher 
ionic charge density compared to Na+, which increases its retention due 
to stronger dielectric interactions. Mg2+ forms stronger bond with sur
rounding water molecules than Na+ due to its higher hydration energy 
(1830 kJ/mol for Mg2+ and to 365 kJ/mol for Na+) [53]. Thus, Mg2+

undergoes less dehydration compared to Na+ [54]. This lower dehy
dration tendency hinders Mg2+ permeation through the TA-Fe3+ selec
tive layer, whereas Na+, with weaker hydration, enters the pores of the 
membrane to permeate more readily. These combined effects result in 
the TA-Fe3+ membranes exhibiting higher retention towards Mg2+ than 
Na+ (Fig. 5a).

Next, the separation performance of the membranes was examined 
using SO2−

4 as the common anion. A substantial improvement of rejec
tion was observed (Fig. 5b) compared to the Cl− system (Fig. 5a). 
Notably, the retention of Mg2+ reached nearly 100 % for the 1TA-6Fe 
and 1TA-8Fe membranes. The observed Na+/Mg2+ selectivity (SNa/Mg) 
was 1.2, 4.5, 33.1, and 330 for 1TA-4.5Fe, 1TA-5Fe, 1TA-6Fe and 1TA- 
8Fe membranes, respectively. In contrast, the SNa/Mg in the chloride 
system ranged between 1 and 3 for all membranes. This significant 
variation can be attributed to the negatively charged TA-Fe3+ membrane 
surfaces, which exhibit strong SO2−

4 exclusion due to its higher charge 
density compared to Cl− . The MPN layer effectively excludes multiva
lent anions such as SO2−

4 , which simultaneously enhances cation reten
tion in SO2−

4 containing feed solutions. These findings demonstrate that 
the fabricated TFC membranes exhibit a strong potential for selective 
monovalent/divalent ion separation.

Water sources such as seawater, brackish water, and wastewater, are 
inherently complex, containing a diverse mixture of ions. Therefore, 
evaluating membrane performance using multi-ionic feed solution is 
essential. Here, we extended the investigation by conducting filtration 
tests with a multi-ionic synthetic feed solution comprising Na+,Cl− ,
Mg2+ and SO2−

4 ions at 3 bar transmembrane pressure. The observed 
retention of Mg2+ and SO2−

4 were higher than those of the monovalent 
ions (Fig. 6). For different TA-Fe3+ membranes, a significant increase in 
ion retention was observed with increasing Fe3+ content of TA-Fe3+ self- 
assembled layer. The average retention of Na+ increased from 18 % to 
68 %, Cl− from 12 % to 67 % and Mg2+ from 30 % to 91 %. Moreover, the 
sulfate retention rate of the TFC membranes from the multi-ionic feed 
solution reached as high as 98 %. The ion retention rates of the mem
branes tested with a multi-ionic feed solution (Fig. 6) were slightly lower 
than those observed in a single salt or a ternary-ion retention test (Figs. 3 
and Figs. 4–5). This finding underscores the impact of feed solution 
composition on membrane performance. Overall, 1TA-5Fe, 1TA-6Fe and 
1TA-8Fe membranes displayed a promising retention performance, 
demonstrating the potential of using the fabricated MPN membranes for 
water softening and wastewater treatment applications.

The composition of the feed solution is hence one of the main factors 
governing ion retention and selectivity by membranes, necessitating ion 
retention study using MPN membranes at different chemical environ
ments. Table 2 summarizes the influence of feed composition on the 
monovalent/divalent ion selectivity of the TA-Fe3+ selective layers. 
Na+/Mg2+ selectivity is strongly dependent on the anions in the multi
component aqueous solutions (Table 2). The ideal Na+/ Mg2+ selectivity 
was <1, characteristic of negatively charged membranes as discussed in 
section 3.2 for single salt solutions. However, for mixed component 
systems, real Na+/Mg2+ selectivity was higher for the SO4

2− containing 

tertiary system than for the Cl− containing tertiary mixed component 
feed solution. In contrast, the monovalent/divalent cation selectivities 
from Na+,Cl− ,Mg2+ and SO2−

4 quaternary system lies between the se
lectivities from chloride and sulfate containing feed solutions of a ter
tiary mixed ion systems.

The presence of a counter-cation (Na+ or Mg2+) in the feed solution 
considerably affects anions (Cl− /SO2−

4 ) selectivity. Compared to those 
Na+ containing solutions, the anion selectivity generally declines in the 
presence of a divalent cation (Mg2+). This was observed in both single 
salt solutions (ideal selectivity) and mixed-salt solution (real selectivity) 
containing Na+ and Mg2+. The adsorption coefficient of divalent cations 
onto negatively charged NF membranes are 77–128 times higher than 
that of Na+ [55], reducing the surface charge of the membrane. As such, 
the electrostatic repulsion exerted on the different anions weakens, and 
the membrane eventually loses selectivity. The Cl− /SO2−

4 selectivity was 
lower when the MPN membranes were used to filter a quaternary system 
containing both divalent and monovalent cations, in comparison to tests 
with tertiary systems. Although we observe that the real selectivity in
creases as the Fe3+ concentration increases (Table 2), water permeance 
declines significantly (Section 3.1) attributed to the 
selectivity-permeability trade-off. The flux can be improved by opti
mizing the fabrication conditions to enhance the membrane fixed charge 
to reject ions without significantly hindering water transport. Future 
studies can also focus on integrating additives and nanomaterials that 
facilitate water transport in the MPN layer.

3.4. Elucidating ion transport through the MPN membranes using DSPM- 
DE

In this section, we adopted the well-established DSPM-DE model to 
elucidate ion transport and rejection properties of the MPN TFC mem
branes. First, we discuss the membrane input parameters estimated from 
neutral and charged solute retention measurements. Next, we compare 
the experimental retention data with the predicted values obtained 
using the estimated parameters. Finally, we analyze the exclusion 
mechanisms and ion transport processes occurring across the selective 
layer of the membranes.

3.4.1. Estimation of membrane parameters
The membrane structural parameters were estimated using the pore 

flow model, based on the retention data of PEG. In this model, the 
separation layer is assumed to consist of cylindrical pores of uniform 

Table 2 
Ideal and real monovalent/divalent selectivities by the fabricated MPN mem
branes. Ideal selectivity is computed from single salt retention tests of the cor
responding salts. Real selectivity is computed from mixed salt retention tests of 
feed solution of tertiary and quaternary system.

Ideal selectivity

Salts 1TA-4.5Fe 1TA-5Fe 1TA-6Fe 1TA-8Fe

Na+/Mg2+ NaCl–MgCl2 0.8 0.3 0.3 0.4
Na2SO4–MgSO4 0.3 0.1 0.4 0.3

Cl− /SO2−
4 NaCl–Na2SO4 2.5 7.6 5.0 7.9

MgCl2–MgSO4 1.1 3.1 5.5 5.0

Real selectivity

Component mixture 1TA- 
4.5Fe

1TA- 
5Fe

1TA- 
6Fe

1TA- 
8Fe

Na+/Mg2+ Na+,Mg2+ and ,Cl− 0.96 1.2 1.7 3.1
Na+,Mg2+ and SO2−

4 1.2 4.5 33.1 330.7
Na+,Cl− ,Mg2+ and 
SO2−

4

1.1 2.9 4.5 3.6

Cl− /SO2−
4 Na+,Cl− and SO2−

4 3.7 27.2 ∞ 35.4
Na+,Cl− ,Mg2+ and 
SO2−

4

1.5 12.1 9.8 15.3
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size. However, it should be noted that this simplification does not fully 
capture the actual wide pore size distribution and interconnected pore 
structure of membranes. The retention data revealed that PEG retention 
increased with permeate flux and stabilized at higher flux levels, indi
cating a limiting rejection at high applied pressure. The pore radius and 
effective membrane thickness were determined through the curve fitting 
of the experimental data (Fig. S5). The estimated membrane parameters 
are depicted in Table S3 of the supporting information. It was found that 
the fabricated TA-Fe3+ membranes exhibited varying pore sizes. The 
1TA-4.5Fe membrane had the largest pore radius of around 1.25 nm 
followed by 1TA-5Fe at 1.02 nm. In contrast, the pore sizes of 1TA-6Fe 
and 1TA-8Fe were estimated at 0.67 nm and 0.63 nm, respectively. The 
concentration of Fe3+ in the casting solution also affects the Δxe of the 
TA-Fe3+ selective layer of the TFC membranes. As the FeCl3 concen
tration increased, the Δxe decreased. However, beyond a Fe3+ concen
tration of 0.096 w%, the Δxe began to increase.

Unlike neutral solutes, the retention properties of charged solutes, 
such as ions, are strongly influenced by the membrane’s charge density 
and pore dielectric constant. Therefore, when applying the DSPM-DE 
model, estimation of these two membrane parameters is required, 
typically through fitting procedures [56]. To achieve this, ion retention 
experiments were conducted at different permeate fluxes by regulating 
the applied transmembrane pressure. A ternary ion mixture comprising 
Na+ and Mg2+ ions with a common anion (NaCl–MgCl2 system) was used 
for this purpose. The membrane charge density and pore dielectric 
constant were subsequently estimated following the procedure outlined 
in section 2.4.2. The obtained results are presented in Table 3. The pore 
dielectric constant (ℇp) indeed decreased in the 1TA-4.5Fe > 1TA-5Fe >
1TA-6Fe > 1TA-8Fe trend. A lower ℇp indicates the formation of a 
denser TA-Fe3+ separation layer. However, the membrane charge den
sity follows a different trend for the studied salt solution system. The 
negative membrane charge density generally decreased as the Fe3+

concentration increased. The presence of divalent cations in the feed 
solution reduces membrane charge density through binding or 
complexation, which can even result in surface charge reversal [48]. 
Here, it can be inferred that with the increase in Fe3+ concentration, the 
amount of tannic acid assembled into the metal-polyphenol network 
increases. The anionic functional groups in TA act as a binding site for 
divalent cations, Mg2+. Therefore, the small negative charge density at 
high Fe3+ concentration is further reduced due to the complexation of 
Mg2+ with the surface functional groups of the selective layer.

3.4.2. Predicted ion retention results for NaCl–MgCl2 mixed salt system
Fig. 7 compares the experimentally determined ion retention by the 

TA-Fe3+ membranes with the values predicted by the DSPM-DE model 
for a feed solution containing a mixture of NaCl and MgCl2. The model 
accurately predicts the exclusion of ions under the investigated condi
tions. The agreement between calculated and experimentally measured 
retentions by the 1TA-5Fe membrane is especially creditable with 0.90, 
0.93 and 0.89 R2 values for Na+, Mg2+ and Cl− , respectively. The 1TA- 
4.5Fe membrane showed the lowest rejections, between 5 and 22 % for 
all ions, owing to its large rp and ℇp which reduce steric and dielectric 
effects, respectively. In addition, the computed high membrane charge 
density of 1TA-4.5Fe illustrates a higher charge interaction with the 
cations in the feed solutions that accelerates their partitioning into the 

pore entrance of the membrane. For membranes fabricated with higher 
Fe3+ concentrations, ion retention increases, as predicted by the model. 
Overall, the DSPM-DE model effectively quantifies the ion retention 
behavior of the MPN membranes across various fluxes.

Ion retention increased with permeate flux across all TA-Fe3+

membranes, consistent with the pressure-based rejection measurements 
(section 3.1). Increased applied pressure enhances the solute retention 
and dilutes the permeate stream, as water permeation increases linearly 
with pressure, while ion transport does not follow the same trend [41]. 
The linear relationship between permeate flux and applied pressure is 
shown in Fig. S6 of the supporting information.

The TA-Fe3+ membranes demonstrated a higher exclusion of the 
divalent Mg2+ than Na+, a trend well predicted by the model. However, 
for the 1TA-4.5Fe membrane, a lower retention rate for Mg2+ was 
observed at high permeate flux, a deviation noted only in the experi
mental data with an unclear underlying cause. The preferential rejection 
of Mg2+ over Na+ can be attributed to differences in ion size, valence, 
and physicochemical interactions which influence their exclusion co
efficients. The exclusion coefficients quantify the ion rejection behavior 
of the MPN membranes. The partitioning coefficients governing ion 
exclusion were determined using equations (12)–(14). An exclusion 
factor of 1 represents no solute partitioning at the solution-membrane 
interface, whereas values greater than 1 indicate ion partitioning to
wards the membrane pores, and values less than 1 signify favorable 
partitioning toward the feed solution. Coefficients near 1 suggest weak 
partitioning effects, while more extreme values denote stronger exclu
sion mechanism. For instance, as shown in Fig. 9, the steric exclusion 
coefficient (Φs) for Na+ was higher than for Mg2+, indicating lower steric 
hindrance towards sodium. This results from Mg2+ having a larger hy
dration radius than Na+ [52]. The dielectric partitioning coefficient (ΦB) 
of Mg2+ was one order of magnitude lower than that of Na+ for the 
1TA-4.5Fe and 1TA-5Fe membranes. It increased to two orders of 
magnitude for the 1TA-6Fe and 1TA-8Fe membranes. In contrast, the 
Donnan partitioning factor (ΦD) favored Mg2+ partitioning into the 
membrane pores. This behavior aligns with Donnan exclusion princi
ples, where divalent counter-ions with higher ionic charge densities bind 
electrostatically to balance the fixed negative charges in the membrane 
[57]. The resulting electrical potential (i.e. Donnan potential) at the 
solution-membrane interface enhances counter-ion transport into the 
membrane pores. Despite Mg2+ having a higher Donnan partitioning 
coefficient, Na+ consistently exhibited lower rejection across all MPN 
membranes. This indicates ion retention is governed by the cumulative 
partitioning coefficient (Φ = Φs*ΦD*ΦB). The overall Φ values for Na+

were 0.753, 0.673, 0.685, and 0.109, while those for Mg2+ were 0.471, 
0.352, 0.266 and 0.006 for the 1TA-4.5Fe, 1TA-5Fe, 1TA-6Fe and 
1TA-8Fe membranes, respectively. For Na+/ Mg2+ selectivity, both 
Donnan and dielectric exclusions have opposing effects. Dielectric 
exclusion primarily dictated Na+ permeation selectivity, whereas 
Donnan exclusion negatively influenced it. Compared to these mecha
nisms, steric exclusion had a minimal impact due to the relatively small 
difference in Φs between Mg2+ and Na+. Overall, the higher rejection of 
Mg2+ in the ternary ion mixture was largely dictated by the dielectric 
exclusion mechanism. Among membranes with varying Fe3+ concen
trations, steric and dielectric partitioning coefficients followed a 
decreasing trend in the order 1TA-4.5Fe > 1TA-5Fe > 1TA-6Fe >
1TA-8Fe. On the other hand, the Donnan exclusion coefficient generally 
increased with Fe3+ concentration, correlating with the decreasing 
membrane charge density reported in Table 3.

The DSPM-DE model provides a link between various ion transport 
mechanisms and key physicochemical characteristics of the membrane- 
solution system. Ion transport across the membrane is accounted by 
three driving forces: fluid flow (convection), concentration gradient 
(diffusion), and electric potential gradient (electromigration). To iden
tify the dominant transport mechanisms, we analyzed the relationship 
between ion flux and permeate flux of the NaCl–MgCl2 system for all 

Table 3 
Membrane charge density and pore dielectric constant estimated for two 
different feed solutions.

Membrane Estimated membrane parameters

Charge density, CX (mol/m3) Pore dielectric constant, ℇp

1TA-4.5Fe − 9.8 43.4
1TA-5Fe − 8.1 38.8
1TA-6Fe − 8.5 27.4
1TA-8Fe − 0.61 25.1
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MPN membranes (Fig. 8). The total flux of each ion in the mixture 
decreased with an increase in Fe3+ concentration in the casting solution. 
The dense membranes (1TA-6Fe and 1TA-8Fe) displayed lower ion 
fluxes in agreement with the higher rejection rates observed in Fig. 7. 
Fig. S8 (supporting information) schematically illustrates the directions 
of diffusive, convective and electromigrative fluxes through a negatively 
charged membrane for both co-ions and counter-ions under conditions 
of positive retention. Notably, only the counter-ions’ electromigrative 
flux is directed towards the feed, while both the convective and diffusive 
fluxes are directed towards the permeate side. Na+ exhibits a higher 
diffusive flux toward the permeate compared to Mg2+ across all mem
branes. This is attributed to the higher diffusion coefficient of the more 
mobile Na+ than Mg2+ (see Table S2). Generally, the total ion fluxes 
increased with permeate flux, mainly due to promoted convection. 
Chloride flux was mainly dominated by diffusion. For the cations in the 
mixture, opposing convection and electromigration fluxes were 
observed during ion transport. Within the nanopores of negatively 
charged membranes, the local concentration of cations exceeds that of 
anions (Fig. S9). Therefore, pressure driven flow transports more cations 
through the membrane via convection than anions [58]. This results in 
the generation of an electric field to maintain electroneutrality. This 
field gives rise to cation electromigration that opposes convection, while 
it adds to convection for anions (Figure S8a and Fig. 8). When comparing 
the counter-ions, sodium exhibited higher electromigrative fluxes (in 
absolute values) across all membranes. This is due to the fact that Na+ is 
more sensitive to electrical potential gradient than Mg2+ [40]. In the 
1TA-8Fe membrane, a different scenario was observed. Since the 
membrane charge density of this thin-film was very small (Table 3), the 
developed electric field within the membrane is weak that can be easily 

influenced by the local concentration of ions. Consequently, the cation 
electromigrative flux aligns with the concentration gradient and con
vection flow, driving ions toward the permeate. In this case Na+ being 
the more mobile cation, diffused back to the feed side to maintain 
electroneutrality with the excluded chloride ions, yielding a negative 
diffusive flux (Fig. 8j).

3.4.3. Predicted ion retention results for NaCl–Na2SO4–MgCl2–MgSO4 
mixed salt system (quaternary ion mixture)

While most studies in the literature focus on the application of the 
DSPM-DE model to ternary ion mixtures, many water and wastewater 
sources contain more complex compositions. Expanding membrane 
separation predictions to such systems is therefore essential. Here, we 
explore the application of the DSPM-DE model to predict the retention of 
a quaternary-ion mixture by the TFC membranes. The feed solution 
contains Na+, Mg2+, Cl− , and SO2−

4 . The 1TA-5Fe membrane was 
selected for this study considering both its selectivity towards these ions 
(Fig. 6) and water flux (Fig. 2). Retentions for all ions were observed to 
increase with higher permeate flux, attributed to the increased transport 
of water at elevated pressures. Yet again, as expected the retention of 
divalent cation and anion (Mg2+ and SO2−

4 ) by the MPN skin layer was 
higher compared to monovalent ions. This result highlights the effi
ciency of the MPN membranes in achieving sufficient ion separation. For 
the analysis of ion retention with the transport model, the membrane 
parameters of charge density (− 0.54 mol⋅m− 3) and pore dielectric 
constant (30.8) were first estimated from the experimentally measured 
retentions of this system at different flux. The experimental data are then 
compared to DSPM-DE model predicted retentions, as shown in Fig. 10a. 
The model satisfactorily fit the experimental results of ion retention by 

Fig. 7. Experimental (column plot) and DSPM-DE model fitted (scatter plot) retention results of a ternary ion mixture at different permeate fluxes for a) 1TA-4.5Fe, 
b) 1TA-5Fe, c) 1TA-6Fe, and d) 1TA-8Fe membranes. Mixed salt of 10 mM feed solution of NaCl–MgCl2 was used in which the molar ratio of the cations was 1:1.
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Fig. 8. Flux contributions vs permeate flux for NaCl–MgCl2 mixed salt retention filtration test. Legend in chloride applies to all. The fluxes were computed inside the 
membrane pore between the second and third nodes after discretizing the ENP equation by dividing the obtained membrane selective layer thickness to 100 nodes. 
See Fig. S10 in supporting information for the location of N number of nodes and their corresponding concentration and potential profiles.

H.H. Kinfu et al.                                                                                                                                                                                                                                Journal of Membrane Science 733 (2025) 124320 

11 



the TA-Fe3+ membrane although clear deviations were found for anions: 
overestimating sulfate retention at low fluxes while underestimating 
chloride removal at high flux. The model-estimated transmembrane 
ionic fluxes provide valuable insights into the transport mechanisms 
occurring in the examined systems [41]. Fig. 10b–e illustrates the con
tributions of the individual fluxes to the total flux of each ion. The total 
flux of the ions followed the trend Na+ > Mg2+ and Cl− > SO2−

4 trend, in 
agreement with the observed retentions; a higher retention of an ion 
corresponds to a lower transmembrane ion flux. Diffusive flux was the 
dominant transport mechanism for both anions (Fig. 10d and e). Sur
prisingly, the electromigrative flux of the anions was directed toward 
the feed side. Given the low membrane charge density, it is assumed that 
the surface charges of the membranes were readily reversed through the 
binding of Mg2+ ions, creating a low potential region on the feed side, 
and promoting anion migration toward the feed solution. The transport 
of Mg2+ across the membrane was also primarily diffusion-driven, with 
electromigration and convection contributing in their respective order. 
In contrast, the flux of Na+ was largely governed by electromigration 
(Fig. 10b). This can be explained by the higher sensitivity of Na+ to the 
electrical potential gradient compared to Mg2+ [40].

The rejection mechanisms of ions by the MPN membrane are further 
visualized using exclusion coefficients (Fig. 10f–h). For exclusion co
efficients greater than unity, a higher exclusion coefficient indicates an 
increased likelihood of partitioning into the pore channels. The parti
tioning coefficients for the monovalent ions were higher for all exclusion 
mechanisms, justifying the difference in the retention of the ions 
observed experimentally, except for sodium and magnesium in Donnan 
exclusion. The higher Donnan exclusion factor of Mg2+ is due to the 
counter-ion interaction with a negatively charged separation layer. 
Similar to the case of ternary ion mixtures, dielectric partitioning 
emerged as the critical exclusion mechanism for each ion in this system. 

This emphasizes the importance of including dielectric effect in the 
theoretical studies on ion separation, especially in the presence of 
divalent ions [59]. Overall, the fabricated MPN membrane demon
strated a Na+/Mg2+ and Cl− /SO2−

4 separation from the mixed ion system 
(Fig. 10a). Moreover, the DSPM-DE model provides excellent perfor
mance in modeling and illustrating the retention mechanisms of 
TA-Fe3+ membranes. The exclusion of ions by the MPN thin films at the 
solution-membrane interface is primarily governed by dielectric effects, 
driven by the reduced dielectric constant within the small confined 
pores of the separation layer.

4. Conclusion

Metal-phenolic network (MPN) membranes are emerging as a 
promising class of separation materials, offering tunable surface chem
istry, strong metal-ligand coordination, and excellent stability. Howev
er, their ion retention and ion-ion selectivity in complex ionic 
environments for NF applications in water purification remained largely 
unexplored. This study provides a comprehensive analysis of ion 
retention behavior of MPN-based TFC membranes and extends our un
derstanding of the NF performance using a transport model. The MPN- 
based TFC membranes were prepared through supramolecular self- 
assembly of tannic acid (TA) and Fe3+. The TA-Fe3+ selective layer 
structure was fine-tuned during synthesis. This study highlights the salt 
retention performance of MPN membranes and evaluates their ion 
selectivity characteristics in both cationic and anionic mixtures. A 
detailed investigations into the single and mixed salt retention proper
ties of the membranes shows the fabricated membranes exhibit excellent 
retention performance for various salts, underscoring their potential for 
NF and desalination applications. Additionally, the Cl− /SO2−

4 and 
Na+/Mg2+ selectivities were evaluated from various mixed salt systems, 

Fig. 9. Exclusion coefficients for a) 1TA-4.5Fe, b) 1TA-5Fe, c) 1TA-6Fe and d) 1TA-8Fe membranes during NaCl–MgCl2 mixed salt retention.
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including ternary ion mixtures (NaCl–Na2SO4, NaCl–MgCl2 or 
Na2SO4–MgSO4) and quaternary ion mixtures 
(NaCl–Na2SO4–MgCl2–MgSO4). Using sulfate as a common anion, the 
observed SNa+/Mg2+ was 1.2, 4.5, 33.1, and 330 for 1TA-4.5Fe, 1TA-5Fe, 
1TA-6Fe and 1TA-8Fe membranes, respectively. However, with chloride 
as the common anion, SNa+/Mg2+ values ranged only between 1 and 3 for 
all membranes. On the other hand, an anion selectivity (SCl− /SO2−

4
) of up 

35 was achieved from a Na+/Cl− /SO2−
4 ternary ion mixture retention 

test. The ion transport and exclusion properties of the MPN membranes 
were computationally elucidated using the DSPM-DE model. The model 
sufficiently predicts the retention performance of a ternary and qua
ternary ion mixtures. Dielectric and Donnan exclusion mechanisms play 
a key role in the partitioning of ions at the membrane-solution interface, 

dictating ion selectivity. While diffusion was the dominant transport 
mechanism for anions, convection primarily governed cation transport 
in most cases. This study demonstrates that the DSPM-DE model can be 
applied in predicting the separation properties of MPN membranes and 
contributes to understanding the transport and exclusion mechanisms 
which influence their performance. The DSPM-DE model is shown to be 
a valuable tool particularly in providing insight to mass transfer, 
membrane characteristics, and the overall efficiency of NF systems using 
MPN membranes.
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Nomenclature

Symbol Description

Ak Membrane porosity
Ci Concentration of species i, mol/m3

CX Membrane charge density, mol/m3

Di,p Diffusion coefficient of species i in the pore, m2/s
Di,∞ Diffusion coefficient of species i in the bulk, m2/s
e0 Elementary charge, 1.60218 × 10− 19 C
F Faraday constant, 96485.3C/mol
Ji Solute flux for species i, mol/m2⋅s
JV Permeate flux, m3/m2⋅s
KB Boltzmann constant, 1.38065 × 10− 23 J/K
Kc,i Solute mass transfer coefficient of species i, m/s
Ki,c Convection hindrance factor of species i
Ki,d Diffusion hindrance factor of species i
Nc Number of components
rp Pore radius, m
rs Solute Stokes radius for species i, m
R Universal gas constant, 8.31446 J/mol K
Rcal Calculated rejection from the model
Rexp Experimentally measured rejection
Ri Rejection ratio of species i
T Temperature, K
Zi Valency of species i
γi Activity coefficient of species i
ΔP Applied pressure difference, Pa
ΔΠ Osmotic pressure difference, Pa
ΔWi Born solvation energy barrier, J
Δx Thickness of membrane active layer, m
εb Dielectric constant of the bulk
εp Dielectric constant of the pore
ε0 Permittivity of free space
λi Ratio of solute Stokes radius of species i to effective pore radius
μ Solution viscosity, Pa⋅s
τ Tortuosity
ξ Electric potential gradient at the feed/membrane interface, V/m
ρ Solution density, kg/m3

ΦS Steric partitioning coefficient of species
ΦB Born solvation coefficient (dielectric partitioning coefficient)
ΦD Donnan partitioning coefficient
Ψ Electric potential, V

The subscript b represents for the bulk solution in the feed, m is membrane or just inside the membrane pore, p is permeate side or just outside the 
pore of the membrane-permeate interface, i for solute species, and real is the real rejection considering concentration polarization.
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Chapter 9. Comprehensive Discussion 

Membrane technology has become an emerging filtration technology for water and wastewater 

treatment due to its simple, low-energy and highly efficient separation. In this dissertation, the 

fabrication and separation performance of thin-film composite membranes comprised of metal-

phenolic network selective layers have been studied in detail. This chapter provides a 

comprehensive discussion of the cumulative part of the dissertation. 

9.1. Membrane fabrication 

MPNs are synthesized via coordination interactions driven self-assembly between metal ions 

and phenolic ligands. MPNs offer a promising approach of membrane coating in a fast, simple, 

green, and cost-effective strategy. Here, a TA-Fe3+ selective layer is deposited over a porous 

support. Both TA and FeCl3·6H2O were dissolved in water, eliminating the use of harsh solvents 

for TFC membrane selective layer synthesis as in interfacial polymerization. A PAN 

ultrafiltration membrane was used as a porous substrate support. A layer-by-layer technique, 

analogous to multilayer deposition, was employed for the TA-Fe3+ selective layer fabrication. 

It was observed that the water permeance of the membranes declined as the number of layers 

deposited increases, indicating the formation of a dense selective layer. FTIR, EDX, SEM, 

AFM, zeta potential, contact angle analyses (Chapter 3 – 8) have shown a successful fabrication 

of the MPN layer over the porous substrate. Moreover, backscattered electron (BSE) imaging 

mode (Figure 1c in Chapter 3) confirms the deposition of a brighter thin layer originating from 

the presence of a high atomic number element (Fe). The thickness of the selective layer of the 

fabricated TFC membranes is around 10 nm, which can be classified as an ultrathin film in 

membranes for liquid separation. In addition to the selection of membrane materials, designing 

thin separation layers is desirable to achieve high water permeance due to their low transport 

resistance [1]. The MPN-based TFC membranes exhibit hydrophilic property compared to the 

bare PAN surface (Figure 4a in Chapter 3, Figure 4a in Chapter 4, Figure 6b in Chapter 5). 

Moreover, the membranes demonstrate a negatively charged surface (Figure 2a in Chapter 4, 

Figure 1b in Chapter 7), beneficial for charge-based separation and fouling resistance. A flux 

recovery ratio of up to 82 % was achieved during a fouling test with humic acid as a foulant 

molecule, which revealed that the MPN separation layer exhibits excellent antifouling 

properties. Overall, it is demonstrated that an ultrathin selective layer can be fabricated without 

the use of organic solvents. 
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9.2. Parameters that affect MPN thin-film formation and membrane fine-

tuning 

Polyphenols contain multiple phenolic hydroxyl groups (e.g. chemical structure of tannic acid, 

Figure 2.4a in Chapter 2). Through these hydroxyl groups, phenolic materials provide binding 

sites for the chelation of metal ions (e.g. Fe3+) via coordination interaction. This leads to the 

formation of supramolecular metal-phenolic complexes that can be translated into a thin self-

assembled layer when deposited on a surface. The nature and extent of complex formation and 

the subsequent structure and properties of the fabricated thin-film are dependent on coordination 

reaction conditions. Accordingly, in this thesis several approaches have been followed to 

determine the effect of each parameter on membrane structure and performance.  

The influence of phenolic ligand to metal ion ratio as a synthesis parameter on membrane 

structure was first studied (Chapter 3). A series of TFC membranes having TA-Fe3+ selective 

layers are fabricated by varying the metal ion concentration, i.e., 0.02 – 0.16 w% of FeCl3·6H2O 

while a 0.02 w% concentration of TA was used. The deposition of the TA-Fe3+ MPN selective 

layer significantly alters the surface morphology. As the metal ion concentration increases, the 

top layer of the TFC membranes become denser with a compact structure of decreasing pore 

size (Figure 2 in Chapter 3 and Figure 2 in Chapter 7). However, surface roughness and 

protrusions increased in the presence of excess Fe3+ concentration due to the formation of TA-

Fe3+ complex aggregates over the synthesized film (Figure 1c in Chapter 7). SEM images of 

the cross-section show that the sponge-like structure of the support layer is unaffected by the 

surface coating, illustrating fine-tuning of the membrane surface without penetration of the TA-

Fe3+ complexes to the porous substructure. The water permeance across the fabricated 

membranes also decreased significantly from 165 L·m−2·h−1·bar−1 for the 1TA-1Fe membrane 

(0.02 w% TA and 0.02 w% FeCl3·6H2O) to 0.9 L·m−2·h−1·bar−1 for the 1TA-8Fe membrane 

(0.02 w% TA and 0.16 w% FeCl3·6H2O). For comparison, the pristine PAN support exhibits a 

water permeance of 286 L·m−2·h−1·bar−1 (Figure 4b in Chapter 3). The TFC membranes 

fabricated at higher Fe3+ concentration exhibit a more hydrophilic surface as observed with 

water contact angle measurements. This increase in hydrophilicity shows the incorporation of 

more TA groups, which contain abundant hydrophilic –OH groups, into the self-assembled 

MPN selective layer through enhanced coordination in the presence of excess metal ions. The 

TA-Fe3+ top layer exhibits a negative surface potential which is beneficial for charge selectivity 

towards solutes during filtration tests (see section 9.3). 
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The number of TA-Fe3+ layers deposited over the porous support determines membrane 

performance. Water permeance especially drops drastically when the number of deposited 

layers were increased from 1 to 4 layers (Figure S1 in Chapter 11 Section 11.2). This can be 

attributed to the fact that uniform surface coverage was not achieved with one coating cycle, 

while further coating leads to a compact selective layer with higher resistance to water transport.  

Another parameter that controls thin-film formation is the assembly time. Although metal-

polyphenol self-assembly is a rapid process, the amount of reaction time the precursors are 

allowed to coordinate affects the microstructure and physicochemical properties of the 

fabricated thin-film. For instance, the surface pore size of the TA-Fe3+ TFC membranes 

decreased significantly when the assembly time was increased from 1 min to 6 min (Figure 3 

in Chapter 4). This is due to enhanced coordination with the involvement of more binding sites 

for coordination. The water permeance also decreased from 86.1 to 5.6 L·m−2·h−1·bar−1, 

indicating the synthesis of a dense separation layer. However, due to the ultrathin nature of the 

deposited MPN film, it was not possible to analyze whether a prolonged reaction time increases 

film thickness as it is observed in interfacial polymerization. On the other hand, the surface 

wettability of the selective layer declines for membranes fabricated at higher assembly time 

(Figure 4a in Chapter 4). The fabricated membranes are less prone to reversible fouling. The 

antifouling property of the active layer is attributed to two phenomena: 1) the electrostatic 

repulsive interaction between the foulant molecules and TA functional groups and 2) the 

formation of a hydration layer due to the preferential adsorption of water molecules on the 

MPN-containing self-assembled films. 

The formation of coordination bonds between metal ions and polyphenols is pH dependent [2, 

3]. Taking TA and Fe3+ as an example, MPN in the form of a mono-complex is formed under 

strongly acidic conditions (pH < 2). While bis-complex is formed at higher pH conditions, MPN 

in the form of a tris-complex is synthesized in alkaline conditions (pH > 7). To assess the effect 

of solution pH on membrane characteristics and separation performances, a series of 

membranes were fabricated by varying the pH of the solution in which TA was dissolved (Table 

1 in Chapter 5). For both single TA-Fe3+ layered and double TA-Fe3+ layered TFC membrane, 

low solution pH results in a highly porous separation layer compared to those fabricated at a 

higher pH. At low pH, most of the hydroxyl groups in TA are protonated. This reduces the 

number of coordination sites which leads to a loose membrane. However, with the increase of 

the casting solution pH, the formation of bis- or tris-complexes increases, leading to highly 

cross-linked network of small pore sized separation layer. In addition to pore structure, the pH 
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of the casting solution can be used to control the surface wettability, surface charge, solute 

rejection performance and stability of the membranes (Figures 6 – 11 in Chapter 5). Highly 

selective, robust and hydrophilic TFC membranes are fabricated at 8.5 pH value. Generally, 

both ideal and real selectivities were enhanced for TA-Fe3+ layers synthesized at alkaline 

conditions. The membranes showed excellent performance in separating small organic solutes 

from aqueous solution. 

Here, it should also be noted that the stability of the thin-film is also pH dependent. MPNs are 

extremely stable at high pH conditions, although disassembly of the network occurs when in 

contact with acidic feed solutions of pH < 4. This has unveiled a new approach of capsule 

coating for pH-responsive release mechanism in drug delivery and other applications [3]. 

Whereas in MPNs for membrane applications, further research on enhancing their stability 

under acidic feed solutions is required. 

In summary, it can be concluded that the surface structure, property and performance of the 

TFC membranes including surface porosity, roughness, water flux, hydrophilicity, surface 

charge, and rejection can be tuned through these wide range of synthesis conditions. This 

reiterates the tunability of MPN films for membrane application. Optimizing membrane 

structure and properties is crucial for filtration operation. By controlling membrane 

morphology, surface chemistry, and mechanical properties, the performance, and membrane 

lifespan can be enhanced. This improves the effectiveness and sustainability of water treatment 

via membrane technology.  

9.3. Small organic solutes separation 

Selective separation of small organic solutes requires membranes with precisely tuned pore 

structures and surface properties. The effectiveness of these membranes depends on key factors 

such as membrane material, pore size, hydrophilicity, charge, and other interactions. In this 

regard, the removal performance of the fabricated MPN membranes towards solutes from 

aqueous solutions as well as from each other was investigated. The rejection and selectivity 

were further tailored by utilizing the TA-Fe3+ coating preparation procedures as a variable. 

Figure 9.1 summarizes the retention of small organic molecules having 200 – 1000 g/mol 

molecular weight (MW). The TA-Fe3+ selective layer demonstrated high rejection towards 

anionic dyes orange II (OR-) and naphthol green b (NGB3-). Conversely, low rejections were 

observed towards neutral solutes riboflavin (RB0) and poly(ethylene glycol) of 400 g/mol MW 

(PEG400). For comparison, the PAN support did not display any significant retention towards 
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all solutes, which indicates the retention behavior of the TFC membranes emerge entirely from 

the MPN coating.  

 

Figure 9.1 Solute rejection performance of the TA-Fe3+ membranes towards different charge 

groups of solutes. 

In comparison to other studies in the literature, the TA-Fe3+ membranes perform excellent 

considering the selectivity-permeability trade-off (Table 2 in Chapter 4 and Table 3 in Chapter 

5). A selectivity of up to 31 for neutral/charged solutes (RB0/NGB3-) were achieved, indicating 

the efficiency of the fabricated membranes for charge-based solute/solute separation. In general, 

the membranes displayed selectivities between 2 – 31 during both single solute filtration test 

(ideal selectivity) and mixed solute filtration test (real selectivity). For solutes of similar charge 

group (OR-/NGB3-), the selectivity was 2 – 4. Solute retention is governed by two phenomena: 

size sieving and electrostatic exclusion. These mechanisms determine the retention and 

selectivity of organic solutes [4, 5]. The retention behavior of the MPN selective layer and their 

exclusion mechanism is shown schematically in Figure 9.2.  
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Although RB0, PEG400 and OR- have a rather similar molecular weight and molecular size, 

their retention differs substantially. While OR-, the anionic dye in aqueous solution, was 

excluded by the TA-Fe3+ membrane, the neutral solutes RB0 and PEG400 permeated through 

the membranes with low resistance. These results demonstrate the charge-selective nature of 

the MPN membranes. This relies primarily on the electrostatic interactions between the 

sulfonate functional groups in OR- and the negatively charged surface of the MPN selective 

layer (Figure 9.2i). On the other hand, the effect of size exclusion is demonstrated in the case 

of similarly charged solutes, OR- and NGB3-. Naphthol green b experiences a higher steric 

hinderance due to its bigger size. It also experiences higher electrostatic repulsion by the TA-

Fe3+ layer due to its trivalent charge compared to the monovalent OR-. Overall, the permeation 

selectivities of organic solutes constitutes a combination of steric and electrostatic effects. Here 

it is shown that MPN membranes are capable of separating similar-sized small organic 

molecules based on their charge and similar charged solutes based on size. 

 

Figure 9.2 Schematic illustration of the organic solute rejection performance of the MPN 

membranes with their a) charge-selective and b) size-selective behavior. The mechanism of 

solute exclusion at the pore entrance for each case is shown as i) charge interaction between 

the negatively charged membrane surface and the solutes and ii) size exclusion. 
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By tuning the TA-Fe3+ selective layer’s surface microstructure and other physicochemical 

properties, the selectivity towards various solute combinations were improved. For example, 

the RB0/NGB3- selectivities were substantially improved when the MPN coating was 

synthesized using slightly alkaline casting solution (pH 8.5) or at a higher assembly time (Table 

2 in Chapter 5, and Table 2 in Chapter 4). The anionic dyes OR-/NGB3- selectivity slightly 

declines with these conditions due to the higher exclusion of both dyes. Overall, the MPN 

selective layers containing TFC membranes have shown great potential in fractionation of a 

mixture of solutes in the feed solution. Membranes that can differentiate solutes in the feed 

solution based on their size, their functional groups or both are essential for high-efficiency 

separations in water treatment and the recovery or separation of various industrial byproducts.  

9.4. MPN-based membranes for inorganic ion retention  

The application of membrane processes involves the removal of both organic and ionic 

compounds in water and wastewater treatment. NF membranes have a specific feature of ion 

separation by selectively rejecting multivalent ions while exhibiting a low to moderate 

retentions towards monovalent ions. The mechanism of ion rejection is strongly dependent on 

the membrane characteristics and on membrane-ion interactions. 

The ion retention and ion-ion separation properties of the fabricated MPN membranes were 

analyzed in detail using single and mixed salt feed solutions. The separation performance of the 

selective layer is also correlated with the fabrication parameters during the coating process. Salt 

removal generally increases when the Fe3+ concentration in the casting solution is increased due 

to the formation of denser selective layer (Figure 3 in Chapter 8). This enhances the exclusion 

of solutes at the membrane-feed solution interface. Single salt retentions of 73 – 99 % (Na2SO4), 

and 12 – 81 % (MgCl2) were achieved depending on the fabrication parameters. The salt 

retention behavior followed the sequence Na2SO4 > NaCl > MgSO4 > MgCl2 for relatively 

porous membranes, typical for a negatively charged selective layer with low steric hinderance, 

indicating that electrostatic interaction plays a significant in the rejection mechanism of single 

salts. The complexation of divalent cations (Mg2+ in this case) with membrane functional groups 

lowers the membrane charge density thereby reducing the electrostatic repulsive interaction 

with the co-ions. Hence, Mg2+ containing salts are rejected less. For membranes with 0.67 nm 

and 0.63 nm pore size, MgSO4 overtakes NaCl indicating an increased contribution of size 

sieving and dielectric exclusion to the rejection mechanism. The TA-Fe3+ selective layer 

containing TFC membranes exhibited an excellent nitrate removal performance. For 100 mg/L 
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NaNO3 feed concentration, retentions ranging from 83 – 94 % were achieved, outperforming 

commercial NF membranes (Figure 3 in Chapter 7). Increasing the feed concentration to 850 

mg/L (10 mM NaNO3) shows decline in retention to 48.3 – 91.1 %. This decline in retention is 

attributed to the screening effect due to the shielding phenomenon at high solute concentration, 

thus diminishing the Donnan potential developed at the membrane surface. On the other hand, 

the nitrate retention property of the membranes significantly improved when the applied 

transmembrane pressure increased (Figure 4 in Chapter 7). Similar behavior was observed for 

Na2SO4 retention (Figure S2 in Chapter 10, section 10.2.5). Retention increases with pressure 

due to the hindered transport of ions while water permeance is linearly proportional to the 

applied pressure, resulting in a dilute permeate stream. 

Membrane characteristics such as pore size, active layer thickness, charge properties, functional 

groups affect the selectivity of NF membranes during mixed salt retention experiments. Here, 

the MPN membranes were fine-tuned to enhance their monovalent/divalent ion separation 

behavior. The membranes exhibit good Cl−/SO4
2− selectivity, 3.7 – 35.4, from NaCl-Na2SO4 

mixed salt retention test (Figure 4 and section 3.3 in Chapter 8). A TA-Fe3+ layer fabricated at 

higher FeCl3 casting solution concentration demonstrated a higher selectivity between ions 

during the filtration tests. For NaNO3-Na2SO4 mixtures, the nitrate to sulfate selectivities were 

in the range 4.5 – 38.1 for different membranes (Figure 5b and section 3.5 in Chapter 7). The 

Cl−/SO4
2− or NO3

−/SO4
2− selectivities are attributed to the smaller ionic size and valence of the 

monovalent anions that result in their lower exclusion by the negatively charged MPN layer 

compared to the divalent anion. SO4
2− experiences stronger exclusion due to steric and dielectric 

effects (due to its higher radius) and Donnan effects (due to its higher charge). Moreover, the 

monovalent ions have a higher diffusivity (2.032 x10–9 m2·s−1 for Cl− and 1.902 x10–

9 m2·s−1 for NO3
−) to diffuse across the pore channels than sulfate (1.06 x10–9 m2·s−1). Overall, 

the membranes show good monovalent/divalent anion selectivity where sulfate concentrated on 

the retentate stream while Cl− or NO3
− rich permeate passes through the membrane. However, 

the MPN layer does not show any significant difference between the rejection of Cl− and NO3
− 

(Figure 5a in Chapter 7) due to the similar properties of these ions. The Na+/Mg2+ separation 

performance of the membranes was also explored under different conditions. Na+ preferentially 

diffuses through the membrane leading to a low retention in the presence of a divalent cation, 

Mg2+. The effect of the anion present in the feed solution on cation selectivity is illustrated in 

Figure 9.3. Up to 330 Na+/Mg2+ selectivity was achieved with sulfate as the common anion, 

while the Na+/Mg2+ selectivity was only 1 – 3 for Na+/Mg2+/Cl− system (Table 2 in Chapter 8). 

Furthermore, the MPN thin-films exhibited a higher retention towards divalent ions than 
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monovalent ions when a quaternary ion mixture was used as a feed solution (Figure 6 in Chapter 

8). This reiterates their potential in ion separation from multi-ionic mixtures as found in 

complex streams such as seawater, brackish water, and wastewater. Generally, the TA-Fe3+ TFC 

membranes demonstrated potential for water and wastewater treatment applications.  

 

Figure 9.3 Monovalent/divalent cation selectivity of the MPN membranes for different feed 

solutions. Single salt selectivity is computed from NaCl and MgCl2 single salt retention tests. 

The tertiary ion mixtures are prepared from equimolar NaCl-MgCl2 or Na2SO4-MgSO4 mixed 

salt solutions.  

9.5. Modelling ion transport and exclusion  

Ion transport through NF membranes is mainly described based on the extended Nernst-Planck 

equation. Today, Donnan Steric Pore Model with Dielectric Exclusion, DSPM-DE, is the most 

widely accepted model for predicting the NF performance using mixed electrolytes. This model 

has been used to analyze the ion separation properties of the MPN membranes in this 

dissertation. Three investigations have been performed: i) tertiary ion mixture of two anions 

with a common cation (Na+/NO3
−/SO4

2−), ii) tertiary ion mixture of two cations with a common 

anion (Na+/Mg2+/Cl−), and iii) a quaternary system of mixed ions (Na+/Mg2+/Cl−/SO4
2−) 

systems.  

The model was used to determine the individual ion transport mechanisms across the 

membrane. For Na+/NO3
−/SO4

2− system, ion transport of the anions is governed by diffusion 
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(Figure 8 and 9 in Chapter 7). On the other hand, convective flux is the dominant transport 

mechanism for the cation (Na+) transport. The NO3
−/SO4

2− separation analysis demonstrated 

that selectivity is primarily governed by dielectric exclusion followed by Donnan effects. The 

computed exclusion coefficients show a 2 – 3 order of magnitude difference in dielectric 

exclusion coefficient between the nitrate and sulfate ions while it was 1 – 2 orders of magnitude 

difference for the Donnan partitioning coefficients. Steric exclusion has a minimal effect on 

monovalent/divalent ion separation. Overall, it can be concluded that nitrate is transported 

across the membrane via diffusion while its separation at the pore entrance is dominated by 

dielectric exclusion. Furthermore, as observed from a sensitivity analysis, of the membrane 

characteristics, pore dielectric constant significantly influences the retention and selectivity of 

anions (Figure 10 in Chapter 7) followed by pore size, membrane charge density and effective 

film thickness. For example, a 25 % increase in pore dielectric constant leads to high 

NO3
−/SO4

2− selectivity. Different strategies can be followed to fine-tune membrane 

characteristics to achieve a high nitrate separation. For instance, the concentration, assembly 

time, pH, number of layers deposited can be varied to fabricate a TA-Fe3+ selective layer of 

precise pore size. This emphasizes the significance of the model in determining membrane 

parameters to be optimized to enhance ion separation.  

During monovalent/divalent cations separation test (Na+/Mg2+/Cl− system), ion partitioning at 

the feed solution-membrane interface was mainly dominated by two counteracting effects. In 

this system, the dielectric effect leads to a higher exclusion of Mg2+, which is excluded more 

than Na+ due to its higher valence and ionic radius. On the other hand, due to the negative 

surface charge of the MPN membranes, Mg2+ is preferentially partitioned into the membrane 

pores via Donnan effect. However, the overall selectivity is determined by the cumulative effect 

of the exclusion mechanisms, which was reflected in the higher rejection of Mg2+ compared to 

Na+ (Figure 7 in Chapter 8). Na+ exhibits higher overall flux towards the permeate side, 

consistent with the observed rejection (Figure 8 in Chapter 8). The mass transport mechanisms 

governing ion transport were successfully determined, showing a convective flux dominated 

flux of ions from the feed side towards the permeate stream. Here, an electromigrative flux 

oriented towards the feed side was found for the cations due to the generation of an electric 

field.  

The application of the DSPM-DE in describing ion retention behavior of the fabricated TFC 

membranes was also extended to quaternary ion mixtures. The model shows a good fit of the 

experimental rejection results. Ion exclusion and transport mechanisms were successfully 
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computed, illustrating the mechanisms of ion separation by the MPN layers. Overall, the 

DSPM-DE provides a comprehensive analysis of ion separation by the TA-Fe3+ membranes. 

The model sufficiently predicts and describes ion transport and illustrates the performance of 

the selective layers towards diverse mixtures. Mathematical transport models are essential to 

realize the application potential of membranes and accurately predict their performance. Such 

models can simplify the design of NF membranes to enhance process optimization.  

 

 

References 

[1] H. B. Park, J. Kamcev, L. M. Robeson, M. Elimelech, and B. D. Freeman, "Maximizing the 
right stuff: The trade-off between membrane permeability and selectivity," Science, vol. 356, no. 
6343, 2017. 

[2] H. Ejima et al., "One-Step Assembly of Coordination Complexes," Science, vol. 341, no. 6142, 
pp. 154-157, 2013. 

[3] Y. Ping et al., "pH-Responsive Capsules Engineered from Metal–Phenolic Networks for 
Anticancer Drug Delivery," Small, vol. 11, no. 17, pp. 2032-2036, 2015. 

[4] J. Li, S. S. Yuan, J. Y. Zhu, and B. Van der Bruggen, "High-flux, antibacterial composite 
membranes via polydopamine-assisted PEI-TiO2/Ag modification for dye removal," Chemical 
Engineering Journal, vol. 373, pp. 275-284, 2019. 

[5] J. Wang et al., "High flux electroneutral loose nanofiltration membranes based on rapid 
deposition of polydopamine/polyethyleneimine," Journal of Materials Chemistry A, vol. 5, no. 
28, pp. 14847-14857, 2017. 

 



Appendix. 
 

182 
 

Chapter 10. Appendix 

10.1. Toxicity of Chemicals 

Table 10.1 List of chemicals used for the synthetic and analytical experiments of this PhD study 

with GHS symbol, H- and P-data. 

Substance GHS Symbol  Hazard Statement Precautionary 

statement 

Orange Ⅱ  GHS07 H372, H412 P260, P264, P270, P273, 

P314, P501 

Rhodamine B GHS07, GHS05  H302, H318, H412 P264, P273, P280, 

P301+P312, 

P305+P351+P338, P501 

Riboflavin - - - 

Naphthol green B - - - 

Poly(ethylene 

glycol) 

- - - 

Hydrochloric acid  GHS05, GHS07 H290, H314, H335 P280, P301+P330+P331, 

P305+P351+P338, 

P308+P310 

Sodium hydroxide   GHS05 H314 P280, P305+P351+P338, 

P310 

Iron (III) chloride 

hexahydrate  

GHS05, GHS07  H290, H302, H315, 

H318 

P234, P264, P280, 

P301+P312, P302+P352, 

P305+P351+P338 

Tannic Acid - - - 

Humic acid - - - 

Sodium chloride - - - 

Magnesium chloride 

hexahydrate 

- - 

 

- 

Magnesium sulfate - - - 

Sodium sulfate - - 

 

- 
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Sodium nitrate GHS03, GHS07 H272, H319 P210, P220, P264, P280, 

P305+P351+P338, 

P337+P313 
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10.2. Online accessible supporting information 

10.2.1. Charge and size selective thin film composite membranes having tannic 

acid–Ferric ion network as selective layer 

The following section contains the supplementary material to the article in chapter 3 of the 

cumulative part of the thesis, both available online with Doi: 10.1016/j.memsci.2023.121709 
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Charge and size selective thin film composite membranes having tannic 

acid – ferric ion network as selective layer 

Hluf Hailu Kinfua, Md. Mushfequr Rahmana,*, Erik Sebastian Schneidera, Nicolás Cevallos-
Cuevaa, and Volker Abetza,b 

a Helmholtz-Zentrum Hereon, Institute of Membrane Research, Max-Planck-Straße 1, 21502 
Geesthacht, Germany. 
b University of Hamburg, Institute of Physical Chemistry, Martin-Luther-King-Platz 6, 20146 
Hamburg, Germany. 
* Corresponding author. E-mail address: mushfequr.rahman@hereon.de 

  

Supporting information 

The number of layers constructed on the PAN substrate was increased by sequential monomer 

treatments. One layer of TA-Fe3+ self-assembled film, synthesized by immersing in TA and 

metal salt solution of 1:4.5 weight ratio, had a water permeance of 226 L•m-2•h-1•bar-1. 

Compared to the PAN water flux, one layer of MPN’s high flux shows almost no continuous 

coverage of the support materialized. However, more than two layers of deposited film 

displayed a very sharp drop in pure water permeance, Figure S1. Two and three layers of 

selective layer displayed 13.5 and 1.55 L•m-2•h-1•bar-1 pure water permeance (PWP). 

Conversely, an exceedingly tight nanofiltration membrane of 0.37 L•m-2•h-1•bar-1 water 

permeance was obtained for four-layered TA-ferric ion self-assembly. The concept of 

increasing layer number is closely related to polyelectrolyte multilayer formation. In a sense, 

film grows linearly in thickness with increase of layer number, which can be associated with 

decline in flux. Furthermore, with each cycle, newly added TA or metal ions can react with 

uncoordinated monomers from the already deposited film. Coordination number of TA is 

increased. The coordination continues resulting in an increased thickness due to longitudinal 

film growth provided that functional groups of –OH as well as Fe3+ are present on the substrate 

surface and in solution. 
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Figure S1. Influence of number of TA-Fe3+ layers deposited on PAN surface on pure water 

permeance using 1:4.5 ratio of tannic acid to FeCl3·6H2O. 

 

Figure S2. SEM images of Argon ion milled cross-sections. Measurement of selective layer 

thickness of 1TA-8Fe membrane using ESB images (b-c; e-f) showing that the average layer 

thickness is around 10 nm. Two samples; first raw for sample01 and second raw for 

sample02. 
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Figure S3. Energy dispersive x-ray (EDX) spectroscopy of membrane surfaces. (a) Comparison 

of a 1TA-6Fe and a 1TA-8Fe membrane. EDX could not show any difference between the two 

samples in the Fe content at agglomeration-free sites. (b) EDX analysis of a 1TA-8Fe 

membrane surface. Comparison of an agglomeration-free and an agglomeration-positive site; 

EDX revealed that the agglomerates on the sample surface do not represent any contaminants, 

but consist mainly of Fe. 
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Figure S4. EDX spectra of PAN and TA-Fe3+ membrane synthesized at different weight ratio 

Table S1. Peak intensities of Fe and O (in counts/s) from EDX analysis after normalization 

 
PAN 1TA-3Fe 1TA-4.5Fe 1TA-6Fe 1TA-8Fe 

Fe 0.9021 1.2250 1.4107 1.5886 1.5405 

O 2.2914 3.7289 4.7262 5.0420 4.7173 

After Subtracting the PAN 
support contribution     

Fe 0.0 0.3229 0.5085 0.6865 0.6384 

O 0.0 1.4375 2.4349 2.7506 2.4259 
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Figure S5. UV-vis light absorption spectrum of Orange II, Riboflavin, and Naphthol green B 

with absorption peaks at wavelength of 482 nm, 444 nm, and 715 nm, respectively. 

 

 

Figure S6. Calibration curves of dyes concentration using UV-vis spectrophotometer 
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Pore size analysis was performed with the software IMS (Imagic Bildverarbeitung AG, 

Switzerland). For the analysis, we recorded InLens secondary electron detector images with a 

magnification of 100 kx (image resolution = 1.1 nm) at four different positions for each sample. 

The medium pore diameter and the area ratio of open pores to the total surface (surface porosity) 

were determined. The generated images are shown in figure S7. Pores with an area smaller than 

5 nm2 were excluded from the analysis due to the limitations of the SEM to demonstrate a sub-

nanometer or a few nanometers resolution. Figure S8 presents the pore size distribution of the 

analyzed membranes. The pore size analysis of top surface images revealed a shift in the pore 

size distribution curve towards smaller pores in the order of PAN > 1TA-1Fe > 1TA-3Fe. The 

number of open pores (total sum of the frequencies) was also reduced. This was in agreement 

with the SEM images of figure 2 of the main manuscript. However, only a few surface pores 

were detected in the 1TA-4.5Fe and 1TA-6Fe membranes while no pores were observed in the 

1TA-8Fe membrane. It is obvious that smaller pores having less than 5 nm2 area increase as the 

Fe concentration increases. However, due to the resolution limitation of the SEM, those surface 

pores from the images of the tight nanofiltration membranes were not recognized. The few 

pores for 1TA-4.5Fe (figure S8d) and 1TA-6Fe (figure S8e) membranes are therefore pinholes 

and do not constitute the average pore size characteristics. It can be observed from figure S7 

and table S2 that the decline in the number of open pores is highly related to the increase in 

surface coverage of the PAN support by the metal-phenolic network at high Fe concentration. 

Furthermore, the porosity of the TFC membranes decreased demonstrating the formation of a 

dense separation layer as the Fe concentration was increased (table S2). Owing to these inherent 

errors involved in the values of pore size, number of pores and porosity of table S2, we did not 

use these values to interpret the characteristics of the membrane. 
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Figure S7. Surface pores of the PAN and TA-Fe3+ membranes as analyzed with the IMS 

(Imagic Bildverarbeitung AG) software from top surface SEM images; a) pristine PAN, b) 

1TA-1Fe, c) 1TA-3Fe, d) 1TA-4.5Fe, and e) 1TA-6Fe membranes. Green agrea represents 

surface pores while the white area depicts the dense surface. 

 

Figure S8. Pore size distribution of the porous PAN support and TA-Fe3+ membranes 

fabricated at different tannic acid to FeCl3·6H2O weight ratio. 

Table S2. Porosity, avergae pore size, and pore count generated from the analysis 

  PAN 1TA-1Fe 1TA-3Fe 1TA-4.5Fe 1TA-

6Fe 

1TA-8Fe 

Number of 

open pores 

[total] 

(n=1546) (n=764) (n=424) (n=33) (n=6) (n=0) 

Pore diameter 

[nm] 

8.8 ± 3.5  8.5 ± 3.5  7.8 ± 3.0  6.7 ± 2.2  9.6 ± 

2.1  

n.a.  

Porosity [%] 2.346 ± 

0.444 

1.171 ± 

0.289 

0.592 ± 

0.224 

0.025 ± 

0.014 

0.117 ± 

0.070 

0.0 ±  

0.0  

* Given values are mean values ± standard deviation; n= total number of pores from 4 samples 

of the same membrane.  
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10.2.2. Using the Assembly Time as a Tool to Control the Surface Morphology 

and Separation Performance of Membranes with a Tannic Acid–Fe3+ 

Selective Layer 

The following is the supporting information to the article in chapter 4 of the cumulative part of 

the thesis. It is available online at Doi: 10.3390/membranes14060133/s1  
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Supplementary information 

 

Using the assembly time as a tool to control the surface morphology and 

separation performance of membranes with a tannic acid–Fe3+ selective 

layer 

Hluf Hailu Kinfu1, Md. Mushfequr Rahman1,*, Erik S. Schneider1, Nicolás Cevallos-Cueva1, 

and Volker Abetz1,2 

1 Helmholtz-Zentrum Hereon, Institute of Membrane Research, Max-Planck-Straße 1, 

21502 Geesthacht, Germany. 

2 University of Hamburg, Institute of Physical Chemistry, Martin-Luther-King-Platz 6, 

20146 Hamburg, Germany. 

* Correspondence: mushfequr.rahman@hereon.de; Tel.: +49-415-287-2446 

 
 

Salt Rejection Performance of the TA-Fe3+ TFC Membranes 

Evaluation of Membrane Performance: The membrane rejection towards a salt solution was 

evaluated with a 1 g/L Na2SO4 filtration experiment. We used the dead-end filtration mode of 

a stirred test cell from Millipore (EMD Millipore XFUF07601) at a stirring speed of 350 rpm, 

and a 2.13 cm2 membrane active area was used. Membrane compaction was carried out for at 

least 3 h at 4 bar before rejection tests were performed at 3 bar transmembrane pressure. The 

concentrations of the feed, permeate and retentate samples from the rejection test of the Na2SO4 

aqueous solution were analyzed using ion chromatography (Dionex ICS600, Thermofischer 

Scientific Inc., USA).  

The rejection characteristics of the membranes were then evaluated as follows: 

𝑅 (%) = ቆ1 −
𝐶௣

(𝐶௙ + 𝐶௥)/2
ቇ ∗ 100                                                                  (𝑆1) 

where 𝑅 is solute retention, and 𝐶௣, 𝐶௙ and 𝐶௥ are the concentrations of the permeate, 

concentration of the feed and concentration of retentate solutions in mg·L-1, respectively. The 
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average of the feed and retentate concentrations was taken to account for the small change in 

feed-side concentration in the dead-end filtration mode. 

The solution permeance, 𝑃௦ (L·m−2 ·h−1 ·bar−1), was calculated using the following equation: 

𝑃௦ =
𝑉

𝐴 ∗ ∆𝑡 ∗ ∆𝑃
                                                                                              (𝑆2) 

where 𝑉 (L) is the volume of permeate collected, 𝐴 (m2) is the effective area of the membrane, 

∆𝑡 (h) is the filtration time and ∆𝑃 (bar) is the applied transmembrane pressure. 

 

Results and Discussion 

The ion rejection performance of the membranes is presented in Figure S1. Sulfate rejection by 

the PAN support was only 2.8 ± 1 %, which demonstrated that ions can easily permeate the 

porous support. The rejection of sulfate was notably higher in the self-assembled TFC 

membranes than the pristine support. Consistent with the large pore sizes, the TA-Fe3+ 

membranes synthesized at 1 min (MPN-1) and 2.5 min (MPN-2.5) showed relatively low 

rejection of Na2SO4. However, when the assembly time was increased, the pore size was 

reduced significantly, which further contributed to the enhanced rejection of SO4
2− ions. The 

membranes fabricated at coating times of 4 min (MPN-4) and 6 min (MPN-6) had 90.4% and 

97.3% sulfate rejection, respectively. Salt rejection is mainly affected by steric hindrance, 

dielectric exclusion and electrostatic repulsive effects [1-3]. Sulfate is a divalent anion that can 

be highly rejected by negatively charged surfaces due to the Donnan exclusion effect, and 

strong electrostatic repulsion between the negatively charged TA-Fe3+ surface and SO4
2− anions 

contributes to the overall rejection of the membranes. However, as the TFC membranes showed 

similar surface zeta potentials (Figure 2e in the main manuscript), the differences in rejection 

for the membranes fabricated at different assembly times are attributed to the change in pore 

size, a variation that affects both steric and dielectric exclusion. The latter stems from a 

decreased dielectric constant of the solvent inside small confined pores and the developed 

solvation energy barrier [4].  

A comparison of the salt retention performance levels of the membranes with those of other 

tannic acid–metal ion membranes published in the literature is provided in Table S2. 
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Figure S1. Sulfate ion rejection of the fabricated membranes and their respective salt solution 

permeance. A salt solution of 1 g/L Na2SO4 was used as a feed solution. The solid line is added 

to guide the eye. 
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Figure S2. Surface wettability of the pristine PAN and TA-Fe3+ membranes fabricated at 

different assembly times. 

 

Table S1. Theoretical Fe/O ratios in the three different complex states of TA-Fe3+ self-

assembly. Although TA contains 46 oxygens in its elemental structure, only 25 from the 

hydroxyl groups of catechol and galloyl moieties can coordinate with metal ion centers. 

Complexation 

state 

Number of 

ligands and 

metal ions 

present in 

the complex 

Total 

oxygen 

in the 

complex 

state 

Number of 

total OH 

groups 

capable of 

coordination 

Number of 

OH groups 

coordinating 

with 1 Fe 

center 

Fe centers required 

for total 

coordination of 

available (capable) 

OH groups 

Fe/O ratio 

in the 

complex 

state 

Mono-

complex 

1TA-1Fe 46 25 2 12.5 0.27 

Bis-complex 2TA-1Fe 92 50 4 12.5 0.14 

Tris-complex 3TA-1Fe 138 75 6 12.5 0.09 
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Table S2. Comparison of the Na2SO4 separation performance of the fabricated selective layers 

and the TA-Mn+ membranes using porous supports in the literature. 

Membranes Synthesis 
Method 

Assembly 
time 

Pure water 
permeance 
(L⋅m−2⋅h−1⋅
bar−1) 

Na2SO4 
rejection 
(%) 

Operating 
conditions 

Ref. 

TA−Fe3+/PES Co-
deposition 

1 min 5.5  89.7 3.4 mM 
Na2SO4 at 3 
bar 

[5] 

TA−Fe3+/PAN−
COOH 

Co-
deposition 

2 min 13.6 90.2 1 g/L 
Na2SO4 at 
0.5 MPa 

[6] 

TA−Fe3+/PAN LBL 1 min 40.9 15.0 dye/ Na2SO4 
solution at 
0.2 MPa 

[7] 

TA−Fe3+/PAN Co-
deposition 

1 min 14.2  87.6  1 g/L 
Na2SO4 at 3 
bar 

[8] 

TA−Cu2+/PAN Co-
deposition 

10 min 52 17 - [9] 

TA−Fe3+/PES Co-
deposition 

1 min 17.2 62.1 1 g/L 
Na2SO4 at 
0.2 MPa 

[10] 

TA−Ti4+/PSf Co-
deposition 

9 h 9.5 70.3 5 mM 
Na2SO4 at 
0.2 MPa 

[11] 

TA−Fe3+/PAN−
COOH 

Contra-
diffusion 

7 min 7.4 95.6 1 g/L 
Na2SO4 at 
25 °C and 
0.6 MPa 

[12] 

 

TA−Fe3+/PAN 

 

LBL 

2.5 min 39.8 49.3 1 g/L 
Na2SO4 at 3 
bar 

This 
work 

4 min 13.5 90.4 1 g/L 
Na2SO4 at 3 
bar 

This 
work 

6 min 5.6 97.3 1 g/L 
Na2SO4 at 3 
bar 

This 
work 

* TA-Mn+, tannic acid−metal ion; PAN, polyacrylonitrile; PAN−COOH, hydrolyzed 

polyacrylonitrile; PSf, polysulfone; PES, polyethersulfone; LBL, layer by layer 
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10.2.3. Nanofiltration Membranes Containing a Metal–Polyphenol Network 

Layer: Using Casting Solution pH as a Tool to Tailor the Separation 

Performance 

The Supporting Information to the article in chapter 5 of the cumulative part of the dissertation 

is provided next. It can also be accessed online with Doi: 10.1021/acsomega.4c04804  
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Figure S1. FTIR spectra of a) single TA-Fe3+ layered (S1 – S3), b-d) double TA-Fe3+ (M1 – 

M13) layered thin-film composite membranes prepared at various pH of the tannic acid 

solution.  
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Figure S2. Pure water permeance of MPN TFC membranes: a) single TA-Fe3+ coating layer 

fabricated at different pH of TA solution, b) double TA-Fe3+ layered TFC membranes at which 

both layers were fabricated at the same pH of TA solution, c) double TA-Fe3+ layered TFC 

membranes in which the first layer was synthesized at low pH (pH 3) and the second layer at a 

higher pH of the TA solution, and d) double TA-Fe3+ layered TFC membranes in which the 

first layer was fabricated at high pH (pH 8.5) while the second layer was at a lower pH. For the 

complete fabrication conditions, the reader is referred to Table 1 of the main manuscript. 
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Figure S3. Comparison of pure water permeance of double TA-Fe3+ layered TFC membranes 

fabricated at different pH of TA solution for each layer. The membranes in one column are 

synthesized by switching the pH condition of each layer. For example, for membrane M7, the 

first layer is deposited at pH3 and the second layer at pH 8.5. Whereas M8 was fabricated by 

reversing these steps. For the complete fabrication conditions, the reader is referred to Table 1 

of the main manuscript. 
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Figure S4. Time dependent variation of the water contact angle for the PAN and TA-Fe3+ 

membranes. 

 

Table S1. Selectivity of solute permeation during single dye measurement by TA-Fe3+ 

membranes fabricated at different TA solution pH. 

   Ideal selectivities of dye pairs PAN  M1  M2  M3  M4 

Riboflavin to Orange II selectivity 1.0 4.5 5.1 8.5 8.7 

Riboflavin to Naphthol green B 

selectivity 

1.0 8.5 11.4 23.4 18.2 

Orange II to Naphthol green B 

selectivity 

1.0 1.9 2.2 2.8 2.1 
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10.2.4. Mass Transport of Dye Solutions through Porous Membrane Containing 

Tannic Acid/Fe3+ Selective Layer 

The following supporting information to the article in chapter 6 of the cumulative part of the 

thesis is available online with Doi: 10.3390/membranes12121216/s1  
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Figure S1. Comparison of photographic images of pristine PAN membrane support and TA-

Fe3+ membrane used for retention measurement. Color change supports the formation of metal-

polyphenol selective layer on top of the porous support as is also confirmed with significant 

drop in water flux.  
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Figure S2. Photographic images of feed and permeate samples from a) naphthol green B, b) 

orange II and c) riboflavin 0.1mM solution retention tests at 3 bar using M2 membrane 

 

Figure S3. Flow chart of the simulation algorithm loop for solving non-linear equations of 

Spiegler-Kedem-Katchalsky model in the current study 
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10.2.5. Metal-phenolic network-based NF membranes for nitrate removal and 

the utilization of DSPM-DE model 

The following supporting information to the article in chapter 7 of the cumulative part of the 

thesis is available online with Doi: 10.1016/j.cej.2025.162841  
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Supporting Information 

1. EDX analysis 

 

Figure S1. EDX analyses of the pristine PAN support membrane and TA-Fe3+ MPN membranes 

fabricated at the lowest and highest Fe3+ concentrations. The EDX spectra show that a peak for 

Fe emerges for the TFC MPN membranes. The oxygen peak also increases in the TFC 
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membranes. On the other hand, the C and N count decrease after coating the PAN surface. These 

results demonstrate a deposition of the TA-Fe3+ layer on the PAN surface. 

 

2. Experimental rejection of PEG as a function of permeate flux 

 

Figure S2. Poly(ethylene glycol) of 400 g/mol MW rejection of the TFC membranes. The solid 

lines show the retention as a function of flux obtained from the fitting of the experimental PEG 

rejection data using the equations described in the main manuscript for estimating the physical 

parameters of each membrane. 
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3. Flux of salt solution during mixed ion retention 

 

Figure S3. Measured permeate solution flux as a function of the applied pressure for NaNO3-

Na2SO4 salt mixture using the fabricated metal-polyphenol netwrok containing TFC 

membranes of (a) 1TA-4.5Fe, (b) 1TA-5Fe, (c) 1TA-6Fe, and (d) 1TA-8Fe. 

 

4. Input parameters used for the fitting of ion rejection  

Table S1. Solute parameters used for fitting either uncharged or salt solution rejection tests for 

estimating membrane parameters. 

Solute Molecular 

weight (MW) 

(g·mol−1) 

Charge Diffusivity 

(𝐷௜,ஶ) (m2·s−1 x 

10−9) 

Stokes radius (𝑟௦) 

(m x 10−9) 

References 

PEG 400 0 0.32 0.65 [1] 

Sodium 23 +1 1.33 0.184  [2] 
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Nitrate 62 -1 1.902 0.129  [3] 

Sulfate 96 -2 1.06 0.231 [2] 

 

To solve the system of equations in DSPM-DE, the procedures followed by Geraldes and Alves 

[4] were implemented. The ENP equations were discretized and linearized to accurately and 

robustly predict the mass transfer of components in nanofiltration of multi-ionic solutions. 

Moreover, some parameters such as under-relaxation factor are introduced to control the 

numerical instabilities and ensures a smooth convergence of the iterative method to find a 

solution with a defined residual value. The complete set of variables and constants used in our 

work are listed in table S2. 

Table S2. Parameters used for data fitting for the estimation of membrane parameters and the 

simulation of solute rejections. 

Variables Symbol Value Description and unit 

Numerical 
parameter of the 

computer 
algorithm 

n 100 
Number of grid points (in discretization of Nernst 
Planck equation) 

f 0.2 Under relaxation factor 
res 1.00E-02 Normalized residuals target 

maxite 20000 maximum number of iterations 

Operating 
parameters 

F 96500  Faraday's constant (In SI units) 
R 8.314 Gas constant (In SI units) 

small 1.00E-15 auxiliar variable 
eps_0 8.85E-12 vacuum permittivity [F/m] 

T 298 temperature in Kelvin 
k 1.38E-23 Boltzmann constant [J/K] 
e0 1.60E-19 electronic charge [C] 
Na 6.02E-23 Avogadro number [mol-1] 
Jv 5.00E-05 Solvent flux [m/s] 

Number of 
components nc 3 

 Number of components (ions) in the feed 
solution 

Water physical 
parameters 

d 997 Density of water [km/m3] 
u 9.00E-04 Dynamic viscosity of water [Pa.s] 

dw 2.50E-10 Water molecule diameter [m] 
eps_b 80 Bulk dielectric constant of water 

Operational 
variables L 0.03 Characteristic length of stirrer [m] 

Dimensional 
numbers Re 3.65E+04 Computed Reynolds number 
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Figure S4. The flowchart followed for solving the DSPM-DE in this work. 
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5. Exclusion coefficients and flux of ions across the membrane active layer 
 

 

Figure S5. Exclusion coefficients for sodium in NaNO3-Na2SO4 mixture filtration by all 

membranes: a) steric, b) Donnan and c) dielectric exclusion. 

 

Figure S6. Flux contributions for ion transport in NaNO3-Na2SO4 mixed salt retention test at 

different permeate flux, Jv, for a) 1TA-5Fe membrane and b) 1TA-6Fe membrane.  
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6. Sensitivity analysis with membrane charge density 

 

Figure S7. Influence of membrane charge density (in mol/m3) on the retention of ions from a 

Na+/NO3
–/SO4

2– ternary ion mixture for the 1TA-6Fe membrane. The plots represent the model 

prediction for retention of nitrate (green), sodium (orange) and sulfate (red) as a function of 

permeate flux. The sensitivity towards the retention for each ion is represented in the shaded 

areas for a -10 %, 0 %, +12.5 % and +25 % change of the optimized membrane charge density 

parameter. Optimized membrane parameters of 0.67 nm, 59 nm, -6.2 mol/m3, and 26.6 were 

used as reference for pore size, thickness to porosity ratio, membrane charge density and pore 

dielectric constant, respectively. 

 

References 

[1] S. Hernández, C. Porter, X. Y. Zhang, Y. N. Wei, and D. Bhattacharyya, "Layer-by-layer 
assembled membranes with immobilized porins," Rsc Advances, vol. 7, no. 88, pp. 56123-
56136, 2017. 

[2] W. R. Bowen and J. S. Welfoot, "Modelling the performance of membrane nanofiltration-
critical assessment and model development," Chemical Engineering Science, vol. 57, no. 7, pp. 
1121-1137, 2002. 

[3] W. M. Haynes, CRC handbook of chemistry and physics, 95 ed. CRC press, 2014. 

[4] V. Geraldes and A. M. Brites Alves, "Computer program for simulation of mass transport in 
nanofiltration membranes," Journal of Membrane Science, vol. 321, no. 2, pp. 172-182, 2008. 



Appendix. 
 

216 
 

10.2.6. Ion Selective Metal-Phenolic Network Nanofiltration Membranes: The 

Role of Counterions and Predictive Modeling 

The supporting information for the manuscript in Chapter 8 is provided below. It can also be 

accessed online at DOI: 10.1016/j.memsci.2025.124320  
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Supporting Information 

 

 

1. Cross-sectional SEM images 

 

Figure S1. Cross-sectional SEM images of the pristine support and MPN membranes: a) 

PAN, b) 1TA-4.5Fe, c) 1TA-5Fe, d) 1TA-6Fe, and e) 1TA-8Fe membranes 
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2. Pressure-based salt retention test 

We examined the effect of flux change on the salt rejection behavior of the membranes by 

varying the applied pressure between 0.5 and 4 bar using a Na₂SO₄ aqueous solution (Figure 

S2 and Figure S3). Figure S2 shows that the rejection of ions improved with an increase in the 

transmembrane flux, i.e., increase in the applied pressure. This effect is particularly prominent 

at low flux zones. An increase in the feed pressure only slightly improved the ion removal 

performance for the TFC membranes fabricated at high Fe3+ concentration (1TA-8Fe 

membrane). The 1TA-6Fe membrane maintained above 80% Na₂SO₄ retention across the 

investigated pressure range. But the Na₂SO₄ retention was higher than 94 % at 1 bar and almost 

100 % at higher fluxes for 1TA-8Fe membrane. In contrast, the ion removal rate improved more 

significantly for the loose NF membranes, where the convective flux plays a substantial role. 

For instance, Na2SO4 retention in the 1TA-4.5Fe membrane increased from 25 % to 79 % under 

the investigated feed pressures, while the retention ranged from 54% to 95 % for the 1TA-5Fe 

membrane. Overall, the analysis of the pressure effects highlights its significant influence on 

the salt retention properties of the TFC membranes having MPN selective layers. Intrinsically, 

the rejection of solute relates to the relative transport rates between the solute and water. While 

the water flux linearly increases with feed pressure, the solute flux is only partially influenced 

by convection and is primarily dependent on the concentration gradient across the membrane. 

Moreover, the permeating ions encounter steric and electrical hinderances [1] that limit their 

transport across the membrane active layer. According to DSPM-DE, ion transport occurs 

owing to synergistic contributions of diffusion, convection and electromigration [2-4]. 

Diffusion dominates ion transport at low permeate volume, but its contribution decreases at 

high 𝐽௏ values [2]. Furthermore, while diffusive and migrative fluxes are only marginally 

affected by feed pressure, local ion concentration across the membrane thickness can vary due 

to changes in permeate flux. Consequently, higher volume flux (i.e. higher applied pressure) 

enhances ion retention due to the dilution effect, wherein the relative increase in water transport 

reduces ion concentration in the permeate.  
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Figure S2. Na2SO4 retention as a function of flux for a) 1TA-4.5Fe, b) 1TA-5Fe, c) 1TA-6Fe, 

and d) 1TA-8Fe membranes using 10 mM feed concentration. The solid lines are added solely 

to guide the eye. The permeate flux (𝐽௏) was varied due to the applied pressure variation. The 

linear relationship between permeate flux and applied pressure during this test can be found in 

Figure S3.  
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Figure S3. Permeate flux as a function of the applied transmembrane pressure in 10 mM Na2SO4 

pressure-based rejection test of the fabricated TA-Fe3+ membranes. 

 

 

 

Figure S4. Comparison of the separation performance of MPN membranes (orange boxes) with 

those of commercially available NF membranes (blue boxes) reported in the literature. Data for 

the plots and their references can be found in Table S1. 
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Table S1. Comparison of membrane performance with commercially available membranes. 

Data for Na2SO4 rejection 

Membrane Manufacturer 

Feed 

concentration 

Pressure 

[bar] 

Pure water 

permeance 

[LMH/bar] 

Rejection 

(%) Reference 

DK Veolia 1.0 g·L−1 3.0 5.15 99.00 [5] 

DL Veolia 1.0 g·L−1 3.0 7.00 99.00 [5] 

NF270 
Dow 
Filmtec™ 1.0 g·L−1 2 13.1 98.1 [6] 

NF 90 
Dow 
Filmtec™ 1.0 g·L−1 2 6.7 98.6 [6] 

UTC-20 Toray 1.5 g·L−2 10 10.2 93 [7] 

NTR-7450 Nitto-Denko 1.0 g·L−1 10 10.9 92 [7] 

1TA-
4.5Fe 

 
10 mM 3 15 72.6 This work 

1TA-5Fe 
 

10 mM 3 6.5 96.7 This work 

1TA-6Fe 
 

10 mM 3 3.2 96.1 This work 

1TA-8Fe 
 

10 mM 3 1.9 99.0 This work 

Data for NaCl rejection 

Membrane Manufacturer 
Feed 
concentration 

Pressure 
[bar] 

Pure water 
permeance 
[LMH/bar] 

Rejection 
(%) Reference 

DK Veolia 1.0 g·L−1 3.0 5.15 72.3 [5] 

DL Veolia 1.0 g·L−1 3.0 7.00 58.8 [5] 

NF270 
Dow 
Filmtec™ 1.0 g·L−1 2 13.1 37.1 [6] 

NF 90 
Dow 
Filmtec™ 1.0 g·L−1 2 6.7 68.6 [6] 
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TS80 
Microdyn-
Nadir 2.0 g·L−1 7.58 7.5 71.0 [8] 

NFS Synder 2.0 g·L−2 7.58 9 32.7 [8] 

NFX Synder 2.0 g·L−3 7.58 4.7 19.7 [8] 

1TA-
4.5Fe 

 
10 mM 3 15 32.0 This work 

1TA-5Fe 
 

10 mM 3 6.5 74.7 This work 

1TA-6Fe 
 

10 mM 3 3.2 80.8 This work 

1TA-8Fe 
 

10 mM 3 1.9 92.2 This work 

 

 

3. PEG retention for pore radius and thickness to porosity ratio determination 

 

Figure S5. PEG 400 g/mol molecular weight experimental rejection as a function of permeate 

flux and the fitted curves for the TFC membranes. The solid lines show the fitted rejection 
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according to the equations described in the main manuscript for neutral solute filtration (Section 

2.4.1). 

4. Effect of transmembrane pressure on permeate flux during mixed salt filtration 

 

Figure S6. Solution flux dependence on transmembrane pressure for NaCl-MgCl2 feed solution 

pressure-based retention tests. 
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Figure S7. Pressure vs flux for pressure-based retention of NaCl-Na2SO4-MgCl2-MgSO4 

mixture feed solution (quaternary system of ion mixtures) using 1TA-5Fe membrane. 

5. Solute characteristics and estimated membrane structure parameters 

Table S2. Solute parameters used for fitting of either uncharged or salt solution rejection tests 

for estimating membrane parameters. 

Ion Charge Diffusivity (𝐷௜,ஶ) 

(m2·s−1 x 10−9) 

Stokes radius 

(𝑟௦) (m x 10−9) 

References 

𝑁𝑎ା 1+ 1.33 0.184  [9] 

𝑀𝑔ଶା 2+ 0.707 0.35 [10] 

𝐶𝑙ି 1- 2.03 0.121 [10] 

𝑆𝑂ସ
ଶି 2- 1.06 0.231 [9] 

 

 

Table S3. Estimated pore size and thickness to porosity ratio of the TFC membranes. 

Membrane 
𝑟௉ 

(nm) 

∆𝑥௘ 

µm 

1TA-4.5Fe 1.25 0.99 

1TA-5Fe 1.02 0.96 

1TA-6Fe 0.67 0.059 

1TA-8Fe 0.63 0.180 

 

6. Schematic illustrations of ion transport inside the pores of a negatively charged 

membrane  
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Figure S8. Schematic illustration of the direction of solute fluxes through a strongly negatively 

charged membrane pore. a) a mixture of monovalent and divalent cations with a common anion, 

and b) a mixture of monovalent and divalent anions with a common cation. The total flux is the 

sum of the diffusive, convective and electromigrative fluxes. 

 

Figure S9. Schematic illustration of the local concentration of ions inside the pores of a 

negatively charged membrane. 
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Figure S10. Schematic diagram of the three domains of the membrane process considered for 

modeling the mass transport ions: feed, membrane and permeate sides and their associated 

concentration and potential profiles. The membrane active layer is discretized into N=100 

number of nodes. 𝐶௜ and 𝛹௜ values correspond to the concentration and potential at each node 

inside the active layer.  
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